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The tightening of emission regulations and increasing prices of precious metals for
existing commercial catalysts drives the need to develop of new sustainable catalysts at
lower performance costs. Mechanochemistry offers a solventless, ‘one-step’ route to
preparing metal oxide catalysts, however, there is limited information on the chemical steps
involved. The use of multiple advanced characterisation techniques, such as HERFD, XES
and NAP-XPS, has been applied in this work to understand the structure of the highly
disordered and heterogeneous materials produced by ball milling. This thesis has provided
further insights to begin to form generalised rules for the mechanochemical synthesis of
mixed metal oxides, such as perovskites. In doing so, it can start to aid the rational design
of new catalyst technologies.

A predominant part of the work within this thesis has focused on the mechanochemical
synthesis of LaMnQOs. Preforming XAS on ex situ ‘time slices’ during the milling procedure
was successful in providing insights into the underlying chemistry; not previously possible
by lab-based XRD. The XAS data showed the La precursor to disperse readily over Mn,O3
at the early stages of milling. On increasing the milling time it allowed for mechanical
activation of both precursors and the formation of powdered LaMnOs3;, with no calcination
step required. Applying the same milling conditions as for LaMnOs to the synthesis of other
manganite perovskites, ErMnOz; and YMnOs, did not result in the desired phase, with a
highly amorphous material produced. This highlights the intrinsic difficulties with regards to
the mechanochemical syntheses; often each individual system requires specific
optimisation to reach the desired material properties. However, exploring the effect of La
dispersion at low mechanical energies was shown to be effective in another system,
AU/AlLOs.

Challenges regarding the in situ monitoring of mechanochemistry have been addressed
within this work. Difficulties in the dynamic set-up of commercial milling equipment has
meant in situ monitoring of planetary ball milling is not possible. However, the work here

attempted a modified in situ mill and in situ high pressure experiments to mimic those



experienced during mechanochemistry. It was able to show the challenges in (1) monitoring
mixed metal oxide systems in real-time and (2) mimicking impact forces occurring as a
result of mechanical action.

Surface sensitive studies, such as XPS, have been crucial in determining improved
catalytic activity towards deN,O for the ball milled LaMnOs. Following the reaction under
working conditions via NAP-XPS, the increased activity at lower reaction temperatures was
accredited, not to changes in the catalytic active site Mn, but to increased surface oxygen

vacancies, and the presence -OH within the La 3d XPS region.

This research demonstrates by collating a large variety of complementary
characterisation technigues it has produced new insights into the mechanochemical
synthesis of manganite perovskites. However, it also highlights the continued innovation
and development required for the analysis of highly complex materials and equipment set-
ups.



Table of Contents

Table of Contents

Table of CoONteNtS .......ccccvimiimerinir i ——————————————- i
Table of TAbIESs ....ccciiiviierriniirer i ———————— v
Table Of FIgQUIeS......oi i e vii
List of Accompanying Materials .........ccccvveiminiimerinn s ————— Xix
Research Thesis: Declaration of Authorship.........cccvviiiiiiiinn . xxi
Acknowledgements........ccoiiiiiii i ——————————— Xxxiii
Definitions and Abbreviations..........c.ccvccciveiieirie e XXV
[0 T 1o (-1 i OO PRTRP SRR 1
1.1 Sustainability in CatalysSiS ........cccviiiiiiii 1
1.2 CaABAIY SIS oot 2
1.2.1 Heterogeneous catalySiS..........ccccouuiiiieiiii i 3

1.3 PErOVSKITES ... 4
1.3.1  Synthesis of PErovsKites ..o 7
1.3.2  CatalySiS oot aeeeeeae 8

1.4 MeChanoChemMIStry .......coooiiiiii e 10
1.4.1 A DHEf NISIONY ..o 10
1.4.2 BacCKGrOUNG.....coooiiiiiieiiie ettt e e 11
143 Mill dESIGN ..neeieeiieeeee e e e e e e e e e e e et ne e e e anraeaeeens 13

1.5 AIMS and ODJECHVES ....cociiiiiii e 15
T8 REFEIENCES ..ot e e e et e e e e e e st eeeeeeeaeaeans 16
Chapter 2 ..o ——————————————————————— 19
2.1 Xeray diffraCtion........oooiiiii e 19
0 I B I 0 T=To OO P PP PPPPPPRPPPRP 19
2.1.2  INSHUMENT SEE-UP coiieeiieeiieeieceeeeeeeee ettt e e e e ee s e eeeeeeeeeeeeeeeeees 20
2.1.3 Data ANalYSiS .......eiiiiiieiii e 21

2.2 X-ray photoelectron SPeCIrOSCOPY ...cceiiieiiiieeiiee et 21
2,20 TREOIY ettt e ettt e e e e e nr e 22
2.2.2 INSIUMENT SEE-UP ....uiiiiiiiiii et e e e e e e e ans 23
2.2.3 Near ambient pressure X-ray photoelectron spectroscopy......cccccccvevevevereenn.. 24

2.3  Transmission electron MICTOSCOPY......coucuuriiiiiiii et 24
0 Tt R I =T T PSPPI 25
2.3.2 INSUMENE SEE-UP c.ooeeieeeeeeeeeeeeeeeeee e 25
2.3.3 Scanning transmission electron MiCrOSCOPY ........ccovcuviieieriiiiee e 26
2.3.4 Elemental ANalysiS.......c..oeiiiiiiiii e 27

2.4 Surface area @NalYSIS ......c.cooiiiiiiiiiiie e 27
241 BET ThEOMY ettt e et e e e e e san e e e s ena e e e e eannneaeeans 28

2.5 Inductively coupled plasma optical emission SpectroSCOPY ........cuvvveveeeeieerieeeeennenn. 29
2.6 Testing Catalytic Performance.............cccuiiiiiiiiiiie e 29
2.6.1 CATLAB MiCrOrEactOr........covviiiiiiiiiieiiieiieeieieieeeeeeeeeeeeeeeeeeeseeeeeeeseeeseeesereeereeeees 30
2.6.2 MasS SPECIIOMELIY ... e 31
2.8.2.1 TREOIY ..ottt s 31

2.6.2.2 Hiden Analytical QGA mass spectrometer ..., 31

2.7 INfrared SPECIIOSCOPY ...eviiieiiiieiiiiet e ettt e e e st e e e ae e e s eeeeaee e e neeees 33
2.8 Mechanochemical Set-UpP ... 34



Table of Contents

2.9  Synchrotron Radiation ...........c.cooiiiiiiiiiii e 35
2.9.1 X-ray absorption SPECIrOSCOPY ... ..oeriierieiieicese s 36
2.9.1.1 BaCKGrOUNG ......ooiiiiiiiiieieiiiee et e e e e e 36

2.9.1.2 TREOIY ettt et a e e nneeas 37

2.9.1.3 XANES L. e 39

2914 EXAFS e 39

2.9.2 XAS Data ACQUISITION ........ucviieiieiiiceiiee e e e 42
2.9.3 Dat@ @nalYSiS. .....eeeieiiiiiiiiie e 43
2.9.4 SeCoNdary EMISSION ......ccciuuiiiiiiiiiee et e e et e st ee e ee e e et e e ee e nneeeaenneeas 44
2.9.5 Non-resonant X-ray emission spectroSCoPY ..........ccceveriieriiiiiiiciic e 45
2.9.6 High energy resolution fluorescence detection ............cccccoevieiiiiiiiiiiiiieenn, a7
2.9.7 XES and HERFD Set-Up .....ccociiiiiiiee et 48
2.9.8 Energy dispersive EXAFS .. ... 49
2.9.9 EDE beamling Set-Up.........cooiiiiiiiiiiiiiii e 50

B L = = =T o PSSP 52
L0 =T o1 (=T e SR 54
3.1 INErOAUCHION ... 55
3.2 Material and MethOdS ..........ooiiiiiiioii e e e 58
3.2.1 LaMnO3z Sample Preparation ...........cccccooeeciiiiei e 58
3.2.2 Ex situ CharacteriSation ...........coooiiiiiiiiiii e 58
3.2.3 Catalytic activity teSting.........cceiiiiiiiiiee e 60
3.3 Results and diSCUSSION .....ooiiiiiiiieee e e e e e naeeas 61
3.3.1 The mechanochemical synthesis of LaMnO3 in atmospheric conditions ....... 61

3.3.2 The mechanochemical synthesis of LaMnOs in an inert (argon) atmosphere 73
3.3.3 Understanding catalytic properties of mechanochemical synthesised materials

82

3.3.4 Decomposition of N2O over differently synthesised LaMnO3 catalysts .......... 90
I A 0703 ol [ 17T o L= SRR 97
3.5 REFBIENCES. ... .ot e e ennneas 99
(04 =T o1 (=T - S PSPPSR 103
g O [ o1 (oo [ 1 o T o ISP PSRRRRSPRSP 103
4.2 Materials and Methods........coooo i 106
4.2.1 LaMnO3 sample preparation ............ccocociueriieeieeescsceeeee e eessnrneee e e e 106
4.2.2 Understanding mechanochemical synthesis..............ccccceviiiiiiiiieieec e 106
4.2.3 Understanding catalytic activity...........cccovriiiiiiiie e 108
4.3 Results and diSCUSSION .........oiiiiiiiiiee et e e e e e enaeee e 110
4.3.1 Understanding the mechanochemical synthesis of LaMnOs.............ccc..c..... 110
4.3.1.1 Milling under atmospheric conditions .............cccccocviiiiiiiiieenceeee 110
4.3.1.2 Milling under inert (argon) conditions .............ccceevieeiiieiiiieecee e 118
4.3.1.3 Monitoring in situ ball milling via XRD ..........cccoooiiiiiiiiiiee 121
4.3.1.4 In situ high pressure EDE experiments ............cccccceeviieviievieeeeeee, 122

4.3.2 Understanding the catalytic activity of mechanochemically synthesised
LaMnQj; towards the decomposition of NoO..........oooiiiiiiiiiiniiiieee. 124
4.3.2.1 Ex situ analysis of ball milled LaMnOj3 catalysts for deNz2O............... 124
4.3.2.2 In situ N20 decompoSition ... 127
N 070 o] 011 o T3 - RS TRSPR 148



Table of Contents

45 REEIENCES ..ooeeiiii ettt e e e e et e e e e ee et n e e e e aeaeaenna 149
Chapter 5 .o 153
5.1 INIrOAUCHION .o 153
5.2 Material and MethOdS .........cooooiiiiiiiii ettt 156
5.2.1 AMnO; Sample Preparation.............ccooooiiiiiiei e 156
5.2.2 Characterisation.........cccooee e 156
5.2.3 Catalytic teStNG......ceiiieiee e 157
5.3 Results and diSCUSSION ........ooiiiiiii e 158
5.3.1 The preparation of AMnOs (Er, Y) via mechanochemical synthesis ............ 158
5.3.2 AMNO; s0l-gel SYNtheSIS ........ooiiiiiiiii e 159
5.3.3 In situ calcination of milled materials .............cccoooiieeiiiiiii e 160
5.3.4 X-ray absorption StUAIES ........ccocueiiiiiiiiiie e 162
5.3.4.1 Understanding the mechanochemical synthesis of ErMnOs ............. 162
5.3.4.2 Understanding the mechanochemical synthesis of YMnOs............... 171

5.3.5 Optimisation of the mechanochemical synthesis to achieve an AMnO3
[T (oA T (] (o o] = F T T PP PTRPRN 177

5.3.6 Understanding the catalytic properties and behaviour of differently

synthesised AMNOz MaterialS ..........oooiiiiiiiiiiiie e 184
5.4 CONCIUSIONS ....ccooiiiiiieiiie ettt e e e e et e e e e s ee s as e e e eaeeeasesnssnsseaeeeessnnsanes 204
5.5 REEBIENCES ...ooeiieeeeee ettt e e e e e e e e e e e 206
L0 5 =T 1 2= 209
LS 20 B [ oo [T £ o o PP 209
6.2 Materials and Methods ..., 211
6.2.1 Material SYNtNESIS .....ooiiiiiieiee e 211
6.2.2 Characterisalion...........ccoo oo, 211
6.2.3 Catalytic activity teStiNg.......ccceiviiiiiiie i 212
6.3 RESUItS & DISCUSSION ...ccieiiieiieieiiies e e e e e e e e e e e e e e e e ansnees 214
B.3.1  XRD oo e e e e e n e e e nne e e aanes 214
B.3.2 TEM oo e et e e n e e e naa e e annes 214
B.3.3 XA oot e et e et e e et ea e e 217
B.3.4 X P S .ot et e et e et eaeaa s 220
6.3.5 TransmiSSION IR .......ooiiiiiiiiiiiiiiee et e e re e e e e e 221
6.3.6 Catalytic STUIES .....c.veeeiiii i 222
6.3.7 Post CO oxidation characterisation...........c..cccoeeiiiiiiiee e 223
6.4 CONCIUSIONS ...coeiiieieitee et e ettt e e e e et e e e e e e e e e e e e eaaeaeeseesantsaneeeaeeaesnnnes 228
B.5 REIEBIENCES ....oooiieeieeee ettt e et e e e e e e e e e ennes 229
L0 3 =T L= RS 231
Tl REIEBIENCES ...cooiiieeeee ettt e e e et e et e e e e e e s nssneseeeeeeesennes 235






Table of Tables

Table of Tables

Table 3.3.1.1: Percentage composition of La, Mn and Zr (from milling media/jar) during the
mechanochemical synthesis of LaMnOs..............coooeei . 61

Table 3.3.1.2: EXAFS fitting parameters for the Mn K-edge for spectra collected at ‘time-
slices’ throughout the mechanochemical synthesis of LaMnO3; compared to
Mn,O3 and sol-gel synthesised LaMnOs Fitting parameters: S2 =0.7 as
determined by the use of a Mn foil standard; Fit range 3 < k > 12,
1.2 < R > 3.85. 2CN fixed to known structures and the number of scattering
paths reduced in order to minimise fitting parameters PAll refined CN are
Within 20% €rror Margin ..........ceiieeeiiieeeice e ee e e ee e 67

Table 3.3.2.1: EXAFS fitting parameters for the Mn K-edge for spectra collected at ‘time-
slices’ during the mechanochemical synthesis of LaMnO3 under an inert
environment after exposure to air, compared to precursor Mn.O3 and sol-
gel synthesised LaMnO:s. Fitting parameters: s§ = 0.7 as determined by the
use of a Mn foil standard; Fitrange 3 < k > 14, 1.2 < R > 4.0. 3CN fixed to
known structures and the number of scattering paths reduced in order to
minimise fitting parameters PAll refined CN are within 10% error margin79

Table 3.3.3.1: Surface At% ratio of both 3 and 4 h air and inert milled LaMnO3; compared to
sol-gel synthesised sample.........c.coooiviiiii e, 82

Table 3.3.4.1: EXAFS fitting parameters for the Mn K-edge for spectra collected after
deN;O for differently synthesised LaMnO; catalysts. Fitting parameters:

Sz = 0.7 as determined by the use of a Mn foil standard; Fitrange 3 < k > 14

, 1.2 < R > 4.0.3CN fixed to known structures and the number of scattering
paths reduced in order to minimise fitting parameters PAll refined CN are
Within 10% error Margin ........ccooooeeeie i, 96

Table 4.3.1.1: Mn Kp13 peak positions for reference Mn oxides and sol-gel synthesised
LaMnOs; compared to ‘time-slices’ throughout the mechanochemical
SYNthesis Of LAMNO3......uuuiiiiiiiiiiiiiiiiiiiiiissiiieeiessveeseeessssessesssssseeeseeene 116

Table 4.3.2.1: Mn KB VTC XES peak positions for reference Mn oxides and differently
SYNthesiSed LaMNO3......uuuuiviiiiiiiiiiiiiiiiiiissiisesressressesesssesseesesesreeerree. 126

Table 4.3.2.2: NAP-XPS deconvoluted peak positions and areas during in situ deN,O of
the argon milled catalyst at Mn 2p, Mn 3s, La 3d and O 1s regions..135

Table 4.3.2.3: NAP-XPS deconvoluted peak positions and areas during in situ deN2O of
the air milled catalyst at Mn 2p, Mn 3s, La 3d and O 1s regions ....... 138

Table 4.3.2.4: NAP-XPS deconvoluted peak positions and areas during in situ deN,O of
the sol-gel synthesised catalyst at Mn 2p, Mn 3s, La 3d and O 1s regions

Table 5.3.4.1: EXAFS fitting parameters for the Er Ls-edge for spectra collected on Er;Os3,
along with orthorhombic and hexagonal ErMnOs. Fitting parameters:
S0,=0.8 as determined by the use of an Er foil standard; Fitrange 3 < k>13,
1.2 <R > 4.0. 2CN fixed to known structures and the number of scattering
paths reduced in order to minimise fitting parameters....................... 169

Table 5.3.4.2: EXAFS fitting parameters for the Mn K-edge for spectra collected on Mn;Os,
along with orthorhombic and hexagonal YMnOs. Fitting parameters:



Table of Tables

S0,=0.7 as determined by the use of a Mn foil standard; Fit range 3 < k>14,
1.2 <R >3.85. 2CN fixed to known structures and the number of scattering
paths reduced in order to minimise fitting parameters ...................... 169

Table 5.3.4.3: EXAFS fitting parameters for the Y K-edge for spectra collected on Y03,
along with orthorhombic and hexagonal YMnOs. Fitting parameters:
S0,=1.0 as determined by the use of a Y foil standard; Fit range 3 < k>14,
1.2 <R > 4.0. 2CN fixed to known structures and the number of scattering
paths reduced in order to minimise fitting parameters ............cc........ 175

Table 5.3.4.4: EXAFS fitting parameters for the Mn K-edge for spectra collected on Mn0O3,
along with orthorhombic and hexagonal YMnOs. Fitting parameters:
S0,=0.7 as determined by the use of a Mn foil standard; Fit range 3 < k>14,
1.2 <R >3.85. 2CN fixed to known structures and the number of scattering
paths reduced in order to minimise fitting parameters ...................... 175

Table 5.3.6.1: XPS deconvoluted peak positions and areas for differently synthesised
ErMnOs catalysts at O 1s, Mn 2p and Er 4d regions................ccueeee. 186

Table 5.3.6.2: XPS deconvoluted peak positions and areas for differently synthesised
YMnOQO; catalysts at O 1s, Mn 2p and Y 3d regions.........cccccceeeeeeeee. 186

Table 5.3.6.3: EXAFS fitting parameters for the Er Ls-edge for spectra collected on o- and
h-ErMnQOs. Fitting parameters: S02=0.8 as determined by the use of an Er
foil standard; Fit range 3 < k>13, 1.2 <R > 4.0. 2CN fixed to known structures
and the number of scattering paths reduced in order to minimise fitting
PATFAMETEIS ...ttt et 199

Table 5.3.6.4: EXAFS fitting parameters for the Mn K-edge for spectra collected on o- and
h-ErMnOs. Fitting parameters: S02=0.7 as determined by the use of a Mn
foil standard; Fit range 3 < k>14, 1.2 <R >3.85. 3CN fixed to known
structures and the number of scattering paths reduced in order to minimise
fittiNG PAraMELEIS ....coeeiiii i e e e 199

Table 5.3.6.5: EXAFS fitting parameters for the Y K-edge for spectra collected on o- and
h-YMnOs after deN2O. Fitting parameters: S0,=1.0 as determined by the
use of a Y foil standard; Fit range 3 < k>14, 1.2 <R > 4.0. 2CN fixed to known
structures and the number of scattering paths reduced in order to minimise
fItING PArAMELEIS ...ooiiiiiiiee s 201

Table 5.3.6.6: EXAFS fitting parameters for the Mn K-edge for spectra collected on o- and
h-YMnQOs. Fitting parameters: S02=0.7 as determined by the use of a Mn
foil standard; Fit range 3 < k>14, 1.2 <R >3.85. 3CN fixed to known
structures and the number of scattering paths reduced in order to minimise
fittiNG PAraMELEIS ....coeeiiiii e e e e e 201

Table 6.3.3.1: EXAFS fitting parameters at the Au Ls-edge for different Au/Al,O3 catalysts.
Fitting parameters: So> = 0.8 as determined by the use of an Au foll
standard; Fitrange 3< k> 13,1 4<R>5.0. .......ccccceiii, 219

Table 6.3.4.1: Surface atomic percentage ratios of the different Au/Al,O3; and La catalysts
.......................................................................................................... 220

Table 6.3.7.1: EXAFS fitting parameters at the Au Ls-edge for different Au/Al,O3 catalysts
after CO oxidation has been performed. Fitting parameters: S¢> = 0.8 as
determined by the use of an Au foil standard; Fit range 3 < k>13, 1.4 <R
DS T O RSSO ER SRR 226

Vi



Table of Figures

Table of Figures

Figure 1.2.1: A simplified schematic of the energies associated for a reaction with and
without @ catalySt PreSent .......ccoocoiieiiieeeecee e 3

Figure 1.2.2: A schematic representing 3 general catalytic mechanisms (1) Langmuir-
Hinshelwood, (2) Eley-Rideal and (3) Mars-Van Krevelen .................... 4

Figure 1.3.1: A diagram representing ideal perovskite structure, with A representing the
larger cation and B a smaller cation. Oxygen atoms bond in an octahedral
around the B cation, with BOg forming an octahedral around the A cation

Figure 1.3.2: lllustration of Jahn-teller elongation distortion of an octahedral complex..6
Figure 1.3.3: lllustration depicting the different d orbitals...........ccccevvvviiiiiiiiiiiiiiiiiiiiee, 7
Figure 1.3.4: Schematic of the stages involved during the Pechini sol-gel method ....... 8

Figure 1.3.5: Schematic to demonstrate redox capabilities of the B cation site as oxygen is
(a) desorbed from the surface, (b) sub-lattice layers and (c) oxygen mobility
from DUIK PEIOVSKITE .......eeiiiieieiiiie et 9

Figure 1.4.1: lllustration of milling media under mechanochemical action results in the
crushing and chemical transformation of precursor materials ............. 11

Figure 1.4.2: Schematic showing a Walsh energy-level diagram for Hs for the effect of sheer
(o o= MU 1\Y (@ R o (@117 (@ o =T o L 12

Figure 1.4.3: Types of high energy mills: (A) Ball mill (B) planetary mill (C) vibration mill (D)
attrition ball mill (E) pin mill (F) rolling mill............cccooiiiiiiiiiieeen 13

Figure 1.4.4: (A) A schematic of a 4-station high energy planetary ball mill (B) Movement
of milling media and material within a one rotating grinding jar of a planetary

DA MIIl L. 14
Figure 2.1.1: A diagram representing Brag’s Law of reflection and a (B) schematic of an X-

ray diffraCtOMELEr ......ooiiiieeeee e 20
Figure 2.1.2: Schematic of an X-ray diffractometer..........cccccvieeini i 21
Figure 2.2.1: Schematic of an incoming photon exciting an outer shell electron whereby the

Kinetic energy ismeasured .............coooeeeeie, 22
Figure 2.2.2: A simplified XPS experimental SEt UpP .........ccooviiiimiiiiieiiiiiieeeee e 23
Figure 2.2.3: Schematic of the BO7-C VerSoX beamline configuration........................ 24

Figure 2.3.1: Diagram representing the path of an electron beam through a transmission
€1ECTIION MICTOSCOPE ....eeiiieiiieiiiiee ettt 26

Figure 2.4.1: (A) multilayer isotherm and (B) plot of equation 2.5.1.3 where pV (p0 —p) vs
pp0 gives a straight line with a 1VmC intercept and a gradient of C — 1VmC

Figure 2.6.1: Schematic drawing of the set-up for a Hiden CATLAB microreactor, including
MFCs and Hiden Analytical QGA dynamic sampling mass spectrometer

Figure 2.6.2: A quadrupole MS schematic showing the path of resonance and non-
resonance ions through the quadrupole field....................................... 32

Vii


file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469292
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469292
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469293
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469293
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469294
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469294
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469294
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469294
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469295
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469296
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469297
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469298
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469298
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469298
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469299
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469299
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469300
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469300
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469301
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469301
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469302
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469302
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469302
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469303
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469303
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469304
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469305
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469305
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469306
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469307
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469308
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469308
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469309
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469309
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469309
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469310
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469310
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469310
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469311
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469311

Table of Figures

Figure 2.6.3: Continuous secondary electron multiplier schematic of the cascade of
electrons travelling to the dipole.............cccoo 33

Figure 2.8.1: (A) Schematic drawing of a milling jar with grinding media and (B) image of
the Retsch 2-—station Planetary Ball Mill, PM200 with their opposing
FOLALIONAI BXIS ....vvviiiiiiiiiee ittt 34

Figure 2.9.1: Simplified schematic of a synchrotron layout in order to produce X-ray
7= 10 1= 1o ] o 35

Figure 2.9.2: Schematics of producing synchrotron radiation by either (A) bending magnet;
where the arc of the electron radius, p, determines the energy output, or
(B) insertion devices (i) a wiggler; produces broad range of radiation and
(ii) an undulator; where energy range is controlled by changing the distance
between the opposing magnetic Poles..........cccvvvviiiiii v, 36

Figure 2.9.3: (A) Schematic of incoming X-ray exciting an electron from the inner shell with
sufficient energy to be promoted into the continuum and (B) an example of
a XAS spectrum at the Mn K-edge consisting both XANES and EXAFS
regimes for LaMnO, ..o 38

Figure 2.9.4: Diagram representing incoming X-ray to a specific absorbing atom and how
a neighbouring atom can scatter the excited electron........................ 40

Figure 2.9.5: Schematic of a typical XAS beamline for both fluorescence and transmission
L0 Lo 43

Figure 2.9.6: The creation of a core hole and the de-excitation of allowed higher energy
electrons to give off X-ray fluorescence..............ccccceeiiii . 45

Figure 2.9.7: (A) K-edge XES emission lines and (B) corresponding spectra showing the
comparison of energy range and intensity at the Mn K-edge Ka, KB main
lines and KB VTC emission lines of crystalline LaMnOs ..................... 46

Figure 2.9.8: Comparison of (A) traditional XANES spectra and (B) HERFD spectra for
crystalline LaMnO3s and Mn,Os with highlighted pre-edge regions...... 47

Figure 2.9.9: Energy level diagram showing the energy of the incident X-ray, Q, and X-ray
fluorescence, w, with the final excited state defined by the energy transfer
(O ¥ R 48

Figure 2.9.10: Schematic diagram of the 120-scanning beamline in X-ray emission mode
............................................................................................................ 48

Figure 2.9.11: Visualisation of the detection for emitted X-ray radiation being focused by
crystal analysers in a Johann configuration based on a 1 m Rowland circle

............................................................................................................ 48
Figure 2.9.12: Schematic showing the path of an X-ray from dispersion at the

polychromator, through the sample to detector..............ccoovvvvieennnenn. 50
Figure 2.9.13: Schematic diagram of the dispersive branch of the 120 beamline......... 51

Figure 3.3.1: X-ray diffraction patterns to show the formation of crystalline LaMnO3 during
milling under atmospheric coNditioNS ..o, 61

Figure 3.3.2: XRD crystalline composition weight percentage analysis during the
mechanochemical synthesis of LaMNOs..........c.eevvvieeiiiiiiiiiiiiiieeeees 62

viii


file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469312
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469312
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469313
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469313
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469313
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469314
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469314
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469315
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469315
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469315
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469315
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469315
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469316
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469316
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469316
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469316
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469317
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469317
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469318
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469318
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469319
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469319
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469320
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469320
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469320
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469321
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469321
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469322
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469322
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469322
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469323
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469323
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469324
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469324
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469324
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469325
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469325
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469326
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469327
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469327
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469328
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469328

Table of Figures

Figure 3.3.3: (A) XANES spectra at the Mn K-edge of ‘time-slices’ throughout the
mechanochemical synthesis of LaMnO3; compared to the MnO3 precursor
and a sol-gel synthesised LaMnO3 with (B) highlighted pre-edge region63

Figure 3.3.4: Linear combination analysis at the Mn K-edge of XANES spectra during ‘time-
slices’ through the mechanochemical synthesis of LaMnOs using Mn2Os
and sol-gel synthesised LaMnOs as reference materials..................... 64

Figure 3.3.5: XANES spectra at the La Ls-edge for LaMnOg; prepared by sol-gel synthesis
and hourly ‘time-slices’ during ball milling, compared to La(OH)s precursor

Figure 3.3.6: k? weighted EXAFS oscillations at the Mn K-edge (A) and its respective
nonphase-corrected Fourier transform (B) for LaMnO3; synthesised by sol-
gel and by ball milling from 1 h - 4 h compared to precursor Mn.O3 (Mn-O,
Mn-Mn and Mn-La scattering paths are highlighted blue, purple and orange
DOX, rESPECHVEIY) ..o 66

Figure 3.3.7: Mn K-edge EXAFS data of Mn;O3; showing the magnitude and imaginary
components of the k?-weighted FT data and fits...................cceeennnnee. 66

Figure 3.3.8: k? weighted EXAFS oscillations at the La Ls-edge (A) with nonphase-
corrected Fourier transform (B) for LaMnO3; synthesised by sol-gel and by
ball milling compared to the precursor La(OH); (La-O, La-La and La-Mn
scattering paths are highlighted green, yellow and red box, respectively)

Figure 3.3.9: Mn K-edge EXAFS data of LaMnO3; showing the magnitude and imaginary
components of the k?-weighted Fourier transform data and simulated fits

Figure 3.3.10: Mn K-edge EXAFS data after time 0 h of milling showing the magnitude and
imaginary components of the k?-weighted Fourier transform data and
LS TV F= U= T0 I 1 £ 68

Figure 3.3.11: Mn K-edge EXAFS data after time 1 h of milling showing the magnitude and
imaginary components of the k?-weighted Fourier transform data and
LS TV F= 1= T0 I 1 £ 69

Figure 3.3.12: Mn K-edge EXAFS data after (A) 2 h, (B) 3 h and (C) 4 h of milling showing
the magnitude and imaginary components of the k?-weighted Fourier
transform data and simulated fitS.........ccccviiiiiiiiiiii e 71

Figure 3.3.13: Schematic of insights into the mechanochemical synthesis of LaMnO3
resulting from XAS measurements at both the Mn K-edge and La Ls-edge

Figure 3.3.14: XRD performed under inert (argon) atmosphere of (A) precursors La-Oz and
Mn203, (B) ‘time-slices’ to show the crystalline formation of LaMnOs by
mechanochemistry (the XRD sample holder results in ‘hump’ at ~20 20)
and (C) following subsequent exposure to air, compared to sol-gel
synthesised LaMNOs......ccoovvviiiiiii e 74

Figure 3.3.15: XRD crystalline composition weight percentage analysis during the
mechanochemical synthesis of LaMnOs under an (A) inert and (B)
atmospheric sample environment............ccceeeiii e eereeiiie e, 75


file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469330
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469330
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469330
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469331
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469331
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469331
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469332
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469332
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469332
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469332
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469332
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469333
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469333
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469334
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469334
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469334
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469334
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469334
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469335
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469335
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469335
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469336
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469336
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469336
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469337
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469337
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469337
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469338
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469338
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469338
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469339
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469339
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469339
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469340
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469340
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469340
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469340
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469340

Table of Figures

Figure 3.3.16:

Figure 3.3.17

Figure 3.3.18:

Figure 3.3.19:

Figure 3.3.20:

Figure 3.3.21

Figure 3.3.22

Figure 3.3.23

Figure 3.3.24

Figure 3.3.25:

Figure 3.3.26:

Figure 3.3.27:

Figure 3.3.28:

Mn K-edge (A) XANES and (B) pre-edge showing the formation of LaMnOs
by mechanochemistry characterised under an inert sample environment
and on subsequent exposure to air, (C) and (D), respectively 76

: Linear combination analysis at the Mn K-edge of XANES spectra during

‘time-slices’ for the exposed argon milled LaMnO3 76

XANES spectra at the La Ls-edge for LaMnOs prepared by sol-gel synthesis
and ‘time-slices’ for exposed argon milled LaMnO3 77

Argon milled (A) k? weighted EXAFS oscillations at the Mn K-edge and (B)
its respective nonphase-corrected Fourier transform ‘time-slices’ and
respective exposure to air (C), (D) for the synthesis of LaMnO3; compared
to sol-gel LaMnOs; and precursor Mn;O; (Mn-O, Mn-Mn and Mn-La
scattering paths are highlighted blue, purple and orange box, respectively)

78

Mn K-edge EXAFS data during milling under argon for (A) 1 h (B) 2h (C) 3
h and (D) 4 h and subsequent exposure to air for the synthesis of LaMnOs3,
showing the magnitude and imaginary components of the k2-weighted
Fourier transform data and simulated fits 80

(A) k? weighted EXAFS oscillations at the La Ls-edge with (B) nonphase-
corrected Fourier transform at ‘time-slices’ during the mechanochemical
synthesise of LaMnOs;, compared to a sol-gel LaMnOs perovskite and
La(OH)s (La-O, La-La and La-Mn scattering paths are highlighted green,
yellow and red box, respectively) 81

: XPS spectra in the O 1s region of 3, 4 h ball milled samples in both
atmospheric and inert (argon) milling environments compared to sol-gel
synthesised 83

: XPS spectra in the La 3d region of 3, 4 h ball milled samples in both
atmospheric and inert (argon) milling environments compared to sol-gel
synthesised LaMnO3; 84

: XPS spectra in the Mn 3s region of 3, 4 h ball milled samples in both
atmospheric and inert (argon) milling environments compared to sol-gel
synthesised LaMnO3; 85

SE images showing the morphological changes between (A) 3 h (B) 4 h ball
milled in air, (C) 3 h (D) 4 h ball milled in argon and (E) sol-gel synthesized
86

BF-TEM images at magnified lattice resolution for (A) 3 h (B) 4 h ball milled
in air, (C) 3 h (D) 4 h ball milled in argon and (E) sol-gel synthesised
LaMnOs3

Composition analysis by EDX in scanning mode for La, Mn and O for (A) 3
h (B) 4 h ball milled in air, (C) 3 h (D) 4h in argon and (E) sol-gel synthesised
LaMnOs3 88

STEM-EELS atomic percentage elemental mapping (left column), HAADF-
STEM images with integrated profiling lines (central column) and line
profiling along the arrow, for the atomic percentage of La (blue), Mn (green)
and O (red) for (A) sol-gel synthesised, (B) 3 h milled and (C) 4 h milled
LaMnOs


file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469343
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469343
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469344
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469344
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469347
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469347
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469347
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469347
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469347
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469348
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469348
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469348
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469349
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469349
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469349
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469350
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469350
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469350
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469354
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469354
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469354
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469354
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469354

Table of Figures

Figure 3.3.29: The percentage conversation of N2 O decomposition to N2 over air and argon
ball milled and sol-gel synthesised LaMnOs light-off curve.................. 91

Figure 3.3.30: XRD patterns of differently synthesised LaMnO3 catalysts post deN,O92

Figure 3.3.31: Post catalytic characterisation of the ball milled and sol-gel synthesised
LaMnOgs; XANES at the (A) Mn K-edge and (B) La Ls-edge, k? weighted
EXAFS oscillations at the (C) Mn K-edge and (D) La Ls-edge with
corresponding Fourier transform spectra (E) and (F), respectively .....94

Figure 3.3.32: Mn K-edge EXAFS fits after deN»O over (A) 3 h air milled (B) 4 h air milled
(C) 3 h argon milled (D) 4 h argon milled and (E) sol-gel LaMnOs ...... 95

Figure 3.3.33: Repeat N,O decompaosition to show the reproducibility of LaMnOs3 catalysts

Figure 4.2.1: Images supplied by the ID15a beamline, ESRF of (A) the vibrational mill and
(B) set-up used for the monitoring of in situ milling by XRD .............. 107

Figure 4.2.2: DAC set-up with Ramen spectrometer on the 120-EDE beamline, DLS108

Figure 4.2.3: DeNO in situ set-up on the 120-scanning beamline, DLS showing (A) the plug
flow reactor positioned on the beamline at a 45 °C angle to the beam and
detector with (B) a close view of the plug flow reactor and catalyst bed in a
QUArtZ CaPIllAINY ... 109

Figure 4.2.4: NAP-XPS sample holder on the BO7 beamline, DLS, with a 8 mm pressed
pellet of 50 MY LAMNOS ....vviiiiiiiiiiiiiiiee e 109

Figure 4.3.1: Reference Mn (11), (1), (IV) oxides and sol-gel synthesised LaMnO3 at the Mn
K-edge by (A) conventional XANES with (B) highlighted pre-edge
compared to (C) HERFD-XANES with (D) highlighted pre-edge compared

Figure 4.3.2: ‘“Time-slices’ during the mechanochemical synthesis if LaMnOs at the Mn K-
edge measured by (A) conventional XANES with (B) highlighted pre-edge
compared to (C) HERFD-XANES with (D) highlighted pre-edge compared

Figure 4.3.4: Mn KB mainlines fitted using 3 symmetric Voigt curves (KB13, KB’ and Kjy)
for Mn reference materials (A) Mn304 (B) Mn,O3 (C) MnO; compared to (D)
sol-gel synthesised LaMNOs ........eeviiieiiiiiiiiiiiiieeee e 115

Figure 4.3.5: Mn KB XES mainlines for ‘time-slices’ during the mechanochemical synthesis
of LaMnOj3; compared to precursor, Mn,Oz and sol-gel synthesised LaMnOs

Figure 4.3.6: Mn KB mainline fitted using three symmetric Voigt curves (KB13, KB’ and KBx)
during the mechanochemical synthesis of LaMnQOs after (A) 1 h (B) 2h (C)
3N ANA (D) 4 N 117

Figure 4.3.7: ‘“Time-slices’ during the mechanochemical synthesis of LaMnO3 under an inert
(argon) environment at the Mn K-edge measured by (A) conventional
XANES with (B) highlighted pre-edge compared to (C) HERFD-XANES
with (D) highlighted pre-edge..........oooiiiiiiiiciiecc e, 118

Xi


file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469355
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469355
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469356
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469359
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469359
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469360
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469360
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469361
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469362
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469362
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469362
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469362
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469363
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469363
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469366
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469366
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469368
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469368
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469368

Table of Figures

Figure 4.3.8: Mn KB XES mainlines for hourly ‘time-slices’ during the mechanochemical
synthesise of LaMNOs ... 120

Figure 4.3.9: Mn KB mainline fitted using three symmetric Voigt curves (KB1,3, KB’ and KBx)
for mechanochemically synthesised LaMnOs in an argon environment after
Ahof MIlliNG ..o 120

Figure 4.3.10: XRD patterns at time 0 h and time 19 h after milling La>O3 and Mn»0O3 using
a PMMA vibrational mill...............ccco 122

Figure 4.3.11: In situ high pressure EDE spectra a comparing initial to final pressure for (A)
Mn,Os, (B) La;0Os and Mn;O3 (C) La,O3 and Mn,Os; mixture after high
energy ball milling for 30 min and (D) La,Os and Mn>Os mixture after high
energy ballmillingfor Lh ... 123

Figure 4.3.12: The percentage conversion of NoO — N» over differently synthesised
LaMNO3 CAtAIYSES .....vveiiiieeiiiiiiie e 124

Figure 4.3.13: Mn K valance-to-core XES lines for (A) different reference Mn oxides and
sol-gel prepared LaMnOs; and (B) differently prepared LaMnOg; catalysts
.......................................................................................................... 125

Figure 4.3.14: Mn K-edge HERFD-XANES spectra for 4 h air milled LaMnO3 during (A)
heating under He gas with corresponding (B) highlighted pre-edge region
compared to (C) deN.O with (D) highlighted pre-edge region .......... 128

Figure 4.3.15: Mn Ka; XES spectra for 4 h air milled LaMnO3 during (A) heating under He
gas compared to during (B) deN2O.........ccceevciiiiiiiiiiiini, 129

Figure 4.3.16: Mn K-edge HERFD-XANES spectra during deN.O for (A) sol-gel
synthesised LaMnOs;with (B) highlighted pre-edge region and (C) 4 h argon
milled LaMnOz; with corresponding (D) highlighted pre-edge region
COMPATEA ...ttt ettt e e e e s e e e e e e s s bt br e e e e e e e eeaans 130

Figure 4.3.17: Mn Kai XES spectra during the deN,O for (A) sol-gel synthesised LaMnO3
and (B) 4 h argon milled LAMNOS3 .......ccccooiiiiiiiiiiiiiieeee e 130

Figure 4.3.18: Mn K-edge HERFD-XANES spectra during deN;O for (A) 4 h argon milled
LaMnOs (B) highlighted pre-edge region for spectra recorded with a quartz
capillary at 450°C and 600°C, compared to RT and 375°C spectra.. 131

Figure 4.3.19: Ex situ Mn K-edge HERFD-XANES spectra for (A) 4 h air milled LaMnOs
with (B) highlighted pre-edge region, (C) sol-gel synthesised LaMnO3; with
(D) highlighted pre-edge region compared to (E) argon milled LaMnO3 with
(F) highlighted pre-edge region after temperature points 375°C and 600°C,
compared to the fresh catalyst and to the analogous calcined sample132

Figure 4.3.20: Ex situ Mn KB13 XES spectra for (A) 4 h air milled LaMnO; (B) sol-gel
synthesised LaMnO; compared to (C) argon milled LaMnO; after
temperature points 375°C and 600°C, compared to the fresh catalyst and
to the analogous calcined sample.........cccceevviiiiiii i, 133

Figure 4.3.21: NAP-XPS performed on the argon milled catalyst at the Mn2p region at (A)
RT under a N,O atmosphere and then heated to (B) 400°C and (C) 600°C
.......................................................................................................... 134

Figure 4.3.22: NAP-XPS performed on the air milled catalyst at the Mn 2p region at (A) RT
in vacuum, (B) at RT under a N,O atmosphere and then heated to (C)
400°C and (D) B00°C......ouvveeiiiiieeeiiiiee e eiee e e seee e e srree e e e 136

xii


file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469371
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469371
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469372
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469372
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469372
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469373
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469373
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469375
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469375

Table of Figures

Figure 4.3.23: NAP-XPS performed on the sol-gel synthesised catalyst at the Mn 2p region
at (A) RT in vacuum, (B) at RT under a N,O atmosphere and then heated
t0 (C) 400°C and (D) B00°C .....ccccuvieeeeeiiiiieeeeciiiee e esieee e eeee e neeee e 137

Figure 4.3.24: NAP-XPS performed on the argon milled catalyst at the Mn 3s region at (A)
RT in vacuum, (B) at RT under a N,O atmosphere and then heated to (C)
400°C and (D) B007C ....oeeeiiiiiee e e et e e e e 140

Figure 4.3.25: NAP-XPS performed on the air milled catalyst at the Mn 3s region at (A) RT
in vacuum, at (B) RT under a N,O atmosphere and then heated to (C)
400°C and (D) B00°C ....oveeiiiieeeeeiiee e e e e e e e 141

Figure 4.3.26: NAP-XPS performed on the sol-gel LaMnO3 catalyst at the Mn 3s region at
(A) RT under a N,O atmosphere and then heated to (B) 400°C and (C)
BO0 C ettt e e e raraeeanes 142

Figure 4.3.27: La 3d region for the argon milled catalyst at (A) RT in vacuum, (B) RT under
a N2O atmosphere and then heated to (C) 400°C and (D) 600°C...... 142

Figure 4.3.28: La 3d region for the air milled catalyst at (A) RT in vacuum, (B) RT under a
N.O atmosphere and then heated to (C) 400°C and (D) 600°C......... 143

Figure 4.3.29: La 3d region for the sol-gel synthesised catalyst at (A) RT in vacuum, (B)
RT under a N2.O atmosphere and then heated to (C) 400°C and (D) 600°C

Figure 4.3.30: O 1s region for the argon milled catalyst at (A) RT in vacuum, (B) RT under
a N>O atmosphere and then heated to (C) 400°C and (D) 600°C......145

Figure 4.3.31: O 1s region for the air milled catalyst at (A) RT in vacuum, (B) RT under a
N2O atmosphere and then heated to (C) 400°C and (D) 600°C......... 146

Figure 4.3.32: O 1s region for the sol-gel synthesised catalyst at (A) RT in vacuum, (B)
RT under a N,O atmosphere and then heated to (C) 400°C and (D) 600°C

Figure 5.1.1: Diagram to depicting (A) hexagonal and (B) orthorhombic structures for
AMNOs species, where green is the large A cation, red is Mn and green is
(074 Y70 1= o 1 154
Figure 5.3.1: XRD patterns after milling Mn,O, with either (A) Er,O, or (B) Y,0O, with 5mm
milling media at 0, 2, 4 and 6 h ‘time-slices’ ...........cccccoiiiii. 158
Figure 5.3.2: XRD patterns for systematic heat treatments for sol-gel synthesised (A)
ErMnO, and (B) YMnO, with their respective Rietveld wt% (C) ErMnOz and
(D) YMINO 3.ttt ettt e e e e e e e e as 160
Figure 5.3.3: In situ XRD patterns during increasing temperature every 20 °C from 30 — 870
°C for (A) ErMnO; and (C) YMnOs with respective Rietveld refinement
performed after heating to 730 °C and final 870 °C at (B) and (D) ....161
Figure 5.3.4: XRD patterns after milling Mn,O, with either (A) Er,O, or (B) Y,0, with 5mm
milling media for 6 h with subsequent calcination at 800 °C for 20 h.162

Figure 5.3.5: Er Lsz-edge XANES spectra at ‘time-slices’ during the mechanochemical
synthesis of ErMnOs3 using 5 mm milling media................ccceevvvvvnnnn.n. 163

xiii


file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469396
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469396
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469396

Table of Figures

Figure 5.3.6: Mn K-edge XANES spectra at ‘time-slices’ during the mechanochemical
synthesis of ErMnO3 using (A) 5 mm milling media with corresponding (B)
highlighted pre-edge ... 164

Figure 5.3.7: Linear combination analysis at the (A) Er Ls-edge and (B) Mn K-edge of
XANES spectra during ‘time slices’ during the mechanochemical synthesis
of ErMnQO3 with 10 mm milling media, using Er,Os; or Mn»O3 and 6 h milled
calcined ErMnO; as reference materials..............ccoeeeeeeeii. 166

Figure 5.3.8: k3-weighted EXAFS oscillations at the (A) Er Ls-edge and its (B) respective
nonphase-corrected Fourier transform and at the (C) Mn K-edge with
respective (D) Fourier transform at ‘time-slices’ during the
mechanochemical synthesis of ErMnOs; with 5 mm milling media, with
highlighted scattering paths .............oeviiiiiiiiee e 167

Figure 5.3.9: Er Ls-edge (pink) and Mn K-edge (orange) EXAFS data of (A) Er.O3 (B)
Mn203 (C) and (D) o-ErMnOs and (E) and (F) h-ErMnOs showing the
magnitude and imaginary components of the k3-weighted Fourier transform
Ata AN FIES...ueeiiiiee e 170

Figure 5.3.10: Y K-edge XANES spectra at ‘time-slices’ during the mechanochemical
synthesis of YMnO3 using either 5 mm milling media........................ 172

Figure 5.3.11: Mn K-edge (A) XANES spectra at ‘time-slices’ during the mechanochemical
synthesis of YMnOs using 5 mm milling media with (B) highlighted pre-edge
.......................................................................................................... 172

Figure 5.3.12: Linear combination analysis at the (A) Y K-edge and (B) Mn K-edge of
XANES spectra during ‘time slices’ during the mechanochemical synthesis
of YMnO3z with 5 mm milling media, using Y203 or Mn.Os and 6 h milled
calcined YMnOs as reference materials...........cceevveeeiiiiiiiiiiieeeneennn, 173

Figure 5.3.13: k®>weighted EXAFS oscillations at the (A) Y K--edge and its (B) respective
nonphase-corrected Fourier transform and at the (C) Mn K-edge with
corresponding (D) Fourier ftransform at ‘time-slices’ during the
mechanochemical synthesis of YMnOs; with 5 mm milling media, with
highlighted scattering paths .............oovviiiiiiiiieeee e 174

Figure 5.3.14: Y K-edge (green) and Mn K-edge (orange) EXAFS data of (A) Y203 (B)
Mn2O3; (C) and (D) o-YMnOs; and (E) and (F) h-YMnOs; showing the
magnitude and imaginary components of the k3-weighted Fourier transform
data and fitS.......ooeeeeiie 176

Figure 5.3.15: XRD patterns after milling Mn,O, with either (A) of Er,O, or (B) of Y,O, at 2,
4 and 6 h with 10 mm milling media with highlighted regions for the milled
materials (C) ErMnO3; and (D) YMnOs; with respective wt% composition
during milling (E) ErMnO; and (F) YMnOs calculated Rietveld refinement
.......................................................................................................... 178

Figure 5.3.16: (A) Er Ls-edge and (B) Y K-edge XANES spectra at ‘time-slices’ during the
mechanochemical synthesis of ErMnO3; or YMnOs, respectively, using 10
MM MIlING MEIA .......euiiiiiiiie e 179

Figure 5.3.17: Mn K-edge XANES spectra at ‘time-slices’ during the mechanochemical
synthesis of (A) ErMnO; with (B) highlighted pre-region and (C) YMnO3 with
(D) highlighted pre-region using 10 mm milling media...................... 180

Xiv



Figure 5.3.18: Linear combination analysis for XANES

Figure 5.3.19

Figure 5.3.20

Figure 5.3.21:

Figure 5.3.22:

Figure 5.3.23:

Figure 5.3.24:

Figure 5.3.25:

Figure 5.3.26:

Figure 5.3.27:

Figure 5.3.28:

Figure 5.3.29:

Figure 5.3.30:

Figure 5.3.31:

Table of Figures

‘time slices’ during the
mechanochemical synthesis with 10 mm media for ErMnQO3 at the (A) Er Ls-
edge and (B) Mn K-edge compared to YMnOs at the (C) Y K-edge and (D)
Mn K-edge

: k3-weighted EXAFS oscillations at the (A) Er Ls-edge and its (B) respective
nonphase-corrected Fourier transform and at the (C) YK-edge with
respective (D) Fourier transform at ‘time-slices’ during the
mechanochemical synthesis of either ErMnO3 or YMnOs; with 10 mm
milling media, with highlighted scattering paths.............ccccvvvvvieeeennnn.

: k3 weighted EXAFS oscillations at the (A) Y K-edge and its (B) respective
nonphase-corrected Fourier transform and at the (C) Mn K-edge with
corresponding (D) Fourier transform at ‘time-slices’ during the
mechanochemical synthesis of YMnOs with 10 mm milling media, with
highlighted scattering paths

Light-off curves for the percentage conversion of deN»O to N over differently
synthesised (A) ErMnO; and (B) YMnQOs; catalysts, with corresponding
reproducibility testing (C), (D)

XPS spectra in the Mn 2p region for differently synthesised (A) ErMnO3; and
(B) YMnOs; catalysts

XPS spectra at the O 1s region for differently synthesised (A) ErMnO3 and
(B) YMnOs catalysts

XPS spectra for the differently synthesised AMnOs; catalysts at (A) the Er 4d
region for ErMnOs and (B) the Y 3d for YMnO3

SE images for A-site Er, showing the morphological changes between (A) 5
mm (B) 10 mm milled compared to reference (C) o-ErMnO; milled and
calcined and (D) h-ErMnOs sol-gel

SE images for A-site Y, showing the morphological changes between (A) 5
mm (B) 10 mm milled compared to reference (C) o-YMnOs; milled and
calcined and (D) h-YMnOs sol-gel

BF-TEM images for A-site Er, showing the morphological changes between
(A) 5 mm (B) 10 mm milled compared to reference (C) o-ErMnO; milled
and calcined and (D) h-ErMnOs sol-gel

BF-TEM images for A-site Er, showing the morphological changes between
(A) 5 mm (B) 10 mm milled compared to reference (C) o-YMnOs milled and
calcined and (D) h-YMnOs sol-gel

Compositional analysis by EDX in scanning mode for A-site Y, showing the
morphological changes between (A) 5 mm (B) 10 mm milled ErMnOs;
compared to reference (C) milled and calcined, o-ErMnO3z; and (D) h-
ErMnOs sol-gel

Compositional analysis by EDX in scanning mode for A-site Y, showing the
morphological changes between (A) 5 mm (B) 10 mm milled YMnOs
compared to reference (C) milled and calcined, 0-YMnOs and (D) h-YMnOs
sol-gel

Comparison of XRD patterns of differently synthesised ErMnO3 catalysts
before and after deN,O studies

XV



Table of Figures

Figure 5.3.32: Comparison of XRD patterns of differently synthesised YMnOs catalysts
before and after deN2O StUIES.........coccuviiiiiiiiiiieie e 196

Figure 5.3.33: (A) Er Ls-edge and (B) Y K-edge XANES patterns of differently synthesised
YMnO3 catalysts before and after deN.O studies .............cccceeeeeeennn, 197

Figure 5.3.34: Mn K-edge XANES for (A) ErMnO3; and (B) highlighted pre-edge region
compared to (C) YMnOs and (D) highlighted pre-edge region after deN,O
STUAIES ... e 197

Figure 5.3.35: k3-weighted EXAFS oscillations for AMnO3 after deN,O has been performed
at the (A) Er Lz-edge and its (B) respective Fourier transform and at the (C)
Y K-edge with respective (D) Fourier transform.............ccccvvvveeeennnnn, 198

Figure 5.3.36: Mn K-edge k3-weighted EXAFS oscillations AMnQO; after deN,O has been
performed for (A) ErMnO3 and (B) respective Fourier transform and for (C)
YMnO3 and (D) respective Fourier transform............ccoooocvvvieveenennnn, 198

Figure 5.3.37: Er Ls-edge (pink) and Mn K-edge (orange) EXAFS data (A) and (B) 6 h
milled with 5 mm media, (C) and (D) 10 mm media, (E) and (F) milled and
calcined ErMnO3 and (G) and (H) sol-gel h-ErMnO3 showing the magnitude
and imaginary components of the k3-weighted Fourier transform data and
11RO 200

Figure 5.3.38: Y K-edge (green) and Mn K-edge (orange) EXAFS data (A) and (B) 6 h
milled with 5 mm media, (C) and (D) 10 mm media, (E) and (F) milled and
calcined ErMnO; and (G) and (H) sol-gel h-YMnO3; showing the magnitude
and imaginary components of the k3-weighted Fourier transform data and
£SO SUR PP 202

Figure 5.3.39: Light-off curves for the percentage conversion of deN.O to N; over differently
synthesised (A) ErMnO; and (B) YMnOs; catalysts was performed on the
used catalysts to produce cycle 2 data ........ccccoeeeiieiiiiiiiieiiicies 203

Figure 6.3.1: XRD patterns of different Au/Al.O3 catalysts........................ 214

Figure 6.3.2: Representative TEM HAADF images of (A) AuAl,Os, (B) AuAl,Os milled, (C)
La-AuAl,O3 mixed and (D) La-AuAl,O3z milled catalysts.................... 215

Figure 6.3.3: TEM EDX imagine of (A) La-AuAl,Oz mixed and (B) La-AuAl,Oz milled
catalysts, showing the distribution of La (yellow) compared to Au (red) and
AL(BIUB) .. 216

Figure 6.3.4: Au particle diameter histograms of (A) AuAl.Os3, (B) AuAl.O3; milled, (C) La-
AuAl;0O3 mixed and (D) La-AuAl;O3 milled catalysts......................... 216

Figure 6.3.5: XAS performed at the Au Ls-edge on Au/Al;O; catalyst that has been
milled/mixed in the presence of La(OH)s showing (A) XANES and (B) non-
phase corrected Fourier transSform..........ccoccviiiiiiieeeinieeeeeees 217

Figure 6.3.6: XAS performed at the La Ls-edge on La-Au/Al>Oz mixed and milled samples
compared to a La(OH)s; standard showing (A) XANES and (B) non-phase
corrected Fourier transformM..........ccuvveiiiiieiie e 218

Figure 6.3.7: Au Ls-edge EXAFS fitting data of (A) AuAl;Os, (B) AuAl.O3 milled, (C) La-
AuAl;O3 mixed and (D) La-AuAl,O3 milled catalysts, showing the magnitude
and imaginary components of the k?-weighted Fourier transform data and
SIMUIALEA fItS ... 219

Figure 6.3.8: XPS spectra within the La 3d region of different Au/Al>Oz catalyst...... 220

XVi


file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469436
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469443

Table of Figures

Figure 6.3.9: (A) Au 4f and (B) Al 2p XPS regions for the different Au/Al,Os catalysts221

Figure 6.3.10: Transmission IR spectra for CO absorption studies of different Au/Al.O3
(o= 1= 1Y £ S SS PP PPRPRRP 221

Figure 6.3.11: (A) Light-off curve showing the percentage conversion of CO to CO- hy
milled and un-milled Au/Al,O; and in the presence of La and its (B)
FEPrOAUCIDINITY ....eeeeeiee e 223

Figure 6.3.12 XRD patterns of different Au/Al,O3 catalysts after CO oxidation........... 223

Figure 6.3.13: XAS performed at the Au Lz-edge on Au/AlOs catalyst that has been
milled/mixed in the presence of La(OH)s; showing (A) XANES and (B) non-
phase corrected Fourier transform......................c 224

Figure 6.3.14: XAS performed at the La Ls-edge on La-Au/Al>Oz mixed and milled samples
compared to a La(OH)s; standard showing (A) XANES and (B) non-phase
corrected Fourier transform ... 224

Figure 6.3.15 Au Lz-edge EXAFS fitting models on data after CO oxidation of (A) AuAl,Os,
(B) AuAl;03 milled, (C) La-AuAl,Os mixed and (D) La-AuAl,Os milled
catalysts, showing the magnitude and imaginary components of the k?-
weighted Fourier transform data and simulated fits............cccccoooo. 225

Figure 6.3.16: Comparison of Au Lz-edge XANES subtracted spectra before and after CO
oxidation for (A) Au/Al;O3 and Au/Al,O3 milled, (B) Au/Al,O3; milled and La-
Au/Al,O3 milled (C) Au/Al,O3 and La-Au/Al,O3 mixed and (D) Au/Al,O3; and
AUIALOZ MINEA. ... 227

XVii


file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469445
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469445
file:///C:/Users/rhb1u16/Documents/Thesis/Back-up/Final/thesis_full_5.docx%23_Toc64469447




List of Accompanying Materials

List of Accompanying Materials

Thesis dataset: https://doi.org/10.5258/SOTON/D1798

XiX


https://doi.org/10.5258/SOTON/D1798

List of Accompanying Materials

XX



Research Thesis: Declaration of Authorship

Research Thesis: Declaration of Authorship

Print name: Rachel Hazel Blackmore

Title of thesis: Understanding the Mechanochemical Synthesis of Manganite
Perovskites and their Catalytic Behaviour

| declare that this thesis and the work presented in it are my own and has been generated

by me as the result of my own original research.

| confirm that;

1. This work was done wholly or mainly while in candidature for a research degree at this
University;

2. Where any part of this thesis has previously been submitted for a degree or any other
gualification at this University or any other institution, this has been clearly stated;

3. Where | have consulted the published work of others, this is always clearly attributed,;
Where | have quoted from the work of others, the source is always given. With the
exception of such quotations, this thesis is entirely my own work;

I have acknowledged all main sources of help;
Where the thesis is based on work done by myself jointly with others, | have made
clear exactly what was done by others and what | have contributed myself;

7. Parts of this work have been published as:-

R. H. Blackmore, M. E. Rivas and T. E. Erden, Trung Dung Tran, Huw R. Marchbank, Dogan
Ozkaya, Martha Briceno de Gutierrez, Alison Wagland, Paul Collier and Peter P. Wells.
Understanding the Mechanochemical Synthesis of LaMnOs and its Catalytic Behaviour.
Dalt. Trans., 2020, 49, 232—-240.

R. H. Blackmore, M. E. Rivas, G. F. Tierney, K. M. H. Mohammed, D. Decarolis, S. Hayama,
F. Venturini, G. Held, R. Arrigo, M. Amboage, P. Hellier, E. Lynch, M. Amri, M. Casavola,
T. Eralp Erden, P. Collier and P. P. Wells. The electronic structure, surface properties, and
in situ N2O decomposition of mechanochemically synthesised LaMnOs. Phys. Chem. Chem.
Phys., 2020, 22, 18774-18787

Conferences

Oral Presentations: UK Catalysis Conference 2020, Loughborough; Johnson Matthey
Academic Conference 2021, virtual.

Poster Presentations: Johnson Matthey Academic Conference 2018, 2019, 2020,
Loughborough / Warwick; UK Catalysis Conference 2019, Loughborough; 14th European
Congress on Catalysis, EuropaCAT, 2019, Aachen, Germany; 17th International Congress
on X-ray Absorption Spectroscopy 2018, Krakow, Poland.

SIGNALUIE: oo Date: 13/04/2021

XXi






Acknowledgements

Acknowledgements

| would like to first like to thank my academic supervisor, Dr Peter Wells. His constant
support, encouragement and patience has enabled me to gain and improve not only my
research skills but also personal development. Working closely with other members of the
Wells research group throughout this project has allowed the opportunity for travel and
broadening my scientific knowledge and skills. Specific thanks to George, Donnie, Evan,
Ellie and Pip for their support throughout my PhD, and further help through multiple
beamtimes. With specific thanks to Dr Khaled M. H. Mohammed for his analysis of Mn K3
XES data and Monik Panchal for the Au/Al,O3; TEM images.

This PhD was funded by the UK Research and Innovation though an iCASE award,
for which | am very grateful.

This project was further funded by Johnson Matthey and collaborated closely with the
work within the New Applications Department. | would like to express many thanks towards
my industrial supervisor, Dr Maria-Elena Rivas. Her consistent help and support has
allowed for me to transition and work confidently within an industrial environment. Through
her keen involvement it has allowed my projected to continuously grow and flourish. The
resources and expertise have also been widely accessible to me throughout my research
and further thanks are extended many members of the Johnson Matthey Analytical
Department; particularly Dr Edd Bible, Dr Huw Marchbank, Dr Mahrez Amri for all their help
towards numerous XRD measurements, to Dr Trung Dung Tran for performing TEM with
STEM-EELS and Dr Tugce Eralp Erden for her analysis of XPS data. Their vast knowledge
and skills on specific characterisation techniques has been extremely beneficial. Thank you
to Dr Nicoleta Muresan for the synthesis of Au/Al,Os. Particular thanks are also given to Dr
Paul Collier for the continued collaboration between academia and industry.

| owe significant proportion of this work towards the access of synchrotron radiation
facilities, specifically at the Diamond Light Source (DLS) and the European Synchrotron
Facility (ESRF). Further thanks are extended to the staff at these facilities which made the
experiments possible; Dr Shusaku Hayama at 120-Scanning, Dr Monica Amboage at 120-
EDE and Dr Federica Venturini and Dr Georg Held on BO7-C, VerSoX. Furthermore, |1 would
like to acknowledge the UK Catalysis, especially Dr June Callison, for her organisation and
running of X-ray absorption spectroscopy measurements as part of the catalysis BAG time.
Many thanks are also extended the B18 beamline and all their staff.

| would also like to thank the UK Catalysis Hub for the incredibly supportive and
friendly environment. The combination of different research groups centred on catalysis

offers a rare and fortunate base for the collaboration of ideas and support. Specific thanks

xXXiii



Acknowledgements

are again given to Dr June Callison for her constant technical support and Dr Josie Goodall
for ensuring the smooth running of the Catalysis Hub. To the students that | have learnt
alongside with, | am forever thankful for not only providing significant support through the
struggles but for all the enjoyment and fun, practically to Andrea, Emma and Alex who |
started this journey with.

For the never fading support and love provided by my parents and brother | am
extremely grateful. Thanks to my closest friends, Alex and Cariss who kept me sane and
motivated throughout the writing process during multiple lockdowns due to COVID. For their
support through the highs and lows, | am forever grateful. Finally, thanks to my boyfriend

Tom for his consistent patience, love and unwavering belief in me.

XXiv



Definitions and Abbreviations

Definitions and Abbreviations

A% ., Atomic percentage

BET .o Brunauer-Emmett-Teller

BF .o Bright field

CCD.oeeeecceeeeee, Charge coupled device

o | Crystallographic information files

DAC ... Diamond anvil cell

DC e Direct current

deN20 ... Decomposition of nitrous oxide

DFT e Density functional theory

DLS .., Diamond light source
Baveerreriieniieiiiieeeeee Activation energy

EDE ..o Energy-dispersive EXAFS

EDS ., X-ray energy dispersive spectroscopy
EELS ..o, Electron energy loss spectroscopy
ESRF...cooiiiiiiirr, European Synchrotron Radiation Facility
EXAFS...oiiee Extended X-ray absorption fine structure
FCC e Face centred cubic

GHSV .., Gas hour space velocity

GWP .o, Global warming potential

HAADF ..., High angle annular dark field

HERFD ......oooviiiiiiiiieeen. High energy resolution fluorescence detection
HOMO ...ovviieiiiiiiiiiiieeen, Highest occupied molecular orbital
ICP-OES......cvvvvvvevveeee, Inductively coupled plasma optical emission spectroscopy
ILAG ..o, lon and liquid assisted grinding

IR s Infrared

LCF i, Linear combination fit

LINAC ..., Linear accelerator

LUMO ..o, Lowest unoccupied molecular orbital
LVOI-IB....ovieiieiiiiiiiiiee Length diffraction column volume breathe
MCR . Multivariant curve resolution

MFEC ..o Mass flow controller
MO, Molecular orbital

MOF ..o Metal organic framework
NAP-XPS........ccoeeiin. Near ambient pressure X-ray photoelectron spectroscopy

XXV



Definitions and Abbreviations

NP Nanoparticle

PDF ..o Powder diffraction files

PGM ..cooiiiiiiiiiieeee, Platinum group metals
PID.oooe Proportional integral derivative
PMMA........ccc Polymethyl methacrylate

PVC ... Polyvinyl chloride

QEXAFS ... Quick extended X-ray absorption fine structure
QGA....i, Quantitative gas analysis

QIC o Quick inlet capillary

RFE . Radio frequency
RIXS......ooooo, Resonant inelastic X-ray scattering

o Room temperature

] Scanning electron

SEM. .o Scanning electron multiplier
STEM..oovviiiiiieeeeveeeeeeeee Scanning transmission electron microscopy
TEM s Transmission electron microscopy

UHV i, Ultra high vacuum
VCM..eiiiiiiiiis Vinyl chloride monomer

VTC s Valence-to-core
WL Weight percentage

XANES .....oovviivviviieeeeeee, X-ray absorption near edge spectroscopy
XAS .., X-ray absorption spectroscopy

XES it X-ray emission spectroscopy

XPS i X-ray photoelectron spectroscopy

XRD oo, X-ray diffraction

YTZ o Yttria-stabilised zirconia

XXVi



Chapter 1

Introduction

It is extremely important in today’s world that we must continually seek for sustainable
solutions for future generations. Whilst current catalysts begin to address this, the
increasing drain on finite sources drives the need for continuous scientific advancement
within this field that are both environmentally and economically viable. Though catalysts
seek for ‘greener’ opportunities, their synthesis and composition of materials should also be
considered. The topics discussed here highlight the importance of developing new catalysts
from sustainable reactants, how the preparation method can affect the final material

properties and catalytic activity of materials, outlines the scope of the project.

1.1  Sustainability in catalysis

Chemists face the challenge of developing novel products and processes that are also
societally, economically and environmentally beneficial.! In general, they must combine
continuous innovation and improvement of technologies by using less, or more sustainable
materials, along with minimising the production of pollutants and of harmful waste.? Not only
should the supply of energy become more renewable, but the processes themselves must
be energy efficient. The ever increasing population, demand on resources and tightening of
environmental regulations, such as emissions and waste management, drive the
advancement of new technologies that are still competitive with existing processes.3*
Catalysis plays a significant role towards achieving more sustainable processes. It
provides an alternative pathway that lowers the required energy input, improving reaction
efficiency, along with greater product selectivity.* These advantages result in catalysts being
used in over 90% of all industrial chemical processes today, with one third of them focussed
towards the reduction of pollutents.> The use of catalysts has been crucial for the transport
industry, allowing for the efficient cracking of long-chained hydrocarbons to be used as fuel
sources. However, in turn this has resulted in the increase of atmospheric pollutants and

emissions, which are detrimental to human health and the environment.® WHO predicts
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around 91% of the worlds pollution lives in areas of poor air quality, estimating it results 7
million deaths per year.’

Since the 1960s the catalysis sector has grown rapidly with development of catalysts
for applications such as the removal of sulfur from fossil fuels, automobile emission
treatment to remove CO, NOx and unburnt hydrocarbons (three-way catalysts) and the
selective reduction of NOx from power plants.>8° However, in 2007 WHO still recorded an
average of 4.2 million premature deaths a year worldwide as a result of exposure to
particulate matter.” Even though the National UK statistics show the long term decrease in
pollutants such as sulfur dioxide, nitrogen oxides and particulate matter since 1970,
emission regulations will continue to push for lower targets.'® This cannot be achieved by
simply increasing catalyst concentrations as they themselves often contain rare,
unsustainable platinum group metals (PGM) such as platinum, palladium and rhodium. As
PGM prices continue to rise, coupled alongside tightening of emission control regulations
the need to develop new sustainable alternatives at lower performance costs has never
been so prevalent.!! Rare earth metals are emerging as a suitable sustainable material
resource, possessing the highest level of any other industrially used metal in the earth’s
crust. However, issues surrounding their extraction are challenging and expensive due to
their combination with many other materials. Work still remains to maintain the correct
balance between supply and demand, alongside recyclability of the most in demand rare

earth metals.12

1.2 Catalysis

A catalyst is a material that enhances and accelerates the rate of a thermodynamically
feasible reaction, without changing the position of its equilibrium.*® A catalyst provides an
alternative pathway (Figure 1.2.1) at a lower activation energy for a chemical reaction to
occur, with the total free energy of the reaction remaining unchanged.* Figure 1.2.1 shows
a simplified schematic comparing the energies and pathway for a catalysed and un-
catalysed reaction. The catalyst offers a more complicated, yet alternative route that is more
energetically favourable to speed up the approach to equilibrium.*®> Though a catalyst is not
consumed in the reaction itself, side reactions and structural changes can lead to the
deactivation of the catalyst material. Reducing the activation energy via a catalytic
processes can have a huge impact on the overall reaction conditions, with the potential to
dramatically reduce operating temperatures and pressures.'® Without the application of
catalysts to industrial processes it would result in uneconomical and unsustainable
reactions.’

Catalysis can be classified as either homogeneous or heterogeneous. Homogeneous
catalysis occurs when both the catalysts and reactants have the same physical state e.g.

liquid-liquid, whereas heterogeneous catalysis occurs within separate physical states, such



as solid-gas. Homogeneous catalysts can benefit from high selectivity with increased
contact between its active sites and the reactants, however, they often have low thermal
stability whist being extremely difficult to separate the final material product from the
catalyst. Heterogeneous catalysts generally have a higher thermal stability with easy
product separation yet tend to have a lower concentration of active sites, which are often

only exposed at the surface.’
Intermediate state

A
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- Activation energy
%— with catalyst, Ea cat
=
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Products
Extent of reaction
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-

Figure 1.2.1: A simplified schematic of the energies associated for a reaction with and without a
catalyst present

1.2.1 Heterogeneous catalysis

A heterogeneous catalyst is often solid with either gas or liquid reactants adsorbed onto its
surface. Therefore, the surface is often be considered the crucial interface when
determining its reactivity.** They commonly operate by providing active sites at the surface,
which anchor reactants and stabilise intermediate species during the reaction, before being
desorbed. The ability of a reactant gaseous species to adsorb onto a catalyst depends on
the availability and type of active sites at the surface.'® As a result, the surface area,
composition and structure all affect the ability of reactants to bind to the catalyst and
therefore its activity.

Gas molecules adsorb onto a catalyst surface by either physisorption (~10 kJ mol)
with long range, weak van der Waals forces or by stronger chemisorption (~200 kJ mol?)
interactions. Physisorbed species associatively bind at the surface for a short lifetime,
whereas chemisorbed species often dissociate, as a result of forming a chemical bond with
the surface weakening the bonding within the adsorbed species. Once the substrate has
absorbed onto the catalyst surface its interaction is also important in determining activity. It

must possess a balance between being strong enough to allow enough time for a reaction

3
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to take place, but also weak enough to allow for interactions with neighbouring species for
the formation of products, to then desorb. The study of the stability of these intermediate
species with different transition metal catalysts is known as Sabatier’s principle. This relates
the temperature of the rate of decomposition of absorbates with respect to the fixed heat of
formation of the products.*3

Further understanding of how gases absorb and react on the surface of a transition
metal catalyst can be characterised into three commonly encountered mechanisms;
Langmuir-Hinshelwood, Eley-Rideal or Mars-van Krevelen (Figure 1.2.2):

(1) The Langmuir-Hinshelwood is often the most commonly observed mechanism,

whereby two species, already bound at the catalyst surface, react to form a product

which consequently desorbs from the surface.

(2) Alternatively the Eley-Rideal mechanism describes an incoming gas molecule

directly reacting with an absorbed gas species on the surface with the product either

desorbing or remaining absorbed on the surface.*®

(3) Finally, the Mars-van Krevelen mechanism is an example whereby a reactant

species absorbs on the surface, combining with an atom from the catalyst surface.

After the product desorbs a vacancy is then left at the surface of the catalyst which

is either filled by another reactant molecule or from a sub-layer of the catalyst.'®

1] e®

Figure 1.2.2: A schematic representing 3 general catalytic mechanisms (1) Langmuir-Hinshelwood,
(2) Eley-Rideal and (3) Mars-van Krevelen

1.3 Perovskites

Perovskite-type mixed metal oxides attract a great deal of interest due to their relative low
cost, oxidation activity and thermal stability. Coupled alongside their flexible structural
tailoring possibilities, it results in their use towards applications such as catalysis, fuel cells
and batteries.?>22 They are represented by the general formula ABXs (A = large sized

cation, B = medium sized cation, X = anion, often oxygen) with an ideal cubic structure and

space group Pm3m (Figure 1.3.1).23 In this geometry the perovskite is expected to have



the larger cation A-site with a 12-fold coordination to the X, oxygen, atoms and the smaller
cation at the B-site having a 6-fold coordination.?*

By choosing different A and B-site cations it affects the overall electronic structure.
For example, when using a first row transmission metal the electronic configuration is
determined by the 3d electrons in the antibonding levels from O 2p orbitals and B ion d
orbitals to form o and 1 bonding orbitals.?> On selecting these different cations at both the
a huge variety of distortion can be induced into the perovskite structure. Further complexity
can be added through partial substitution of A and/or B sites, controlling their valence state
and oxygen content.

The stability of the resulting perovskite phase can then be determined using the
Goldschmidt tolerance factor, t, (Equation 1.3.1) where the value must range from 0.75 to

1.00 in order obtain a perovskite structure.® This Goldschmidt tolerance factor is derived

from the ideal perovskite structure where by the B — O bond distance is equal to % (ais the
length of a unit cell) and the A — O bond distance is equal to % , giving raise to the

relationship between the ionic radii (Equation 1.3.2).%

Figure 1.3.1: A diagram representing ideal perovskite structure, with A representing the larger cation
and B a smaller cation. Oxygen atoms bond in an octahedral around the B cation, with BOs forming
an octahedral around the A cation

_ (ratro)

~ V2(rp+ro)

Equation 1.3.1: Goldschmidt tolerance factor describing stability of perovskites, where ra, rs and ro
are the ionic radii of A, B & O ions, respectively

(ra+ 10) = J2(rg + 710)

Equation 1.3.2: Describing the relationship between ionic radii in an ideal perovskite structure



Chapter 1

Distortion can also be introduced into the perovskite structure via the Jahn Teller
effect. In a metal complex with octahedral symmetry the d orbitals within the central metal
ion split into two levels, tzg (dxy, dxz, dyz) and eg (dx?® y? and d,?) (Figure 1.3.2). Their energy
difference is known as the octahedral crystal field splitting, A, (Figure 1.3.3). Within the
perovskite structure the egy orbitals overlap with the 2p atomic orbitals of the oxygen, forming
o bonds, and the ty4 orbitals face in between the oxygen orbitals to form a 1 orbitals.?® If the
B cation site has patrtially filled d orbitals the electronic structure will seek to minimise the
degeneracy and lower the energy of the system, causing a Jahn Teller distortion. For
example, in a high spin octahedral complex with d* electrons, a vacancy occurs in one of
the eq orbitals causing it to be electronically unstable. The ligands along the z axis are more
screened from the metal ion electrons, as their electron density is concentrated on the d,?
orbital, compared to the ligands in x and y planes.

Therefore, along the z axis there is a lower electronic repulsion, forming elongated
bonds in that direction. The d,? orbital becomes more stable, lowing in energy to below that
of the antibonding d,?,? orbital. The t»; energy level then splits to further stabilise.
Opposingly, Jahn teller compression in the z axis can be observed for complexes, such as
d®, which increases electron repulsion and steric hindrance to cause the orbitals in the z

axis to destabilise and increase in energy.?’
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Figure 1.3.2: lllustration of Jahn-Teller elongation distortion of an octahedral complex



z z z
N g N oog d
yz Xy Xz
\ ‘
> B
- ¥ 9., y
X X X
Z Z/
2 2 2
\ dz \A dx_y
- > _ By
ey Y “& y
X X

Figure 1.3.3: lllustration depicting the different d orbitals

131 Synthesis of perovskites

One of the oldest synthetic routes known today for the preparation of mixed metal oxide
perovskites is the ceramic method, where the single metal oxide precursors, such as
hydroxides or carbonates, are calcined together at 1000°C for several hours. This synthetic
route commonly produces highly aggregated, low purity perovskites with surface areas of
less than 5 m? g1.282° In order to prepare powders that are free of agglomeration, with a
narrow particle size distribution, and higher surface areas methods such as spray/freeze-
drying, co-precipitation and sol-gel can be performed. These often routes involve dissolving
the precursor materials in a suitable solvent, to be homogeneously mixed and then followed
by drying and calcination steps.

Spray drying is performed to produce materials with a narrow particle size distribution.
Here, a solution of metal salt cations is dispersed by controlling the droplet size from a spray
nozzle onto a heated surface. This causes the solvent to instantaneously evaporate and the
remaining solid reacts and decomposes to leave spherical or hollow particles.?® In co-
precipitation the precursor materials, commonly metal nitrate salts, are dissolved in water,
with a precipitation agent, such as NaOH, under pH control. The resulting precipitate formed
is then filtered, dried and calcined. The sol-gel synthesis of perovskites can also start with
metal nitrate salt precursors, however, they are then mixed with citrate acid, which on
heating eventually forms a ‘gel’. The presence of an organic matrix, such as citric acid,
ensures an even dispersion of nucleation sites in initial stages of heating for small crystallite
sizes. On further heating of the gel the following stages occur: (1) combustion of citric acid
at ~ 300 — 400 °C and (2) crystallisation of the perovskite phase up to ~800 “C.2° Continued

modifications of this preparation route lead to the development of the Pechini method.3!

7
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This route benefits from its ability to dispersed two or more metals more homogeneously.
The method differs to traditional sol-gel synthesis by producing a covalent polymer network
by transesterification of the citrate acid and ethylene glycol to entrap the metal ions (Figure
1.3.4).%0

The physical properties of perovskites are highly dependent on their synthetic route,
which is often considered for their desired application. For catalysis high surface areas are
highly desirable, yet they are notoriously low for perovskites.3> The use of elevated
temperatures causes sintering of the particles, increasing grain growth and particle sizes.3?
Attempts to disperse the perovskites onto supports has resulted in higher surface areas and
improved catalytic activity. Yet, this comes with limitations as once again high temperatures
are required to fix the perovskite to the support alongside the need to consider support
compatibility and mass transfer.?®

Mixed metal oxides with perovskite-like structures, ABOs, are known to readily form
via mechanochemical grinding from their single metal oxide precursors, such as LaMnO3
from La,O3 and Mn,03.33-3 The mechanochemical synthesis allows for the absence of a
high temperature calcination step, limiting the sintering of particles, providing a high surface
concentration of —OH, high levels of distortion, and a significant volume of intergrain
amorphous phase with high oxygen mobility and therefore produce improved catalytically

active materials.?® Mechanochemistry is discussed further in section 1.4.

a4~

Metal citrate |+ | Ethylene
complexes glycol

3 OH
] HO
OH 0

Figure 1.3.4: Schematic of the stages involved during the Pechini sol-gel method

Metal citrate and Covalent network with
ethylene glycol mixture trapped metal ions

1.3.2 Catalysis

In 1971 it was first observed that perovskite-type oxides, such as LaCoQOs3, have the potential
to become viable economic rivals to platinum gas phase catalysts for auto exhaust clean
air technologies.® However, at low concentrations of CO the percentage conversion was
significantly lower than for Pt based catalysts, along with their high susceptibility to SO
poisoning.3” Perovskites are commonly used as catalysts due the incorporation of transition
metals at the B site within their structure. Transition metals are known to show good catalytic
activity as a result of their redox capabilities whereby the electronic structure readily

changes oxidation state to allowing species to adsorb and desorb from their surface. The

8



huge versatility of the perovskite composition and structure allows for tailoring of the oxygen
and cation stoichiometry to promote their catalytic properties further. Perovskites benefit
from a higher thermal stability compared to that of single metal oxides, which easily oxidise
at high reaction temperatures.?*

With the B-site cation surrounded by an octahedron of oxygen ligands in its bulk
perovskite state, at the surface it can be suggested to have a 5-fold coordination, BOs; this
leaves an available site for absorbates. For example, when the vertical oxygen is absent
at the terminating surface, the orientation of the egy orbitals favours a strong overlap with
absorbing species at the surface. The nature of this eg energy states is, as previously
discussed, dependent on the choice of B cation and its number of d electrons.?6 This
corresponds to Sabatier's principle (introduced in section 1.2.1) which describes the how
the interaction between the transition metal and the substrate effects the catalyst activity.
Performing CO oxidation over La A-site perovskites indicated that with decreasing eq
occupancy came increased activity, leading to subsequent perovskite research with Mn and
Co B-sites.?®

A mechanism in which perovskites performed oxidation catalysis was proposed by
Voorhoeve et al.; where it was said to be either suprafacial or intrafacial, at low or high
reaction temperatures, respectively.®® Weakly bound oxygen present at the surface of
perovskites is assigned as a-oxygen, with lattice oxygen ascribed as p-oxygen. During a
catalytic reaction a-oxygens are likely to desorb at lower temperatures from the surface of
the perovskite catalyst (Figure 1.3.5a). This oxygen vacancy can then either be filled by an
oxygen species from the catalytic reaction or from diffusion of oxygen from sub lattice layers
(Figure 1.3.5b) and bulk perovskite (Figure 1.3.5c). Elevated temperatures can resultin high

oxygen mobility and improved catalytic activity, but also the reduction of the B-site, causing
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Figure 1.3.5: Schematic to demonstrate redox capabilities of the B cation site as oxygen is (a)
desorbed from the surface, (b) sub-lattice layers and (c) oxygen mobility from bulk perovskite
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deactivation of the perovskite catalyst.®® Therefore, the mechanism that takes place is highly

dependent on structure, i.e. selection of A and B sites, and reaction temperatures.

1.4  Mechanochemistry

Solid-state chemical transformations, induced by the mechanical energy of milling and
grinding, for the formation of new solid phases is known as mechanochemistry. This
alternative synthetic route has rapidly grown in interest due to its compliance cleaner and
more sustainable process.*® Mechanochemistry benefits from reduced process steps,
removal of pH control, filtration and washing, which predominantly result from the absence
of solvent.34! However, the rapid movement of milling jars and constant impact of the milling
media have limited the research and understanding into this preparation route. Furthermore,
milling parameters often require a high level of optimisation for each individual material, as
controlling the final material properties is commonly difficult in mechanochemistry. Here, a
brief overview of the mechanochemical synthesis, specifically for inorganic materials, has
now been discussed along with its advantages and challenges in becoming a viable

industrial technique.

141 A brief history

Heinicke that established mechanochemistry as a branch of chemistry which deals with the
chemical and physio-chemical transformations of materials produced by the effect of
mechanical energy.*? The term mechanochemistry was first published back in 1894, yet the
initial description of this process can be traced back as far as 300 BC in the preparation of
mercury from HgS.414? Further examples of mechanochemical reactions are recorded from
300 BC all the way through to the 19" Century, however, it was Ostwald in 1887 that gave
the name “mechanochemistry” to the process in the Textbook of General Chemistry.*3
Though it has been widely known and used for hundreds of years it has not been until the
last few decades that its science and understanding has been properly investigated, with
the number of publications increasing dramatically within the last 30 years.**

In the early stages mechanochemical action was primarily used for the size
reduction or dispersion of particles; Huttig suggested that mechanochemistry only results in
the deformation of lattice bonds without the formation of new substances, assuming a purely
physical affect.?®4145 However, Spring studied how mechanical action resulted in a chemical
reaction, observing the crystallisation of new amorphous phases under compression
stress.*® This was closely followed by Carey Lea who observed MgCl, and AgCl to both
decompose under the grinding action of a pestle and mortar yet sublime or melt

undecomposed, respectively, when heated.*¢ Carey Lea showed that mechanical action did

10



not only bring about a chemical change but that the kinetics of the reaction and properties
of the final product were remarkably different to those synthesised by thermochemical
reactions.?® This and the combination of numerous other researchers led to the

classification of mechanochemistry as a branch of chemistry in 1919.46

1.4.2 Background

The rapid growth in interest and development of mechanochemistry over recent years has
been driven largely by the need for more environmentally and economically solutions within
chemical industries.*® This preparation route provides a ‘one-step’ synthesis to produce
materials with enhanced properties for applications in pharmaceuticals, waste
management, metal alloying and catalysis.?84748 |t offers a rapid and solvent-less route for
the efficient mixing, particle size reduction and formation of new powered materials.*
Recent research has focused on not only extending the use of this synthetic route to a wider
range of nanomaterials but also on understanding and monitoring the mechanochemical
mechanism.

The mechanical action of a mill first allows for improved mixing and particle size
reduction, thus improving contact between the reagents. This mechanical action then
transfers energy in the form of compression, shear or friction, due to collisions between the
wall of the jars and milling media, to form new interfaces and surfaces on the powdered
precursors to induce chemical transformations (Figure 1.4.1).#¢ Mechanochemical action
can vary depending on the design of mill used, for example it can be constant, such as
hydrostatic compression, or supplied in continuous short pulses (section 1.4.3). These
different mechanochemical treatments greatly affect the outcome much be considered

when selecting the application of mechanochemistry. For example, relaxation of the

Figure 1.4.1: lllustration of milling media under mechanochemical action results in the crushing and
chemical transformation of precursor materials
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mechanical stress after a short pulse mechanical action event can proceed via multiple
different channels, which in turn effects the chemical changes in the system.*°
A mechanochemical reaction is said to be governed by kinetics, as during milling
there is limited time and equilibrium products often cannot form. The formation of these
metastable products indicates the differences compared to traditional thermally induced
processes.>! The species originate from the mechanical action inducing dislocations and
defects to produce a high level of local strain into the structure of a precursor material, e.g.
when a linear bond angle becomes bent. This is said to decrease the energy gap between
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy levels, thus decreasing the bond stability (Figure 1.4.2). This now provides
a greater opportunity for chemical reactions to take place.>? This highlights the clear
differences between mechanical energy and thermal induced processes, with the former
being under non-equilibrium conditions, forming metastable intermediates as a
consequence of mechanical deformation.?®
A generalised theoretical explanation of mechanochemical reactions is extremely
difficult to achieve as often reactions are specific to the individual system whilst involving a
variety of different length and time scales.*¢ Therefore numerous theories and models exist
for the hypothesis of mechanical activation of chemical reactions. Some examples of these
are the hot-spot theory that suggests friction causes temperatures of up to 1000 K near the
tip of a crack, or the magma-plasma model which suggests that a large amount of energy
is released during the contact of colliding particles leading to the emission of excited
fragments.*! The reaction will then take place in the plasma at the surface of particles in the
excited state. Countless more theories exist, including the rapid induction of defects
followed by propagation, and it has therefore been concluded that mechanically activated
reactions do not obey a single mechanism. Differences arise between each particular

system, not only due to starting precursors but also the huge amount of variables such as,

Anti-bonding

.|||| ||||. —\\LUMO sy,

Non-bonding S —
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’g ‘ . H,'/HOMO‘ |||||||‘
L
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00 .. o8
e

Strain
Straight Bent
_>

Figure 1.4.2: Schematic showing a Walsh energy-level diagram for Hs for the effect of sheer on a
LUMO-HOMO gap
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milling material, miling media, speed, reagent ratios, type of mill and milling

atmosphere. 4145

1.4.3 Mill design

Milling technologies have continued to develop alongside the growing interest within
mechanochemistry. With unique mill designs comes different mechanical action, which in
turn can lead to a change in the final material structure and properties. The outlining
principles of high energy mills will now be discussed.

The most commonly used mills to perform mechanochemical reactions is reported
in literature as either vibrational, planetary and attrition mill designs.*%41.52 These all perform
a combination of shear and impact mechanochemical treatment, however, with varying
degrees and ratios.>° A vibrational mill (Figure 1.4.3A, E) uses a circular or elliptic trajectory
motion with a combination of factors, such as the speed of vibration, horizontal & vertical
amplitude and phase angle. They are often applied during the preparation of fine materials,
requiring much longer milling times due to their lower energy output.>

Attrition milling, first invented in 1922, was initially only used to homogeneously
disperse particles and it was not until 1970 that the first high energy attrition mill was applied
to the mechanochemistry of metal alloying. Attrition mills (Figure 1.4.3B) have a rotating
central drive shaft with multiple impellers alongside milling media within the grinding
chamber. This mill is commonly used for large quantities and benefits from its energy input
being directly transferred to the media, rather than being applied to rotating or vibrating the

milling chamber.%®

A/\ C

Figure 1.4.3: Types of high energy mills: (A) Roll mill (B) attritor ball mill (C) planetary ball mill (D)
pin mill (E) vibrational mill (F) rolling mill
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Planetary ball mills (Figure 1.4.3C) benefit from high energy density alongside and
simple set-up, handling and cleanability, however, they are often limited to small scale
reactions, 5 — 50 g.** Here, the grinding jars rotate in a planet-like movement around a
central axis at both the centre of the mill and about the grinding jar (Figure 1.4.4). These
two rotations acting in opposite directions form a centrifugal force, causing the milling media
to run down the grinding jar wall, lift and then travel through the central chamber to collide
against the opposite wall.>® These mills exploit the principle of centrifugal acceleration rather
than gravitational acceleration used by vibrational or attrition mills, resulting in a higher
mechanical activation after shorter milling times. Other mill designs exist, such as pin and
rolling mills, performing impact or sheer mechanochemical action, respectively (Figure
1.4.3D, F).

Limited research has been focused around industrial approaches from lab-scale
experiments. Of the large array of milling equipment and technologies attrition mills
represent the most suitable for linear scale-up for industrial applications, with vibrational
and planetary ball mills being challenging due their high volume of moving parts. Though
Blair et al. were able to show successful scalability, highlighting the importance of impact
forces and macroscopic mixing, vastly more research is required into a variety of different

systems for specific applications.53

A Grinding jar B

Revolution

Grinding jar about the
central axis

Revolution

Centrifugal
force

Rot@tion
A

S¥
~
J

Rotation" of
grinding
jar

Figure 1.4.4: (A) A schematic of a 4-station high energy planetary ball mill (B) Movement of milling
media and material within a one rotating grinding jar of a planetary ball mill
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1.5 Aims and objectives

Developing sustainable synthetic routes to produce ‘earth-abundant’ catalysts can help
towards finding alternatives to the commercial PGMs currently used.?* Furthermore, despite
the extensive possible uses, commercial success for perovskite-type materials is
challenging to achieve. This presents a clear opportunity to progress the mechanochemical
synthesis of perovskites and optimize the performance in renewable energy conversion
technologies and emission control strategies.?*>” However, there are significant challenges
in mechanochemical reactions; controlling uniform stoichiometry and structure of the
resultant materials has proved difficult.#! This is further complicated by the dynamic nature
of the milling equipment and use of grinding media, alongside the formation of amorphous
structures during milling.® To develop the technology an improved understanding of the
underlying chemical steps is required. Therefore, advanced characterisation techniques,
such as X-ray absorption spectroscopy (XAS), high energy resolution fluorescence
detection (HERFD) and X-ray emission spectroscopy (XES), have been utilised in order to
understand the chemical transformations occurring within ball-milling. XAS is highly
sensitive to the local structure of materials without the need for periodic ordering; it is ideally
suited to studying samples prepared through ball-milling as it provides information on both
amorphous and crystalline phases.®® In addition these materials have shown promising
catalytic activity at low temperatures towards deN2O, which has been detected by using
transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS).
Herein, the mechanochemical synthesis of the perovskite LaMnOs, from La,O3; and
Mn,Os has been undertaken, and a reaction pathway has been proposed for its formation.
Moreover, the performance of these materials has been demonstrated towards deN,O and
highlights how mechanochemical routes introduce active sites for catalysis. The
understanding gained from the LaMnO3 system has then been combined with other A-site
manganate perovskites to begin to set out generalised rules for the mechanochemical

synthesis of mixed metal oxide materials.
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Chapter 2

Experimental methods

This section details the background and theory of experimental methods used throughout
this thesis. A variety of lab-based techniques, along with a significant proportion of the
synchrotron-based methods, has been performed to achieve advanced characterisation
and understanding of complex materials. An emphasis has been placed on X-ray absorption
and emission spectroscopy techniques, which have been detailed along with
complementary lab-based characterisation. Specific experimental conditions, catalyst
synthesis and activity testing have been detailed in the appropriate chapter material and
methods section.

2.1  X-ray diffraction

Powder X-ray diffraction (XRD) is a common lab-based technique used to identify and
analyse crystalline bulk structures. The resulting diffraction pattern can be used to
determine not only the composition of crystal structures but also to refine lattice parameters

and patrticle size.

2.1.1 Theory

Crystalline materials are considered to consist of atoms with long range order. Here the
electron density from the atoms acts as a lattice plane within the structure. When an
incident X-ray beam interacts with these lattice planes of periodically spaced atoms in a
material, the light can diffract with either constructive or destructive interference. In order to
predict whether diffraction will take place, Bragg’s Law must be satisfied (Equation 2.1.1).
For example, when an X-ray beam is diffracted by two lattice planes (n = 2) that are in-
phase constructive interference occurs and a peak appears on the diffraction pattern (Figure
2.1.1). Therefore, using a fixed incident wavelength, Bragg’s Law provides information on
interatomic distances and dimensions of a crystal unit cell. Powder XRD uses this basis of

single crystal theory, however, can measure multiple crystals/poly-crystalline systems, at
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different orientations within one sample. XRD of powdered samples compresses the

diffraction occurring in all directions into one dimension, known as 26.*

nil = Zdhkl sin @

Equation 2.1.1: Where n is an integer, A is the incident X-ray wavelength, 6 incident angle of the
incident X-ray beam, also known as the Bragg angle and d,,, is the interatomic distance between
lattice planes.

Each lattice plane can be further defined by using the Miller indices, hkl, where each dnx
is associated with a Bragg peak on the diffraction pattern. d;,; is defined as a vector, which
is draw from the origin of the unit cell to intersect the crystallographic plane (hkl) at a 90 °
angle. The position of this diffraction peak will result from an average of the atomic distance
in the crystal. Therefore, any changes in average bond distances will change the diffraction

peak position.

Incident Diffracted
X-rays X-rays

Figure 2.1.1: A diagram representing Brag’s Law of reflection and a (B) schematic of an X-ray
diffractometer

2.1.2 Instrument set-up

The monochromatic X-ray radiation is typically generated within a sealed tube. Here, high
energy electrons, generated by a tungsten filament, are accelerated towards a Cu anode.
This results in the ejection of a core electron, which is then filled by an electron from an out
shell, releasing Cu Ka radiation (1.54 eV). This X-ray radiation next passes to a single
crystal monochromator, to narrow the wavelength distribution and collimate the beam. A
monochromator also uses Bragg’s Law to diffract only specific wavelengths due its fixed d
spacings within the crystal. Mirrors are used to focus the beam onto the sample, where only
wavelengths that satisfy Bragg’s Law are diffracted. These are detected using a goniometer
circle set-up (Figure 2.1.2), where the sample is in a fixed sample position and both the
source and detector move by either -0 or 6, respectively. Coherent diffraction leads to the
observation of diffraction peaks, to make up a diffraction pattern of intensity with respect to

26. The 26 position of each peak accesses the interlayer distance of atoms of the structure,
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with the intensity corresponding to the percentage that refection is contributing to the

pattern.
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Figure 2.1.2: Schematic of an X-ray diffractometer

2.1.3 Data Analysis

After data collection, the Bruker DIFFRAC software package was used for phase
identification, composition weight percentage analysis and calculating crystallite size. Initial
phase identification was performed after background subtraction in DIFFRAC.EVA,
whereby the most appropriate match was chosen from the Johnson Matthey
crystallographic database. DIFFRAC.TOPAS was then used to perform Rietveld refinement
to the chosen crystallographic information files (.cif). The Rietveld method of analysis allows
for the assessment of powdered materials, using a step-scanned intensity of the data and
least squares procedure to optimised and refine the fit.2 This method accounts for the peak
overlap that commonly occurs in powdered samples, which effect the Bragg peak
intensities. Within DIFFRAC.TOPAS an optimised instrument file is loaded and the
appropriate .cif and data files were then imported. Following a background subtraction,
individual refinement of the different crystalline species was performed. Additional peaks

were added to account for trace species, amorphous areas or for the inert sample holder.

2.2  X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a near surface-sensitive analytical technique,
where X-rays are used to probe only the first few nanometers of a surface. It can provide
guantitative analysis of the surface elemental composition, oxidation states and, with
catalytic materials, information about the nature of active sites. It has been used consistently
throughout this work for understanding how the mechanochemical synthesis affects the
surface composition and properties, and in turn the effect this has on the catalytic

performance.
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221 Theory

In XPS the sample is exposed to low energy monochromatic X-rays where the energy is
absorbed by an atom, causing photoelectrons to be ejected and creating a core hole (Figure
2.2.1). The ejected photoelectrons are measured for their kinetic energy, producing a
photoelectron spectrum.® By applying Einstein’s photoelectric equation (Equation 2.2.1)
with a known incident X-ray energy and measured kinetic energy, the binding energy can
be calculated (Equation 2.2.2). These binding energies are characteristic of specific
elements, as well as their chemical environment. Assessing the position and intensity of the
binding energies can provide information on the chemical state and the proportion of

material at the surface, respectively.*

@ Photoelectron o
/I\ Kinetic energy
E

N
le

Incident Valence band Binding energy
X-ray

7~ Core hole.
Core energy ~7

levels . .

Figure 2.2.1: Schematic of an incoming photon exciting an outer shell electron whereby the kinetic
energy is measured

E=hv

Equation 2.2.1: Where E is the energy of the incident photon, h is Planck’s constant, 6.62 x 103 J
s, and v is the frequency, Hz

BE = hv — (KE + d)sample )

Equation 2.2.2: Where BE is the binding energy, KE is the kinetic energy of the ejected
photoelectron and @ is spectrometer work function which corresponds to the energy required to travel
the detector, constant for each instrument.

Additional peaks can also observed within the XPS spectrum. These occur when
electrons from higher energy orbitals relax to fill the core hole the relaxation energy can be
transferred to another electron. This electron is then ejected, with a specific kinetic energy,

known as an Auger electron. Though the Auger process is not as chemical specific as the
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main binding energy peaks in XPS, the kinetic energy of these electrons is still characteristic
of the sample and can help distinguish between metals oxides and metal nitrides.®

XPS is often thought as a purely surface sensitive technique, yet it detects ejected
electrons from a few nanometres below the surface. The kinetic energy of the electron is an
indication of depth within the sample from which orbital it has been eject from. It is important
to remember when performing XPS experiments with lab-based equipment they have a
fixed incident X-ray energy source. Therefore, solving Equation 2.2.2 for the kinetic energy,
whereby the binding energies and incident energy are static, results in varying kinetic

energies and thus different penetration depths for each XPS elemental region.

2.2.2 Instrument set-up

A typical X-ray photoelectron spectrometer comprises of an X-ray source, sample stage,
electron energy analyser and a detector, all contained within an ultra-high vacuum (UHV),
108-101° mbar (Figure 2.2.2). X-rays are generated by bombarding an anode, commonly
Al or Mg, with electrons to produce Al Ka or Mg Ka radiation at photoenergies of either
1486.6 eV or 1253.6 eV, respectively. The X-ray beam is then focused onto the sample
using a crystal monochromator. After photoelectrons are emitted from the sample, they are
transferred to the electron energy analyser, which ensures only electrons with given
energies, known as the pass energy, reach the detector. Due to the low energy signals
produced by XPS, detection requires the use of an electron multiplier to amplify this signal.
Here, photoelectrons collide with the walls, emitting secondary electrons, which in turn
cause a cascade of electrons to reach the anode, where the voltage is measured. XPS
experiments traditionally require an UHV as low energy electrons are easily scattered by
residual gas molecules, reducing signal and increasing the signal-to-noise-ratio.
Furthermore, these residual gas molecules can also form a monolayer on the surface of the

sample at a much quicker rate than a typical scan time.®

Detector
Incident
X-ray Ejected
electrons
,  Sample
! surface

Figure 2.2.2: A simplified XPS experimental set up
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2.2.3 Near ambient pressure X-ray photoelectron spectroscopy

Performing ex situ XPS under vacuum can produce a good fingerprint of the surface
properties and composition, however, materials often present vastly different properties
when performing under working conditions. In recent years significant developments have
been made towards performing XPS experiments under near ambient pressures (NAP).
Within this work NAP-XPS has been coupled with the use of synchrotron radiation by
performing in situ catalytic experiments at the B07-C (VerSoX) soft energy beamline, at the
Diamond Light Source, Didcot, UK. Using synchrotron radiation allows for a tuneable
incident beam for depth profiling, and quick acquisition times, vital when under ambient gas
conditions.

The B07-C beamline utilised synchrotron radiation produced by a bending magnet, to
produce soft energy X-rays, 250 — 2800 eV. The X-ray radiation is specifically optimised
using a configuration of toroidal, plane, cylinder and elliptical mirrors before reaching the
exit slits and then the sample (Figure 2.2.3). An UHV it kept continuously between the
synchrotron ring and the analysis chamber to maintain optical reflectively of the soft X-rays
and to avoid contamination, such as carbon, from entering the system.” For NAP-XPS to be
possible the optics and experimental end station, including sample stage, analyser and
detector, are connected to different pumping stages.® Synchrotron radiation is discussed

later in section 2.10.

Detector
i R 2
Toroid Xit slits \
mirrors l] | Sample

\ Plane mirror Elliptical
mirrors
"t
/ Cylinder

Bending magnet mirror

Figure 2.2.3: Schematic of the BO7-C VerSoX beamline configuration

2.3  Transmission electron microscopy

Transmission electron microscopy (TEM) is useful tool in obtaining microstructural and
electronic information of materials. Along with allowing for the visualisation of morphology
and patrticle size, TEMs can also perform elemental analysis and distribution, with some

even able to provide spatial resolution to the atomic level.
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2.3.1 Theory

The resolution of an optical microscope is limited by the wavelength of visible light. Here,
however, when electrons are considered to behave as a wave, the de Broglie equation can
be applied (Equation 2.3.1). The resulting de Broglie wavelength of the electron is
considerably shorter than that of visible light. Furthermore, the electron beam is accelerated
to greater than 400 kV voltages (Equation 2.3.2), results in a resolution that far surpasses

that of optical microscopes.

A=h/p

Equation 2.3.1: Where h is Plank’s constant and p is related to the electron’s momentum

1 =hm/(2m,V)

Equation 2.3.2: Where meis the mass of an electron and V is the velocity

For successful TEM measurements, the sample must be extremely thin (< 100 nm) to allow
for the transmission of the electron beam through the material. Images are produced when
the electron beam interacts with the electron density of the sample. How the sample
interacts with these electrons depends on the material composition and/or thickness to
produce a contrast image. For example, when the electron beam interacts with the sample
some electrons are then scattered or disperse, depending on the density of the material. If
an area of the sample is composed of a high mass density, then the electrons scatter more
and thus produce a darker region. Unscattered electrons hit the fluorescent viewing screen

behind the specimen, to result in brighter areas within the image.®

2.3.2 Instrument set-up

A TEM is comprised of five parts; (1) the electron source, (2) a condenser lens, (3) an
objective lens (4) the sample and (5) magnifying lens/eye piece (Figure 2.3.1). Though the
proportion of lenses may change between microscopes these basic components make up
most TEMs. A vacuum system throughout the TEM is vital due to the large instrument path
length (1 — 2 m) required of the electron. A typical vacuum required is ~10- Pa, however,
for higher voltage and resolution systems a range of at least 107 — 10° Pa is required.
First, the sample is loaded in the vacuum chamber, onto the illumination stage.
Electrons are commonly generated by supplying a high current to LaBs or a tungsten
filament at the source. When sufficient current has been applied to the filament, electrons
are emitted and are accelerated to at least 400 kV, before travelling down the microscope.
These high energy electrons are then guided using a variety of magnetic or electrostatic

lenses, to focus the electron beam towards the optical axis. The image of the sample is then
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magnified and focused to be viewed from an eye piece or imaging device, such as a charge
coupled device (CCD) digital image sensor. Different TEM instrumental models have been
developed and produced to fit the different experimental requirements and can be applied
alongside a variety of other techniques.1©

Electron gun

<—Condenser lens

Sample

<—— Objective lens

<—Projection lens

<— Final image

Figure 2.3.1: Diagram representing the path of an electron beam through a transmission
electron microscope

2.3.3 Scanning transmission electron microscopy

To acquire images via TEM, a scanning transmission electron microscopy mode (STEM) is
commonly selected and has been used throughout this project. Within this mode the high
energy electron beam is confined to an extremely fine spot, which then scans over an area

of the sample. The signal is collected after transmission through the sample underneath the
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specimen by a detector, such as a high-angle annular dark-field (HAADF) detector. A
HAADF detector is commonly installed due to its capabilities of being able to collect signals
at high semiangles of 6; > 50 mrad.!!

By performing characterisation in this STEM mode, a contrast image of the
composition Z character is produced. The high energy electron beam is focused on a very
fine spot and scanning over the sample it limits the exposure time, removing full illumination
of the sample by TEM mode and possible beam damaging effects. STEM further overcomes
the limitations of TEM mode, whereby it does not suffer from the chromatic aberration effect,
which can lead to blurry and indistinct images at larger sample thicknesses. It also allows
for the elemental analysis, such as X-ray energy dispersive spectroscopy (EDS) or electron

energy loss spectroscopy (EELS), to be performed alongside STEM imagining.**

234 Elemental Analysis

Providing complimentary information to imaging of the morphology and crystalline structure,
the collection of elemental analysis, EDS and EELS, in tandem to imaging is a vital tool in
materials characterisation.

Both EDS and EELS technigues are based on the same underlying principles,
whereby the electron beam excites an electron from a core shell of the sample, creating a
hole. In EDS, an electron from an outer shell then relaxes, and the emitted X-ray radiation
is measured. This X-ray emission is element specific and therefore provides information on
the elemental composition.

Within EELS an electron spectrometer records the energy lost from the incident electron
beam due to inelastic interactions with the sample to produce structural and electronic
information.*? At the valence region of an EELS spectrum, <50 eV, dominant features arise
from collective resonant plasmon oscillations of the valence electrons and interbank
transitions from valence to conduction bands.*®* However, at energy losses of above 50 eV
the spectrum shows characteristic features called ‘ionisation edges’. These edges are
equivalent to those from X-ray absorption spectroscopy (XAS) (see section 2.9.1) and arise
by the same process whereby an inner-shell electron absorbed enough energy to be excited
into the continuum.? These edges are element specific and by applying elemental mapping

with a high spatial resolution through EELS the material composition can be derived.

2.4  Surface area analysis

With the surface of a catalyst often considered crucial in determining reactivity, measuring
the total surface area can often correlate to the catalytic capabilities of a material. Brunauer-
Emmett-Teller (BET) theory is well established as a viable way to assess the surface area

of heterogenous catalysts.** BET has been utilised within this project to understand the
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effect of the mechanochemical synthesis on the material surface area with respect to their

catalytic performance.

24.1 BET Theory

BET analysis applies an adsorption isotherm, whereby an inert gaseous species, such as
N2 or Kr, adsorb onto a surface at varying pressures. Based on the gas adsorption isotherm
proposed by Langmuir, the BET model allows more than one layer of adsorbate molecules
to form (Figure 2.4.1A). Therefore, two phases must now be considered; (1) the first
monolayer interacting with the surface and (2) adsorbates interacting with subsequent
layers. The later phase records a heat of adsorption comparable to the heat of vaporisation
for the adsorbate. There are, however, limitations to this BET model due to the following

assumptions:*4

1. The surface is completely homogeneous.

2. All sites are equivalent, with the energy of an adsorbed molecule being independent
to the presence of other molecules.

3. The surface only has a specific number of sights, which can only adsorb one

molecule. Once all these sites are full no more adsorption can occur.
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Figure 2.4.1: (A) multilayer isotherm and (B) plot of equation 2.5.1.3 where r—
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In order to calculate the specific surface area Equation 2.4.1 is applied to understand how

varying partial pressures can affect gas adsorption at the surface.

1 c-1
P_—--+-—=x2L
0(po—p) c Po

Equation 2.4.1: Where p, is the initial pressure, p is pressure and C is given in Equation 2.4.2
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(AHp— AHygp)
C ~ e RT

Equation 2.4.2: Where 4H), is the enthalpy of desorption of the first layer, 4H,,, is the enthalpy of
vaporisation of the subsequent layers, R is the gas constant (8.314 J K** mol!) and T is temperature

Rearranging Equation 2.4.1 into the form y = ¢ + mx (Equation 2.4.3) allows for the data to

then be plotted as a straight line (Figure 2.4.1B).

p _ 1 c-1 p

V(@o-p) VmC  VmC ~ Do

Equation 2.4.3

Solving for the volume of the gas adsorbed, V;,,, the specific surface area of the material, S,
can be calculated by Equation 2.4.4.
VmNaam

S =

m

Equation 2.4.4: Where N,is Avogadro’s number (6.022 x 1023 mol™1), a,, is the effective cross-
section area of one adsorbate molecule (0.162 nm? for N2 and 0.195 nm? for Kr) and m is the mass
of material (g).

2.5 Inductively coupled plasma optical emission spectroscopy

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an elemental
analysis technique. It allows for the identification and quantification of the composition of
elements present within a sample.

This is achieved by passing the sample though an argon plasma, generated by
accelerating electrons, to collide with an argon gas. As the atoms enter the plasma, they
become ionised, due to a core electron being excited to a higher energy level. On relaxation
of this excited state to fill the core hole an X-ray is emitted, characteristic of a specific
element. Often an element has many excited and relaxed states, which ICP-OES can then

these assign multiple wavelengths for identification of an element.

2.6  Testing Catalytic Performance

Within this work, the evaluation and characterisation of catalyst activity has been performed
on a fixed bed, continuous flow Hiden CATLAB microreactor. This set-up is integrated with
a Hiden Analytical QGA dynamic sampling mass spectrometer to allow for the in situ
monitoring of resulting gas / vapour during catalytic reactions. Microreactors are commonly
used in laboratories to mimic the conditions experienced in industrial set-ups, whilst

benefiting from quick, versatile and accurate analysis during the development stages of new
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catalytic materials. In this thesis the CATLAB microreactor has been predominantly used
for understanding the link between the catalyst material properties and their activity towards
the decomposition of environmental pollutant N>O. The set-up consisting of a microreactor,
mass flow controllers (MFCs) and a quadrupole mass spectrometer (Figure 2.6.1) has now
been discussed.

. Gas lines
Microreactor

MFCs Mass
spectrometer

Thermocouple

Sample Quartz
wool

Figure 2.6.1: Schematic drawing of the set-up for a Hiden CATLAB microreactor, including MFCs
and Hiden Analytical QGA dynamic sampling mass spectrometer

2.6.1 CATLAB Microreactor

The CATLAB is a fixed bed, continuous flow microreactor with its schematic shown in Figure
2.6.1. The specific instrument used within this work comprises of a standard gas manifold
with two banks of four gas streams (only one bank drawn for simplicity), each with
independent mass flow control. Of the 8 gas streams, 7 have standard MFCs with a flow
range of 3 — 100 ml min? with a minimum pressure of 3 bar required. The remaining MFC
has a maximum mass flow of up to 200 ml min-t. Furthermore, one standard flow MFC has
been tailored with Kalrez corrosive resistant fittings, along with the manifold, to allow for the
use of corrosive gases, such as NHs. An inert carrier gas, such as helium or argon, is
constantly connected to flow through the system when experiments are not being
performed.

Within the microreactor, after exiting the MFC unit, the gas flows up and then down
over the fixed bed of the catalyst, forming an overall positive gas flow over the sample. The
catalyst is pre-prepared into specific sieve fractions, and loaded into a quartz capillary, to
ensure an even gas velocity and consistent tortuosity between different materials. This is
extremely important as changes in velocity or pressure affect the contact time between the
gas and sample. To quantify the gas flow rate with respect to catalyst volume the gas hour
space velocity (GHSV) is often reported. A thermocouple placed in the catalyst bed to
produce information on the sample temperature and feedback to the furnace, which

surrounds the quartz capillary. Here, the furnace is capable of temperatures up to 1000 °C
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with a ramp rate range of 0.1 — 20 °C min! and used a large proportional integral derivative
(PID) controller for accurate temperature control and quick response time. After passing
through the catalyst, the exhaust gases travel through the base of the furnace to be sampled
by the quick inlet capillary (QIC), with the remainder sent to the vent line. A scroll pump
draws the gas through the QIC to the mass spectrometer, with the line heated to a maximum
of 200 °C. It is also possible to implement a bypass configuration, in which the flow avoids
the sample to allow for purging or blank testing. By turning the three way switch the gas
flow takes an alternative route avoiding the quartz capillary containing the catalyst and

proceeds via either the QIC or a second vent line.

2.6.2 Mass spectrometry
2.6.2.1 Theory

Mass spectrometry is an analytical technique used to obtain mass spectral data for the
molecular and structural identification of compounds. It works by bombarding the sample
with high energy electrons to produce molecular and fragmentated ions. These ions are
then separated by either electric or magnetic fields according to Newton’s second law

(Equation 2.6.1) and Lorentz force law (Equation 2.6.2):

F =ma

Equation 2.6.1: Where F is the force applied, m is the mass and a is the acceleration of the ion.

F =e(E +vB)
Equation 2.6.2: Where e is the ionic charge, E the electric field, v is the velocity and B the magnetic
field experienced by the ion.

A mass spectrum therefore consists of molecular and fragmentated ions, separated
based on their mass-to-charge ratio (m/z). This technique benefits from being sensitive
towards analyte concentrations as low as 10° g, along with being able to perform
continuously for the collection of time-resolved data. Within this work it has been used for

the identification of post catalytic reaction mixtures.

2.6.2.2 Hiden Analytical QGA mass spectrometer

A mass spectrometer (MS) comprises of three parts: (1) an ion source, (2) a mass analyser
and (3) a detector and the relevant set-up for the Hiden Analytical QGA mass spectrometer
will now be discussed. Firstly, a vaporised sample enters the ionisation chamber, where it
is bombarded with high energy electrons, generated by a tungsten filament. This induces
the ejection of electrons from the sample to result in molecular and fragmentation ions, [M*],

with predominantly single charged ions produced (Equation 2.6.3).
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M+ e — M+ 2e

Equation 2.6.3: Fragmentation

These ions then travel to the mass analyser, which are traditionally a high-powered
magnet. These magnet selectors diffract the positively charged ions based on their m/z.
However, in this work a quadrupole MS is used within the Hiden equipment (Figure 2.6.2).
Here, an electric current separates the ions due to the different m/z values causing differing
motions through the analyser. A quadrupole mass analyser consists of four symmetrical
rods, positioned parallel to the direction of flow of the ions (Figure 2.6.2). The quadrupole
is then supplied with both a radio frequency (RF) and a direct current (DC). The RF:DC ratio
and the m/z value of the ions entering the quadrupole field define the oscillations and path
of the molecular or fragmentated ions. Only resonant ions will produce stable oscillations
and travel to the detector. Unstable oscillations result in non-resonant ions colliding with the
rods and thus becoming undetected. As the voltage gradually changes, keeping the RF:.DC
current the same, it allows for the scanning of the mass spectrum. As the DC and RF voltage
can be easily and rapidly changed, whilst maintaining stable conditions it is extremely
suitable to be integrated in the CATLAB set-up for continuous scanning during catalytic
reactions. This mass analyser set-up, however, suffers from only selected or known masses
being analysed, rather than scanning over the m/z range as a magnetic selector does.®

After separation the molecular and fragmented ions are then electronically detected.
Within this work there were two possible MS detectors; either a Faraday or a continuous
scanning electron multiplier (SEM). In the case of the Faraday detector, the incident ion
beam simply hits the dynode surface of the Faraday cup to give up their electrical charge,
neutralising the ions. This is then converted into a voltage by the dynode emitting electrons
to induce a current, which is directly proportional to the ion current. However, for low ion
currents and better time resolved measurements SEM detectors are commonly used. In a
continuous SEM on entering the incident ion beam collides with a dynode causing a
secondary emission of electrons. These electrons then travel down the SEM by repeatedly

colliding with the next a dynode, to result a cascade of electrons (Figure 2.6.3). The higher
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Figure 2.6.2: A quadrupole MS schematic showing the path of resonance and non-resonance ions
through the quadrupole field
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the initial electron velocity, the larger the number of secondary electrons. The Faraday
detector benefits from longevity and to stability at high temperatures making it extremely
robust, however, is less sensitive, whereas, the SEM is best suited for low concentration
samples, yet does suffer from a slower response time due to the secondary emission

process.®

Figure 2.6.3: Continuous secondary electron multiplier schematic of the cascade of electrons
travelling to the dipole

2.7 Infrared spectroscopy

Infrared (IR) spectroscopy is used to detect the molecular vibrations observed within the
infrared region of the electromagnetic spectrum (400 — 4000 cm). These molecular
vibrations have characteristic frequencies that allow of the identification of specific
functional groups. Within heterogenous catalysis IR spectroscopy is used to monitor the
interaction between absorbed species and the catalyst.l” IR spectrometers benefit from
their rapid acquisition times, ease of use and affordability.

For IR absorption bands to be detected, the vibrational movements must result an
electric dipole moment change. Molecules can vibrate in a variety of different modes such
as stretching, bending, wiggling and rocking.'® Therefore, how a molecule interacts with a
surface, such as a catalyst, can affect its vibrational movement, providing vital surface
information. For example, CO chemisorption is often used to understand the activity of
supported nanoparticle catalysts. Assigning the CO absorption bands, found in the region
1800 — 2000 cm* can identify how CO has bound to the surface, at either linear or bridged
sites.'® Any changes in band intestines and wavelengths can provide information on the
morphology and nature of the active binding sites.

The IR data collected in this project was performed by a transmission IR

spectrometer. By preparing the sample into a pressed pellet with minimal quantities, it is
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carefully loaded into a sealed reaction chamber and exposed to specific gaseous
environment. IR radiation is then transmitted through the sample to produce a spectrum
that is representative of the whole sample. Assuming a known quantity of the sample has

been used it can allow for quantitative assessment of the surface coverage.

2.8 Mechanochemical set-up

To perform mechanochemical synthesis within this work, a planetary ball mill was used with
ZrO, milling vessels and Yttria-stabilised zirconia (YTZ®) media. Figure 2.8.1A depicts a
schematic cross-section of a milling jar with media. The milling media were first placed into
the ZrO- grinding jars, with a weight ratio of media to the total precursor powder at 10:1.
The prepared jars were weighted and balanced before securing in the planetary ball mill.
Pre-mixed powders were placed on top of the milling media, with the jar sealed and secured
inside the mill (Figure 2.8.1B). Once the lid was locked shut, 5 min of milling was performed
to check jars were firmly secured. The mill operated at room temperature with 10 min
intervals taken every 30 min to ensure the mill did not overheat. The jar rotated in the
opposite direction to that of the axis of the mill to result in a centrifugal force, causing the
milling media to travel though chamber of the jar (see section 1.4.3) and collide with the
opposite wall. Once milling was completed, the milling jar was removed with heat proof
gloves and opened within a fume cupboard. A sieve (~ 800 um sieve fraction) was used to
separate the milling media and loose powder. A spatula was used to remove the material
that had become compressed against the wall of the jar.

In order to prevent contamination from the milling jars and media between
experiments, rigorous cleaning was performed. This can be performed two ways: (1)
soaking overnight in concentrated HCI acid or when particularly dirty (2) quartz sand with a
small amount of water can be effective in wearing down a small layer from the grinding jar

surface. Before starting each experiment, the equipment must be dry.

precursors
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Figure 2.8.1: (A) Schematic drawing of a milling jar with grinding media and (B) image of the Retsch
2—station Planetary Ball Mill, PM200 with their opposing rotational axis

Planetary ball mill
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2.9 Synchrotron Radiation

A synchrotron is a particle accelerator that is a source of intense X-ray radiation.” Since the
development of the first synchrotron in 1946, their continual development has often come
in parallel with the advancement of scientific research within fields from archaeology to
health and medicine. Synchrotron radiation benefits over lab-based X-ray sources due to
its tunability to specific energies along with high flux and brilliance.?° The high photon flux
results in an increased number of photons s unit bandwidth* combined with the high
brilliance that concentrates the direction and wavelength of the photons, to result in highly
resolved data.

To produce synchrotron radiation, electrons are first emitted by an electron gun and
accelerated in a linear accelerator (LINAC) (Figure 2.9.1). The electrons are then
transferred to a booster ring where they are further accelerated to a higher energy. These
high energy electrons are then injected, in a parallel orbit to the existing electrons, into a
large storage ring where they are circulated by a series of magnets separated by straight
sections. This storage ring is ‘topped-up’ frequently by small injections from the booster ring
to maintain the current. Electrons are maintained on a circular closed path by the use of
bending magnets. At each bending magnet the electrons are deflected by the magnetic field
to give off electromagnetic radiation known as synchrotron light (Figure 2.9.2A). The beam
is then captured and focussed by mirrors and crystal optics in order to optimise the
wavelength for desired techniques at specific beamlines. A sample is then exposed to the
synchrotron radiation at a beamline where detectors are used to record the X-rays that pass

through or are emitted from the sample.?°
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Figure 2.9.1: Simplified schematic of a synchrotron layout in order to produce X-ray radiation
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Initially bending magnets were the only way to achieve synchrotron radiation,
however, since the development of third generation synchrotrons, insertion devices are also
commonly used. These are fitted at the straight sections within the storage ring and result
in a vastly higher flux and brilliance output, compared to bending magnet radiation. Insertion
devices comprise of an arrangement of magnetics, which can be further classified into either
wigglers or undulators (Figure 2.9.2B). Both wiggler and undulator devices have similar
magnet configurations with alternating polarity, causing the electrons to oscillate, producing
synchrotron radiation at each turn.?! These insertion devices differ by the resultant energy
range of radiation, defined by the size of the deflected angle. Wigglers (Figure 2.9.2Bi), like
bending magnets, produce a fan of radiation, with their output energy controlled by
increasing the number of magnets. Increasing the number of poles, N, produces an increase
in emitted photons by a factor of N. In comparison, undulators (Figure 2.9.2Bii) have a much
smaller angular defection and produce collimated radiation at specific energy ranges.
Controlling the separation gap between the alternating magnetic poles results in different
energy ranges, e.g. the smaller the gap, the higher the magnetic field, resulting in a higher
energy of the undulator peak.”?2

Each beamline on a synchrotron has a unique set-up in order to control and attenuate
the radiation, dependent on the technique and information desired. The following sections
will cover how synchrotron radiation can be used for advanced material characterisation of

bulk structures (i.e. XAS) and near surface sensitive techniques (i.e. XPS) relevant to this

work.
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Figure 2.9.2: Schematics of producing synchrotron radiation by either (A) bending magnet; where
the arc of the electron radius, p, determines the energy output, or (B) insertion devices (i) a wiggler;
produces broad range of radiation and (ii) an undulator; where energy range is controlled by
changing the distance between the opposing magnetic poles

29.1 X-ray absorption spectroscopy
29.1.1 Background

X-ray absorption spectroscopy (XAS) is powerful characterisation technique which
determines the geometric and electronic configuration of materials. It analyses how X-rays
are absorbed by a specific atom, at energies near and above its core-level electron binding

energy.?® XAS is element specific and can therefore provide valuable information of the
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local environment surrounding the central absorbing ion. As it does not rely on periodic
ordering it can be applied to materials with little or no long-range order, ideally suited to
those prepared by ball milling, to give a per atom average structure. Furthermore,
measurements are often simple, versatile, allow for trace elements to be detected and have
the ability to run fast in situ experiments to produce high resolution data.??

Traditionally XAS required the use of tuneable synchrotron radiation, and the
development of this technique has often run in parallel with the development of synchrotron
facilities. The first X-ray absorption spectrum was observed over a hundred years ago, in
1913, by de Brogile.?* However, it wasn’t until the ground breaking work of Sayer, Stern and
Lytle in 1971, who applied Fourier analysis to experimental data, which led to the
exponential growth within this technique. This resulted in the ability to quantitatively
determine structural parameters such as bond distance, coordination number along with

thermal and disorder parameters.?*

29.1.2 Theory

As X-ray radiation is transmitted through a sample, absorption events attenuate the beam
according to Beer-Lamberts Law (Equation 2.9.1). Absorption characteristics of specific
materials can then be calculated by applying the mass absorption coefficient (Equation
2.9.2). Here, each element absorption coefficient within the material is combined to give a

mass-weighted summation (Equation 2.9.3).

I -
It _ p-ut

Io
Equation 2.9.1: Where |o is the incident and It the transmitted X-ray intensities, u is the mass
absorption coefficient and t is the sample thickness.

.um:;

Equation 2.9.2: Where um is the mass absorption coefficient and p is the material density

log (;—;) = Y w;t; (”Tm)i

Equation 2.9.3: Mass weighted summation

X-ray absorption is therefore dependent on the atomic number, as varying Z
character can interact differently with the incoming photon energy. As the number of
electrons increases, for higher Z elements, increasing amounts of the incident beam is
absorbed by the atom. Also, as the energy of the X-ray beam increases, the transmission

through the sample increases. However, when the incident energy is equal to that of the
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core orbital binding energy a sharp rise in absorption occurs, known as the absorption edge.
During a XAS measurement X-rays scan across energies close to that of the absorption
edge of the element of interest. The sample then absorbs photons of sufficient energy in
order to excite an electron from the core to an empty state or to the continuum.?> Depending
on which shell is being assessed, it corresponds to a different absorption edge, labelled
using the principle quantum numbers.

However, further classification is required when describing the electron transition
from the orbital. For an electron excited from the first shell there is only the 1s orbital, thus
it is always the K-edge. However, at the second and third shells (L and M) edges there are
multiple absorption edges. For example, at the L- edge it is possible to assess either the L,
L, or Ls-edge. Here the L; corresponds to an excitation from the 2s and is the highest energy
of the L-edges. However, after the promotion of an electron from the 2p orbital two
absorption edges are observed, occurring due to the spin-orbital coupling after the creation
of an electron hole. Using Hund’s rule (Equation 2.9.4) two j states are calculated to be 2ps/»
and 2pis, corresponding to Lz and Ly-edges, respectively. The L; is of a higher energy due

to a more stable ion configuration.

j=1l+s
Equation 2.9.4: Where | is the orbital angular momentum, s the electron spin (+%2)

When an inner shell electron, most commonly the core shell, of the absorbing atom
is excited by an incident beam of radiation it can transition to either unoccupied valence
orbitals or be promoted as a wave from the absorbing atom into the continuum (Figure

2.9.3A). This, therefore, results in X-ray absorption spectra being compiled of two regimes
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Figure 2.9.3: (A) Schematic of incoming X-ray exciting an electron from the inner shell with sufficient
energy to be promoted into the continuum and (B) an example of a XAS spectrum at the Mn K-edge
consisting both XANES and EXAFS regimes for LaMnO,
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(Figure 2.9.3B): X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS).

29.1.3 XANES

The XANES region contributes to roughly the first ~50 eV of a XAS spectrum and occurs
due to the core level electron promotion to unoccupied states. For a transition to be allowed
it must follow the selection rule A¢ = + 1. For example, when an electron is excited from
the 1s orbital (I = 0) it is promoted to the next available p orbital state and is so called a
dipole allowed transition. This results in a sharp, prominent rise in the absorption spectrum,
the edge. The more ‘probable’ the transition then the greater the intensity and sharpness of
this feature. The position of this edge is equivalent to the binding energy of the photo-excited
electron, dependent on the Z (atomic number). Furthermore, by changing the oxidation state
it alters the energy of core orbitals, shifting the edge position.

However, transitions can be observed to unoccupied states that are normally
forbidden by the dipole section rules due to the hybridisation effect. For example, p-d
orbitals with the correct symmetry and geometry can overlap. At the Mn K-edge this results
in a seemingly 1s — 3d transition, with the electron promoted to the p-character of the
hybridised orbital. For 1%t row transition metals these local or non-local excitations are
commonly observed before the edge, Eo, within the pre-edge region. However, we must
also consider quadrapole interactions, which do not follow the dipole selection rules and
allow for 1s — 3d transitions. Their probability is less likely than that of an allowed dipole
transition and therefore are often much lower in intensity.?® The size and shape of the pre-
edge features is highly influenced by the symmetry and geometry surrounding the central
absorbing atom.

Analysis of XANES spectrum is challenging due to the region being dominated by
multiple-scattering events, where the long mean free path of the photoelectron results in
scattering from many atoms. Advanced theoretical calculations can be applied to model
XANES by molecular orbital (DFT) and multi scattering theories (FEFF program), however,
interpretation by comparisons to appropriate reference materials is widely accepted.
Overall XANES can provide information on the geometric structure, the type of atomic

neighbours and the oxidation state all surrounding the absorbing atom.?’

29.14 EXAFS

The EXAFS regime occurs when an electron has been given enough energy to be released
into the continuum. Here, the electron is thought of as a spherical wave, interacting with the
electron density of neighbouring atoms to produce a backscattering interference pattern
(Figure 2.9.4). EXAFS therefore provides information on bond distances, coordination

number and the neighbours around the absorbing atom, independent of chemical bonding.?®
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Important approximations and limits can be applied to the EXAFS regime which allow for
guantitative interpretation, not currently possible for XANES spectra.?®

Once the photoelectron has been promoted into the continuum it behaves as a wave
and the de Broglie equation can be applied using its wavelength, A (Equation 2.9.5). This
can then be related to the photoelectron wave vector, k, along with its kinetic energy, E, and

momentum, p, whilst considering the mass of an electron, me, to form Equation 2.9.6.
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Figure 2.9.4: Diagram representing incoming X-ray to a specific absorbing atom and how a
neighbouring atom can scatter the excited electron

A=h/p

Equation 2.9.5: Where h is Plank’s constant and p is related to the electron’s momentum.

Bk = V(2Em,)
Equation 2.9.6: Where h = h/2mx, E is the kinetic energy and meis the mass of an electron, 2Em, =
p2

Therefore, by understanding EXAFS in terms of wave behaviour of the promoted
photoelectron, the X-ray energy can be converted to k, the wavenumber of the
photoelectron, when the photon energy is above absorption edge, Eo (Equation 2.9.7.) The
relationship between k and the wavelength (Equation 2.9.8) results in the backscattering

signal being a sine wave.

_ ’Z‘m (E-Ep)
k — ehz 0

Equation 2.9.7: Where Eois the absorption edge

2
1=
k

Equation 2.9.8
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For EXAFS we are interested in oscillations above the edge and, therefore, any
changes in the absorption as a function of k is then defined the EXAFS fine-structure
function, x(E) (Equation 2.9.9). As the value of k increases the oscillations in the EXAFS

spectrum decay rapidly, with it possible to change the weighting in the order of 1 — 3 for k.

_ u()=pe(k)
x(k) = Ay (k)

Equation 2.9.9: Where u(k) is the absorption coefficient, po(k) is the background smoothing function
of the absorption of an isolated atom and Ao is the measured change in absorption p(k) at the
energy Eo

As previously mentioned in section 2.9.1, the model proposed by Sayer, Stern and
Lytle was crucial to quantify the backscattering oscillations, k, as pseudo radial distributions.
The model is based on single scattering events, where the photoelectron scatters from one
neighbour before returning back to the absorbing atom, having an interatomic distance of
2R;. The oscillations within the EXAFS region, > 50 eV, can then be stated as a function of
photoelectron wavenumber, x(k), to give the EXAFS equation (Equation 2.9.10). Therefore,
information such as scattering distances, R;, and number of nearest neighbours, N;, from

the central absorbing atom can now be achieved.

Njfoe 2
TSIH [ZkR] + 8] (k)]

x(k) = Zj

Equation 2.9.10: Where f(k) and &(k) are scattering properties of nearest neighbours, N is the
number of neighbouring atoms, R; is the distance to neighbouring atoms and o2 is disorder in
neighbour distance

Using Equation 2.9.10, a relationship between each of these parameters helps
explain the resulting backscattering spectrum. The coordination number (CN) of
neighbouring atoms are linearly proportional to the amplitude in their EXAFS feature.
However, this amplitude is further affected by two factors; S§ which allows scattering events
to not all be a single electron process and the mean squared disorder, o2. The o? factor is
a measure of the variation in the distribution of neighbours in a shell around the central
absorbing atom. This can either refer to static or dynamic disorder, such as disorder within
the structure or due to bonds experiencing thermal vibrations, respectively. Heavier
elements, with high Z, and longer bonds vibrate less and would expect to have lower g2,
and vice versa. Care must be taken when understanding the effect of o2, due to its
exponential dependence on k, where high k values can cause the EXAFS oscillations to

dampen out. This can make it hard to deduce CNs and result in inaccurate scattering
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distances calculated. Furthermore, as the wavenumber increases past the edge for
materials with high structural disorder and low Z character neighbours’ the oscillations will
also tend to be dampened. Finally, f(k) and &(k) parameters allow for identification of their
nearest neighbours. f(k) is a measure of the backscattering amplitude as a function of k,
with &(k) the phase shift experienced when the photoelectron leaves and returns back to

the central absorbing atom.

2.9.2 XAS Data Acquisition

Acquisition of XAS data is performed on specifically designed beamlines, depending on the
desired information, e.g. if the aim is to achieve high spectral resolution, time or spatially
resolved data. In general, however, for a beamline to produce well resolved and good quality
data a number of factors must be considered when configuring the optics. These include
reducing the synchrotron radiation beam intensity to a bandwidth of ~1 eV, accommodating
for any fluctuations in the incident X-ray beam, and focusing the beam for small sample
sizes.

The majority of XAS data in this work was collected in transmission mode at the B18
beamline, Diamond Light Source, Didcot, UK. This beamline utilises synchrotron radiation
at a bending magnet and its specifically optimised configuration allows efficient and reliable
performance without compromising the X-ray flux (Figure 2.9.5).2829 Before radiation
reaches the monochromator, the light first passes through slits and is reflected by a flat,
cylindrically bent mirror to collimate the incoming beam. At the monochromator, the X-ray
is tuned to scan over a wavelength range, resulting in a XAS spectrum. The B18
monochromator comprises of two crystals, either Si(111) or Si(311) selected for 2-20 keV
or 4-35 keV energy ranges, respectively, resulting from different crystal d-spacing. To
achieve the desired photon energies, A, the incident beam is set at specific angle, 6, to the
crystal monochromator which satisfies Bragg’s Law (Equation 2.1.1). Once a data point has
been measured the monochromator moves repeatedly step by step to scan through the full

spectrum.
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Figure 2.9.5: Schematic of a typical XAS beamline for both fluorescence and transmission modes

After the monochromator, mirrors allow for focusing of the beam and slits help
control the beam size and shape. When in transmission mode the sample is placed between
two ion chambers before, (lo), and after (I) the sample, which measures the change in X-
ray flux. These ion chambers are filled with inert gases, which on exposure to X-ray radiation
ionise. The ionised gas molecules then generate a current by travelling towards an
electrode, which detects the relative change absorbance as a result of the radiation passing
through the sample.22 Applying the Beer-Lambert law (I = I,e~#t) to the measured photon
intensity, a change in the absorption coefficient is observed within the XAS spectrum. These
ion chambers must be perfectly inline to cancel out any beam fluctuations on data analysis.
The beam also passes through a reference foil after transmission through the sample, with
a known edge energy, of the element being measured. This allows for calibration of the
sample to the reference energy.

Whilst transmission mode is often used, low dilution samples that result in a small
absorption require the use of a fluorescence mode. Here the incident energy (lp) and
fluorescence X-rays (lf) following a secondary emission. The sample is at a 45° angle and
detector at 90° both to the incident beam (Figure 2.9.5).

This set-up described allows for a maximum scan time of 15 min, however, for well
time-resolved data, such as in situ catalytic processes, time scales of less than 1 min need
to be achievable. This is a limitation of the scanning method for monochromators, with
moving times hard to reduces below this time. In order to achieve quick and reliable data
collection at B18 in this work, a Quick EXAFS (QEXAFS) set-up was used. Here, instead of
scanning each data point step-by-step, the monochromator is mounted on a goniometer,
where it moves at a constant velocity through the required angles for the desired X-ray

absorption spectrum.3°

2.9.3 Data analysis

The transmission XAS data collected throughout this work was processed using the

Demeter IFEFFIT software with Horae package (Athena and Artemis), based on the
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IFEFFIT programming interface by Newville.3? Athena allows for background subtraction,
normalisation, energy calibration, data series alignment, deglitching and merging of data.
Whilst Artemis is able to produce structure models, consisting of multiple scattering paths,
of the EXAFS Fourier transform data.

The raw data is first imported into Athena, where it is converted into readable
formats, such as p(E) or a Fourier transform. The Ep is set as either half the edge jump or
the maximum of the initial first derivative inflection. This edge energy is then calibrated to
the known energy from literature of the reference foil. For multiple spectra the data is then
aligned, by the same energy shift, to the reference channel of the calibrated spectrum. To
improve data quality and reliability multiple acquisitions of the same sample spot are
merged together to produce an average spectrum. Pre-edge and post-edge processing
functions allow for the background subtraction from the instrument and isolated atom
absorption. This data processing prepares the XAS data for Artemis software.

Artemis analyses of EXAFS Fourier transform data by FEFF calculations to chosen
theoretical reference materials. After importing the processed data from Athena,
crystallographic data, in a. cif format. is converted into a FEFF, suitable for Artemis.
Appropriate scattering paths are then used in the fitting window to produce a structure model
of the sample. Parameters used within the EXAFS Equation 2.9.10, Eo, S3 or amplitude,
CN, AR and o? are applied and refined to model the data. For highly ordered, crystalline
samples of known structures fixed parameters can be used for CN to help minimise the
unknowns. However, care must be taken to achieve an appropriate fitting model, to
calculate suitable numbers. Artemis is primarily suitable for low scattering shells and small
data sets as limitations do exist. For example, fits require an initial structure idea and it is

arbitrary and time consuming to model large data sets.?’

2.9.4 Secondary emission

X-ray fluorescence techniques, such as X-ray emission spectroscopy (XES) and high
energy resolution fluorescence detection (HERFD), can provide complementary information
to transmission XAS. Secondary emission occurs after the promotion of a core-level
electron, creating an excited state with a core hole. Relaxation results in the core hole being
filled by a higher energy electron from dipole allowed orbitals (Figure 2.9.6). During this de-
excitation either an electron or a fluorescence photon is measured. Depending on which
orbital the electron decays from, it can result in specific emission lines that are highly

characteristic of a specific element.3?
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Figure 2.9.6: The creation of a core hole and the de-excitation of allowed higher energy electrons
to give off X-ray fluorescence

By performing XES and HERFD additional information may be attained about the local
charge density and electron configuration not always possible by traditional XAS. Further
information on these techniques has been assessed in greater detail in the following
sections.

2.9.5 Non-resonant X-ray emission spectroscopy

XES provides information on the electronic structure and charge density, as well as
distinguishing the ligand environment of 3d transition metals.®® In XAS, as previously
discussed, the absorption of an incident X-ray beam results in a core-shell electron being
excited into dipole allowed unoccupied density states or further into the continuum. With
non-resonant XES the incident X-ray beam is tuned well above the absorption edge, so the
core-electron is promoted into continuum. This creates an excited state, with a core hole,
for the absorbing atom which has a lifetime of 1 = 10 -1° s before it is filled by an electron
from a higher dipole allowed orbital. This de-excitation event releases a fluorescence
photon, and depending on the specific transition, different emission lines can be detected,
to give rise to element specific characteristic spectra. For example, at the K-edge the core
hole formed in the 1s orbital can be filled by an electron transition from 2p or 3p orbitals.
The K fluorescence emission line nomenclature follows: Ka from a 2p — 1s transition, K
main lines for a 3p — 1s transition and for KB satellites a valence-to-core (VTC) transition
occurs (Figure 2.9.7A). These different emission lines have varying intensities in the order
of Ka > K main lines > KB VTC (Figure 2.9.7B).

The spectral shape of Ka or KB emission lines is highly dependent on the nature of

the core-hole and its final state configurations. These core-to-core transitions are dominated
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by two major effects; (1) spin-orbital interactions, where the electron spin interacts with its
own orbital momentum and (2) electron-electron interactions between the hole and the
valence electrons. At the Ka emission line the excited state 1s! 2p>3d"*! is dominated by
the 2p spin-orbital splitting, which is ten times greater for a 2p hole final state in comparison
to the 3p hole final state. The Ka emission line, therefore, produces the highest intensity
spectra. The KB region detects two lower intensity features; KB1.3 main peak and a shoulder,
KB’. The KB main line is instead dominated by electron-electron interactions between the
3p — 3d orbitals. Due to the exchange interaction between the electron spin of the 3p shell
to the valence orbitals the KB main lines have good ligand chemical sensitivity. Furthermore,
a shift in the KB1 3 peak position is less dependent on geometric structure surrounding the
central absorbing atom and thus can be linearly correlated to the oxidation state, previously

an issue within XANES.
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Figure 2.9.7: (A) K-edge XES emission lines and (B) corresponding spectra showing the
comparison of energy range and intensity at the Mn K-edge Ka, KB main lines and KB VTC emission
lines of crystalline LaMnO3

At higher energies, even lower intensity KB VTC emission lines are detected. These
directly reflect the electronic configuration of orbitals participating within the chemical bond.
The VTC transitions are much more sensitive to local changes and provide valuable
information on the local geometry and electronic structure. Two peaks are observed within
this region, denoted as KB2s and KB”, with the latter peak position particularly sensitive to

the ligand species and its bond length.
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2.9.6 High energy resolution fluorescence detection

High energy resolution fluorescence detection (HERFD) is a technique that produces high
resolution XANES through X-ray fluorescence detected XAS. Traditional XAS spectra,
commonly of 3d transition metals, often contain broad, unresolved features within the

XANES region (Figure 2.9.8A). By performing HERFD the sharpening of spectra features,
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Figure 2.9.8: Comparison of (A) traditional XANES spectra and (B) HERFD spectra for crystalline
LaMnOsz and Mn203 with highlighted pre-edge regions

especially better separation within the pre-edge and absorption edge, provides information
on electronic configuration and geometric structure (figure 2.10.2.1B). Because of this,
HERFD can be extremely beneficial when trying to understand the electronic and geometric
properties of catalysts with a transition metal active site.

HERFD can be understood with the same principles as resonant inelastic X-ray
scattering (RIXS). Eisenberger et al. in 1976 that measured the intensity of a specific
emission line across the absorption edge to form the technique known HERFD.3* As
previously discussed, after the excitation of a core 1s electron an excited state is created
where an electron from a higher energy orbital then relaxes to fill this core hole. However,
after de-excitation the system does not always return to its initial ground state, giving rise
to an excited final state (Figure 2.9.9). This excitation can be a consequence of local or non-
local excitations, whereby an electron is promoted to unoccupied hybridised orbitals within
the absorbing atom or as a charge transfer to a bound neighbouring atom. The overlap of

these multiple transitions broaden the lifetime of the core hole, smearing spectral features
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Figure 2.9.9: Energy level diagram showing the energy of the incident X-ray, Q, and X-ray
fluorescence, w, with the final excited state defined by the energy transfer Q — w.

within XANES. HERFD seeks to overcome this by measuring XAS below the core lifetime
hole. During a HERFD measurement the detector is set to specific emission line with a
resolution higher than its natural width to allow only photons of interest to reach the detector.
This lowers the signal-to-noise ratio, vastly improving the intrinsic spectral resolution. By
performing these measurements electronic structure and configuration can now be
resolved, which were not previously possible by traditional XAS, i.e. of polycrystalline or

highly dilute materials.3®

29.7 XES and HERFD Set-up

Both XES and HERFD at the Mn K-edge were performed at the scanning branch of the 120-
beamline, Diamond Light Source, UK. This beamline utilises synchrotron radiation produced
by a wiggler insertion device, where the configuration is specifically optimised for
measurements of low concentration elements and/or complex, disordered materials (Figure

2.9.10).36
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Figure 2.9.11: Visualisation of the detection for emitted X-ray radiation being focused by crystal
analysers in a Johann configuration based on a 1 m Rowland circle
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After the X-ray radiation exits the wiggler, it first passes through primary slits and to
defecting mirrors to prepare the beam for the correct conditions for the monochromator.
Here, a four-bounce monochromator is used, which can rotate around two primary axes to
produce a fixed exist of the monochromatic beam whilst not being affected from variations
in the angular position of the source radiation.®” Depending on the energy requirement of
the experiment, Si(111) or Si(311) crystals are used for 4 — 19 keV or 7 — 34 keV,
respectively. After the monochromator vertical defecting mirrors allow for the beam to be
focused at the sample position. For the experiments performed in this project, the X-ray
emission module was selected as the end station. Here, the X-ray emission spectrometer
is based on a Rowland circle with a 1 m diameter, operating in a Johann configuration in
the vertical plane (Figure 2.9.11). On 120-scanning this spectrometer is capable of detecting
an energy range of 4 — 20 keV, along with the use of a large set of varying cuts of crystals

to cover Ka and K emission lines.

29.8 Energy dispersive EXAFS

To obtain rapid acquisition of EXAFS in a single shot, energy dispersive EXAFS (EDE)
technique can be applied. This is a vastly different approach to the XAS previously
described, which scan step-by-step through the incident energies. Instead EDE exposes
the entire XAS spectrum directly to the sample. This can result in a single energy point
taking less than 1 ms, making it ideal for the in situ study of dynamic systems to help
understand the fundamental steps in material synthesis and catalyst performance.3°

EDE is achieved by generating and focusing a polychromatic X-ray radiation beam
using a crystal with a curved elliptical shape, known as a polychromator. The X-ray beam
is continuously diffracted from one side of the crystal to the other, thus producing a
correlation between the X-ray propagation direction and its energy (Figure 2.9.12). This
stationary optic configuration allows for the energy to be intrinsically stable at the focal point
during acquisition.?? A position-sensitive detector then collects the signal after transmission
through the sample, detecting the X-ray intensity of each wavelength. This technique is
highly suited to using synchrotron radiation, with its large horizontal divergence allowing for
a large energy bandwidth to be produced to cover the full EXAFS spectrum. It can even
allow for the simultaneous measurement of two absorption edges, however is limited to

performing measurements in transmission mode.
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Figure 2.9.12: Schematic showing the path of an X-ray from dispersion at the polychromator, through
the sample to detector

Though this approach to measuring EXAFS possesses unique possibilities not
previously possible by tradition XAS there are many challenges to performing successful
EDE experiments. The background ion chamber, lp, cannot be recorded simultaneously with
the transmission through the sample and must be measured at a different time point. This
can cause difficulties in data processing for in-line normalisation of data sets. By performing
two lo measurements, before and after transmission, it can start to overcome the variation
in beam instability of lo. The X-ray radiation source is required to be extremely stable as the
polychromatic beam is focussed onto the sample. The high photon flux at this focal position
can often induce beam damage to the sample. Furthermore, to achieve data into the EXAFS
region by this dispersive method samples are required to be homogenous, otherwise

parasitic scattering can occur.3®

2.9.9 EDE beamline Set-up

The energy dispersive experiments were performed at 120-EDE beamline, Diamond Light
Source, UK. This beamline works simultaneously alongside the scanning branch by
collecting X-ray radiation from different wiggler insertion devices. The optical configuration
is specifically designed to produce a broad energy band pass and high photon flux (Figure
2.9.13).36 After the X-ray radiation exits the wiggler, it first passes through primary slits and
to a defecting mirror to focus the beam in the vertical direction of the sample. This mirror is
coated with Rh and Pt stripes to produce an operating energy range of 6 — 26 keV. Next the
beam is polychromatised by a single bounce curved crystal, the polychromator, in the

horizontal plane. At the end station a position sensitive detector is used.
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Figure 2.9.13: Schematic diagram of the dispersive branch of the 120 beamline
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Chapter 3

Understanding the mechanochemical synthesis of
LaMnOs and its catalytic behaviour

This chapter presents work investigating how planetary ball milling induces a chemical
reaction on solid precursors to result in a new phase. A combination of both lab-based and
synchrotron techniques has been explored to provide new insights into the
mechanochemical synthesis of LaMnO3; and its catalytic behaviour, with a manuscript
published in “Dalton Transactions™ R. H. Blackmore, M. E. Rivas, T. E. Erden, T. D. Tran,
H. R. Marchbank, D. Ozkaya, M. Briceno de Gutierrez, A. Wagland, P. Collier and P. P.
Wells. Understanding the Mechanochemical Synthesis of LaMnOs; and its Catalytic
Behaviour. Dalt. Trans., 2020, 49, 232—-240.

Authors T. Eralp Erden and T. D. Tran have been listed on this paper due to their
running analysis of XPS and STEM-EELS data, respectively. D.Ozkaya and M. Briceno de
Gutierrez provided further guidance towards TEM analysis. H. R. Marchbank helped with
initial XRD Rietveld refinement. A. Wagland and P. Collier were included due to their
industrial involvement with Johnson Matthey. M. E. Rivas and P.P. Wells were industrial
and academic supervisors of this project.
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Eralp Erden, P. Collier and P. P. Wells. The electronic structure, surface properties, and in
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to their support as either beamline staff or as help to complete beamtime experiments over
numerous 24 h days. K. M. H. Mohammed analysed Mn KB XES data, M. Amri the in situ
ball milling XRD data and T. Eralp Erden provided guidance towards NAP-XPS analysis.
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3.1 Introduction

Perovskite structures, ABOs3, have long been recognised for their catalytic capabilities, with
the potential to become suitable substitutes for noble metals in electrocatalysis and
automotive exhaust applications.®>* Current commercially available catalysts commonly
consist of expensive and rare platinum group metals (PGM), such as Pt, Rh and/or Pd.
Their synthetic routes frequently comprise of multiple process steps, large solvent volumes
and require treatment of waste materials, all at a large energy cost. It is this that drives the
need to develop new ‘cleaner and sustainable synthetic routes of ‘earth-abundant’
catalytically active materials.

With the properties of catalysts highly dependent on the method of preparation, a
change in the synthetic route results in differences of phase composition, surface area and
particle size, all of which affects crystallinity, texture and morphology.®> Synthetic routes
traditionally used for the synthesis of perovskite materials, such as co-precipitation and sol-
gel, require a final high temperature annealing step to achieve the final crystalline perovskite
phase. These elevated temperatures cause sintering of the particles to produce materials
with low surface areas and thus reduced catalyst activity.®’ Mixed metal oxides with
perovskite structures are known to readily form via mechanochemical grinding from single
metal oxide precursors.”® This presents a clear opportunity to progress the
mechanochemical synthesis of perovskites and to optimise the performance in sustainable
energy technologies and emission control strategies.?

The mechanochemical synthesis of LaMnOs3 from single La and Mn oxide precursors
has been well reported throughout literature, however, there is limited information on the
intermediate steps during milling.81112 Work completed by Bolarin et. al. showed that an
orthorhombic crystalline perovskite phase was produced after 4.5 h of milling without the
need of a high temperature calcination step in a SPEX 8000 D mixer mill, with the particle
size decreasing exponentially with milling time.*! Escobedo et. al. also performed milling
experiments in a SPEX 8000 D mixer mill, however, aimed to further understand how
different Mn oxide precursors (MnO-, Mn,O3 and Mn304) along with different milling jars and
media material altered the final material composition of crystalline perovskite phases.!?
They were able to deduce that an initial mixture of Mn.Os with La>Os required the lowest
milling time for LaMnQO3; formation. Experiments performed by Zhang et. al. in a planetary
ball mill showed that a crystalline LaMnO3; phase was formed after 3 h with a final surface
area of 10 m? g*. Their experimental conditions of 700 rpm and 15 mm ZrO, milling media
were able to produce similar perovskite structures with different A-sites (Pr, Nd and Sm).8
Though the mechanochemical synthesis of LaMnOs; has clearly been documented already
within literature, these studies only assess the crystalline content as a function of milling
time by iterative lab-based techniques, such as XRD or TEM with selected area electron

diffraction (SAED). With amorphous material known to commonly be produced by
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mechanochemistry, and signs of this observed from broadening of the diffraction peaks in
their XRD, it suggests more comprehensive analysis is required. Furthermore, these studies
do not perform testing of the mechanochemical synthesised LaMnOs. Systematic studies of
other perovskite systems, such as LaCoOs; and LaCog-xFexOs, still only perform XRD
analysis with respect to the milling synthesis but provide a greater understanding of testing
and suitability of these milled materials to specific applications.”13-15

The ever-increasing need for environmental protection and tightening emission
control regulations has led to the continual research towards the decomposition of the
environmental pollutant N.O (deN2O). N-O emissions result in the depletion of the
stratospheric ozone layer, whilst contributing to the greenhouse effect; having a global
warming potential (GWP) ~310 times that of CO, and an atmospheric half-life of <115
years.1916.17 Though Rh on a zirconia-alumina support is reported to be among the most
effective catalysts for deN2O, its low thermal stability and high precious metal cost prevents
its widespread industrial application.'® This can also be reflected within zeolite systems,
which are predominately only active for low reaction temperatures.*® Mixed metal oxide
systems have shown potential as deN,O catalysts at high reaction temperatures.?° LaMnOs,
and related perovskite structures, have been reported within literature to show a strong
correlation between their preparation method, with resulting structure, and catalytic
activity.?> The most efficient catalysts are thought to have an increased ratio of
Mn(111)/Mn(1V), with good redox recyclability, along with high oxygen mobility and improved
oxygen desorption. Work by Ivanov et al. were able to highlight the importance oxygen
surface exchange properties and bulk oxygen mobility for La;«SrxMnQ3.?2 These studies
synthesise perovskites via the Pechini (sol-gel) method, inducing structural distortion and/or
defects though (partial) substitution of either the A or B sites. However, synthesising
LaMnOs; by mechanochemistry can also produce materials with high levels of distortion,
along with defects to produce improved catalytically active materials with high oxygen
mobility, at a lower energy cost.?

Difficulties arise when analysing the mechanochemical synthesis, where the
continuous movement of the planetary ball mill and milling media does not allow for in situ
monitoring. Furthermore, the production of highly disordered materials cannot be assessed
by lab-based techniques alone. The approach in this work has, therefore, been to use
advanced characterisation techniques, such as X-ray absorption spectroscopy (XAS),
alongside XRD, and TEM, on ex situ ‘time-slices’ to understand the chemical
transformations occurring within ball milling. XAS does not rely on periodic ordering and is
highly sensitive to the local structural changes within the materials. It produces an overall
per atom average of the bulk material and is ideally suited to studying ball milled samples

to provide information on both amorphous and crystalline phases.?*
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To provide a more in-depth insight into the evolution of perovskite formation and the
effect of milling atmosphere, the mechanochemical synthesis of LaMnO3, from La,Os and
Mn.Os, has been investigated by XAS, which has not been previously been reported. By
performing deN.O on the final milled materials it demonstrated how the mechanochemical

routes introduce active sites, via oxygen vacancies, for improved catalytic performance.
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3.2 Material and methods

3.2.1 LaMnOs; Sample Preparation

Mechanochemical synthesis. The mechanochemical synthesis of mixed metal oxides
was investigated using lanthanum (IIl) oxide (Alfa Aesar, 99.9 %) and manganese (lI1l) oxide
(Alfa Aesar, 98.0 %) precursors for the preparation of perovskite LaMnOs. The samples
were prepared using a 4—station Fritsch Pulverisette 5 Planetary Ball Mill with 250 mL ZrO.
grinding jars, at Johnson Matthey, Sonning Common, UK. Measurements of Mn,O3 (3.33
g) and La;03 (6.74 g) starting materials were used in order to synthesise stoichiometric
LaMnOs (10 g). Care was taken to ensure the La precursor used was either fresh or had
been calcined overnight (>12 h) at 500 'C to guarantee a La,Os; phase. 50 g of Yittria-
stabilised zirconia (YTZ®) 5 mm milling media was used. The mill operated at room
temperature at 400 rpm for 4 hours. Note, that a separate jar was milled for each ‘time-slice’
and a jar containing sand (10 g) and water to balance the mill.

To investigate the effect of milling atmosphere the mechanochemical synthesise of
LaMnO3; was performed under an inert gaseous (argon) environment. Care was taken to
keep every parameter the same as the previous experiment, except for the change in milling
atmosphere. Both Mn,O3 and La»,O3; were separately degassed with the grinding jars and
YTZ 5mm milling media placed in an oven overnight to remove any air or surface moisture
before transferring into the glove box. Here, the ZrO, grinding jars were prepared in an
argon glove box, sealed and then transferred out of the glove box to the planetary ball mill
at Johnson Matthey. After milling was completed the jars were then moved back into the
glove box for the powder to be removed. These materials were stored in the glove box,
sampling when required for analysis. A proportion of the material was also exposure to air
and analysed.

Sol-gel synthesis. LaMnOg3 was also prepared by the sol-gel Pechini method.?® First,
equivalent molar ratios of ethylene glycol (2.56 g) and citric acid (8.68 g) were separately
dissolved in 15 mL of water. Once combined, six drops of concentrated nitric acid were
added at 60 °C, continuously stirring until a gel formed. Stoichiometric ratios of manganese
(I nitrate tetrahydrate (Alfa Aesar, 98 %) and lanthanum (lll) nitrate hexahydrate (Sigma-
Aldrich, 99.99 %) were separately dissolved in water (15 mL) and added at the same time
to the gel, whist stirring. Once the gel had reformed, the resulting material was transferred
to a calcination boat with high walls to allow for volume expansion. The gel was dried at 200

°C for 1 hour and further calcined at 700 °C for 4 hours with a ramp of 0.5 °C min-L.

3.2.2 Ex situ Characterisation

X-ray diffraction (XRD) patterns were collected on a Bruker AXS D8 diffractometer,

Johnson Matthey, Sonning Common, UK. This diffractometer used a Cu Ka radiation
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source, which is scanned over a range of 10 < 26 < 130°. Phase identification of the data
was conducted using Bruker DIFFRA.EVA V4.2 in order to assign the phases to the correct
powder diffraction file (PDF). The structure files (.str) or crystallographic information files
(.cif) were downloaded from Johnson Matthey’s structural database. Peak fitting and
refinement of the .cifs to the experimental data was performed using the Reitveld method
on Bruker DIFFRA.TOPAS V4.2. Crystallite sizes were calculated using the volume
weighted column height LVol-IB method.

Inductively coupled plasma - optical emission spectroscopy (ICP-OES)
measurements were performed by the analytical department at Johnson Matthey, Sonning
Common, UK. First, 100 mg of sample was dissolved in concentrated HCI and then ramped
to 240 °C and held for 40 min. The resulting solution was then used for ICP-OES analysis
using a Perkin Elmer Optical Emission Spectrometer Optima 3300 RL. A plasma powder of
1300 watts and pump speed of 1.5 mL min-*. Flows for argon plasma were set to 15 L min-
land then 1.5 L min? and 0.8 L min! for the auxiliary and nebuliser argon flow, respectively.

X-ray Absorption Spectroscopy (XAS) measurements were collected in
transmission mode at both the Mn K-edge (6539 eV) and La Lz-edge (5483 eV) on the B18
beamline at the Diamond Light Source, UK. A QEXAFS set up with a Si(111) double crystal
monochromator was used. Mn K-edge XAS spectra and La Ls;-edge XAS were acquired
with a time resolution of 20 min per spectrum (Kmax = 14) and 5 min per spectrum (Kmax =
10), respectively and averaged over 3 scans. A low k range could only be achieved at the
La Ls-edge due its close proximity to the La Lr-edge (5890 eV). The XAS spectra were
acquired concurrently with the appropriate foil placed between |; and lrer.

The ex situ samples were prepared as 13 mm pressed pellets on homogeneous
mixing with cellulose, which allowed for an appropriate concentration. For the argon milled
samples were characterised under an inert sample environment. The pellets were prepared
in an argon glove box and transferred to a sealed cell with Kapton windows for XAS
measurements to be performed.

The XAS data was processed using the Demeter IFEFFIT software with Horae
package (Athena and Artemis), using IFEFFIT programming.?® Athena allowed for
background subtraction, normalisation, energy calibration, data series alignment,
deglitching and merging of data. Whilst Artemis was used to produce structure models of
the EXAFS Fourier transform data. The amplitude reduction factor, So?, was derived using
EXAFS analysis of appropriate reference spectra foil of known coordination numbers.

X-ray Photoelectron Spectroscopy (XPS) experiments were carried out on a
Thermo Escalab 250, using monochromatised Al Ka radiation with a 650 ym spot size.
Charge compensation was provided by the in-lens electron flood gun at a 2 eV setting and

the “401” unit for “zero energy” argon ions. Sensitivity factors after Scofield were used in
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quantification, which was measured and analysed performed by Johnson Matthey, Sonning
Common, UK.

The specific surface area analysis was performed by the Brunauer-Emmett-Teller
(BET) method on all ball milled perovskites was therefore determined by krypton adsorption,
using a Quantachrome Autosorb iQ “E” at Johnson Matthey, Sonning, UK. Samples were
initially heated to 368 K under vacuum for 12 h to remove any absorbed species on the
surface before gas adsorption/desorption experiments began. The krypton adsorption/
desorption measurements were then performed at 77 K, achieved using liquid Nz, with
relative pressure of P/Pg = 0.175.

Transmission electron microscopy (TEM) samples were prepared by grinding a
small quantity between two glass slides and then dusted onto a holey carbon coated Cu
TEM grid. TEM analysis was completed by the Johnson Matthey analytical department. The
samples were examined in the JEM 2800 (Scanning) Transmission Electron Microscope
using the following instrumental conditions: Voltage (kV) 200; C2 aperture (um) 70 and 40.
Dark-field (Z-contrast) imaging in scanning mode using an off-axis annular detector. The
SE signal was acquired simultaneously with the other STEM images providing topological
information of the sample. Compositional analysis by X-ray emission was detected in
scanning mode.

Electron energy loss spectroscopy (EELS) was performed by the Johnson
Matthey analytical department, at 114 ePSIC, Diamond Light Source, UK. Measurements
were acquired using GIF Quantum 965ER spectrometer equipped on the probe-corrected
JEOL ARM200CF Transmission Electron Microscope. EELS elemental mapping was
completed in Scanning TEM (STEM) mode to achieve atomic resolution with a HAADF
detector used for imaging. To access the oxidation states, Mn L3 >-edges were acquired at
high energy-resolution using 0.025 eV energy dispersion. To avoid beam damage which
can induce a change in oxidation state spectrum images were acquired with average beam

doses less than 25 x 106 e~ nm?2.

3.2.3 Catalytic activity testing

The decomposition of N2O was carried out in a Hiden fixed-bed quartz CATLAB reactor with
A temperature range of 100-800 °C, with a ramp rate of 10 °C min'! was used. The reaction
was performed at 30 mL min? flow of 0.5% N»O/He over 400 mg of catalyst with sieve
fraction 125-250 um to result in a GHSV = 18 000 hl. The exhaust gas composition
analysed using a Hiden QGA mass spectrometer for He (m/z = 4), N2 (m/z = 28), Oz (m/z =
32), NoO(m/z = 46).
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3.3 Results and discussion

3.3.1 The mechanochemical synthesis of LaMnOs in atmospheric conditions

To assess the long range structural changes as a function of milling time, XRD studies have

been performed on ‘time-slices’ throughout the mechanochemical synthesis (Figure 3.3.1).

The first clear insight is the nature of the La precursor, where at time 0 h the Bragg peaks

correspond to La(OH); as opposed to La,Og; this is attributed to the well-established

moisture/atmospheric sensitivity of La.®?” Elemental analysis by ICP-OES of the milled

materials confirmed the time 0 h starting material to have correct molar quantities of La
(0.393 mol) and Mn (0.397 mol) for stoichiometric LaMnOs. This indicates that during or

after milling the La hydroxide phase is formed on extended exposure to moisture in the air.

ICP-OES analysis was also able to confirm low Zr contamination from the milling jars and

media (Table 3.3.1.1).
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Figure 3.3.1: X-ray diffraction patterns to show the formation of crystalline LaMnOs during milling

under atmospheric conditions

Table 3.3.1.1: Percentage composition of La, Mn and Zr (from milling media/jar) during the
mechanochemical synthesis of LaMnOs

Sample | % La % Mn % Zr
1h 535 23.2 <0.01
2h 54.4 22.2 0.11
3h 55.1 221 0.12
4h 54.6 21.9 0.30
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Rietveld refinement was performed on the XRD data to extract the crystalline
composition weight percentage (wt %) at each time interval to follow the evolution of
LaMnOs (Figure 3.3.2). As the milling time increased the presence of La(OH)s; and Mn,O3
precursors decreased, both being completely absent after 3 h milling. The presence of
La;Os is detected between 0.5 — 1 h of milling, forming possible Mn,O; interactions,
indicating stabilisation by milling.?” Peaks corresponding to LaMnOg3 begin to appear at 1 h
and their intensity increases with milling time. At time 3 h 100% of the crystalline content is
now LaMnOs3; the mechanochemical action of ball-milling has achieved the transformation
of single oxide precursors to an ordered perovskite phase without the need of high
temperature thermal annealing step.

There are clear indications in the XRD data that these milled samples are more
complex than a 100% crystalline perovskite phase. The final material (i.e. 4 h milling time)
has low intensity diffraction peaks and broad features in the base line, suggesting smaller
crystallite size and / or low crystallinity.” Calculating the crystallite size of LaMnOs by the
LVol-IB method confirmed a small size of 6.2 nm after 4 h of milling. The broad features
apparent in the baseline are often attributed to amorphous content, which is largely
undetectable by XRD. It is, therefore, important to understand more about this amorphous
material as its production is a known a common consequence of ball milling and can often
influence a material’s catalytic properties.?®

Using XAS, ex situ measurements at the Mn K-edge and La Ls-edge were performed
on the milling ‘time-slices’ to analyse the local environment surrounding the absorbing atom.
The reaction series has been compared to precursors Mn,Os and La(OH); and sol-gel
synthesised LaMnO:s.

XANES. By comparing XANES at the pre-edge and edge regions of the XAS spectra
it can probe changes to the local geometry and electronic configuration surrounding the

central absorbing atom. The normalised XANES spectra collected at the Mn K-edge (Figure
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Figure 3.3.2: XRD crystalline composition weight percentage analysis during the mechanochemical
synthesis of LaMnOs
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3.3.3) shows prominent changes at 1 h of milling, with no alterations observed from 2 — 4
h. At the Mn K-edge the spectra the main absorption edge corresponds to a 1s — 4p
transition. The pre-edge features observed here can originate from either: (a) local or non-
local hybridisation of Mn 3d — 4p orbitals to result in an dipole allowed transition from the
core 1s orbital to the p-character of the unoccupied hybridised orbital, or (b) a low intensity
guadrupole transition, which does not follow dipole selection rules, 1s — 3d.?° Within the
pre-edge region of Mn,O3 feature (1) is observed at 6540 eV, with an additional feature (2)
observed at 6542 eV after 1 h of milling (Figure 3.3.3B). Increasing milling time has little
effect on the position of pre-edge features, with both 1 h and 4 h milled spectra following
the same line profile. Clear spectral differences are observed between the final 4 h milled
perovskite and the sol-gel synthesised analogous, specifically the absence of the higher
energy transition (3) at 6546 eV.

As milling time increases from 1 h to 4 h (Figure 3.3.3A) a change can be observed
spectra at the main edge (a) and at (b) 6570 eV, indicating a transition from precursor Mn,O3
to LaMnOs. Care must be taken when using the position of the edge energy as a measure
of oxidation state. Recent work has shown the dependence of this energy is not only on Zes
but effected by the type and geometry of the surrounding ligands. Therefore, no reliable
conclusion on oxidation state during milling can be formed (see Chapter 4 for Mn KpB-
emission XES).%0

The sol-gel synthesised LaMnO3; shows a sharper rise in the main absorption peak,
with less pre-edge and main edge features compared to the 4 h ball milled sample. The Mn
K-edge corresponds to a dipole transition of a 1s core electron to any p-like unoccupied
states.®! As the 4p states of Mn here hybridises with O 2p-orbitals and 3d-orbitals of
neighbouring Mn atoms, the local p-density of states is, therefore, sensitive to the charge
distribution and local distortions of Mn-O bonds, as well as to any variations in the 3d — O

2p hybridisation that is believed to affect the electronic states near the Fermi level.®?

AlM5—— Mn,0, 2 B| 027——wmn,0,
——1h ——1h
2 |—2n £ |—2h
§10/—3h & ——3h 3
£ 7] 4h = 4h
3 Sol-gel §
T -
[1]
£ 051 g
— 2
6540 6550 6560 6570 6580 6535 6540 6545 6550
Photon energy (eV) Photon energy (eV)

Figure 3.3.3: (A) XANES spectra at the Mn K-edge of ‘time-slices’ throughout the
mechanochemical synthesis of LaMnOs compared to the Mn20s precursor and a sol-gel
synthesised LaMnOs with (B) highlighted pre-edge region
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Furthermore, the number of s — p transitions is reflected in the amount of different
coordination environments; i.e. an increase in the number of s — p transitions is indicative
of reduced symmetry. Therefore, this indicates that the sol-gel sample has a higher
symmetry surrounding the central Mn absorbing atom, with more equivalent p-orbitals
compared to ball milled samples. These differences within the electronic properties of the
milled materials can suggest a reduction in particle size, changes in geometry and / or the
formation of a disordered amorphous phase.

A linear combination fit (LCF) of the Mn K-edge XANES region, -20 < Ep eV < 50,
was performed in Athena (Figure 3.3.4). Using the precursor Mn,O3 and sol-gel LaMnOs3; as
reference materials their fraction component (0O — 1) was calculated to indicate the progress
through the mechanochemical synthesis. The LCF shows an overall trend of the precursor
Mn.Oj3 steadily decreasing with a corresponding increase in LaMnO3; species from 0 — 2.5
h of milling (Figure 3.3.4). After 2.5 — 4 h of milling the fraction contribution of the reference
materials fluctuate around 50/50. This analysis approach is limited due to the high
proportion of unknown intermediates in the milled materials and therefore lack of
appropriate reference materials. The LCF method here is forced to produce an output
combination of only Mn,O3; and LaMnOs to equal 1. This produces results that show how
the sol-gel synthesised LaMnOz3 differs from the mechanochemically synthesised LaMnOg3,
rather than the progress through the synthesis.

XANES spectra collected at the La Ls-edge consists predominantly of an intense
allowed 2p — 5d electron transition (Figure 3.3.5). The edge position remains at a
consistent energy for all the milling ‘time-slices’. However, after mixing of the La precursor
with Mn;O3 at time 0 h in a pestle and mortar a significant reduction in the main absorption
peak (A) is observed. This is also reflected in the 1 - 4 h milled samples, suggesting a more

disordered environment, with a lower symmetry surrounding the central La absorbing atom

1-0'-\ Sol-gel LaMnO,
7)) u —1— Mn,O
-E 08' \. 23
[} 2 o
C
g
£ 0.6+ \
[0}
° 04
o
3
8 0.2
L
0.0+ :

0 05 1 15 2 95 3 85 4
Milling time / h

Figure 3.3.4: Linear combination analysis at the Mn K-edge of XANES spectra during ‘time-slices’
through the mechanochemical synthesis of LaMnOs using Mn203 and sol-gel synthesised LaMnOs
as reference materials
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Figure 3.3.5: XANES spectra at the La Ls-edge for LaMnOs prepared by sol-gel synthesis and
hourly ‘time-slices’ during ball milling, compared to La(OH)s precursor

compared to the reference materials; sol-gel synthesised LaMnOs and La(OH)s. A decrease
in the amplitude of this peak can also be attributed to a reduction in particle size, a common
consequence of ball milling, as seen in the XRD.33 Further structural changes are observed
in the XANES, with the absence of feature (B) at 5500 eV and a reduction in (C) at 5515
eV compared to the La(OH)s spectrum; indicating a transformation towards the sol-gel
perovskite structure in the absence of milling. Clear spectral variations are, however, still
observed after 4 h of milling compared to the sol-gel synthesised LaMnOs.

EXAFS Analysis. Following the changes observed in the XANES region, the
EXAFS part of the X-ray absorption spectrum has now been assessed to understand the
changes to the local coordination environment of both Mn and La (Figure 3.3.6 and Figure
3.3.7). To understand the structure of the milled materials, it was important to first analyse
the start and desired end point of the synthesis, i.e. Mn,O3 and sol-gel LaMnO:s.

The Mn;0O3 spectrum was fitted to 4 single scattering paths; two Mn—O and two Mn—
Mn (Figure 3.3.8). Here, the number of Mn—O scattering paths have been simplified from
three to two, in order to minimise fitting parameters due to their close proximity in length.
The CN of the scattering paths were adjusted accordingly, reflecting Jahn Teller distortion
of the d* Mn3* ion in Mn,Os. This, however, does in turn increase the static disorder within
the system, which is reflected in the 62 values for the Mn-O scattering paths (Table 3.3.1.2).
For Mn-Mn scattering, only the two nearest single-scattering paths were needed to provide

a good model of the data.
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Figure 3.3.7: k? weighted EXAFS oscillations at the Mn K-edge (A) and its respective nonphase-
corrected Fourier transform (B) for LaMnOs synthesised by sol-gel and by ball milling from 1 h - 4 h
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Figure 3.3.7: k? weighted EXAFS oscillations at the La Ls-edge (A) with nonphase-corrected Fourier
transform (B) for LaMnOzs synthesised by sol-gel and by ball milling compared to the precursor
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Figure 3.3.8: Mn K-edge EXAFS data of Mn203 showing the magnitude and imaginary components
of the k?>-weighted FT data and fits
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Table 3.3.1.2: EXAFS fitting parameters for the Mn K-edge for spectra collected at time-slices’
throughout the mechanochemical synthesis of LaMnQO3z compared to Mn20z and sol-gel synthesised
LaMnOs Fitting parameters: S = 0.7 as determined by the use of a Mn foil standard; Fit range
3 < k=12, 1.2 <R > 3.85. 2N fixed to known structures and the number of scattering paths
reduced in order to minimise fitting parameters PAll refined CN are within 10% error margin

Sample Efbnso_' so |ON Eo(eV) |o2/A? R/A Reactor
Mn-O1 4.0 0.007(1) | 1.92(2)
Mn-O2 2.0 0.011(6) | 2.27(3)

aMn,0; 6(2) 0.02
Mn-Mnl | 6.0 0.0070(8) | 3.102)
Mn-Mn2 | 6.0 0.012(3) | 357(3)
Mn-O1 4.0 0.005(1) | 1.92(1)

. Mn-O2 2.0 0.009(6) | 2.27(3)

Time 0 6(2) 0.03
Mn-Mnl | 6.0 0.0070(5) | 3.09(4)
Mn-Mn2 | 6.0 0012(2) | 3.57(1)
Mn-O1 3.93) 0.0038(9) | 1.90(1)

®Time1h |Mn-Mnl | 4.1(5) 8(7) |o0o01001) |30701) 0.03
Mn-Mn2 | 6.3(6) 0.015(2) | 3.58(2)
Mn-O 5.0(2) 0.0065(4) | 1.91(3)

®Time2h |Mn-lal | 5.9(5) 72 |00131) |3.24(8) 0.04
Mn-la2 | 2.0(2) 0.0039(1) | 3.38(1)
Mn-O 4.9(2) 0.0070(4) | 1.92(3)

bTime3h |Mn-lal | 5.9(4) 6(1) |00122) |3.27(2) 0.01
Mn-la2 | 1.9(1) 0.003(1) | 3.40(1)
Mn-O 5.0(1) 0.0054(3) | 1.90(2)

bTime4h |Mn-lal | 5.9(5) 70 |00141) | 3.24(1) 0.01
Mn-la2 | 2.0(1) 0.0043(3) | 3.37(1)
Mn-O 6.0 0.0058(5) | 1.93(4)

aSol-gel | Mn-Lal | 6.0 52) |0.0071(6) | 3.34(6) 0.02
Mn-la2 |20 0.0020(9) | 3.70(9)

The sol-gel LaMnO3; EXAFS data (Figure 3.3.9) was modelled with three single
scattering paths; one Mn—O and two Mn-La. The crystal structure of LaMnQOs identifies three
unique Mn-O distances, however, to reduce the number of parameters in the EXAFS model,
a sole Mn-O scattering path was used with a CN of 6 (Table 3.3.1.2). The crystal structure
of LaMnOs also identifies 4 single scattering Mn-La distances between 3.24 A and 3.65 A;
again to reduce the number of parameters in the EXAFS fitting model, a good correlation
between the experimental data and simulated fit was achieved by incorporating two Mn-La
scattering paths at 3.24 A and 3.65 A (Figure 3.3.9).
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Figure 3.3.9: Mn K-edge EXAFS data of LaMnOs showing the magnitude and imaginary components
of the k?-weighted Fourier transform data and simulated fits

Preparing the simplified models of both the precursor and expected final material
by reducing the number of parameters allows for an easier to fit and comparison to the
resulting mixture of materials from milling. The time 0 h sample, consisting of Mn,O3z and
La(OH)s before milling, produced a good model when the data was fitted to the same
scattering paths as Mn2Os, as no reaction is expected to occur between the precursors
before milling (Figure 3.3.10).

Visual comparison of the Mn K-edge data of the milled materials, Mn,O3 and sol-gel
LaMnO3; show that there are observable differences from as early as 1 h of milling (Figure
3.3.11). Inspecting the Fourier transform EXAFS data for the 1 h milled sample there are
features at the same distances as observed from Mn2QOs, indicating similar scattering paths
when modelling the EXAFS data (Table 3.3.1.2). However, only one Mn-O scattering path
was included in the fitting model, with a corresponding CN of 4; it is still expected that 6
oxygen atoms surrounding the central Mn atom. The higher o2 value reported for the Mn-
02 scattering path, 0.007 A2, compared to Mn-O1, 0.011 A2 in Mn,O; fitting parameters

~ —— 0 h data
! Fit

Ix(R)I (A)

Radial distance (A)

Figure 3.3.10: Mn K-edge EXAFS data after time 0 h of milling showing the magnitude and imaginary
components of the k2-weighted Fourier transform data and simulated fits
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Figure 3.3.11: Mn K-edge EXAFS data after time 1 h of milling showing the magnitude and imaginary
components of the k2-weighted Fourier transform data and simulated fits

results from an elongated long bond length of 2.27 A causing a higher thermal disorder.
However, after ball milling for 1 h static disorder is introduced into the sample, as well as
the thermal disorder already present, thus increasing o2. This large 62 dampens the EXAFS
signal for the Mn-O2 scattering path and it is therefore hard to detect the oxygen atoms
located at large distances from the Mn absorbing atom. Furthermore, due to oxygen having
a limited back-scattering amplitude at these longer distances it makes any inclusion on the
Mn-O2 path unreliable. This path is therefore absent in the fitting model, however, it does
not exclude the existence of the longer Mn—O bond distances but implies a significant
degree of structural disorder. Due to the 62 of Mn-O1 decreasing from Mn,Os to time 1 h, at
0.007 A2 to 0.0038 A2, respectively, it suggests a more ordered Mn-O1 environment. This
is further reflected in the EXAFS Fourier transform within the first coordination shell when
an increase in peak intensity is observed. Two Mn-Mn scattering paths were then
incorporated within the fitting model with reduced CN. However, small discrepancies are
observed between the simulated fit and experimental data within the second coordination
shell. Difficulties arose when fitting EXAFS data of mixtures due to unknown intermediates
or highly disordered amorphous material as they contain scattering paths vastly different to
the expected crystalline structures.

Previously, within both the XANES and EXAFS Fourier transform, changes are
observed at 2 h of milling indicating a shift towards a perovskite structure. Furthermore, the
XANES and EXAFS show no change from 2 - 4 h of milling and therefore similar fitting
models are expected for all 3 milled samples. The 2 - 4 h ball milled EXAFS data were well-
modelled to the three single scattering paths; one Mn-O and two Mn-La, with values
consistent within the errors of sol-gel LaMnO:s fit (Figure 3.3.12).

Observations within the XANES region suggests clear electronic and geometric
differences within the first coordination sphere surrounding the central Mn atom between

ball milled and sol-gel samples, but it is unclear what causes these changes due the broad,
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unresolved features. Parameters calculated by the simulated fits for 2 — 4 h of milled
material suggest a degree of oxygen deficiency with a calculated CN of 5, compared to the
expected octahedral configuration CN of 6 for the sol-gel synthesised LaMnOs;. Commonly,
large errors are reported within CN calculated by EXAFS analysis, however, the parameters
calculated here for the Mn-O coordination show a trend towards the expected value. Also a
decrease in the EXAFS k2-oscillation amplitude is correlated to either a decrease in CN or
o?. With both the 4 h milled and sol-gel LaMnO3 exhibiting similar o2 values, at 0.0054 and
0.0058 A? respectively, it suggests there is a proportion of oxygen deficiency present within
4 h milled material. A further two Mn-La scattering paths were used within the fitting model
for the 4 h milled material at 3.24 A and 3.37 A, and for the crystalline sol-gel LaMnO3
sample at 3.34 A and 3.70 A. The Mn-La scattering paths for the 4 h milled sample suggest
that there are two Mn La species; one crystalline LaMnO3 corresponding to the 3.37 A
scattering path and an amorphous species at a much shorter scattering path of 3.24 A than
an expected crystalline distance. This shorter scattering path has a corresponding high o2
of 0.014 A2in agreement that a highly disordered species is produced via mechanochemical
grinding, as well as a proportion of expected crystalline material. Though this shorter
scattering path shows similarities with the Mn-Mn scattering length calculated in Mn2O3, Mn-
La and Mn-Mn have very different back scattering amplitudes and it was therefore possible
to distinguish between when performing EXAFS modelling. Comparisons at the k? EXAFS
oscillations suggests that 2 - 4 h milled materials were more representative of LaMnOs,
rather than Mn,Os.

EXAFS modelling at the La Ls-edge was proven complicated due to the low k range
resulting from the following L;-edge and because of the sensitive nature of La forming
different phases on exposure to air. However, using observations at both the Mn K-edge
and La Ls-edge EXAFS Fourier transform data, reaction insights into the mechanochemical
synthesis of LaMnQOj3; can be proposed (Figure 3.3.13). At the La Ls-edge XAS data shows
significant structural alterations as early as 0 h of milling, indicating La-Mn scattering is
already present. No further changes were observed from 1 to 4 h (Figure 3.3.7). However,
at the Mn K-edge Mn-Mn scattering is still detected after 1 h of milling, which suggests that
the Mn environment is predominantly still in its Mn2Os bulk form with the La species
dispersed over its surface (Figure 3.3.6). As milling time increases, it allows for both
precursors to undergo mechanical activation. After 2 h of milling at the Mn K-edge a shift is
observed within the second coordination shell corresponding to a Mn-La scattering path,

indicative of LaMnO3 formation.

70



(R (A®)

B ——3 hdata
Fit
//\—\
o N A e
< /1
it
3 AV ’J" A \ r
= LY N Ny
/\/ | Y, \ v
\/ ‘
II
Y

Radial distance (A)

C ; —— 4 h data
/\f

|
l'l
't[\ N
Iy
|V
i
{
|
]

Ix(R)I (A”)

f’\ f\/\\/\j\—_’\,

0 1 2 3 4
Radial distance (A)

Figure 3.3.12: Mn K-edge EXAFS data after (A) 2 h, (B) 3 h and (C) 4 h of milling showing the
magnitude and imaginary components of the k>-weighted Fourier transform data and simulated fits
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The XAS observations further highlight differences in the information obtained from
XRD studies. It shows the importance of advanced characterisation in understanding the
amorphous content and how it effects the evolution of the perovskite LaMnOs; by
mechanochemical synthesis. Even after 3 and 4 h milling, where 100 % crystalline LaMnOs
is observed via XRD, clear differences are observed in the diffraction and XAS data
compared to the sol-gel synthesised sample. By performing advanced characterisation, it
has resulted in the understanding of complex and disordered materials to provide further

insights into the mechanochemical synthesis of LaMnQOs, not previously reported.
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Figure 3.3.13: Schematic of insights into the mechanochemical synthesis of LaMnOs resulting from
XAS measurements at both the Mn K-edge and La Ls-edge
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3.3.2 The mechanochemical synthesis of LaMnOs in an inert (argon)
atmosphere

Assessing the composition of ‘time-slices’ during the mechanochemical synthesis of
LaMnOs under atmospheric conditions, it was observed that the La oxide precursor was
significantly hygroscopic and readily formed a hydroxide, La(OH)s.?” Elemental analysis
detected the correct stoichiometry for the precursor to be La;Os, indicating the hydroxide
phase formed during or after milling on prolonged exposure to air. As a consequence of the
La sensitivity, care was taken to use either fresh or baked La precursor to ensure an initial
La,O3 phase. When performing milling experiments with La(OH)3 and Mn2Os at the correct
stoichiometry, the final perovskite phase was extremely unstable, decomposing towards the
initial metal oxides on prolonged exposure to the air. To understand the importance of the
La>O3 phase and how its moisture sensitivity effects perovskite formation, the same milling
procedure was conducted under an argon milling atmosphere. Samples have been
analysed under both an argon environment and on subsequent exposed to air.

XRD. When acquiring the XRD under an argon environment the sample holder
produced a ‘hump’ within the diffraction pattern at ~20 26 (Figure 3.3.14A, B). Crystalline
La>0O3; and Mn2O3 phases were confirmed prior to milling (Figure 3.3.14A). After only 1 h of
milling a dramatic decrease in Bragg peak intensities is observed, along with broadening in
the peak baseline; indicating a high proportion of amorphous and disordered material.
Rietveld analysis detected no crystalline Mn.O3 at 1 — 4 h of milling, whereas La;O3; wt%
steadily decreased with milling time (Figure 3.3.15A). After 1 h of milling 67% of the
crystalline content was ascribed to LaMnOs, with 96 wt% achieved after 4 h. However, it
would be prudent to consider the vast quantity of amorphous material and the implications
of the inert sample holder making the refinement of these materials challenging.

On exposure of these ‘time-slices’ to air, the XRD shows sharper and higher intensity
Bragg peaks (Figure 3.3.14C) indicating the formation of a more ordered long-range
structure. Most significantly, the diffraction peaks corresponding to crystalline La(OH)sz are
now detected. The lower wt% of LaMnOs calculated on exposure to air for the argon milled
samples is expected to be attributed to the increased proportion of crystalline precursors,
rather than decomposition of the perovskite phase. Furthermore, Rietveld refinement
calculated 4 h was not sufficient to reach 100% of the crystalline content to be LaMnOg,
unlike its air milled analogue (Figure 3.3.1). This indicates the importance of atmospheric
conditions, such as oxygen or moisture, on the formation of a crystalline perovskite phase
and that an increase in milling time is required for the formation of LaMnO3; from La;Os
instead of La(OH)s.
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Figure 3.3.14: XRD performed under inert (argon) atmosphere of (A) precursors La2Ozand Mn20s3,
(B) ‘time-slices’ to show the crystalline formation of LaMnOs by mechanochemistry (the XRD
sample holder results in ‘hump’ at ~20 26) and (C) following subsequent exposure to air, compared
to sol-gel synthesised LaMnOs
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Figure 3.3.15: XRD crystalline composition weight percentage analysis during the
mechanochemical synthesis of LaMnOsz under an (A) inert and (B) atmospheric sample
environment

XANES. The normalised XANES spectra were collected at the Mn K-edge in both
inert and atmospheric sample environments (see experimental section 3.2.2) on ex situ
‘time-slices’ during milling to investigate the formation of LaMnOs with respect to time
(Figure 3.3.16). First assessing the XANES measurements performed under an inert
environment, the spectra shows the evolution of the feature at 6570 eV after just 1 h.
Previously, this was linked to perovskite formation, where in the XANES spectrum of
crystalline reference LaMnOs assigned to this transition the MnOs octahedron surrounded
by 8 La ions.3* This can therefore indicate the amorphous content, implied in the XRD
patterns, possess an overall perovskite-like arrangement. However, observations within the
pre-edge region can suggest both perovskite and Mn;Os; geometries remain due to
transitions at (1) and (2), respectively.®>3 No significant spectral changes are observed on
increasing the milling time to 3 h. Issues occurred with the data quality of samples measured
under an inert atmosphere, resulting from the challenging environment used to prepare ex
situ pellets, where it was not possible to guarantee a fully homogenous pellet.

On subsequent exposure of these inert milled samples to air, small variations within
the Mn K-edge XANES spectra (Figure 3.3.16C, D) can be observed. Whilst the pre-edge
follows comparable spectral features to when under an argon atmosphere, the sharper
absorption peak and increased amplitude of the feature at 6570 eV indicates a slightly more
ordered, regular ligand environment. Although, it is interesting to note that a large increase
in crystalline peaks is detected within the diffraction patterns for the argon exposed ‘time-
series’ (Figure 3.3.14), only subtle changes are visible within the XANES. This, once again,
indicates the bulk material, including the amorphous content, has an average structure
similar to the crystalline phase.

Also, on exposure to air changes within the spectra can be now observed up to 2 h of
milling, corresponding to the previous XANES ‘time-series’ for the air milled LaMnOs (Figure

3.3.3). There are no significant changes detected on increasing the milling time to 4 h. This
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Figure 3.3.16: Mn K-edge (A) XANES and (B) pre-edge showing the formation of LaMnOs by
mechanochemistry characterised under an inert sample environment and on subsequent exposure
to air, (C) and (D), respectively

highlights the importance of the initial stages of milling for perovskite formation, independent
of milling atmosphere.

A linear combination fit (LCF) of the Mn K-edge XANES region was performed for
the exposed argon milled ‘time-slices’ (Figure 3.3.17) equivalent to the previous LCF study

(section 3.3.1).The LCF analysis shows the change in phase distribution is comparable to
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Figure 3.3.17: Linear combination analysis at the Mn K-edge of XANES spectra during ‘time-slices’
for the exposed argon milled LaMnOs
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the air milled reaction pathway. However, a lower proportion of LaMnOs is indicated after 4
h of milling in argon, in agreement with XRD studies (Figure 3.3.14).

XANES spectra collected at the La Ls-edge (Figure 3.3.18) for the exposed argon
milled samples show small alterations after just mixing La,O3 with Mn;Os in a pestle and
mortar, i.e. time 0 h. Though not as prominent as the changes observed previously for air
milled time 0 h, there is a small decrease in the absorption peak amplitude (0 h spectral line
behind sol-gel LaMnQO3). More significant changes are detected after 1 h of milling, where
the lower absorption peak height corresponds to a reduction in particle size.3? Even after 4
h of milling, spectral variations are still detected compared to the sol-gel synthesised
LaMnOs, indicating a disordered structure for the argon milled samples.

EXAFS. The EXAFS region has now been investigated for the argon milled ‘time-
slices’ under an inert environment and on subsequent exposure to air (Figure 3.3.19).
Initially focusing on the EXAFS Fourier transform data, whilst under an inert sample
environment, similarities can be observed to the air milled ‘time-series’ (Figure 3.3.6). The
initial alterations within the second coordination shell indicate a breakdown of the extended
Mn2O3 structure after 1 h. After 2 h of milling a shift in the second coordination shell to a
higher scattering distance can be detected, previously ascribed to Mn-La scattering.
However, visual comparisons of the EXAFS k?-oscillations for the 1 — 3 h argon milled
samples measured under an inert atmosphere were challenging due to the prominent
glitches present at ~8.5 AL, It was therefore not possible to deduce unique scattering paths.

Exposure of these argon milled samples to air produced comparable EXAFS data
to the inert characterised data set. Moreover, the improvement of data quality within the k2
EXAFS oscillations allowed for suitable fitting models to be produced on these milling ‘time-

slices’.
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Figure 3.3.18: XANES spectra at the La Ls-edge for LaMnOs prepared by sol-gel synthesis and
‘time-slices’ for exposed argon milled LaMnOs
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Figure 3.3.19: Argon milled (A) k? weighted EXAFS oscillations at the Mn K-edge and (B) its
respective nonphase-corrected Fourier transform ‘time-slices’ and respective exposure to air (C),
(D) for the synthesis of LaMnO3s compared to sol-gel LaMnOz and precursor Mn203 (Mn-O, Mn-
Mn and Mn-La scattering paths are highlighted blue, purple and orange box, respectively)
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Table 3.3.2.1: EXAFS fitting parameters for the Mn K-edge for spectra collected at ‘time-slices
during the mechanochemical synthesis of LaMnOz under an inert environment after exposure to air,
compared to precursor Mn2Oz and sol-gel synthesised LaMnOs. Fitting parameters: S5 = 0.7 as
determined by the use of a Mn foil standard; Fit range 3 < k > 14, 1.2 < R = 4.0. 2CN fixed to
known structures and the number of scattering paths reduced in order to minimise fitting parameters
bAll refined CN are within 10% error margin

Sample | Bond (Abs-Sc) | CNP | Eq (eV) o? R/A Rfactor
Mn-O1 4.0 0.006(1) | 1.94(1)
aTime O h | Mn-O2 2.0 0.006(4) | 2.27(3)

(Mn0s) | Mn-Mn1 6.0 32 0.007(1) | 3.11(1) 003
Mn-Mn2 6.0 0.014(3) | 3.61(3)
Mn-O1 3.5(4) 0.003(2) | 1.91(1)

bTime 1 h | Mn-02 2.4(8) -3(2) | 0.016(2) 2.27(5) 0.05
Mn-Mn1 3.2(5) 0.007(1) | 3.12(2)
Mn-O1 3.8(6) 0.005(1) | 1.91(1)
Mn-O2 1.8(6) 0.015(9) | 2.27(6)

bTime 2 h -3(1) 0.02
Mn-Mn1 1.3(4) 0.006(5) | 3.11(3)
Mn-Lal 4.4(7) 0.013(4) | 3.35(2)
Mn-O1 4.1(2) 0.0049(3) | 1.90(1)

bTime 3h | Mn-Lal 6.3(4) | -7(5) |0.011(1) |3.31(1) 0.02
Mn-La2 1.9(1) 0.049(1) | 3.13(1)
Mn-O 4.9(1) 0.0062(1) | 1.90(1)

bTime 4 h | Mn-Lal 6.0(1) | -9(2) |0.010(1) |3.30(1) 0.03
Mn-La2 2.0(1) 0.0050(1) | 3.13(2)
Mn-O 6.0 0.0058(5) | 1.93(4)

aSol-gel | Mn-Lal 6.0 3(4) [ 0.0071(6) | 3.34(6) 0.02
Mn-La2 2.0 0.0020(9) | 3.70(9)

79



Chapter 3

The simulated fitting model calculated for the 1 h ‘time-slice’ indicates the sample is
still predominantly Mn;Os in character, whilst possessing a reduced Mn-Mn scattering CN
of 3.2 (Table 3.3.2.1) (Figure 3.3.20A).

On increasing the milling time to 2 h the EXAFS data was well-modelled to 4 single
scattering paths; two Mn-O, one Mn-La (Figure 3.3.20B). Scattering paths corresponding to
both Mn,O3; and LaMnOs3 have been included to effectively model the second coordination
sphere, indicating a mixed composition. With Mn-Mn scattering still detected at 2 h of milling,
it implies a slower rate of perovskite formation compared to the atmospheric milled
conditions.

The 3 and 4 h argon milled samples show consistent k? EXAFS oscillations to the
sol-gel LaMnOs (Figure 3.3.20C, D). Within the first coordination shell for the 3 h exposed
argon sample, a Mn-O CN of 4 was calculated (Table 3.3.2.1). However, a CN of 6 is still
predicted, comparable to the 1 h air milled fitting model in section 3.3.1 (Table 3.3.1.2). On
increasing in milling time to 4 h, the Mn-O CN of 4.9 indicates the structure is more
consistent with the expected perovskite structure, whilst still possessing a degree of oxygen
deficiency. The two Mn-La scattering paths simulated at 3.13 A and 3.30 A suggest there
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Figure 3.3.20: Mn K-edge EXAFS data during milling under argon for (A) 1 h (B) 2 h (C) 3 h and
(D) 4 h and subsequent exposure to air for the synthesis of LaMnOs, showing the magnitude and
imaginary components of the k?-weighted Fourier transform data and simulated fits
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are two Mn La species; one crystalline LaMnO3 and one amorphous species, comparable
to the final air milled material.

With EXAFS analysis not suitable at the La Ls-edge, visual comparisons in the
EXAFS Fourier transform (Figure 3.3.21) have been combined with Mn K-edge data (Figure
3.3.19) to understand how LaMnQO;3; evolves during ball milling in an inert atmosphere. As
with the proposed air milled reaction scheme (Figure 3.3.13), the XAS once again suggests
La disperses over bulk Mn in the initial stages of milling. However, from the EXAFS
perspective a longer milling time of 3 h is required to reach a perovskite-like phase for the
argon milled samples, compared to 2 h for atmospheric milling conditions.

By understanding how both air and argon milling atmospheres effect perovskite
formation it can begin to form an in-depth knowledge of how chemical transformations occur
depending on the milling parameters. When milling under atmospheric conditions a reaction
time of 2 h indicated the formation of an overall bulk perovskite phase. However, in the
absence of air the LaMnO3 phase proved difficult to form, with characterisation indicating
highly disordered structures formed. By just exposing these argon milled ‘time-slices’ to air
it was possible for greater long-range crystallite phases to form. Traditionally high
temperatures are required for crystallisation to take place, suggesting that the amorphous
metastate formed under inert milling possess a higher free energy than the final crystalline
phases on exposure to air. Milling for 4 h under argon was not sufficient to form 100%
crystalline LaMnOs. This strongly suggests the importance of an air milling atmosphere to
aid the evolution of the perovskite phase; whether it is incorporation of oxygen species into
the lattice or La moisture sensitivity that contributes.
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Figure 3.3.21: (A) k? weighted EXAFS oscillations at the La Ls-edge with (B) nonphase-corrected
Fourier transform at ‘time-slices’ during the mechanochemical synthesise of LaMnOs, compared to
a sol-gel LaMnOs perovskite and La(OH)s(La-O, La-La and La-Mn scattering paths are highlighted
green, yellow and red box, respectively)
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3.3.3 Understanding catalytic properties of mechanochemical synthesised
materials

To understand the properties of the final milled materials for catalytic applications, both 3

and 4 h of the air milled and exposed argon milled materials have been further characterised

by XPS, TEM and STEM-EELS following comparisons by the XAS and XRD. The 3 and 4

h ‘time-slices’ have been selected due to their highest proportion of the perovskite phase.

To further investigate the variations in surface composition and identify possible
active sites for catalysis, XPS measurements have been performed to understand O, Mn
and La surface environments. The atomic percentage ratios (at. %) of La, Mn and O species
at the surface for the air and argon milled, and sol-gel synthesised LaMnOg3, have been
compared to the expected stoichiometric perovskite ratios (Table 3.3.3.1). The atomic
percentage ratios show the argon milled samples to have the highest proportion of La to Mn
on its surface. The XRD for the 3 and 4 h argon milled samples detected 71 and 77 wt% of
the crystalline content as LaMnOg3, respectively. Whereas 100% was calculated for both the
air milled catalysts. With the argon milled samples having a slower rate of perovskite
formation, a higher La content on the surface is consistent with the previous in-sights into
the mechanochemical synthesis. Here, the La is said to disperse over bulk Mn at the earlier
stages of milling (section 3.3.1). Elsewhere, it is found that all samples have a sub-
stoichiometric oxygen content at the surface. For both the argon milled catalysts the
decrease in the Mn:O ratio could be a reflection of the increased La proportion.

Figure 3.3.22 shows the oxygen 1s XPS signals at the surface for air and argon ball
milled and sol-gel synthesised LaMnOs. The argon milled samples follow a vastly different
spectral profile compared to that of both the air milled and sol-gel synthesised LaMnOs.
After deconvolution of the O 1s region by curve fitting, three spectral features are recognised
at 529.3 eV - 529.6 eV, 531.1 eV - 531.7 eV and 533.4-534.0 eV. Here, the lowest binding
energy region at 529.3 eV - 529.6 eV is assigned to lattice-type oxygens in the perovskite
(02%), with the region between 531.1 eV - 531.7 eV corresponding to adsorbed species,

Table 3.3.3.1: Surface At% ratio of both 3 and 4 h air and inert milled LaMnOz compared to sol-gel
synthesised sample

Air milled Argon milled

3h 4n 3h 4h Sol-gel Expected
Mn : La 1:11 1:1.2 1:1.7 1:1.7 1:1 1:1
La: O 1:0.2 1:0.2 1:0.2 1:0.2 1:0.2 1:0.33
Mn: O 1:02 1:0.2 1:01 1:01 1:0.2 1:0.33
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Figure 3.3.22: XPS spectra in the O 1s region of 3, 4 h ball milled samples in both atmospheric
and inert (argon) milling environments compared to sol-gel synthesised

such as O%, O or OH".37-%% The final peak at ~533.5 eV is then assigned to adventitious
carbon, with analogous C-O peaks also being detected in the C 1s XPS region at 286.2 eV
and 288.6 eV.37-3

It is commonly assumed that the active oxygen species adsorbed on the surface of
perovskites, observed here within the 531.1 eV - 531.7 eV region, compensate for lattice
oxygen vacancies.?® Therefore, by comparing the proportion of adsorbed oxygen to lattice
oxygen it can give an indication of the changes occurring at the adsorption centres, with
respect to the synthetic route.*%-*? However, the specific surface areas of all the samples
must first be comparable. The ball milled and sol-gel LaMnO3 surface areas were assessed
by BET theory, reporting values within range of one another; at ~4-6 m? g* for the ball milled
samples and ~8 m? g* for the sol-gel LaMnQg3. Evaluating the absorption centres as a ratio
of lattice oxygen to absorbed oxygen can now be assessed independent of surface area.
After the removal of the adventitious carbon peak, both argon milled samples have a much
greater intensity for the 531.1 eV - 531.7 eV binding peak, indicating more adsorbed species
on the surface compared to the other LaMnOs; samples. Both the air milled and sol-gel
LaMnOs follow a similar peak profile over the O 1s region. After curve fitting, the relative
intensity of the 531.1 eV - 531.7 eV feature associated decreases in the order 3 and 4 h
argon milled > 3 h air milled > 4 h air milled and sol-gel synthesised LaMnQOs. This raises
an interesting point, as the sol-gel prepared sample possessed the highest surface area
compared to the ball milled samples. Therefore, at the surface of these differently
synthesised perovskites profound changes must occur to the surface chemistry, providing
modifications to the active centres for adsorption. Previously, it has been concluded by
others that the perturbation of the surface, through oxygen vacancies, are a significant
cause to increasing the number of adsorbed oxygen species.4042

The La 3d XPS region (830 — 860 eV) has now been assessed for the LaMnOs
catalysts (Figure 3.3.23). A typical double doublet splitting is observed, with the lower
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Figure 3.3.23: XPS spectra in the La 3d region of 3, 4 h ball milled samples in both atmospheric and
inert (argon) milling environments compared to sol-gel synthesised LaMnO3

energy doublet, 830 — 845 eV being assigned to La 3ds», and the higher energy feature,
850 — 860 eV assigned to La 3ds2.*® By assessing the peak splitting of the La 3ds;, doublet
it can be used to understand the nature of the La species.** For all samples the La 3ds,.
peak splitting values are indicative of La(lll) species. However, once again the argon milled
samples follow a different spectral profile to that of the other LaMnO3s samples. The argon
milled La 3ds; peak splitting of 3.7 eV is assigned to La(OH); species at the surface of the
perovskite. Alternatively, the La 3ds, peak splitting of 4.6 eV for the air milled and sol-gel
prepared materials is indicative of La,Os; species. This is consistent with the higher
percentage of adsorbed oxygen species within the O 1s region for the argon milled samples.
Furthermore, in agreement with La(OH)s diffraction peaks detected in the XRD for exposed
3 and 4 h argon milled LaMnOs (Figure 3.3.14).

Two peaks are observed within the spectra recorded at the Mn 3s XPS region, ~83
and ~88 eV, for the differently synthesised LaMnO3; samples (Figure 3.3.24). The splitting
of the Mn 3s peak arises due to the final state effect of parallel and anti-parallel coupling
between the spins of the remaining 3s electron and the 3d electrons.*> Therefore, at a higher
oxidation state, i.e. lower number of d electrons, the separation between these two peaks
will decrease, allowing for Mn oxidation state assessment.*¢ In Figure 3.3.24 all the samples
follow the same Mn 3s spectral profile, with a peak splitting value of ~4.9 eV. This peak
splitting indicates the presence of mixed Mn(1V)/Mn(lll) valency at the surface, with literature
reporting a peak splitting of 5.4 eV and 4.4 eV for Mn,O3 and MnO,, repectively.*"*® This
suggests significant structural variance at the surface in both the ball milled and sol-gel
LaMnOs, compared to the bulk structure observed by XAS. It is these mixed valences
present in Mn based perovskites that are responsible for its redox capabilities and therefore
catalytic activity. 4°

The XPS analysis of the O 1s, La 3d and Mn 3s regions signifies the importance of

surface sensitive techniques, as well as bulk structure analysis in order to understand how
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Figure 3.3.24: XPS spectra in the Mn 3s region of 3, 4 h ball milled samples in both atmospheric
and inert (argon) milling environments compared to sol-gel synthesised LaMnO3

different synthetic routes effect the structural and catalytic properties of these LaMnO3;
materials.

To understand the changes in morphology between the ball milled and sol-gel
synthesised LaMnQOs;, a scanning electron (SE) signal was acquired by a transmission
electron microscopy (TEM) imaging to provide topological information. Figure 3.3.25 shows
the 3 and 4 h air and exposed argon milled samples to have predominately similar
agglomerated morphology on the same size scale. The sol-gel synthesised LaMnOs,
however, has a much larger size scale with a ‘honey-comb’ cage-like structure observed,
stereotypical to a Pechini sol-gel synthesis.?®

Bright field (BF) imaging was then performed on a TEM to achieve high
magnification lattice resolution images (Figure 3.3.26). For the 3 h air milled sample small
crystalline particles are visible, with 4 h of milling having a similar microstructure. This is
further reflected within the argon milled samples, with phase boundaries observed for the 4
h argon milled material, suggesting a mixed composition. Difficulties arose in distinguishing
between the particles for size distribution analysis due to agglomeration and the high
proportion of overlapping crystallites. An amorphous phase is suggested to surround the
exterior of the agglomerated particles, in agreement with broadening of the XRD base line
for the milled samples. The sol-gel prepared LaMnQO;3; presents vastly larger particle sizes

at > 20 nm, contained within a highly uniform structure.
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Figure 3.3.25: SE images showing the morphological changes between (A) 3 h (B) 4 h ball
milled in air, (C) 3 h (D) 4 h ball milled in argon and (E) sol-gel synthesized LaMnOs
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Figure 3.3.26: BF-TEM imaes at magnified lattice olutlon for 3 h (B) 4 h ball milled in air,
(C) 3 h (D) 4 h ball milled in argon and (E) sol-gel synthesised LaMnO3s

Performing compositional analysis by X-ray emission detection in scanning mode
on a TEM, elemental mapping images were produced for each La, Mn and O (Figure 3.3.27)
of air milled, argon milled and sol-gel synthesised LaMnOs. All materials show a
homogenous composition of La, Mn and O. However, this analysis has been measured on
a micro-size scale and therefore can be challenging to detect smaller discrepancies. It is
also important to note that this is only one sample area and not fully representative of the

overall bulk composition.
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50 nm

100 nm

Figure 3.3.27: Composition analysis by EDX in scanning mode for La, Mn and O for (A) 3 h (B)
4 h ball milled in air, (C) 3 h (D) 4h in argon and (E) sol-gel synthesised LaMnO3
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To achieve high resolution TEM to further investigate the spatial composition within
the LaMnO3; samples, scanning transmission electron microscopy and elemental energy
loss spectroscopy (STEM-EELS) has been performed, alongside with elemental mapping
with atomic resolution by Johnson Matthey at 114, Diamond Light Source. Figure 3.3.28
shows the atomic percent maps containing La (blue), Mn (green), O (red), with the
corresponding HAADF-STEM and atomic percentage composition line profiles for the sol-
gel, 3 and 4 h milled perovskites. Due to the limited allocation of time for these experiments
performed at 114, Diamond Light Source, it was not possible to complete experiments on
the argon milled LaMnO3 samples.

First assessing the line profile of the sol-gel synthesised LaMnOs (Figure 3.3.28A),
it confirms that the interior of the particle, at a depth of 1.2 nm, is consistent with the
stoichiometric perovskite composition, i.e. La (20 at. %), Mn (20 at. %) and O (60 at. %). As
the line profile approaches the edge of the particle, towards a depth of ~0.8 nm, a Mn-
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Figure 3.3.28: STEM-EELS atomic percentage elemental mapping (left column), HAADF-STEM
images with integrated profiling lines (central column) and line profiling along the arrow, for the
atomic percentage of La (blue), Mn (green) and O (red) for (A) sol-gel synthesised, (B) 3 h milled
and (C) 4 h milled LaMnOs
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enriched area (~28 at. %) is detected, with a corresponding decrease in La content (~12 at.
%). Here, STEM-EELS imaging has confirmed a level of structural heterogeneity, with the
enriched Mn areas not present across the entirety of the catalyst sub-surface. This
heterogeneity makes any assignment of the origin of the Mn(IV) content, detected at the
surface through XPS analysis of the Mn 3s region, difficult to ascribe. Further increasing the
line profile towards the surface, an oxygen deficiency can be observed within the last few
atomic layers of ~2 A.

The STEM-EELS performed on air milled samples (Figure 3.3.28B, C) both show a
degree of oxygen deficiency as the line profile tends to the surface. The nature of this
oxygen deficiency extends slightly deeper into the sample (~5 A) compared to the sol-gel
perovskite. This deficiency is even more pronounced for the 3 h milled sample (Figure
3.3.28B compared to the 4 h milled (Figure 3.3.28C). The La and Mn concentration within
the air milled samples tend to have a consistent fluctuation (20 + 3 at. %) within the crystal
bulk and both increase at the same rate as they enter the O vacancy layer. However, at
the surface of the 4 h air milled sample La dominates the content at the end of the line
profile, suggesting the presence of La residue coupled with a reduction in Mn species at the
surface of the perovskite crystal. These different phases detected by STEM-EELS of all
samples suggest a significant structural variance at the surface that could result in a
Mn(IV)/Mn(lll), stated by the Mn 3s XPS region.

It is important to note that the STEM-EELS data here needs to be taken in the
context of the sample population presented. The observation of Mn surface at.% is
consistent throughout the samples presented, which is a reassuring sign of reliability for
these values. By combining these all these advanced characterisation techniques, EXAFS,
XPS and STEM-EELS, it will allow for the comprehensive understanding and assessment
of catalytic activity, along with what beneficial properties result from the mechanochemical

synthesis for LaMnOs.

3.34 Decomposition of N,O over differently synthesised LaMnO; catalysts

The decomposition of N2O (deN»O) was performed over the differently synthesised LaMnO3
catalysts, with the light-off temperature curves detailing the percentage conversion of
deN2O to N2 shown in Figure 3.3.29. The 4 h air milled and sol-gel synthesised LaMnOs
show similar activity, which begins at ~350 °C with 100% conversion achieved by 550 °C.
However, the 3 h air milled and both argon milled catalysts show an early on-set conversion
of N2 at lower temperatures. The 3 h air milled sample shows activity starting just above
300 °C, with the argon milled LaMnQOs3, having an even lower starting activity temperature
below 300 °C. The 3 h air milled catalyst achieves 100% decomposition at the same
temperature to the 4 h air milled sample, 550 °C, opposed to a higher 100 % conversion

temperature of 600 °C for the argon milled materials.
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Figure 3.3.29: The percentage conversation of N2O decomposition to Nz over air and argon ball
milled and sol-gel synthesised LaMnOs light-off curve

Catalytic activity is often strongly correlated to the surface area and morphology of
the acting catalyst. Assessing the surface areas by BET theory calculated values of ~ 4 — 6
m2g* for ball milled samples, compared to 8 m?g for sol-gel synthesised LaMnOs. Images
acquired by TEM showed all the ball milled samples have predominately similar
agglomerated morphology on the same size scale (Figure 3.3.25). The sol-gel synthesised
LaMnOs, however, is on a much larger size scale whilst possessing a cage-like structure.
This suggests both the surface area and morphology do not have a contributing effect to
the catalytic activity.

To understand the improved activity, the nature of the active site, ascribed to Mn in
LaMnOs, must be considered. During the deN2O a Mn(lll) site is expected to partially oxidise
to Mn(IV) to provide reaction oxygen. This reduced Mn can then re-oxidise by gas phase
oxygen or from mobile oxygen from sub-lattice layer of the perovskite.*®* The ease at which
the Mn can fluctuate between two oxidation states relates to oxygen mobility of the sample.
XPS analysis of the Mn 3s region for all samples show the same Mn(IV)/Mn(lll) mixed
valency. This demonstrates that the activity can be linked to oxygen vacancies, as within
the O 1s region, both 3 h air milled and argon milled catalysts presented a high proportion
of vacant oxygen sites. Here, the extra oxygen vacancies can provide additional active sites
for deN2O. Furthermore, with oxygen desorption reported as the rate determining step
during deNO, the reaction can be an indication of the effectiveness of Mn redox ability.>° It
suggests at lower temperatures the 3 h air and argon milled catalysts indicate increased
oxygen mobility.>* With the sol-gel synthesised LaMnOs; having the highest surface area
with a honeycomb structure compared to the agglomerated ball milled materials it indicates
that the catalytic activity is not solely dependent on surface area. It further emphasises the
importance of structural properties such as vacancies, defects, distortion and amorphous

content for the ball milled catalysts.
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Within the XPS analysis of the argon milled catalysts, a higher proportion of La was
detected at the surface, yet these samples have the lowest on-set temperature of N.O
conversion. This raises an interesting point as Mn is said to be the active site, combined
with the La electronic configuration not possessing redox capabilities, being stable within a
3+ oxidation state.5? However, a decrease in the multiplet splitting of the XPS La 3d region
for the argon milled catalysts corresponds to a higher percentage of adsorbed oxygen
species in the O 1s region. Further work is required to understand importance of the role of
La and O during deN-O and how the other XPS regions are affected (continued in Chapter
4).

Two distinct regions within the light-off curve are observed for all ball milled LaMnO3
during deN2O. As the temperature increases above 500 °C a feature in the light-off curve
suggests a phase transformation is occurring, and thus altering the catalytic activity.
Elevated temperatures would be expected to cause a calcination-like process of the ball
milled perovskites. XRD performed on samples post deN.O confirms a higher level of
crystallinity for the LaMnOs phase, i.e. increased peak intensity and reduced line broadening
(Figure 3.3.30).

XAFS performed at both the Mn K-edge and La Ls-edge (Figure 3.3.31) for the
LaMnOs catalysts post deN.O all show comparable structures. Within the XANES all
samples follow similar spectral profiles, with the sol-gel synthesised species only having a
higher intensity in the La Ls-edge XANES. Further similarities can be observed in the
EXAFS oscillations and corresponding Fourier transform. Appropriate models of the EXAFS
Fourier transform data for the post deN,O LaMnOs catalysts were produced using three
scattering paths; one Mn-O and two Mn-La (Figure 3.3.32). Within the first coordination shell
the calculated Mn-O CN is remains consistent with the previous EXAFS models for the fresh
LaMnOs catalysts. However, with the exception of the 4 h air milled perovskite, which has
areduced Mn-O CN to 4.3. This reduced Mn-O CN of the 4 h air milled sample could indicate

Sol-gel

’| | 1 3 hair
f‘ \ ) 4 h air

3 h argon

Intensity / a.u.

4 h argon
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20

Figure 3.3.30: XRD patterns of differently synthesised LaMnO3 catalysts post deN2O
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that oxygen from the perovskite lattice is used during deN,O, however, with no observable
shift in Mn K-edge XANES edge compared to the other catalysts suggests further
investigation is required.?25354

Both the Mn-La scattering paths are now all comparable to the crystalline lengths at
~3.32 Aand ~3.70 A (Table 3.3.4.1); corresponding to the XRD, which indicated an increase
in the perovskite crystalline phase for the ball milled materials after deN»O. As a
consequence of the phase transformation at the end of the catalytic reaction the light-off
profiles are not reversible. However, these materials show sufficient scope to be effective
at lower temperatures where the observed phase transformation has not yet occurred.

Reproducible catalytic runs were performed on a different batch of each of the
differently synthesised LaMnOs catalysts (Figure 3.3.33). The majority of samples follow a
similar percentage conversation light-off curve compared to the previous deN2O
performance (Figure 3.3.29). However, the 3 h air milled catalyst shows much higher activity
between 350 — 550 °C and the 4 h air milled catalyst only reached 100 % conversion at 600
°C, 50°C more than in previous testing. The light-off curves, however, still follow comparable
similar trends as discuss for Figure 3.3.33), whilst also emphasising the inconstancies of

reproducibly in the mechanochemical synthesis.
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Table 3.3.4.1: EXAFS fitting parameters for the Mn K-edge for spectra collected after deN20O for

differently synthesised LaMnOs catalysts. Fitting parameters: Sﬁ = 0.7 as determined by the use of a

Mn foil standard; Fit range 3 < k> 14, 1.2 < R > 4.0. 2CN fixed to known structures and the
number of scattering paths reduced in order to minimise fitting parameters PAll refined CN are within

10% error margin

Sample | Bond (Abs-Sc) CN Eo (eV) o? R/A Rfactor
Mn-O1 4.2(5) 0.004(1) | 1.94(2)
Time3h | Mn-Lal 6.0(7) 6(2) |0.010@2) [332(3) | 0.02
Argon Mn-La2 2.0(3) 0.003(1) | 3.72(2)
milled Mn-O 5.3(6) 0.006(1) | 1.93(1)
Time4h | Mn-Lal 6.0(7) 6(2) |0.010(4) |3.32(1) | 0.02
Mn-La2 2.0(1) 0.003(1) | 3.72(2)
Mn-O 4.3(4) 0.004(1) | 1.94(1)
Time3h | Mn-Lal 6.0(7) 6(2) |0.010(2) |3.30(3) | 0.03
Mn-La2 2.0(3) 0.003(1) | 3.70(2)
Air milled
Mn-O 4.3(4) 0.004(1) | 1.94(1)
Time4h | Mn-Lal 5.9(8) 5(1) | 0.009(1) |3.32(1) | 0.04
Mn-La2 2.0(4) 0.003(1) | 3.71(2)
Mn-O 5.9(5) 0.007(1) | 1.94(1)
Sol-gel | Mn-Lal 5.8(8) 6(2) |0.008(1) |3.33(2) | 0.03
Mn-La2 2.1(4) 0.003(1) | 3.73(2)
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Figure 3.3.33: Repeat N2O decomposition to show the reproducibility of LaMnOs catalysts
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3.4 Conclusions

LaMnOs has been successful synthesised via mechanical grinding from La>Os and Mn,Os3
in the absence of high temperature thermal annealing. This work, therefore, presents new
insights into how the mechanical action of ball milling is successful in achieving the chemical
transformation from single metal oxide precursors to a perovskite phase, in the absence of
solvent.

Whilst performing milling under ambient conditions XRD reported 100% of the
crystalline content to be LaMnOs after 3 h of milling, however, observations within the
Fourier transform EXAFS deducted that perovskite-like structures were formed after 2 h.
This can be attributed to a proportion of amorphous material, commonly known to produce
via milling. Whilst milling under an argon atmosphere XRD indicated that it was more
challenging for the crystalline perovskite phase to form; though 96% LaMnO3 was recorded
at 4 h of milling under an inert atmosphere, it is evident there was a large proportion of
amorphous content. Only on the exposure of these samples to air did the XRD ‘time-slices’
show an increase in long-range structure, yet, amorphous materials were still suggested to
remain.

XAS measurements at both the Mn K-edge and La Ls-edge allowed for the analysis
of both Mn and La local environments. These combined results suggest that even without
high energy milling under atmospheric conditions the La species disperses over the Mn203
bulk. As milling time increases both precursors undergo mechanical activation to result in
the formation of perovskite-like structures after 2 h. For the argon milled samples, La
dispersion was observed in the early stages of milling, however, 3 h of milling was required
to produce a perovskite-like EXAFS fitting model. This indicates that air plays an important
role in the formation of the perovskite phase, whether it is oxygen incorporation into the
lattice or the moisture sensitivity of the La precursor.

DeN;O performed on all ball milled and sol-gel synthesised LaMnO3; samples
showed the 3 h air milled and both exposed argon milled catalysts to have a much earlier
on set conversion to N.O. With TEM and EXAFS modelling on all ball milled samples
showing similar morphology and bulk structures, it indicates the importance of surface
sensitive techniques for understanding deN»O. XPS of the O 1s region detected that both
argon milled catalysts possessed a much higher proportion of oxygen vacancies, through
an increase in surface adsorbed oxygen species. After curve fitting the 3 h air milled catalyst
also showed a greater ratio of surface:lattice oxygen, compared to that of the 4 h air milled
and sol-gel perovskites. STEM-EELS further reflected this behaviour in the 3 h air milled
sample, along with indicating significant structural variation at the surface for all LaMnO3
materials. With reduced surface areas and agglomerated morphologies for all ball milled
samples it suggests that the oxygen vacancies on the surface play a dominant role in the

deN2O. However, the use of elevated temperatures during the catalytic reaction resulted in
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significant structural alterations on the ball milled catalysts. Whilst it is no longer possible to

reproduce this activity on consecutive deN.O experiments, the catalysts show exciting

scope at lower temperatures, prior to the phase transformation.
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Chapter 4

The electronic structure, surface properties, and in
situ N2O decomposition of mechanochemically
synthesised LaMnOs

This chapter presents work further investigating how milling induces a chemical reaction
using advanced synchrotron characterisation techniques. A combination of both ex situ and
in situ measurements have been explored to provide in-depth information on the oxidation
state and electronic configuration of mechanochemically synthesised LaMnO3, alongside
its behaviour towards the decomposition of N>O. The manuscript has been published in
“Physical Chemistry Chemical Physics - PCCP”* R. H. Blackmore, M. E. Rivas, G. F.
Tierney, K. M. H. Mohammed, D. Decarolis, S. Hayama, F. Venturini, G. Held, R. Arrigo, M.
Amboage, P. Hellier, E. Lynch, M. Amri, M. Casavola, T. Eralp Erden, P. Collier and P. P.
Wells. The electronic structure, surface properties, and in situ N>O decomposition of
mechanochemically synthesised LaMnOs. Phys. Chem. Chem. Phys., 2020, 22, 18774—
18787

Authors G. F. Tierney, D. Decarolis, S. Hayama, F. Venturini, G. Held, R. Arrigo, M.
Amboage, P. Hellier, E. Lynch, M. Amri, M. Casavola listed on this paper were included due
to their support as either beamline staff or as help to complete beamtime experiments over
numerous 24 h days. K. M. H. Mohammed analysed Mn KB XES data, M. Amri the in situ
ball milling XRD data and T. Eralp Erden provided guidance towards NAP-XPS analysis. P.
Collier was included due to their industrial involvement with Johnson Matthey. M. E. Rivas

and P. P. Wells were industrial and academic supervisors of this project.

4.1 Introduction

Developing synthetic routes and catalytic processes that are both economically viable and
sustainable represents a significant challenge for chemists today. To meet this ambition,
the development of new technologies can no longer rely on iterative trial and error

approaches and must instead be design-led using sophisticated characterisation methods.?
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Synchrotron techniques, such as X-ray absorption spectroscopy (XAS), have multiple
benefits, which aid the in-depth understanding of chemically important yet complex
systems.3->

Chapter 3 reported the advantages of ex situ XAS for studying the preparation of
mixed metal oxides prepared through mechanochemistry; this solvent-free synthesis route
produces less waste than traditional methods and prepares materials with enhanced
catalytic properties.® As a significant amount of amorphous material was produced through
stages of milling, traditional characterisation methods, such as X-ray diffraction (XRD), were
unsuitable. Using XAS, that provides structural insights on all length scales, allowed for
further information about the principal chemical steps within the milling process.
Furthermore, these studies also increased the understanding of how these materials
promote the catalytic decomposition of the environmental pollutant N>O (deN2O).

However, even after performing conventional XAS at the Mn K-edge information
such as the local charge density and electronic configuration still eluded us. Traditional
XANES suffers from the broadening of the lifetime, caused by the overlapping of multiple
transitions, which smears spectral features found within the XANES (section 2.9.6). This is
further complicated by the complex nature of these disordered milled materials.
Furthermore, analysis of the XANES region, unlike EXAFS, can require the use of complex
DFT calculations which is not always readily available to general beamline users. Improving
the resolution can thus allow a comparative approach to reported species within the
literature. This work discusses the use of further advanced characterisation techniques,
such as high energy resolution fluorescence detection (HERFD) to improve XANES spectral
resolution,”® and X-ray emission spectroscopy (XES) to attain information on electronic
structure and oxidation state.®0

Chapter 3 focused solely on the use of ex situ characterisation for both
understanding of the mechanochemical synthesis and catalytic performance of LaMnOs. By
monitoring reactions in situ it provides vital information on how catalytic materials react
under working conditions.!* In doing so it can provide new insights into the structure-activity
relationship for catalysts, often different to the material properties characterised ex situ; this
approach allows for the detection of intermediate states which often only exist at short
timescales mid-reaction. In situ experiments are limited, however, by their need for rapid
acquisition times, often only accessible with synchrotron radiation.** Furthermore, they
require suitable cell designs that not only mimic real-life conditions but meet the beamlines
specifications.!?

Whilst the use of X-ray absorption and photoelectron spectroscopy with synchrotron
radiation to acquire real-time data is becoming well established within catalysis, only
recently have developments towards in situ analysis of mechanochemical reactions been

performed.*3* Following this preparation route real-time is extremely challenging as
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commercial equipment does not allow for direct reaction monitoring. However, work by
FriSCi¢ et. al. successfully analysed the evolution of a MOF by synchrotron XRD, using a
modified PMMA milling jar.1>-17

By combining local structural and electronic techniques, along with surface sensitive
characterisation, it can be a powerful tool for understanding how structural properties affect
catalysis. In turn this knowledge can lead to the development of new technology
opportunities. Herein, we report an in-depth analysis during the mechanochemically
synthesised LaMnO3; by XES and HERFD, not previously reported. Furthermore, we can
now link these structural properties of the final material to the enhancement of catalytic
activity for the in situ deN>O combined with near ambient pressures X-ray photoelectron

spectroscopy (NAP-XPS).
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4.2 Materials and methods

4.2.1 LaMnOs; sample preparation

See experimental section 3.2.1, Chapter 3.

4.2.2 Understanding mechanochemical synthesis

X-ray Absorption Spectroscopy (XAS) at the Mn K-edge, see Chapter 3 (section 3.2.2).

XES/HERFD-XANES measurements were performed on the scanning branch of
the 120 beamline at the Diamond Light Source, Didcot, UK. Measurements were taken using
a Si(111) four-bounce monochromator using a high-resolution X-ray emission
spectrometer.'® The spectrometer was equipped with either three Ge (440) or three Ge(333)
crystal analysers to allow for KB or Ka spectra, respectively, to be measured.'® One
spectrum with a time resolution of 8 min was used for both KB 3 or Ka;. Valence-to-core
(VTC) measurements at the KB25 emission line were also performed using three Ge(333)
crystal analysers at 25 min spectrum-! with a total of four spectra collected per sample.

Mn KB13 XES spectra were fitted using three Voigt functions which represent the
KB13, KBx and KB’ peaks.’® Prior to the fitting, spectra were normalized, and linear
background was subtracted. During the fitting, peak splitting was kept constant at theoretical
values??; (i) splitting between KB13 and KB’ peaks ~ 14 — 16 eV and (ii) KBx was lower than
main, KB13, peak by ~3 eV. Same fitting procedures were applied on spectra taken for Mn
standard materials for comparison purposes.

HERFD were measured by scanning the incident energy and detecting the
fluorescence intensity at the maximum of the Mn KB13 or Kai emission line with time
resolution of ~ 20 min spectrum?, with 3 spectra collected. Data processing, background
submission and normalisation was performed using Athena package.

In situ XRD ball milling was performed at the ID15A beamline at the European
Synchrotron Radiation Facility (ESRF) using the a modified MM200 Retsch mill reported by
Halasz et. al.'®1’ The set-up comprised of a PMMA milling jar containing one 5 mm WC
milling media with Mn,O3 and La>Os precursor powders (Figure 4.2.1). The mill operating at
30 Hz for ~19 h. The in situ XRD was collected at 69 KeV, A = 0.17971 A with a beam size
of 300 x 300 um?. A Dectris Pilatus X area detector was used with an exposure of 5 s and
a readout time of 120 s. The incident wavelength and detector distance (430 mm) were
calibrated using a NIST CeO,. The Raw data frames were integrated using the internal
ESRF Matlab.Eva 5.0.0.22/PDF -4+ 2020 software package was used for phase

identification and data plotting.
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Figure 4.2.1: Images supplied by the ID15a beamline, ESRF of (A) the vibrational mill and (B) set-
up used for the monitoring of in situ milling by XRD

In situ high pressure EDE-XAFS were performed at 120-EDE, the energy
dispersive beamline at the Diamond Light Source, Didcot, UK. Energy-dispersive EXAFS
was collected at the Mn K-edge (6539 eV) in transmission mode using a Si(111)
polychromator. A diamond anvil cell (DAC) was specifically fitted with 0.5 mm thick diamond
windows to reduce the diamonds absorption and enable XAS measurements at the low
energy Mn K-edge (Figure 4.2.2). Four samples were measured: (1) the reference Mn,Os
starting material, (2) a homogeneous mixture, achieved by low energy milling, of La.Os and
Mn2Os, (3) La20Os; and Mn2Os after 30 min of high energy planetary ball milling and (4)
subsequently 1 h of milling. The powders were loaded into a mini-anvil cell. The single-
crystal diamond mini-anvils were then mounted on fully perforated diamonds.

Figure 4.2.2 shows the DAC on the 120-EDE beamline, aligned for pressure
measurements. The pressure was quantified using the ruby fluorescence method.?! The
dispersive X-ray beam was then focussed on the sample in the DAC with a spot size of 0.05
mm diameter. Spectra were recorded every 2 GPa of pressure. Attempts to minimise the
diamond single crystal reflections were achieved by performing multiple scans at different
yaw and top angles. The remaining diamond single crystal reflections were deglitched
following a similar procedure to Hong et al.??
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Ramen

spectrometer

Figure 4.2.2: DAC set-up with Raman spectrometer on the 120-EDE beamline, DLS

4.2.3 Understanding catalytic activity

For the initial deN2O performance runs see Chapter 3 section 3.2.3.

XES/HERFD-XANES see section 4.2.2 for measurement information. Due to the low
signal and high absorbance of the reaction capillary HERFD-XANES measurements were
performed using the peak maxima of the more intense Mn Kai emission line. The differently
synthesised LaMnOs catalysts (sol-gel prepared, 4 h air milled and 4 h argon milled) were
prepared for in situ HERFD-XANES by mixing the corrected concentration for appropriate
absorbance at the Mn K-edge with boron-nitrate. These were then subsequently pressed
and sieved to a 125 — 250 um faction, to ensure an even flow through the catalyst bed. An
average of three spectra were collected at temperature points 250, 300, 350 and 375°C in
a Kapton capillary under a flow of 0.5% N>O/He. A quartz capillary was too absorbing to
produce suitable spectra (Figure 4.3.18) and therefore Kapton capillary was used, which
only allowed for a maximum temperature of 375 “C. Figure 4.2.3 shows the set-up on the
120-scanning beamline at DLS with a quartz capillary and heating coils located above and
below the sample; the thermocouple was placed in the middle of the catalyst bed. This plug
flow reactor was then placed at 45° to the incident beam and to the detector.

After performing deN:O, the different LaMnOs catalysts were then re-pressed into
13 mm pellets to performed XES and HERFD-XANES measurements at the Mn K13
emission line (see section 4.2.2).

NAP-XPS was performed at the beamline BO7-C (VerSoX) at the Diamond Light
Source. Spectra were recorded at the La 3d, Mn 2p, O 1s, C 1s and Mn 3s levels at 834.5
— 855 eV, 641 — 655 eV, 529 — 532 eV, 284 - 289 eV and 82 — 89 eV binding energies,
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Figure 4.2.3: DeN20O in situ set-up on the 120-scanning beamline, DLS showing (A) the plug flow
reactor positioned on the beamline at a 45 °C angle to the beam and detector with (B) a close view
of the plug flow reactor and catalyst bed in a quartz capillary

respectively, during the deN,O. Samples were pressed into an 8 mm pellets containing 50
mg of LaMnOs (Figure 4.2.4).The reaction was performed under 0.5% N>O in He, with scans
performed at room temperature (RT) in vacuum, RT with 10 mbar of N.O and then
subsequently at 400°C and 600°C (still under 10 mbar of N.O). The measurements were
performed at specific incident energies for each XPS region to ensure the same kinetic
energy / depth of the emitted electron (=350 eV). To achieve a variable depth profile the Mn
3s region was recorded with an incident energy of 1200 eV. Each XPS region was aligned
to a reference C 1s peak at 284.8 eV to compensate for charging effects. Peak positions
and FWHM determined after using Shirley background subtraction on CasaXPS, with all
residual standard deviations of the curve fitting reported to be under 1.

Figure 4.2.4: NAP-XPS sample holder on the BO7 beamline, DLS, with a 8 mm pressed pellet of
50 mg LaMnOs
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4.3 Results and discussion

4.3.1 Understanding the mechanochemical synthesis of LaMnO3
4311 Milling under atmospheric conditions

HERFD-XANES. Figure 4.3.1 shows the XANES and HERFD-XANES spectra, with
expanded pre-edge regions for the Mn oxide reference compounds (Mn;0s, Mn3zO4, MNO>
and LaMnO:s). By assessing the HERFD-XANES spectra of the reference Mn oxides it will
then allow for the interpretation of the ball milled intermediates and final material. After
performing HERFD-XANES at the Mn K-edge (Figure 4.3.1) the level of spectral resolution
has now vastly improved compared to that of the conventional XANES data (Figure 4.3.1C).
This increased resolution is more clearly pronounced in the pre-edge region, which shows
more defined, higher intensity transitions, well separated away from the main edge.

At the Mn KB 3 HERFD-XANES the main edge corresponds to an allowed 1s — 4p
transition. The position of this main edge transition is therefore dependent on the oxidation
state of the system, with an increase in formal charge on the Mn resulting in the transition
shifting to higher energy. The features observed within the pre-edge region, however, can
result from multiple transitions. Here, the pre-edge features are assigned to 1s — 3d
transitions that are either quadrupolar or dipolar, with the latter normally forbidden by dipole
selection rules. An allowed 1s — 3d dipole transition can occur through local mixing of the
3d/4p wavefunctions and by the presence of non-local excitations. These non-local
excitations result between the 3d and 4p states of neighbouring metal sites, with an oxygen-
mediated intersite hybridisation, e.g. Mn(4p)-O(2p)-Mn’(3d).?* The size and shape of the
pre-edge features is therefore highly dependent on the geometry of central absorbing atom,
which now will be assessed for the Mn oxide reference compounds.®

Assessing the pre-edge region for Mn,Os3 two clear peaks can be observed at 6540.8
eV and 6543.0 eV (Figure 4.3.1D), which arise due to the Mn;O3 structure containing two
different Mn(lll) coordination sites. Both Mn sites have 6-fold coordination towards oxygen,
with one site adopting a more regular centrosymmetric O, geometry, whereas the other
displays a large degree of Jahn-Teller distortion. The work by Farges showed that the lower
energy peak at 6540.8 eV is assigned to the centrosymmetric Mn site and the higher energy
peak at 6543.0 eV to the Jahn-Teller distorted Mn site.?®

With MnzOa4 containing both Mn(ll) and Mn(lll), the understanding gained from the
Mn,Oz assessment can now be applied to the mixed valent pre-edge features. The intense
peak at 6540.5 eV for Mn3;O4 corresponds to the tetrahedrally coordinated Mn(ll) site. This
tetrahedral geometry allows for 3d-4p local hybridisation, resulting in an intense dipole

transition. A low intensity peak is then observed at a higher energy of 6542.6 eV, originating
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Figure 4.3.1: Reference Mn (ll), (lll), (IV) oxides and sol-gel synthesised LaMnO3s at the Mn K-
edge by (A) conventional XANES with (B) highlighted pre-edge compared to (C) HERFD-XANES
with (D) highlighted pre-edge compared

from the Mn(lll) site. It should be noted that the intensity of these two peaks, at 6540.5 eV
and 6542.6 eV, does not relate to the proportion of Mn(ll) and Mn(lll) present within the
sample. Work by Radu et al. observed the Mn(ll) peak to be a single feature, with the Mn(lll)
feature extending below the Mn(ll) peak due to the multiplet effect of the final state
(1s'3d5).%6

Pre-edge features for MnO; presents a vastly different spectral shape compared to
the other Mn oxide reference materials. Here, the Mn(IV) cation in MnO3, is positioned in an
octahedral site with tetra valency. The pre-edge region for Mn(1V) is extremely complex and
even HERFD-XANES struggles to resolve the features.?® Again, work by Farges shows that
the broad feature observed at 6542.9 eV is a combination of 1s—3d quadrupole transitions
and non-local excitations.?®
LaMnOs3, synthesised here by the Pechini method?’, shows two features in the pre-edge
region observed at 6542.3 eV and a shoulder at, 6547.7 eV. The lower energy peak at
6542.3 eV has been further suggested to be a combination of two overlapping peaks arising
from both a 1s— 3d quadrupole transition and a 1s—3d4p non-local transition. The non-

local transition occurs from hybridisation between the 3d — 4p states of neighbouring metal
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sites through an oxygen-mediated intersite, Mn(4p)-O(2p)-Mn’(3d).22 The shoulder
observed at 6547.8 eV is often overlooked when assessing the Mn K-edge XANES of
LaMnOs. However, work by Ignatov et al. showed they could not effectively model this
shoulder within LaMnO3; XANES without considering the contribution of d and f orbitals,
suggesting this shoulder arises due to Mn 4p and La 5d hybridisation.?®

Using this analysis of reference Mn oxides, it can now be used to effectively assess
the changes during the evolution of LaMnOs; by mechanochemical synthesis under
atmospheric conditions (Figure 4.3.2). Once again on measuring HERFD-XANES at the Mn
K-edge (Figure 4.3.2C) there is a much greater level of spectral resolution compared to the
previous XANES data (Figure 4.3.2A). By assigning the changing features within the pre-
edge region of Mn it can provide important information about the chemical steps occurring
during the milling process for the formation of the perovskite phase. After just 1 h of milling
there are already clear differences in the HERFD-XANES spectrum compared to the Mn,O3
starting material. Within the pre-edge region there is a decrease in intensity of the transitions
at (1) 6540.8 eV and (2) 6543.0 eV. With the feature at (1) assigned to 1s— 3d quadrupole
transition a decrease in this transition indicates that there have been alterations to the local

geometry of Mn sites. The decrease in the intensity of the transition at (2), which
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Figure 4.3.2: ‘Time-slices’ during the mechanochemical synthesis if LaMnOs at the Mn K-edge
measured by (A) conventional XANES with (B) highlighted pre-edge compared to (C) HERFD-
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corresponds to a hon-local excitation to a neighbouring Mn site, indicates that the extended
Mn,Os structure has been significantly disrupted. This reduction suggests less hybridisation
between the non-local 3d — 4p states and, therefore, a reduced optimal Mn-O-Mn
arrangement. As the milling time increases from 1 to 2 h, there is then an increase in
intensity of the transitions associated with LaMnOs at (3) 6542.3 eV and a shift to a higher
energy position of (1), indicating that there are changes to the local structure indicative of
the formation of a perovskite unit. There are no further apparent changes in the spectra
from 2-4 h of milling.

Comparing the final ball milled LaMnO; material to the sol-gel reference, clear
differences are observed, most noticeably the lower intensity transitions at (3) 6542.3 eV
and (4) at 6547.7 eV. With the peak at (3) assigned to a 1s — 3d4p non-local hybridised
transition between neighbouring Mn sites, the strength of this transition is dictated by the
metal-oxygen bond length and the metal-oxygen-metal bond angle.®® The strongest
transition, and optimum hybridisation, is achieved by a short bond length and a linear bond
angle.?® In the Chapter 3, the Mn-O bond lengths calculated by EXAFS for both the sol-gel
and mechanochemically prepared LaMnOs; to have comparable distances, within the error
range of the technique (Table 3.3.1.2). This suggests that the changes to the metal-oxygen-
metal bond angle are strongly reflected in the intensity of the feature seen at (3) for these
materials. The final ball milled LaMnOs is a complex mixture of both amorphous and
crystalline content, suggesting multiple metal-oxygen-metal bond angles.® With the
crystalline LaMnOs having a higher intensity peak for the transition at (3) it confirms the
presence of a more linear metal-oxygen-metal bond angle. Furthermore, the absence of the
shoulder at (4) for the ball milled materials suggests the lack of Mn4p La5d hybridisation.?°
In Chapter 3 the EXAFS fitting model for the ball milled materials required two Mn-La
scattering paths at 3.24(1) A and 3.37(1) A, which is significantly different to that observed
for the crystalline sol-gel sample (Table 3.3.1.2). These changes in Mn-La coordination
disrupt the Mn4p La5d hybridisation and affect the transition at (4).

By assessing the pre-edge region of the HERFD-XANES spectra it has provided a
greater detailed understanding of changes to the local geometry during the
mechanochemical synthesis of LaMnOs; and the differences compared to the sol-gel
synthesised perovskite.

Mn KB emission. When comparing the XANES of the different Mn oxide reference
materials (Figure 4.3.3), it shows the XANES is strongly influenced by the local geometry
around the absorbing atom and therefore cannot always provide an accurate oxidation state
assessment. Therefore, Mn K13 emission spectroscopy has been performed in order
obtain more reliable information on the Mn charge during the mechanochemical synthesis
of LaMnO:s.
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Figure 4.3.3: Mn KB XES mainlines for Mn reference oxides and sol-gel synthesised LaMnQO3

Figure 4.3.3 shows the Mn KB mainlines, which consists of a strong Mn Kf31 3 peak, at
a higher energy and a Mn K@’ satellite at a lower energy, for the 3p—1s emission of
reference Mn oxides and a sol-gel synthesised LaMnOs. The splitting of these peaks
originates from the strong coupling interaction between the 3p hole and the total spin of the
3d electrons.?132 Any shift in the energy of the Mn KBis peak position results from a
combination of effective nuclear charge (Ze) and spin state. Work by Beckwith et al. showed
that for Mn complexes the Ze and 3d spin effects oppose one another.3® Therefore, any
increase in oxidation state will correspond to a decrease in total spin, shifting the Mn KB 3
peak to a lower energy.?

In assessing the Mn reference materials, it will once again improve the
understanding of oxidation state changes through milling of LaMnOs;. To extract the
accurate peak positions, the Mn KB XES spectra were fitted with three Voigt functions,
which represent the KB13, KBx and KB’ peaks (Figure 4.3.4).1%20 These features within the
Mn KB XES can be explained through the 3p3d exchange interaction model.1%3* On the
creation of a 1s core hole, coupling to the 3d* electrons, gives rise to two intermediate
states; “D and ¢D. Therefore, following dipole selection rules, relaxation of this 1s core hole
occurs from the 3p state, leaving one unpaired electron. This unpaired 3p electron can now
form two possible orientations, relative to the spin of the 3d electrons. This gives rise to two
final states, *F and éF corresponding to KB’ and KB 3, respectively. Furthermore, when a 3d
electron switches orientation in the °P final state a shoulder occurs on the lower energy side
of the KB 3 line, ascribed as the Kfx.

First fitting the Mn oxide reference materials, the Mn KB1,3 peak positions for MnO,
Mn»O3 and M304 species at 6490.26, 6490.66 and 6490.73 eV, respectively (Table 4.3.1.1).
This is in strong agreement with the work by Beckwith et al., as with increasing oxidation
state the KB1 3 peak position shifts towards a lower energy. However, when considering the

reference sol-gel synthesised LaMnO3; sample, an energy of 6490.55 eV is recorded. With

114



{10-
A o \
> —K
_g 08- KB‘],S I'I !
-9:3 KBX ." |
c —Kp'
= 0.61 .
2 - Fit /
A
© 0.4 ]
£
5 /

0.24 /

0.0 4——==a

6460 6470 6480 6490
Photon energy (eV)

C 1-0'—MnO2 /\
g os] T P A
2 01—, N
i< —Kp'
= 0.61 :
1 : - Fit
2
© 0.4+
£
o]
< 0.2

0.0 A=

6460 6470 6480 6490

Photon energy (eV)

6500

6500

= Z
> —KBys |
% 0.81 '
= i
= L
= 0.61 !
3 ~ — -Fit
2
© 0.4
£
)
< 0.2

0.0 - T — .

6460 6470 6480 6490 6500
Photon energy (eV)

D {1.09——LamMno, /\
> ——KB,, |
% 0.8 : !
2 —KB, i
c e {
= 0.61 : ]
> - Fit /
0
© 0.4 |
£ |
o \
< 0.2

0.0+

6460 6470 6480 6490 6500

Photon energy (eV)

Figure 4.3.4: Mn KB mainlines fitted using 3 symmetric Voigt curves (KB13, KB and KBx) for Mn
reference materials (A) Mn3O4 (B) Mn203 (C) MnO2 compared to (D) sol-gel synthesised LaMnO3

both Mn>O3; and LaMnO3 possessing a Mn(lll) oxidation state it is not expected that there is

a difference of £ 0.11 eV. This could indicate that the LaMnO3 sample is partially oxidised,

however, a previous Mn K-edge EXAFS fit to the sol-gel LaMnOs is well modelled with a 6-

fold coordination to oxygen (section 3.3.1). With the variation in the in the Mn K@13 peak

position for the Mn(lll) oxidation state it raises an interesting point. It is a commonly

accepted practice for researchers to determine the oxidation state of materials via the

fingerprint method, i.e. compare the sample in question to a variety of appropriate

references materials which possess different oxidation states. However, it is clear this is not

the case here for the manganite materials, and other factors such as electronic structure,

geometry and ligand type must also be considered, even when measuring the Mn KB13

XES.
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Table 4.3.1.1: Mn K13 peak positions for reference Mn oxides and sol-gel synthesised LaMnOs
compared to ‘time-slices’ throughout the mechanochemical synthesis of LaMnO3z

Compound KB.3 max (eV) | Oxidation state
MnO; 6490.26 4
Mn2Os 6490.66 3
Mn3O4 6490.73 2/3

Sol-gel LaMnO3; 6490.55 3

1 h of milling 6490.57

2 h of milling 6490.53

3 h of milling 6490.54 3.0-33

4 h of milling 6490.56

Subtle changes can be observed within the Mn KB mainlines during the
mechanochemical synthesis of LaMnOs; (Figure 4.3.5). To extract the information within the
XES spectra the same fitting procedures were applied to hourly ‘time-slices’ throughout
milling, as for the Mn reference materials (Figure 4.3.6). By assessing the position of the
fitted Mn KB1,3 peak for the reference Mn oxide materials as a function of oxidation state it
can now allow us to extract oxidation state information. With both the precursor, Mn,O3, and
final material, LaMnOs, possessing a Mn(lll) oxidation state it would be expected that as
milling time increases the Mn K13 peak position decreases from 6490.66 — 6490.55 eV.
The Mn K13 peak positions for 1, 2, 3 and 4 h of milling were recorded at 6490.57, 6490.53,
6490.54 and 6490.56 eV, respectively (Table 4.3.1.1). These positions of the Mn KB 3
emission lines suggests that the milled materials have an average oxidation state higher
than the Mn(lll) oxidation state expected. However, there is an associated error in
determining the positions of deconvoluted peaks. When this is taking into consideration,
alongside the variance Mn(lll) reference materials (Mn.Os and sol-gel LaMnO3), all that can
be reliably confirmed is that the net oxidation state for all milled samples is very similar to

that of the sol-gel prepared LaMnO:s.
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Figure 4.3.5: Mn KB XES mainlines for ‘time-slices’ during the mechanochemical synthesis of
LaMnOs compared to precursor, Mn20s and sol-gel synthesised LaMnO3
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It is also diligent to consider that the sol-gel LaMnOsz may not be a pure Mn(lll)
oxidation state. Whilst the overall bulk analysis of the sol-gel perovskite within Chapter 3
suggested Mn(lll) state from EXAFS modelling, the surface analysis by both XPS and
STEM-EELS indicated the sample to have a mixed valency of Mn(IV)/Mn(lll). However, with
the low surface area to volume ratio detected for all LaMnO3; samples, ~4.2 — 7.8 m? g1, it
would be considered unlikely to be reflected in the bulk oxidation state.

The ambiguity that remains surrounding the oxidation state of materials during the
mechanochemical synthesis of LaMnOs; after performing Mn KB XES shows limitations
within this technique. Without prior knowledge of the intermediates produced during milling
it is difficult to selected appropriate reference materials. Therefore, analysis of Mn K XES
can require the use of complex density function theory (DFT) calculations, not commonly

readily available.35-%7
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Figure 4.3.6: Mn KB mainline fitted using three symmetric Voigt curves (KB13, KB’ and KBx) during
the mechanochemical synthesis of LaMnOs after (A) 1 h (B) 2h (C) 3 hand (D) 4 h
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4312 Milling under inert (argon) conditions

HERFD-XANES. The previous HERFD-XANES analysis of the reference Mn oxides, has
now been used to assess the changes during the evolution of LaMnO3; by mechanochemical
synthesis under an argon atmosphere (Figure 4.3.7), further expanding on findings in
section 3.3.2. The vastly improved spectral resolution that comes on performing HERFD-
XANES at the Mn K-edge compared to conventional XANES can be observed in Figure
4.3.7.

After just 1 h of milling there are already clear differences in the HERFD-XANES
spectrum compared to the Mn,O; starting material. Within the pre-edge region (Figure
4.3.7D) a decrease in the intensity of feature at (2) 6543.0 eV is observed. This indicates
significant alterations to the extended Mn-O-Mn structure. However, it can be assumed
there is no change to the local electronic structure of the Mn sites, with the feature at (1)
6540.8 eV remaining.

A — Mn, 0, _ B | 02 Mn,O, :
1.54—1n ‘
= 9 [ = =
@ | FR . _ =
9 Sol-gel o
i 201
= 2
£ 0.5 g
g g
D0l : : ; 0.0 . . :
6540 6550 6560 6570 6580 6535 6540 6545 6550
Photon energy (eV) Photon energy (eV)
C Df 02 Mn,O,
- 1.54 = ——1h
= = —2h
Ej 5 ——3h
€ E 4h
= 1.0+ =
e} 3
,% 'UE 01 Sol-gel
T T
Eo £
ge° 5
O e . . ; 0.0 oA . ;
6540 6550 6560 6570 6580 6535 6540 6545 6550
Photon energy (eV) Photon energy (eV)

Figure 4.3.7: ‘Time-slices’ during the mechanochemical synthesis of LaMnOs under an inert
(argon) environment at the Mn K-edge measured by (A) conventional XANES with (B) highlighted
pre-edge compared to (C) HERFD-XANES with (D) highlighted pre-edge

118



On increasing milling time from 1 - 2 h only a small reduction in intensity is observed
in the transitions at (1) and (2), with no further change observed from 2 to 4 h of milling.
With the transition at (1) remaining after 4 h of milling it indicates that there are still
similarities consistent with precursor Mn;O; structure. This corresponds with the wt%
calculated by Rietveld refinement of XRD data for the argon milled material, which still
recorded crystalline Mn2Os at 4 h of milling (Figure 3.3.14). However, the low intensity peak
at (3) 6542.3 eV for the argon milled materials indicates comparisons to the extended Mn
environment of the sol-gel synthesised LaMnOs. With the EXAFS fit for the final argon milled
material modelling a Mn-O distance comparable to that of the sol-gel perovskite, the
difference in intensity of the transition at (3) indicates that the argon milled samples have
highly disordered Mn-O-Mn bond angle; resulting from a reduction in 3d-4p non-local
hybridisation.?®30 With the final milled material having both the transition at (1) remaining
but the evolution of the peak at (3), it suggests that an argon milling environment can be
detrimental in producing a perovskite phase. Indicates that while milling under argon the
extended MnO3 structure was able to break down but with no change was observed within
the local structure surrounding the Mn sites.

As with the air milled LaMnOgs, the shoulder at (4) 6547.7 eV is absent for the argon
milled ‘time-slices’, compared to the sol-gel perovskite. This lack of Mn4p La5d hybridisation
can also be reflected in the EXAFS fitting model for the argon milled materials, which
recorded two Mn-La scattering paths at 3.13(1) A and 3.30(1) A (Table 3.3.2.1).2° This
varies dramatically from the crystalline scattering paths for the sol-gel LaMnOs3, suggesting
a disordered Mn-La extended structure.

Mn KB emission. Here the Mn KB mainlines show that after just 1 h of milling a
reduction in the intensity of the Mn K1 3 peak is observed, with no further changes observed
from 1 to 4 h of milling (Figure 4.3.8). Using the fitting analysis observed in Figure 4.3.6, the
Mn KB mainlines have now been assessed for the final argon milled LaMnO3z; material
(Figure 4.3.9). The Mn K13 peak position is recorded at 6490.60 eV, which is consistent of
a Mn(lll) oxidation state being between both Mn.Os, 6490.66 eV, and sol-gel LaMnOs,
6490.55, values.
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Figure 4.3.8: Mn KB XES mainlines for hourly ‘time-slices’ during the mechanochemical synthesise
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Figure 4.3.9: Mn KB mainline fitted using three symmetric Voigt curves (KB13, KB’ and KgBx) for
mechanochemically synthesised LaMnOs in an argon environment after 4 h of milling
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4.3.1.3 Monitoring in situ ball milling via XRD

Previously the approach of ex situ analysis by various characterisation techniques on ‘time-
slices’ during mechanochemical synthesis of LaMnOj3; has provided further insights into the
milling of mixed metal oxides. However, it is considered that for an ideal assessment of a
reaction that in situ monitoring is required.® When stopping the mechanochemical synthesis
for each separate ‘time-slice’ the reaction may not actually be quenched, and further
exposure to external factors, such as air, can result in structural alternations. Analysing
these ‘time-slices’ off-line can limit the information retrieved, as the materials are no longer
under the operating conditions of the mill.1”

Using the modified vibrational MM200 Retsch mill set-up on ID15A beamline
(section 4.2.2), ESRF, France, reported by Halasz et al. at the Ruder Boskovi¢ Institute, in
situ XRD during milling of La,Os; and Mn,Os; was performed.’® The use of this modified
vibrational mill with a PMMA reaction jar has shown great success in monitoring
mechanochemical synthesis of MOF materials.*>1’ However, while performing the milling
experiment with one WC milling media on the single metal oxide precursors it was not
possible to observe the evolution of the perovskite phase LaMnOs, even after 19 h at a
maximum frequency of 36 Hz. Figure 4.3.10 shows the comparison between initial and final
XRD patterns, whereby phase ID reported only La>Os, La(OH)s and Mn,Os diffraction peaks
after 19 h of milling. The small proportion of broadening in the baseline of diffraction peaks
indicates a small proportion of either disordered material or decrease in patrticle size, both
a common consequence of milling. Attempts to assist the mechanochemical action between
the two metal oxides by preheating the starting mixture, increasing the number of WC media
and by ion and liquid assisted grinding (ILAG) with either H.O or NHisNOs; were
unsuccessful.

The use of a vibrational mill and soft PMMA milling jar (required in order to collect
the XRD data) provided a much lower energy to that of the to the ZrO; grinding jars and
planetary ball mill previously used, results in a reduced impact energy transferred to the
powdered materials. This suggests that the collisions between the milling media and jar are
extremely important for the precursor powders to mechanically activate and subsequently
form the new perovskite phase. Therefore, though it was possible to measure milling in situ
it was not suitable comparison to simulate the exact same conditions experience within a
planetary ball mill for mixed metal oxide materials. With commercially available milling
equipment not permitting the direct monitoring of reactions due to its dynamic set-up it can
be extremely challenging to understand the chemical steps involved for a new phase to
evolve. One possible solution can be to attempt mimicking some of the conditions the
powdered materials experienced within the mill. Therefore, the work next details efforts
towards simulating a proportion of impact force by performing systematic high pressure

experiments.
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Figure 4.3.10: XRD patterns at time 0 h and time 19 h after milling La2Os and Mn20s using a PMMA
vibrational mill

4.3.1.4 In situ high pressure EDE experiments

Previous attempts to monitor milling in situ by XRD were unsuccessful in observing the
perovskite phase due to implications of the modified set-up. Therefore, high pressure
energy dispersive EXAFS (EDE) experiments have now been performed on four different
precursor materials; (A) the reference Mn,Os starting material, (B) a homogeneous mixture
of La2O3 and Mn»0Os3, (C) La>,Os and Mn»0O3 after 30 min of high energy planetary ball milling
and (D) subsequently after 1 h of milling. Using a diamond anvil cell (DAC) experiments
were performed to simulate the pressure forces experienced during planetary ball milling.
Performing Mn K-edge EDE allowed for the investigation of extreme pressure effects and
how the presence of La precursors has on the structural and electronic properties around
the Mn local environment. Though high pressures have been applied to already synthesised
mixed metal oxides, there is limited information on using pressure alone to synthesise the
LaMnO; phase.34°

Systematic studies were performed on Mn2O3 and three homogeneous mixtures of
La;Ozand Mn20s3; 0, 0.5 and 1 h ‘time-slices’ after planetary ball milling (Figure 4.3.11). Due
to the complex nature of the experimental set-up, perforated diamond windows were
required to be fitted into the DAC to minimise diamonds absorbance whilst measuring at the
Mn K-edge, ~6539 eV. Initial studies on Mn>O3 were able to reach a maximum pressure of
15 GPa, (with Raman spectroscopy measuring the fluorescence of a ruby contained within
the gasket, alongside the powders) to prevent the initial breaking of the diamond windows
at the early stages of the beamtime. With the latter samples a higher pressure of 30 GPa
was reached. The diamond single crystal reflections visible in the spectra were minimised
by scanning multiple measurements in different orientations and then deglitched following
Hong et al. procedure.?? However, a few glitches remained, limiting the data set size and

overall quality.
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Comparing the EDE spectra for the reference precursor material Mn,Os from 0 — 15
GPa of pressure showed no significant changes (Figure 4.3.11A). This was also reflected
in the spectra for the mixture of Mn,Os; and La,O3 (Figure 4.3.11B). Further attempts to
induce structural changes by using pre-milled samples after 0.5 and 1 h in a planetary ball
mill were also unsuccessful, even up to pressures of 30 GPa (Figure 4.3.11C,D).

This indicates that either higher pressures or a combination of pressure and
temperature are required to mimic the conditions that drive mechanochemical
transformations. It is also diligent to consider the type of pressure applied to the powdered
materials in a planetary ball mill. The opposing circular motion of the central axil and rotating
jars does not only result in compression, experienced in a DAC, but rather the transfer of
mechanical action in the form of sheer and fiction to the materials.** Ultimately, this
information combined with the results from the in situ vibrational mill, confirms that the
mechanochemical synthesis of these metal oxide systems are extremely complicated to

monitor in situ.
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4.3.2 Understanding the catalytic activity of mechanochemically synthesised
LaMnO; towards the decomposition of N,O

In Chapter 3 (section 3.3.4) it was reported how the 4 h argon ball milled LaMnOj; catalyst
showed a greater activity towards N.O decomposition at lower temperatures compared to
the 4 h air milled, and sol-gel synthesised analogues (Figure 4.3.12). Ex situ
characterisation on the fresh catalyst highlighted that, though the ball milled materials show
similarities in their bulk structural properties, variations at the surface of LaMnO3 correlated
to the changes in catalytic activity. Within this section advanced characterisation techniques
have now been applied in order to explore the effect of milling and milling environment on

final the LaMnOQOs structure, alongside its catalytic properties and behaviour.
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Figure 4.3.12: The percentage conversion of N2O — N2 over differently synthesised LaMnOs
catalysts

43.2.1 Ex situ analysis of ball milled LaMnOs catalysts for deN>O

Valence-to-Core (VTC). The information attained from the Mn K13 emission line showed
little to no changes between the different milling atmospheres, air and argon, for the
mechanochemically synthesised catalysts. To probe any further structural differences
between the LaMnOs; materials Mn KB valence-to-core (VTC) spectroscopy has been
performed.

These low intensity features, observed at energies well above the KB mainlines, measures
the decay of an electron from an allowed valence orbital to fill the Mn 1s core hole. VTC
spectra therefore directly reflects the orbitals participating in the chemical bond, producing
information on the chemical environment of the surrounding oxygen ligands on the central
Mn atom.*?> The Mn KB VTC spectra recorded here (Figure 4.3.13) consist of two
characteristic peaks; ascribed as KBzs for the high energy feature and KB” for the lower
energy satellite peak. Here, the KB2s peak results from a transition to the Mn 1s from
molecular orbitals (MO) with largely oxygen p-character, 2p, combined with some Mn p, 4p

or 3p.*3 A consequence of a 3d — 1s quadrupole transition leads to complications when
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quantifying the KB2 s peak intensity. However, the position of the KB, peak is reported in
literature to shift 1 eV per oxidation state.** The lower energy satellite peak KB” is then
assigned to a transition from a MO with predominantly O 2s character, with some Mn p-
contribution, to the Mn 1s core hole.*® The intensity of this feature KB” is linked to the mixing
of Mn p character with O 2s orbitals; the more favourable the overlap the shorter Mn-O bond
length.*> Any changes to the energy position of the KB” is sensitive towards ligand type,
however, here the KB’ transition for all samples is recorded as expected for oxygen
ligands.*344

The VTC spectra of known Mn oxide reference compounds (MnOz, Mn.Os and
Mn304) have first been assessed in order to interpret the ball milled and sol-gel prepared
LaMnOs; perovskite data (Figure 4.3.13A). Assessing the VTC spectrum for MnQOa, it
presents both the highest energy for KB2s, and KB” peaks, at 6535.0 eV and 6519.0 eV,
respectively, along with intensity compared to the other Mn oxide reference compounds
(Table 4.3.2.1). MnO: has the highest oxidation state, at Mn(IV), increasing the the Zes. This
stabilisation of the Mn 1s relative to its p-component, shifts the KB s transition 1.5 eV higher
energy.®*4 The KB’ peak has a greater intensity compared to the other Mn oxide
references, even though there is minimal variation in Mn-O bond lengths. Pollock et. al.
reported how the KB” transition can also be dependent on bond angle for iron dimer
species.*® This indicates that MnO; has a different local geometry to the other Mn oxides,
with its MO possessing a more favourable O 2s and Mn p-character mixing; in agreement
with the pre-edge region in HERFD-XANES (Figure 4.3.1).

Both Mn,Os; and Mn3;04 compounds detect the same the KB2s peak position, at
6533.5 eV, despite having oxidation states, Mn(lll) and Mn(llI)/Mn(ll), respectively. This,
once again, reflects the difficulties in extracting precise information about oxidation state for

these materials, previously observed at the KB1 3 emission line (Figure 4.3.4). The same
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Figure 4.3.13: Mn KB valance-to-core XES lines for (A) different reference Mn oxides and sol-gel
prepared LaMnOs and (B) differently prepared LaMnOs catalysts
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KB” position and intensity are also recorded, strongly indicating that both Mn oxides have
similar oxygen ligand coordination environments. However, relative changes in the intensity
of KB2;5 can be an indication of the proportion of Mn p or O 2p character in the transition.*3
The higher intensity of KB25 for Mn3O4 can reflect the tetrahedrally coordinated Mn(ll) centre
allowing for more p-contribution; also observed in the HERFD-XANES pre-edge region
(Figure 4.3.1).

Table 4.3.2.1: Mn KB VTC XES peak positions for reference Mn oxides and differently synthesised
LaMnOs

Sample KBz2s (eV) | KB (eV)
MnO, 6535.0 6519.0
Mn,O3 6533.5 6517.3
Mn3z04 6533.5 6517.3
Sol-gel

LaMnOs 6533.2 6517.5
Air milled 6534.0 6518.3
Argon milled | 6533.5 6517.5

Using this Mn KB VTC analysis of the reference Mn oxides assessment of the
differently synthesised LaMnOs;, by sol-gel or mechanochemical synthesis, has been
performed (Figure 4.3.13B). Here, the sol-gel LaMnO3 presents the highest intensity peaks
compared to both the ball milled catalysts. The increase in intensity for the KB transition
at 6533.2 eV for the sol-gel catalyst suggests increase Mn p / O 2p character. As all LaMnO3
catalysts have comparable Mn-O bond lengths, previously calculated by EXAFS (Table
3.3.1.2 and Table 3.3.2.1), it can imply that the higher KB” intensity at 6517.2 eV is linked
to a more favourable bond angle. This corresponds to previous HERFD-XANES
assessment, where the sol-gel catalysts showed a more linear Mn-O-Mn bond, due to a
higher intensity feature in the pre-edge region.

For the ball milled materials the VTC spectra indicates similar oxygen ligand local
geometry. Though a small increase in the position of both KB2,5s and KB” peaks is observed,
the limitations within this technique, observed as well for K13 XES, makes it not possible
to explicitly define the oxidation state. By performing Mn KB VTC it further highlights the
difficulties in assessing these complex structures, even with the use of extremely sensitive

advanced characterisation techniques.
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4.3.2.2 In situ N.O decompaosition

To understand how the differently synthesised LaMnOgs catalysts acts under operating
conditions, in situ HERFD-XANES and NAP-XPS have been performed during deN-O to
assess both bulk and surface effects. Monitoring the active site under working conditions
can provide insights into the catalytic process steps, such as reactant adsorption, reaction
and desorption of products. In turn it will further understand the mechanism by which deN2O
occurs over the LaMnOg; catalysts and why the 4 h argon milled has improved activity at
lower temperatures 300 — 500 °C (Figure 4.3.12). Previous ex situ characterisation after
deN:2O, by XRD and XAFS, also showed that the ball milled catalysts formed more regular,
ordered perovskite structures, indicating a calcination process occurred (< 500 °C)
alongside the catalytic reaction (Chapter 3, section 3.3.1).

HERFD-XANES and XES. In situ Mn Ka; XES and HERFD-XANES has been
performed during deN,O to assess any bulk structural changes to the Mn active site.
Performing HERFD-XANES at the maximum of Mn Kai emission line to improve the signal
of the data due to difficulties incurring as a result of the quartz capillary thickness. The Ka
for 3d transition metals is ~8x more intense than the KB1,3 due to strong spin-orbital splitting
of 2p levels (section 2.9.6).4” A Kapton capillary was also used, up to a maximum
temperature of 375 °C, and a with quartz capillary for the 600 °C measurement (see
experimental section 4.3.2.2).

The 4 h air milled catalyst was first monitored at 250, 300, 350 and 375 °C under a
constant flow of He, in the absence of the N;O reactant, to investigate the effect of
temperature on the ball milled structure, Within the HERFD-XANES (Figure 4.3.14A) the
first clear observation is the shift of the raising edge ~1 eV to a lower energy with increasing
temperature, indicative of a reduced Mn environment. This can be further reflected in the
shift of the transition within the pre-edge region at (1) to 6540.8 eV (Figure 4.3.14B), which
is assigned to the Mn(ll) metal centre for Mn3O,4 (Figure 4.3.1).2526 The use of elevated
temperatures on a perovskite in an oxygen deficient environment could be expected to
result in the reduction of the B-sites, as oxygen diffuses out of the lattice in an oxygen
deficient environment.*® Furthermore, the subtle changes observed within the pre-edge
region with raising temperature suggest the ball milled perovskite is undergoing structural
alterations.

Observations at the Mn Ka: XES (Figure 4.3.15A) show the position of the peak
increases by 0.2 eV, further suggesting some reduced Mn nature on increasing
temperature. However, it has been reported that the Ka; line is not a suitable measure for
oxidation state assessment compared to the KB1,5. This results from the Mn Ka 2p — 1s
having lower chemical and valence electron configuration sensitivity to KB1,3 as the 2p has

less interaction with valence orbitals compared to 3p.#’
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Figure 4.3.14: Mn K-edge HERFD-XANES spectra for 4 h air milled LaMnOs during (A) heating
under He gas with corresponding (B) highlighted pre-edge region compared to (C) deN20 with (D)
highlighted pre-edge region

In situ deN2O was then performed over the 4 h air milled catalyst, with measurements
performed at the same temperature increments. Within the HERFD-XANES (Figure 4.3.14)
a shift in the raising edge of ~1eV to a lower energy is observed with increasing the
temperature to 375 °C. Once again, the pre-edge region records some Mn(ll) character with
a shift from 6541.1 eV to 6540.8 eV for the transition at (1), at a lower intensity to the He
environment. With comparable spectra observed under a purely He gas flow it can indicate
changes in spectra observed under reaction conditions is solely a temperature effect.
However, if the Mn site is being reduced under operating conditions, the diffusion of oxygen
from the lattice to the surface can aid N.,O decomposition in a Mars-van Krevelen type
mechanism.*®* The Mn Ka; XES (Figure 4.3.15B) shows an increase from 5899.0 to 5899.2
eV from 250 — 300 °C.

The sol-gel synthesised LaMnOs catalyst was next monitored by HERFD-XANES
during deN2O (Figure 4.3.16A, B). Though this sample presented more crystalline ordered
perovskite structure compared to the 4 h air milled catalyst, they both followed similar
catalytic activity for deN,O (Figure 4.3.12). During the preparation of this sol-gel catalyst a

final calcination temperature of 700 °C was used, and therefore the final material is expected
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Figure 4.3.15: Mn Kai XES spectra for 4 h air milled LaMnOs during (A) heating under He gas
compared to during (B) deN20O

to experience stability when exposed to the deN-O reaction temperatures of up to 375 °C.
However, clear alterations are observed within the HERFD-XANES spectra (Figure 4.3.16A,
B), that therefore must be induced by the catalytic reaction.

With an increase in reaction temperature from 250 — 375 °C, the main edge is
observed to shift to a lower energy, coupled with the peak at (1) 6540.8 eV now detected
within the pre-edge region. The feature at (1) has previously not been observed for the RT
sample. The most noticeable difference on increasing temperature is observed at the 6548
eV shoulder. This transition is assigned to hybridisation of Mn 4p and La 5p orbitals, which
indicates structural alterations to the extended Mn/La structure whist under deN»O operating
conditions. Mn Ka; XES remains at a constant energy position, with an increase in intensity,
at 5899.0 eV (Figure 4.3.17A).

Finally, on monitoring the HERFD-XANES spectra for the 4 h argon milled catalyst
(Figure 4.3.16C, D) during in situ deN;O the position of the main edge remains the least
altered, compared to the previous two LaMnOs catalysts, on raising temperatures. However,
it has previously been noted that the main edge of the argon milled catalyst at RT already
began slightly to the left of the other LaMnO3; materials (section 3.3.2). This is also reflected
in the pre-edge region, where the feature at (1) was already at 6540.8 eV prior to the
reaction, and therefore remains in the same position. However, with the raise in temperature
an increase in the intensity of the transition at (1) 6540.8 eV is observed. Consistent Mn
Ka, spectra is measured throughout the experiment, with the maximum peak intensity
remaining at 5899.0 eV (Figure 4.3.17B).

Figure 4.3.18 is an example of attempts to monitor deN>O on the 4 h argon LaMnOs
catalyst at higher temperature points, at 450°C and 600°C, with a quartz capillary. Even
after using prolonged acquisition times, at 25 min spectrum-t, and collecting a total of four
scans, the averaged spectra produced a high signal-to-noise ratio making it challenging to

assess any significant outcomes (section 4.3.2.2).
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Figure 4.3.16: Mn K-edge HERFD-XANES spectra during deN20 for (A) sol-gel synthesised
LaMnOswith (B) highlighted pre-edge region and (C) 4 h argon milled LaMnOs with corresponding
(D) highlighted pre-edge region compared

Assessing the performance of the differently synthesised LaMnOg catalysts during
deN2O by in situ HERFD-XANES showed similarities in the shift of the main edge position
along with transition (1) within the pre-edge region. This could be an indication of the
importance of some Mn(ll) character as an intermediate species during deN-O. To assess
whether these differences observed in the HERFD-XANES spectra are only induced under
operating conditions ex situ HERFD-XANES has been performed on catalysts post deN-O.
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Figure 4.3.17: Mn Ka1 XES spectra during the deN:O for (A) sol-gel synthesised LaMnOs and (B)
4 h argon milled LaMnOs
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Figure 4.3.18: Mn K-edge HERFD-XANES spectra during deNzO for (A) 4 h argon milled LaMnOs
(B) highlighted pre-edge region for spectra recorded with a quartz capillary at 450°C and 600°C,
compared to RT and 375°C spectra

Post deN;O ex situ HERFD and XES. Performing off-line ex situ HERFD-XANES
will allow to determine whether (1) the spectra observed in Figure 4.3.14 and Figure 4.3.16
is only visible under reaction conditions or (2) if deN»O at elevated temperatures results in
non-reversible structural alterations on the LaMnOs; catalysts. The HERFD-XANES
measurements where performed using the energy position of the Mn K13 maxima for the
LaMnOs catalysts after deN,O temperature points at 375 °C and 600 °C and compared to a
fresh catalyst and an analogous calcined catalyst in air at 600 “C.

Previous XRD studies (Figure 3.3.31) detected a higher level of crystallinity for the
ball milled materials formed after deN.O catalytic testing at 800 ‘C. Here the HERFD-
XANES spectra (Figure 4.3.19) after performing deN»O at 375 °C for all catalysts follow
similar spectral profile to their analogous fresh sample. This corresponds to the deN,O light-
off curve (Figure 4.3.12) where the change in activity is not observed until after 500°C for
the ball milled samples. The spectra recorded at 600°C are therefore comparable to the
crystalline sol-gel sample. However, compared to the calcined in air, i.e. no deN2O
performed, the used catalysts show a decrease in the intensity at (2) indicating a less linear
Mn-O-Mn geometric coordination.

Comparisons between the in situ and ex situ 375°C spectra for all LaMnO3 catalysts
show increase in the transition at (1) exists only during deN-O and therefore can be a direct
result of an intermediate species formed under working conditions. This indicates that the
overall bulk LaMnQOs structure incurs a geometric arrangement, with some character similar
to that of Mn(ll) species. This could further imply a reduced Mn environment, however, due
to the complex nature of determining oxidation states already assessed is it extremely
challenging to deduce this. It is important to understand only a small proportion of deN,O is
occurring at 375°C, with more catalytic testing at evaluated temperatures required to

cohesive insights into the reaction mechanism for deN,O over these LaMnOs catalysts.
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Ex situ Mn K13 spectra (Figure 4.3.20) show decreased in intensity but no change
in the position of Mn KBz for all the samples after heating in air and under a NO
environment. This suggests no clear oxidation state changes have incurred on deN>O and

by calcining the samples in air.
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Figure 4.3.19: Ex situ Mn K-edge HERFD-XANES spectra for (A) 4 h air milled LaMnOs with (B)
highlighted pre-edge region, (C) sol-gel synthesised LaMnOs with (D) highlighted pre-edge region
compared to (E) argon milled LaMnOs with (F) highlighted pre-edge region after temperature
points 375°C and 600°C, compared to the fresh catalyst and to the analogous calcined sample
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Figure 4.3.20: Ex situ Mn KB13 XES spectra for (A) 4 h air milled LaMnO3 (B) sol-gel synthesised
LaMnOs compared to (C) argon milled LaMnOs after temperature points 375°C and 600°C, compared
to the fresh catalyst and to the analogous calcined sample

NAP-XPS. With both HERFD-XANES and XES showing similarities during deN»O for
all LaMnQg, it indicates that the improved activity of the argon milled LaMnO3; cannot be
explained by analysis of the bulk structures alone. In Chapter 3 it was possible to link
improved catalytic activity towards deN;O to the surface properties of the LaMnOs catalysts.
Previous lab based XPS (section 3.3.3) was performed under vacuum with a fixed incident
beam. This ex situ analysis of the surface of the catalysts often presents vastly different
properties compared to that under reaction conditions.*® However, by performing in situ
deN;O to assess the surface properties and stability of the LaMnOs; catalysts it can provide
new insights into N,O adsorption, dissociation and desorption of O,. Furthermore,
controlling the incident energy allows for the same specific penetration depth of the surface
for each XPS region.%! In this section, NAP-XPS has been performed under working
conditions during deN2O with spectra recorded at the La3d, Mn2p, and O1s regions at 834.5
— 855 eV, 641 — 655 eV and 529 — 532 eV binding energies, respectively, for the differently
synthesised perovskite catalysts. To achieve a comparison depth profile the Mn 3s region
was performed with a greater incident energy. With the argon milled LaMnO3; catalyst
showing promising activity at lower temperatures (Figure 4.3.12) the surface properties
during in situ deN2O have been detailed and compared to the other LaMnQOg; catalysts.

Initially, the Mn XPS regions (Mn 2p and Mn 3s) have been assessed for the argon
milled LaMnO3 with scans performed at RT under a N>.O atmosphere and after heating at
400°C and 600°C (Figure 4.3.21). Within the Mn 2p region two main peaks are observed at
~641.5 eV and ~653 eV, originating from spin-orbit coupling, assigned as Mn2ps, and
Mn2p1. respectively.? These peak positions provide an indication of the Mn oxidation state
at the perovskite surface. Due to the broad and asymmetric nature of the peaks,
deconvolution of both Mn2ps, and Mn2p1/2 peaks by curve fitting resulted in a total of four
peaks for the region, suggesting a mixed valency.%? The deconvoluted peak positions at RT
in N2O for Mn2ps2 were recorded at 641.5 eV and 643.2 eV and for Mn2pi; at 653.3 eV and
655.6 eV represent Mn(lll) and Mn(1V), respectively (Table 4.3.2.2).53-5 On subsequent
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Figure 4.3.21: NAP-XPS performed on the argon milled catalyst at the Mn2p region at (A) RT under a N20O
atmosphere and then heated to (B) 400°C and (C) 600°C

heating to 400°C and 600°C the peak positions are observed to remain +0.2 eV within each
other. Assessment of the deconvoluted peaks areas for the Mn2ps; region can give an
indication of the relative abundance of Mn(lll) and Mn(lV) contributions (Table 4.3.2.2).56
Calculating a ratio of the areas for each measurement results in consistent 1: 1.3 £0.1 ratio
of Mn(1V):Mn(lll) during in situ deNO for the argon milled catalyst.

Comparison of the argon milled catalyst to the air milled and sol-gel prepared
LaMnOs show that there are distinct variations of the initial Mn(IV)/Mn(lll) peak positions
and area contributions (Figure 4.3.22 and Figure 4.3.23) (Table 4.3.2.3 and Table 4.3.2.4).
However, on heating to 400°C and 600°C during deN,O the Mn(IV)/Mn(lll) ratios for all
catalysts remain within £0.2 of one another, with similar deconvoluted peak positions
recorded. This is indicative of surface reactions occurring during catalysis that change the
net oxidation state.
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Table 4.3.2.2: NAP-XPS deconvoluted peak positions and areas during in situ deN2O of the argon
milled catalyst at Mn 2p, Mn 3s, La 3d and O 1s regions

Argon milled LaMnO3 RT vacuum | RT in N2O 400°C in N2O | 600°C in N2O
Peak 1 - 641.5, 46205 | 641.3, 52777 | 641.1, 63001
Peak 2 - 643.2, 39338 | 643.3, 40166 | 643.3, 44761
Peak 3 - 653.3, 26307 | 653.0, 24094 | 652.6, 20800
Mn 2p
Peak 4 - 655.6, 23371 | 655.1, 18093 | 654.3, 22707
Spin coupling - 11.8 11.7 11.5
Ratio Mn(IV):Mn(lll) | - 1.1 1.3 1.4
Peak 1 83.12 83.18 83.55 83.36
Peak 2 88.18 88.26 88.83 88.72
Mn 3s
Satellite - - 93.38 92.01
Splitting 5.1 5.1 5.3 5.4
Peak 1 834.19 834.52 833.9 834.0
Peak 2 838.13 838.32 838.2 838.5
Peak 3 836.46 836.79 836.0 836.2
La 3d Peak 4 850.95 851.29 850.8 850.9
Peak 5 854.91 855.26 855.1 855.3
Peak 6 853.09 853.68 852.9 853.1
La 3ds2 splitting 3.9 3.8 4.3 4.4
Spin coupling 16.8 16.8 16.9 16.8
Peak 1 529.3, 4867 529.3, 26741 | 529.3, 46686 | 529.7, 37254
Peak 2 531.3,6909 | 531.1,51708 | 531.5, 44746 | 530.9, 28693
O1s
Peak 3 533.4,1940 | 533.0,16494 | 534.0,1472 | 532.2,6739
Peak 4 - 534.6, 6911 - -
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Figure 4.3.22: NAP-XPS performed on the air milled catalyst at the Mn 2p region at (A) RT in
vacuum, (B) at RT under a N2O atmosphere and then heated to (C) 400°C and (D) 600°C
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Figure 4.3.23: NAP-XPS performed on the sol-gel synthesised catalyst at the Mn 2p region at (A)
RT in vacuum, (B) at RT under a N2O atmosphere and then heated to (C) 400°C and (D) 600°C
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Table 4.3.2.3: NAP-XPS deconvoluted peak positions and areas during in situ deN20 of the air
milled catalyst at Mn 2p, Mn 3s, La 3d and O 1s regions

Air milled LaMnO3 RT vacuum | RT in N2O 400°C in N2O | 600°C in N2O
Peak 1 641.6, 37671 | 641.8,50225 | 641.3, 71126 | 641.5, 86067
Peak 2 643.7, 27363 | 644.3, 19745 | 643.2, 58775 | 653.5, 67777
Peak 3 653.2, 16135 | 653.6, 26975 | 652.9, 32281 | 653.2, 34134
Mn2p
Peak 4 655.2, 10737 | 656.3,2412 | 655.0, 35168 | 654.8, 36277
Spin coupling 11.7 11.9 11.7 11.8
Ratio Mn(lll):Mn(lV) | 1.4 25 1.2 1.3
Peak 1 83.6 83.7 83.3 83.0
Peak 2 88.6 88.7 88.6 88.3
Mn3s
Satellite 92.0 91.9 92.3 92.3
Splitting 5.0 5.1 5.3 5.3
Peak 1 834.0 834.1 834.95 834.6
Peak 2 838.2 838.1 839.44 839.22
Peak 3 850.9 836.4 837.23 837.05
La3d Peak 4 855.0 851.0 851.8 851.5
Peak 5 853.0 855.0 856.29 855.97
Peak 6 836.2 853.4 854.21 853.91
La 3ds/2 splitting 4.1 4.0 45 4.6
Spin coupling 16.8 16.9 16.8 16.9
Peak 1 529.2, 15913 | 529.2, 22031 | 529.4, 46689 | 530.2, 34509
Peak 2 531.1, 20980 | 531.0, 32303 | 531.4, 34064 | 531.3, 37535
O1ls
Peak 3 533.3, 1540 533.1, 4718 533.9, 1349 533.4, 1516
Peak 4 - - - -
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Table 4.3.2.4: NAP-XPS deconvoluted peak positions and areas during in situ deN20 of the sol-gel
synthesised catalyst at Mn 2p, Mn 3s, La 3d and O 1s regions

Sol-gel synthesised LaMnO3 RT vacuum | RT in N20O 400°C in N2O | 600°C in N2O
Peak 1 641.6, 42127 | 641.4, 15869 | 641.3, 54139 o413,
113016
Peak 2 643.7, 14016 | 643.5, 15941 | 643.5, 40711 | 643.6, 67138
Mn2p Peak 3 653.3, 19832 | 653.4, 7762 653.1, 22587 | 653.0, 46964
Peak 4 655.2, 6549 655.5, 3353 654.9, 17644 | 655.2, 35191
Spin coupling 11.7 12.0 11.7 11.8
Ratio Mn(lll):Mn(IV) | 3.0 1.0 1.3 1.7
Peak 1 - 83.33 83.08 83.11
Peak 2 - 88.47 88.42 88.57
Mn3s
Satellite - - - -
Splitting - 5.1 5.3 5.5
Peak 1 833.94 833.89 833.87 834.1
Peak 2 838.1 838.08 838.19 838.44
Peak 3 836.14 836.05 835.68 835.94
La3d Peak 4 850.77 850.68 850.73 850.95
Peak 5 854.96 854.8 855.06 855.27
Peak 6 852.97 852.73 852.6 852.79
La 3ds2 splitting 4.2 4.2 4.3 4.3
Spin coupling 16.8 16.8 16.9 16.9
Peak 1 529.2, 10246 | 529.2, 6013 529.4, 30261 | 529.7, 66906
Peak 2 531.0, 12478 | 531.3, 7440 531.3, 23633 | 531.2, 52792
O1ls
Peak 3 533.9, 1454 533.1, 2975 533.6, 3188 533.7, 1942
Peak 4 - - - -
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The Mn 3s region provides complementary information, recorded at an increased
kinetic energy of ~770 eV, for enhanced depth profiling. The splitting of the Mn 3s peak
(Figure 4.3.24) at ~83.5 and ~88.5 eV (Table 4.3.2.2) is a final state effect due to the parallel
and anti-parallel coupling between the spins of the remaining 3s electron and the 3d
electrons.>” On increasing oxidation state, i.e. a decrease of d electrons, the separation
between these two peaks is known to decrease.® For the argon milled catalyst a Mn 3s
peak splitting value of 5.1 eV is observed at RT in vacuum. This suggests a mixed
Mn(IV)/Mn(lll) valency, with literature reporting a peak splitting of 5.4 eV for Mn,O3 and 4.4
eV for Mn0O,.5*%% No change is observed for the Mn 3s peak splitting on the exposure to
N-O gas. However, on increasing temperature, this splitting increases to 5.4 eV, which is
indicative of the Mn(lll) oxidation state.>® This increased depth-profiling observes the
diffusion of sub-surface oxygen towards the exterior of the particle, which is responsible for
the observed change in oxidation state.*®5 Once this oxygen is closer to the surface it can
then participate and aid with deN,0.5%61 With the mixed Mn(lll) and Mn(IV) valences still
observed at 600°C at a lower depth penetration in the Mn 2p region it suggests this is a
highly surface sensitive reaction.
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Figure 4.3.24: NAP-XPS performed on the argon milled catalyst at the Mn 3s region at (A) RT in
vacuum, (B) at RT under a N2O atmosphere and then heated to (C) 400°C and (D) 600°C
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This surface sensitive approach has allowed for the detection of Mn(IV) species,

previously not possible by bulk analysis of Mn K-edge HERFD-XANES. The presence of

surface Mn(lV) is not expected the be reflected in the global average Mn oxidation state as

a result of the low surface area, 4.2 — 7.8 m? g* of these perovskite catalysts.

This behaviour, of the Mn 3s splitting energy increasing as a result of elevated

temperatures was also found for the other LaMnOs catalysts (Table 4.3.2.3 and Table
4.3.2.4) (Figure 4.3.25 and Figure 4.3.26). Understanding the Mn 2p and Mn 3s XPS regions

highlights that, though the differently synthesised LaMnO3; catalysts have varying surface

properties, under working conditions there are similarities in how the Mn environment acts
during deN2O.
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Figure 4.3.25: NAP-XPS performed on the air milled catalyst at the Mn 3s region at (A) RT in vacuum,
at (B) RT under a N20O atmosphere and then heated to (C) 400°C and (D) 600°C
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Figure 4.3.26: NAP-XPS performed on the sol-gel LaMnOs catalyst at the Mn 3s region at (A) RT
under a N20O atmosphere and then heated to (B) 400°C and (C) 600°C

The La 3d XPS region (Figure 4.3.27) shows the typical doublet splitting, with the

lower energy doublet assigned to La 3ds, and the higher, La 3ds2.52 The peak splitting of

the La 3ds. doublet has been used to understand the nature of the La species.®® The

asymmetric nature of the peaks within the La 3d region required three peaks to deconvolute

each doublet.®*%5 For the argon milled catalyst, all the values of La 3ds/, peak splitting during

deNO are typical of La(lll) compounds, which is further confirmed by the spin-orbit coupling

values of 16.8 - 16.9 eV for all species (Table 4.3.2.2).%¢ Initially, at RT under vacuum, the
La3ds, peak splitting of 3.9 eV is indicative of La(OH)s (Table 4.3.2.2). This is further

confirmed by the presence of La(OH)s diffraction peaks in Figure 3.3.14. Increasing the
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Figure 4.3.27: La 3d region for the argon milled catalyst at (A) RT in vacuum, (B) RT under a N20O
atmosphere and then heated to (C) 400°C and (D) 600°C
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temperature during deNO results in an increase in the peak splitting value, indicative of the
formation of an oxide species at the surface.®’

Both the air milled and sol-gel LaMnQOs start with a higher La 3ds, splitting value of
4.1 eV and 4.2 eV respectively, compared to that of the argon milled catalyst; indicating a
more oxide surface initially (Table 4.3.2.3 and Table 4.3.2.4) (Figure 4.3.28 and Figure
4.3.29).%8 The ball milled samples record a decrease in the La 3d splitting on exposure to

N2O (~ 0.1 eV). This could be indicative that the adsorbed N0 is interacting with surface

La species.
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Figure 4.3.28: La 3d region for the air milled catalyst at (A) RT in vacuum, (B) RT under a N20O
atmosphere and then heated to (C) 400°C and (D) 600°C
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Figure 4.3.29: La 3d region for the sol-gel synthesised catalyst at (A) RT in vacuum, (B) RT
under a N20O atmosphere and then heated to (C) 400°C and (D) 600°C

Figure 4.3.30 shows the deconvoluted fitted peaks for the O 1s region in argon milled
LaMnOs at RT under vacuum, on exposure to N-O and then at subsequent heating to 400
°C and 600°C. On deconvolution of the O 1s region three oxygen species can be identified
(Table 4.3.2.2). In Table 4.3.2.2 and Figure 4.3.30, peak 1 is assigned to lattice-type oxygens
(O2?), peak 2 to adsorbed species such as O,, O or OH" and peak 3 and 4 is associated
with adsorbed adventitious carbon or molecular water.>6:66.69

By monitoring in situ deN>O by NAP-XPS clear changes can be observed within the
O 1s region for the argon milled catalyst, which have not been previously reported. Whilst
remaining at RT, on the introduction of N-O an increase in the proportion of adsorbed
species can be observed, along with the presence of a higher binding energy peak at 534.6
eV (Figure 4.3.30B). This indicative that N.O has adsorbed on the surface at RT, in
agreement with additional adsorbed species observed within the La 3d XPS data. A change
in the area of peak 1, arising due to lattice-type oxygens, is observed on exposure to N2O.
This could indicate a possible rearrangement of the surface structure due to N-O interaction.
On increasing the temperature to 400 °C the surface adsorbed species decrease (Figure
4.3.30C). Further increase of the temperature to 600°C (Figure 4.3.30D) shows a significant
change in the peak shape, along with a 0.5 eV energy increase in the binding energy of
peak 1. Here, the change in relative oxygen species abundance and peak positions could

relate to either the hydrothermal removal of adsorbed oxygen species from the surface, as
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Figure 4.3.30: O 1s region for the argon milled catalyst at (A) RT in vacuum, (B) RT under a N2O
atmosphere and then heated to (C) 400°C and (D) 600°C

seen in the La 3d region (Table 4.3.2.2), or changes due to the Mn enivronment.’%’* The
Mn 2p and Mn 3s XPS data confirm that under these conditions the surface Mn species are
relatively unchanged, whilst at greater depths oxygen is transferred towards the surface.
Considering, that the O 1s data is acquired at the same depth penetration as the Mn 2p, it
infers that the changes observed are correlated to changes in La speciation.

Both the air milled and sol-gel prepared LaMnOs also recorded a higher proportion of
adsorbed species at the surface on exposure to N>O (Table 4.3.2.3 and Table 4.3.2.4)
(Figure 4.3.31 and Figure 4.3.32). Significantly, the air milled and sol-gel catalysts do not
have peak 4, fitted at 534.6 eV for the argon milled LaMnO3, present within the O 1s region.
This suggests the increase in adsorbed N>O species at the surface for the argon milled
LaMnOs aids the deN,O mechanism at lower temperatures, increasing the catalytic activity
(Figure 4.3.12).6961 Furthermore, the air milled catalyst also suggests a rearrangement in
surface structure due to exposure of N2O, as a reduction in peak 1, corresponding to lattice-

type oxygen, is observed.
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The deN;O catalytic testing observed an abrupt change to the light off profiles for
the ball milled prepared samples that have been assigned to a phase transformation (Figure
4.3.12). This behaviour mirrors what is found in the O 1s XPS data; between 400°C and
600°C there are significant changes within the O 1s profile for the balled milled samples.
Conversely, the sol-gel prepared LaMnO3; shows a similar peak profile within the O 1s region
at both 400°C and 600°C, suggesting a relatively stable oxygen environment.

Although the role of Mn towards the catalytic activity is clearly important, in this work
the Mn 2p region shows minimal changes during deN.O.%® However, there are significant
changes, within the La 3d and O 1s regions that have provided additional value in
understanding the catalytic activity of these LaMnO3; systems. Furthermore, variations
within the in situ deN>O NAP-XPS regions compared to the ex situ XPS reported in section
3.3.3 show the importance in tuning the incident beam in order to achieve equivalent data

for each XPS region at the same penetration depth.
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Figure 4.3.31: O 1s region for the air milled catalyst at (A) RT in vacuum, (B) RT under a N20
atmosphere and then heated to (C) 400°C and (D) 600°C
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a N20 atmosphere and then heated to (C) 400°C and (D) 600°C
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4.4 Conclusions

This work successfully provided in-depth understanding into the electronic and geometric
changes during the mechanochemical synthesis of LaMnO3 under either air of argon milling
atmospheres. By performing ex situ HERFD-XANES measurements on ‘time-slices’ during
milling in air, Mn,O3 precursor features were successfully identified to decrease in the pre-
edge region along with the evolution of peaks assigned to LaMnOs. Similarities in the
HERFD-XANES spectra were observed for the ‘time-slices’ under an argon environment,
however, the final material still possessed some Mn.Os; character, in agreement with
previous XRD studies. Significant alterations are observed within the ball milled perovskites
which indicate disruption to the Mn-La coordination, specifically to the lack of Mn4p La5d
hybridisation, in comparison to the sol-gel prepared LaMnQOs;. XES performed at the Mn
KB1,3 emission line suggest a ‘bulk’ Mn(lIl) oxidation state throughout the mechanochemical
synthesis for both milling atmospheres.

Efforts to perform in situ milling and to replicate the conditions experienced during
milling by in situ high pressure experiments on La>,O3s and Mn,O3 precursors were unable to
induce any structural changes. This confirms that the mechanochemical synthesis of these
metal oxide systems require high mechanical energies and is therefore extremely
complicated to monitor in situ.

Though the argon milling environment decreased the proportion of crystalline
LaMnOs; after 4 h of milling it showed improved performance at lower temperatures
compared to the air milled and sol-gel LaMnOs. On monitoring in situ deN,O by HERFD-
XANES it was possible to deduce a specific catalytic intermediate which had similarities to
the Mn(ll) centre of Mn3zO4. However, the bulk structural analysis of the all the LaMnOs;
catalysts reporting similar structures, indicating that the catalytic activity of deN-O is strongly
correlated to the proportion of oxygen vacancies recorded at the surface from ex situ XPS.

By performing in situ NAP-XPS deN>O we were able to further this understanding of
this improved catalytic activity whilst studying the different LaMnO3 catalysts under working
conditions. Within the O 1s region the argon milled catalyst showed a higher proportion of
adsorbed species on exposure to N2O at RT, indicating an increase interaction with this
species. It also highlighted that all catalysts remained with a mixed Mn(ll1)/Mn(1V) valency,
even at elevated temperatures of 600°C whilst working under catalytic conditions.

This work, however, also demonstrates that even after the use of a large array of
further advanced characterisation techniques (HERFD-XANES, XES and NAP-XPS) and
modified equipment set-up (in situ milling and high pressure DAC) a proportion of ambiguity
remains in understanding the structures of the ball milled material. Though these techniques
have been successful within literature for more defined, crystalline materials, there is still a
considerable amount of research required into understanding unknown complex and

challenging structures, such as these produced by mechanochemistry.
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Chapter 5

Understanding the effect of different A-sites on the
mechanochemical synthesis of manganite
perovskites, AMNnOg3

51 Introduction

Throughout this project an in-depth understanding of mechanochemistry has been explored
as an alternative, novel preparation route for a LaMnOs catalyst. Previously, we have
reported the advantages of performing advanced characterisation techniques such as X-
ray absorption spectroscopy (XAS) on ex situ ‘time-slices’ throughout the mechanochemical
synthesis, which allows for the analysis of both the amorphous and crystalline content; it
does not rely on periodic ordering and, therefore, ideally suited to materials produced via
ball milling.! XAS was able to highlight the ease at which La,Os is able to disperse over
Mn2Os, with noticeable changes visible in the La L; edge EXAFS data at the early stages of
milling, previously not possible by lab-based X-ray diffraction (XRD). However, can we now
start to apply this in-depth understanding of the LaMnO3; mechanochemical synthesis to the
preparation of different A-site manganite perovskites? By fully understanding the synthetic
route, we can, in turn, begin to have a greater control over properties of the final milled
materials.

In this chapter different A-site precursor oxides, Er.O3 and Y203, have been selected
to understand and follow their mechanochemical synthesis to ErMnO3; or YMnOs. These
manganite materials are well documented throughout the field of solid-state physics, where
they are of great interest due to their ferroelectric and magnetic behaviour.? Both these
perovskites can exist as two different polymorphs, hexagonal (h) and orthorhombic (o), with
their formation highly dependent on the synthetic route chosen. Here, the hexagonal phase
can be ascribed as layers of MnOs trigonal bipyramids, with the A cation positioned in
between, coordinated to 7 oxygens (Figure 5.1.1A). Whereas, the orthorhombic structure
consists of distorted MnOgs octahedra’s, 8-fold A ion coordination (Figure 5.1.1B).23
Considering only the Er and Y ionic radii for calculating the Goldschmidt tolerance factor

(discussed in section 1.3, Equation 1.3.1) to deduce the most stable geometry is insufficient
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Figure 5.1.1: Diagram to depicting (A) hexagonal and (B) orthorhombic structures for AMnOs
species, where green is the large A cation, red is Mn and green is oxygen

as a result of their comparable ionic radii, at 0.089 nm and 0.090 nm, respectively.* Yet,
commonly it is the h-AMnO3 phase that forms on crystallisation, with instability of the o-
AMNO; structure suggested to originate from Jahn-Teller distortion of the Mn(lll) ion, thus
lowering the tolerance factor.®

Traditionally, single metal oxide precursors can be used to synthesise perovskites via
the ceramic method, by annealing at elevated temperatures, 1100 — 1400 °C, for extended
periods of time to form the AMnO3 phase.®’ A sol-gel Pechini or citric acid synthetic route
can be used for the preparation of these manganite perovskites from single metal nitrates,
however, it requires a final high temperature calcination step (>850°C), determined by the
choice of A-site oxide.®>#"" Though lowering the overall temperature, this wet chemistry
approach still requires the use of solvents, waste treatment, with multiple process
culminating in an overall high energy input.

Recently, ErMnO3 and YMnO3; have been known to form via mechanochemistry from
their respective single metal oxides precursors at room temperature. This alternative
synthetic route has been found to synthesise the metastable 0o-AMnQO3; species at ambient
conditions without the use of elevated pressures.>'?'3 This literature, however, reports
varying milling conditions in order to produce both ErMnO3; and YMnO3 perovskite phases,
as well as for LaMnQ3.'4"5 |t is generally considered that mechanochemical reactions are
significantly different to thermal transformations, which is further confirmed by the formation
of a different final geometric phase. However, with milling causing localised pressure and
thermal conditions resulting from high impact collisions, temperature cannot be fully
ignored.'® Do the annealing temperatures of different perovskite materials translate directly
to the mechanochemical synthesis?

In this work, once again, XAS has been utilised to provide a more in-depth

understanding of these perovskite systems, alongside XRD, TEM and XPS studies. By
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exploring the mechanochemical synthesis of different A-site manganite perovskites this
work aims to further this area of mechanochemical synthesis catalysts and to expand the
knowledge of the chemical steps involved in the process. In doing so, we hope to
understand more of than just the unique chemistry associated with each precursor but to
begin to build a genialised idea of the mechanochemical synthesised of manganite

perovskites.
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5.2 Material and methods

5.2.1 AMNO3; Sample Preparation

The mechanochemical synthesis of both ErMnOs; and YMnOs; mixed metal oxides was
conducted using manganese (lll) oxide (Alfa Aesar, 98.0 %) with either erbium (Ill) oxide
(Alfa Aesar 99.9%) or yttrium (lll) oxide (Strem UK 99.99%) precursors. These samples
were prepared using a Retsch 2—station Planetary Ball Mill, PM200 with 125 mL ZrO;
grinding jars, at the Research complex, Harwell, UK. Measurements of Mn,O3 (2.10 g) and
Er,03 (2.94 g) starting materials were used in order to synthesise stoichiometric ErMnO3 (5
g), with Mn203 (1.49 g) and Y203 (3.54 g) calculated for YMnOs (5 g). Experiments were
either run with 5 mm or 10 mm yttria-stabilised zirconia (YTZ®) milling media, with the media
weight ratio to the total precursor powder kept constant at of 10:1. The mill was operated at
room temperature at 400 rpm for 6 hours. Note, that a separate jar was milled for each
‘time-slice’.

ErMnO; and YMnOs were also prepared by the sol-gel Pechini method, comparatively
to LaMnOs sol-gel synthesis (section 3.2.1).%7 Stoichiometric ratios of manganese (ll) nitrate
tetrahydrate (Alfa Aesar, 98 %) and either Erbium (lll) nitrate hydrate (Strem UK, 99.9 %)
or Yttrium (lll) nitrate hexahydrate (Strem UK, 99.9 %) were used to form a gel. This material
was then dried at 200 °C for 1 hour and further calcined at 700 °C for 4 hours with a ramp
of 0.5 °C mint. The subsequent powders were then heated at 800 ‘C, 900 °C or 1000 ‘'C

for 20 h to provide temperature studies for the formation of crystalline AMnOs phases.

5.2.2 Characterisation

Ex situ X-ray diffraction (XRD) patterns were collected as discussed in section 3.2.2.

For in situ heating experiments monitored by XRD, the diffraction data was collected
using a Bruker D8 advanced with the sample contained within an Anton
Paar XRK900 reaction chamber, at Johnson Matthey, Sonning Common, UK. Under an
atmosphere of 20% O- in N2 heat treatment was performed from 30 — 870 "C, with data
collected every 20 °C. Phase identification was performed using Bruker DIFFRA.EVA V4.2
on the initial observation of crystalline material and on the final diffraction pattern. Peak
fitting and refinement of appropriate .cifs to the data was performed using the Reitveld
method on Bruker DIFFRA.TOPAS V4.2.

The specific surface area analysis, determined by the Brunauer-Emmett-Teller
(BET) method, was performed by krypton adsorption, using a Quantachrome Autosorb iQ
“E” at Johnson Matthey, Sonning, UK. Samples were initially heated to 523 K under vacuum
for 90 min to remove any absorbed species on the surface before gas adsorption/desorption
experiments began. The krypton adsorption/ desorption measurements were then

performed at 77 K, achieved using liquid N2, with relative pressure of P/Po = 0.175.
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Transmission electron microscopy (TEM) samples were prepared as previously
stated in section 3.2.2 by the Johnson Matthey analytical department. Using a JEM 2800
(Scanning) Transmission Electron Microscope the same instrumental conditions were
applied: voltage (kV) 200; C2 aperture (um) 70 and 40.

X-ray Absorption Spectroscopy (XAS) measurements were conducted on the
B18 Beamline, Diamond Light Source, UK. XAS measurements were performed at the Mn
K-edge (6539 eV), Er Lz-edge (8358 eV) and Y K-edge (17038 eV) in transmission mode
using QEXAFS setup with fast scanning Si(111) double crystal monochromator. All XAS
spectra at the Mn K-edge, Er Ls-edge and Y K-edge were acquired with a time resolution of
20 min per spectrum (kmax= 15) averaged over 3 scans. Data processing was performed
using IFEFFIT!® with Horae package?!® (Athena and Artemis), with the amplitude reduction
factor, SZ, derived using an appropriate reference spectra foil of known coordination
numbers. The ex situ samples were prepared as 13 mm pressed pellets on homogenous

mixing with cellulose, which allowed for an appropriate concentration.

5.2.3 Catalytic testing

Catalytic testing. No,O decomposition (deN2O) was performed on a Hiden CATLAB fixed-

bed reactor as previously ascribed in section 3.2.3.
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5.3 Results and discussion

5.3.1 The preparation of AMnOs; (Er, Y) via mechanochemical synthesis

The same experimental procedure that was previously successful for the preparation of
LaMnOs (section 3.2.1) was applied to both ErMnO3; and YMnOs, in order to attempt their
mechanochemical synthesis.! XRD studies have initially been performed to assess the long-
range structural changes at ‘time-slices’ during the milling of either Er,Os or Y>O3 with Mn2O3
(Figure 5.3.1A and B, respectively).

XRD. For both materials clear structural alterations are observed on milling for just
1 h. The low intensity, broad peaks in the XRD indicates the formation of highly amorphous
and disordered materials (Figure 5.1.1). On increasing the milling time to 6 h, the lack of
diffraction peaks and presence of a low intensity broad ‘halo’ feature at 26 = ~32° suggests
the presence of fine crystallite sizes or highly amorphous material that lacks any long range
order.320 As a consequence Rietveld refinement could not be performed. These attributes
are a common consequence during the mechanochemical synthesis of mixed metal oxide
systems, whereby the chemical steps are suggested to proceed as: particle size reduction,
amorphization, formation of new metaphases and then crystallisation.??2 The XRD data for
both Er and Y A-site metal oxides suggests that even after 6 h of milling, using 5 mm milling
media, there is insufficient mechanical energy for the evolution of a crystalline perovskite
(ErMnOs and YMnOs) phase. This differs considerably from the LaMnO3 system, whereby
after 2 h of milling perovskite Bragg peaks were first detected, with 100% of the crystalline
content LaMnOs after 3 h.

Another clear alteration is that on milling under atmospheric conditions for both the
Er and Y milled ‘time-slices’ there is no formation of their hydroxide state; La(OH)s; was

detected at time 0 h and at milling intervals during the mechanochemical synthesis of
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Figure 5.3.1: XRD patterns after milling Mn,O, with either (A) Er,O, or (B) Y,0O, with 5mm milling
media at 0, 2, 4 and 6 h ‘time-slices’
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LaMnOs (section 3.3.1). This can be attributed to the large, diffuse radius of the La ion
resulting in an overall low lattice energy (U) for the La>Os species. With the XRD indicating
that both Er,O3; and Y03 do not promote the absorption of moisture on exposure to air, it
confirms they possess a greater lattice stability, or U, as a result of their lower ionic radii

size.423

5.3.2 AMNO; sol-gel synthesis

In order to compare the milled materials to a crystalline reference perovskite sample, the
analogous AMnOs; (A=Er,Y) have been prepared by the Pechini sol-gel method.l” After
annealing the separate gel mixtures at 700 °C for 4 h (as performed for LaMnQO3) a variety
of phases were detected by Rietveld refinement (Figure 5.3.2); Mn2Os, Er,Os; and h-
ErMnO3, and Y203 and h-YMnOs. Only a maximum weight percentage of 51.2 wt% and 67.7
wt% was calculated as crystalline h-ErMnOs or h-YMnOs, respectively.

Separate systematic heat treatments were then completed after the 700 °C calcination
on the sol-gel materials at 800, 900 and 1000 °C (Figure 5.3.2). After heating to 800 and
900 °C an additional phase, AMn,Os, was detected for both Er and Y, causing an overall
decrease in the wt% of AMnOs;. On increasing the temperature to 1000 °C, the AMn,Os
intermediate decomposes and a 100% h-AMnOs; crystalline phase achieved; a 300 'C
increase compared to LaMnOs. This increase in temperature required to form the perovskite
phase from Er and Y ions, compared to La, is dependent on the ionic radius size. Literature
reports that a decrease in the ion radius for rare-earth metals is coupled with an increase in
the required calcination temperature to achieve the perovskite phase.??* Here, the ionic
radii decrease in the order La (104 pm) > Y (90 pm) > Er (89 pm), corresponding well with
the final annealing temperatures used on the sol-gel materials.# The presence of some o-
ErMnO; could indicate a higher stability for the orthorhombic phase, in comparison to o-
YMnOQOj; species.

With both the sol-gel and mechanochemical synthesis routes unable to achieve ErMnOs3
and YMnOs; phases under the same experimental conditions as for LaMnQOs, it can begin to
suggest there are comparable underlying parameters that govern manganite perovskite
formation. However, it is important to remember that mechanochemical reactions proceed
via a different route to purely thermal treatments, i.e. by shear, stress, compression or

friction, to produce metastable products.®
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Figure 5.3.2: XRD patterns for systematic heat treatments for sol-gel synthesised (A) ErMnO, and
(B) YMnO, with their respective Rietveld wt% (C) ErMnOz and (D) YMnOs

5.3.3 In situ calcination of milled materials

To achieve a perovskite phase from the 5 mm media milled materials lab-based in situ XRD
experiments have been performed on both AMnO; (A = Erand Y) 6 h milled samples (Figure
5.3.3A,C). On heating in a near ambient atmosphere crystalline material was first detected
at 730 °C. Whilst a 100% of o-ErMnOs crystalline was detected at 730 and 870 °C, at 870
°C only 80.1% crystalline 0-YMnOs was calculated by Rietveld refinement. In order to
acquire a larger batch of material, a separate heat treatment was performed on the 6 h
milled materials in a muffle furnace for 20 h at 800 °C. Here, XRD records 100% 0-ErMnO3
and 94.0 % o-YMnOs orthorhombic crystalline phases (Figure 5.3.4).
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Figure 5.3.3: In situ XRD patterns during increasing temperature every 20 °C from 30 — 870 °C for
(A) ErMnOs and (C) YMnOs with respective Rietveld refinement performed after heating to 730 °C
and final 870 °C at (B) and (D)

In section 5.3.2 it was shown that the ionic radii is directly linked to the final
calcination temperature for sol-gel synthesised materials.? With Er and Y possessing
comparable ionic radii, at 89 pm and 90 pm, respectively, it was reflected in both hexagonal
perovskite species having the same annealing temperature. However, after calcining the
milled material at 800 ‘C the diffraction patterns indicate that a higher temperature is
required to reach 100% of crystalline o-YMnOs. This, along with literature reporting an
hexagonal perovskite crystallite as the thermodynamically stable product, and the
orthorhombic phase as metastable, indicates an alternative chemical pathway occurs via
mechanochemistry.? Traditionally extreme conditions, such as elevated pressures, are
required to achieve the orthorhombic perovskite geometry for rare-earth metals with small

ionic radii.82526 Whereas here, metastable 0-ErMnO3 and 0-YMnOs perovskite phases have
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Figure 5.3.4: XRD patterns after milling Mn,O, with either (A) Er,O, or (B) Y,O, with 5mm milling
media for 6 h with subsequent calcination at 800 °C for 20 h

been synthesised by mechanochemistry from single metal oxide precursors, followed by a
final high temperature calcination step. This indicates the high level of pressure applied to
the powdered materials at the localised collision points on mechanical action for an
orthorhombic geometry to form prior to heating. Previous attempts to replicate this pressure
for the synthesis of LaMnOs from its single oxide precursors in a diamond anvil cell (DAC)
were unsuccessful (section 4.3.1.4).%7 This allows us to deduce the importance of a pre-
existing perovskite phase for the orthorhombic analogous species to form when applying
pressure in the form of compression. Furthermore, by calcining the amorphous ball milled
materials it has reduced the final annealing temperature by 300 °C; along with removing
multiple process steps and the use of solvent to produce a more environmentally conscious
process. These differences highlight that by changing the synthetic route it is possible to
tailor materials to desired structures, which in turn can possess alternative properties that

benefit specific applications.

5.34 X-ray absorption studies

In order to assess both the crystalline and amorphous content produced via ball milling ex
situ XAS has been performed at the Mn K-edge and either the Er Ls-edge or Y K-edge on

the milling ‘time-slices’.
5.34.1 Understanding the mechanochemical synthesis of ErMnOs;

XANES spectra collected at the Er Lz-edge predominantly consists of a high intensity 2p —
5d transition (Figure 5.3.5). For all samples the main edge position remains constant,
indicating a Er(lll) oxidation state throughout. The start and desired end points, Er,Oz; and
both o- and h-ErMnOs, have first been assessed in order to better understand the ball milled

‘time-slices’.
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Figure 5.3.5: Er Ls-edge XANES spectra at time-slices’ during the mechanochemical synthesis
of ErMnOs using 5 mm milling media

Assessing the XANES spectra for Er.Os, it gives rise to the lowest intensity
absorption peak maximum, attributed to a split in the 5d energy level.?2 Beyond this peak,
features are observed at (A) 8378 eV and (B) 8399 eV, assigned to single and multiple
scattering contributions and Er-O scattering, respectively.?>30 These features indicate the
central absorbing Er atom is positioned within a site of well-defined order; expected of a
crystalline starting material.2%30

For both h- and o-ErMnOj3; the XANES spectra show an increase in the main peak
height, with the number of density of states remaining consistent with the Er,Os species it
suggests a more degenerate 5d energy level (Figure 5.3.5). Whilst the h-ErMnO3 spectrum
follows a similar spectral profile to Er,Os, suggesting a comparable coordination
environment, the 0-ErMnOs shows significant variations. This confirms the vastly different
electronic geometric arrangements surrounding the absorbing Er atom between hexagonal
and orthorhombic perovskites.?8

Observing the XANES spectra for the milled ‘time-slices’ (Figure 5.3.5), alterations
can be seen after 2 h. No changes occur from 2 — 6 h of milling and have, therefore, been
assessed collectively. As with both the ErMnOs reference species, an increase in the
absorption peak maximum is achieved after 2 h of milling. This was previously linked to the
formation of more equivalent 5p states, indicating a shift towards a perovskite-like electronic
structure. Past the edge, features in the XANES spectra at 8370 eV and 8390 eV are
consistent with those found for o-ErMnOs;. However, the low amplitude features, in
comparison to the o-ErMnOs; spectrum, indicate a lack of structural order, in agreement with
the highly amorphous material detected by XRD (Figure 5.3.1).

To understand changes to the Mn environment during milling, XANES spectra have
been collected at the Mn K-edge, which now corresponds to a dipole 1s — 4p transition
(Figure 5.3.6).?” An in-depth assessment of Mn K-edge XANES has been previously
discussed in both Chapter 3 and 4, where it was highlighted that the pre-edge region

provides valuable electronic information.*?’ It was reported that local and non-local mixing
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of Mn 3d and 4p orbitals can result in dipole allowed transitions before the edge; the electron
is promoted to p-character when hybridised to Mn 3d orbitals. As a result, the intensity of
these pre-features were found to be dependent on the most ‘ideal’ orbital mixing; with the
strongest transition determined by (a) a short Mn-O bond length and (b) a linear Mn(4p)-
0O(2p)-Mn’(3d) bond angle.3! Assessment of the XANES spectrum for the precursor material
Mn,Os; was also discussed, where two low intensity peaks at (1) and (2) were assigned to
different Mn(lll) coordination sites; one with a regular octahedral geometry and the other
possessing Jahn- Teller distortion.27:32

On first observation of the Mn K edge XANES for 0-ErMnOs, the main edge peak
becomes sharper, with a greater intensity, indicating a higher degeneracy of p-states
surrounding the central Mn ion (Figure 5.3.6). Furthermore, the feature observed at 6560
eV indicates the MnOg octahedron is surrounded by 8 Er atoms.3 Within the pre-edge
region two low intensity transitions are observed at 6536 eV and 6542 eV, suggesting less
favourable hybridisation as a consequence of less extensive Mn—O—Mn interactions; this
corresponds well with reports of the orthorhombic phase having high proportion of
distortion.® The presence of two features could indicate an two Mn environments, with one
effected by Jahn-teller distortion within the orthorhombic perovskite structure, previously
seen within the Mn,O3 spectrum.

The Mn K-edge XANES spectra for the sol-gel synthesised h-ErMnOs; shows a
different spectral shape compared to the analogue orthorhombic perovskite (Figure 5.3.6).
The first clear observation is the reduced amplitude of the main edge, along with an
additional adsorption peak visible at 6565 eV, indicating the presence of two possible
excited states. Though this twin feature is observed throughout literature for h-ErMnOs
species, its origin at the Mn K-edge has not been sufficiently assessed.** One possible

explanation can be suggested via work reported in literature by Asokan et. al. at the O K-
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Figure 5.3.6: Mn K-edge XANES spectra at ‘time-slices’ during the mechanochemical synthesis
of ErMnOs using (A) 5 mm milling media with corresponding (B) highlighted pre-edge
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edge XANES on manganite perovskites; assessment of the hexagonal electronic structure
showed the unoccupied Mn 3d,?-,? orbital to strongly hybridise with the O 2p state.?
However, research by Ignatov et. al. on Lai.xCaxMnOs reported that a feature 6 eV above
the main edge, resulting from a multi-electron shake-up transition, and is therefore beyond
the scope of a single electron model.3* Within the pre-edge region a high intensity transition
is observed at 6541 eV, which was previously demonstrated through HERFD-XANES of the
sol-gel synthesised LaMnQOs;, to consist of two overlapping transitions; one 1s—3d
guadrupolar and one 1s —3d4p non-local excitation.?”:31 The high intensity of this feature
suggests a greater degree of 3d4p mixing gained through either a shortening of the Mn-O
bond length and/ or a more linear Mn-O-Mn’ bond angle.3!

Inspecting the XANES spectra for the milling ‘time-slices’ (Figure 5.3.6) at the Mn
K-edge, immediate changes are observed at 2 h of milling, with no further alterations
occurring on increasing the milling time, in parallel to the Er Lz-edge. Assessing the 2 — 6
h ‘time-slices’ together shows a shift to a lower energy of the rising edge, compared to
Mn,Os. The evolution of the feature at 6570 eV suggests the presence of some scattering
from the B-site cation, Er, indicative of a perovskite-like structure.®3 However, after milling
for 6 h the low intensity features and clear alterations observed in comparison to the
expected o-ErMnOs spectrum indicates a lack of structural order.

The pre-edge region has now been assessed in comparison to previous HERFD-
XANES measurements of different Mn oxides (MnO2, Mn.Os; and MnzQO4) and the reference
ErMnO; materials (

Figure 4.3.1).?” The shift to a lower energy for the transition at (1) to 6538 eV could
indicate a proportion of Mn3zO4 character, containing a mixed Mn (lI/111) valency. The feature
at (1) can be assigned to a tetrahedral coordinated Mn(ll) transition resulting from a local
3p-4d hybridisation, with the peak at (2) 6542 eV ascribed as the Mn(lll) centre.® It is,
however, important to consider the difficulty in deducing oxidation states at the Mn K-edge
without the use of high resolution techniques, such as HERFD-XANES. The pre-edge
features of the milled ‘time-slices’ are not consistent to either o- or h-ErMnO; species,
indicating a different electronic configuration has been formed on milling.

A linear combination fit (LCF) at both the Er Ls-edge and the Mn K-edge XANES
region has been performed (Figure 5.3.7) using either Er.Os or Mn,O3z and o-ErMnOs;
reference files (as previously assessed for LaMnOzs in Figure 3.3.4). At both the Er Lz-edge
and Mn K-edge the LCF shows an overall trend of the precursor materials steadily
decreasing with a corresponding increase in ErMnO; species. Comparisons between the
two edges suggest that the local electronic and geometric configurations surrounding the

Er is more perovskite-like than the Mn environment.
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Figure 5.3.7: Linear combination analysis at the (A) Er Ls-edge and (B) Mn K-edge of XANES
spectra during ‘time slices’ during the mechanochemical synthesis of ErMnQO3 with 10 mm milling
media, using Er203 or Mn203 and 6 h milled calcined ErMnOs as reference materials

This further supports the previous insights within the LaMnO3; system, where XAS
indicated La dispersed over Mn,Os in the initial stages of milling.! However, here the LCF
highlights difficulties with the mechanical breaking down of Er.Os, and therefore less
dispersion occurs compared to La A-site precursor. It is important to be aware that this
analysis approach is limited due to the high proportion of unknown intermediates in the
milled materials and therefore lack of appropriate reference materials; the LCF method is
forced to produce an output equal to one, combining only the starting metal oxide and
ErMnO:s.

EXAFS. In order to assess the local coordination geometry surrounding both Mn
and Er with respect to milling time the EXAFS Fourier transform data for both Er Ls-edge
and Mn K-edge of ErMnO; show highlighted regions for multiple coordination shells,
corresponding to scattering paths calculated by FEFF (Figure 5.3.8). Appropriate fitting
models have been calculated for the EXAFS Fourier transform data of reference materials,
Er,O; and both ErMnOs; crystal phases (Table 5.3.4.1, Table 5.3.4.2 and Figure 5.3.9).

First assessing the EXAFS region at the Er Ls-edge (Table 5.3.4.1 and Figure
5.3.9A), the Fourier transform data for Er,O3; was well modelled to three scattering paths;
one Er-O and two Er-Er. This simplified model is calculated effectively using a fixed CN of
6 for each scattering path to produce a simulated fit with good correlation to the
experimental data, reflected in the Ryactor Of 0.02.

Next, a fitting model for o-ErMnO3; was achieved by using multiple scattering paths,
consisting of two Er-O, three Er-Mn and two Er-Er (Figure 5.3.9C). Within the first
coordination shell the Mn-O scattering paths were reduced from four to two, at 2.29 A and
2.57 A, with the CN adjusted appropriately. As a consequence of the combination of
scattering paths, an increase in the static disorder within the system is observed, which is

reflected in the 02 parameter. Using a fixed oxygen CN of 8 produces good correlation to
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the EXAFS data, reflected in the Ricwor, indicative of the expected perovskite oxygen
environment surrounding the central absorbing Er ion. Extending the fitting window to the
second coordination shell, the model only requires two Er-Mn scattering paths, with
calculated distances comparable to that of the crystalline structure, at 3.09 A and 3.35 A.
However, on the addition of the third coordination shell difficulties arose in fitting the Er-Mn
scattering path, with it deviating by 0.11 A. This could be an indication that the scattering
path has moved to oppose the Er-Er scatterer or as a result of alterations to the expected
crystal structure for o-ErMnO3; sample. Scattering paths at higher radial distances can often
be challenging as a consequence of multiple overlapping contributions.

Preparing a fitting model for the EXAFS sol-gel h-ErMnO; data only required three
scattering paths (Figure 5.3.9E). The three unique Er-O scattering distances identified in
the crystalline structure was reduced to one Er-O path, with a CN of 7, to minimise
parameters. The second and third coordination shells produced a good fit with the inclusion
of Er-Mn and Er-Er scattering paths at 3.32 A and 3.55 A, respectively.

The low amplitude features observed for the milling ‘time-slices’ in the k3-oscillations
and EXAFS Fourier transform proved it was unsuitable for producing reliable fitting models.
Instead visual comparisons of the EXAFS data, alongside the EXAFS fitting models of the
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Figure 5.3.8: k3-weighted EXAFS oscillations at the (A) Er Lz-edge and its (B) respective
nonphase-corrected Fourier transform and at the (C) Mn K-edge with respective (D) Fourier
transform at ‘time-slices’ during the mechanochemical synthesis of ErMnQOs with 5 mm milling
media, with highlighted scattering paths
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reference materials, have been used to aid the assessment of the ErMnO3 milled ‘time-
slices’ (Figure 5.3.8).

After milling for 2 h significant alterations can be observed in the second
coordination shell of the EXAFS Fourier transform, suggesting disruption to the extended
Er-Er structure; previously indicated within the XANES region and by highly amorphous
material detected by XRD. Increasing the milling time to 4 - 6 h no further changes are
observed, resulting in a vastly different spectrum to the expected o-ErMnO3; sample. Using
comparisons in the k3-oscillations between Er,Os; precursor and the desired 0-ErMnOs;
sample, the feature at ~ 6 Al suggests the milling intermediates remain predominantly
Er,Osin character.

EXAFS modelling has now been performed at the Mn K-edge on the three reference
materials, Mn».O3; and both ErMnQOj; crystal structures (Table 5.3.4.2 and Figure 5.3.9),
equivalent to section 3.3.1. For full fitting information of the Mn»O3 spectrum (Figure 5.3.9B)
see Chapter 3, section 3.3.1.

A suitable fitting model for o-ErMnO3; was produced by using a simplified model of 6
paths (Figure 5.3.9D). Within the first coordination shell the number of Mn-O scattering
paths was reduced from three to two. Here, the CN of both Mn-O scattering paths at 4 and
2 reflects the expected Jahn Teller distortion for the orthorhombic phase, with scattering
lengths calculated at 1.90 A and 2.23 A, respectively. The second coordination shell was
modelled effectively with two Mn-Er scattering paths, producing lengths consistent to the
crystalline paths. A further two scattering paths, Mn-Mn and Mn-Er, were included at higher
distances of 3.73 A and 3.99 A. These distances also reflect a significant divergence from
the crystalline lengths observed at the Er Ls-edge, with a corresponding increase in the
Rractor.

The sol-gel h-ErMnO; EXAFS data was suitably modelled using four scattering
paths; two Mn-O, one Mn-Er and one Mn-Mn (Figure 5.3.9F). The Mn-O scattering paths at
1.85 A and 2.02 A show a much closer oxygen arrangement compared to that of 0-ErMnOs.
This is also visible in the pre-features of the Mn K-edge XANES, where the higher intensity
feature at 6541 eV observed in the h-ErMnOs pre-edge region has been reported to
increase with decreasing Mn-O bond length.3?> The total oxygen CN of 5 confirms the
expected monocapped MnOs structure present within hexagonal manganite perovskites.?3°
Only the addition of two further scattering paths, simplified Mn-Er and Mn-Mn, were required

to produce an appropriate fit to the experimental data.
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Er Ls-edge

Table 5.3.4.1: EXAFS fitting parameters for the Er Lz-edge for spectra collected on Er203, along with
orthorhombic and hexagonal ErMnQOs. Fitting parameters: S0.=0.8 as determined by the use of an
Er foil standard; Fit range 3 < £>13, 1.2 </Z> 4.0. CN fixed to known structures and the number of
scattering paths reduced in order to minimise fitting parameters

Sample ( A'fg‘gc) CN® | Eo(eV) o2 R/A Riactor
Er-01 6.0 0.005(1) | 2.26(1)
Er,0s (Time 0) | Er-Erl 60| 2(1) |0.004(1) |3.52(1) 0.02
Er-Er2 6.0 0.005(1) | 3.99(1)
Er-01 4.0 0.006(2) | 2.29(1)
Er-O2 4.0 0.010(4) | 2.57(3)
Er-Mnl 4.0 0.007(1) | 3.09(1)
0-ErMnOs | Er-Mn2 20| 4@ |0.0052) |3.352) 0.03
Er-Mn3 4.0 0.009(6) | 3.76(5)
Er-Erl 2.0 0.005(2) | 3.80(4)
Er-Er2 4.0 0.008(4) | 4.04(4)
Er-O1 7.0 0.005(1) | 2.28(1)
h-ErMnOs | Er-Mnl 30| 3(1) |0.0041) |3.320) 0.02
Er-Erl 6.0 0.006(1) | 3.55(1)
Mn K-edge

Table 5.3.4.2: EXAFS fitting parameters for the Mn K-edge for spectra collected on Mn20s, along
with orthorhombic and hexagonal YMnOs. Fitting parameters: S0.=0.7 as determined by the use of
a Mn foil standard; Fit range 3 < #>14, 1.2 <#>3.85. 2CN fixed to known structures and the number
of scattering paths reduced in order to minimise fitting parameters

Bond

Sample (Abs-Sc) CNa Eo (eV) o? R/A Rfactor
Mn-O1 4.0 0.005(1) | 1.92(1)
_ Mn-O2 2.0 0.011(7) | 2.23(5)
Mn20s (T 42 02
n20: (Time 0) My "Mn1 6.0 @ o007y | 3.11(2) 0.0
Mn-Mn2 6.0 0.013(3) | 3.59(3)
Mn-O1 4.0 0.003(1) | 1.90(2)
Mn-O2 2.0 0.007(3) | 2.23(4)
Mn-Er1 40 0.007(2) | 3.07(4)
-ErM - .04
O-EMNO: P ER 20| % 00032 |3.280) 0.0
Mn-Mn1 2.0 0.006(3) | 3.73(6)
Mn-Er3 2.0 0.006(4) | 3.99(7)
Mn-O1 2.0 0.002(2) | 1.85(2)
Mn-O2 . . 2.02
h-ErMnOs n-0 301 4o [0006G) 02(3) 0.02
Mn-Er1 3.0 0.004(3) | 3.38(4)
Mn-Mn1 6.0 0.004(2) | 3.55(3)
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Visual observations have been completed for the milled ‘time-slices’ at the Mn K-edge
in comparison to the reference materials, Mn,O3 and both o- and h-ErMnOs (Figure 5.3.8C,
D). As with the Er Ls-edge, milling for 2 h shows a reduced amplitude within the second
coordination shell, indicative of a decrease in the Mn-Mn scattering contribution. Further
increasing the milling time to 4 and 6 h results in the absence of any structural features
within this region. This indicates the formation of a highly disordered material, in agreement
with observations at the Er Ls-edge (Figure 5.3.8A, B) and diffraction studies (Figure 5.3.1).
Using comparisons in the k3-oscillations between the Mn,O3 precursor and the desired o-
ErMnOs, the feature at ~ 9 A for the 6 h milled sample indicates some character towards a
perovskite-like structure. However, the lack of any defined oscillations, i.e. long-range
structure, indicates it remains in a highly amorphous form.

By performing XAS studies at both Er Lz-edge and Mn K-edge on milling ‘time-slices’
for the synthesis of ErMnOs it is clear that there are difficulties in forming a perovskite via
mechanochemistry under the same experimental conditions as for LaMnOs. This indicates
how changing just the A-site oxide starting material can significantly affect the evolution of
the manganite perovskite phase.

5.3.4.2 Understanding the mechanochemical synthesis of YMnO3;

Performing XANES at the Y K-edge the spectra consists predominantly of a core 1s electron
transition to unoccupied 5p density of states (Figure 5.3.10). The reference materials, Y.03
and both o- and h-YMnOs3, were first assessed to allow for the interpretation of the XANES
spectra for ball milled species.

Examining the Y>Os XANES spectrum shows a double absorption peak, indicating
that Y»0O3 has a distorted octahedral coordination surrounding the central absorbing atom,
with two Y environments, splitting the 5p level.36:37

The two crystalline phases, achieved by different synthetic routes, for the YMnOs
perovskite have next been measured by XANES. The XANES spectrum for h-YMnO3 also
detects a double peak feature at the absorption maximum, similarly to the Y,Os. This
indicates a comparable geometric coordination between the compounds; h-YMnOs;
possessing a doubly degenerate 5p level. In contrast the spectral line for the analogue
orthorhombic perovskite shows a steeper single absorption peak with at a higher maximum.
This indicates a more equivalent oxygen environment surrounding the central Y absorbing
atom.

Using this assessment of the reference mixed metal oxide materials, insights into the
milling ‘time-slices’ have now be performed. On milling for 2 h only a small shoulder of the
double absorption peak from Y,O3 remains, with it completely absent after 4 h. No further

change is observed with increasing the reaction time to 6 h. The XANES spectra for the
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Figure 5.3.10: Y K-edge XANES spectra at ‘time-slices’ during the mechanochemical synthesis of
YMnOs using either 5 mm milling media

milling ‘time-slices’ show comparable profiles to that of the crystalline 0o-YMnOs, indicating
a similar electronic and geometric arrangement, yet with a level of disorder.

XANES was performed at the Mn K-edge analogous to ErMnOs in section 5.3.4.1
for the YMnO3; samples (Figure 5.3.11). A detailed description of the XANES region for
Mn.Os has previously been discussed in both Chapters 3 and 4.2’

From first observations it is clear the h-YMnOj; consists of a double peak at the main
edge (Figure 5.3.11) along with comparable pre-edge features previously discussed at the
Mn K-edge for h-ErMnOs (section 5.3.4.1). The spectrum measured for the 0-YMnOs
sample follows a different spectral profile to the sol-gel sample, despite possessing the
same stoichiometry. Similarities can, once again, be observed to the Mn K-edge XANES
spectrum of o-ErMnQs; (Figure 5.3.6).

Assessing the ball milled ‘time-slices’ shows changes within the Mn K-edge spectra can be
observed after milling for 2 h, with no changes detected from 4 — 6 h. The presence of one
main edge peak indicates similarities with an orthorhombic crystalline structure, however,
large differences occur within the pre-edge features. Assessing these pre-edge features

shows similarities to the ErMnO3; milled species (Figure 5.3.6). Here it was concluded the
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Figure 5.3.11: Mn K-edge (A) XANES spectra at ‘time-slices’ during the mechanochemical
synthesis of YMnOs using 5 mm milling media with (B) highlighted pre-edge
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transition at (1) is assigned to a tetrahedral coordinated Mn(ll) transition resulting from a
local 3p-4d hybridisation, with the peak at (2) 6542 eV ascribed as the Mn(lll) centre.®?

A LCF was performed, equivalent to the ErMnOs study (Figure 5.3.7), at both the Y
and Mn K-edge XANES region (Figure 5.3.12). The LCF shows the steady decrease of the
precursor fraction with increasing milling time at both the Mn and Y K-edge. Subsequently,
an increase in the 0-YMnO; phase is observed, with the Y environment indicating a more
perovskite-like arrangement compared to Mn K-edge. However, the XANES spectra
collected at both edges show that 6 h of milling is insufficient to reach a bulk perovskite
phase. In comparison to the Er A-site analogous milling (Figure 5.3.7) changes are
observed at both edges up to 4 h of milling, indicating a slower rate of formation for o-
YMnOs. This is in agreement with in situ XRD which required a higher temperature to reach
0-YMnOs; rather than 0-ErMnOs,

EXAFS Analysis. Figure 5.3.13 shows the EXAFS Fourier transform data for both
Y K-edge and Mn K-edge for YMnOs with highlighted regions assigned to specific scattering
paths. As before, the start and desired end point of the mechanochemical synthesis, i.e.
Y,0s; or Mn;Os with YMnOs, were analysed to deconvolute structural changes as a
consequence of milling (Table 5.3.4.3, Table 5.3.4.4, Figure 5.3.14).

At the Y K-edge the precursor Y203 spectrum was well modelled using 3 scattering
paths; one Y-O and two Y-Y (Table 5.3.4.3, Figure 5.3.14A). Here, the metal oxide has a
cubic bixbyite crystal structure, comparable to that of Er,Os, and therefore a possesses a
similar fitting model (Table 5.3.4.3).226 Both 0-YMnOj3 (Figure 5.3.14B, E) and h-YMnOg3
(Figure 5.3.14C, F) EXAFS data were well modelled using equivalent ErMnO3; models at
both the Y and Mn K-edge. The fitting parameters showed that both A-site species produce
materials with comparable structures when synthesised under the same conditions. One
structural variation can be observed at the Mn K-edge, where the calculated model for the
0-YMnOs species (Figure 5.3.14F) produces longer scattering distances for the majority of

paths. This increase, specifically in the first coordination shell for the two Mn-O distances,
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Figure 5.3.12: Linear combination analysis at the (A) Y K-edge and (B) Mn K-edge of XANES
spectra during ‘time slices’ during the mechanochemical synthesis of YMnOs with 5 mm milling
media, using Y203 or Mn203 and 6 h milled calcined YMnOs as reference materials
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equates to a higher degree of Jahn-Teller distortion within the MnOs octahedron. This
confirms 0-YMnOs possess a less favourable geometric structure with a lower tolerance
factor over o-ErMnOQgs; corresponding well to the higher calcination temperature required to
reach a pure crystalline o-YMnQO;3; phase.

When assessing the milling ‘time-slices’ at both Y and Mn K-edges significant
alterations can be observed within the second coordination shell after milling for 2 h (Figure
5.3.13). Here, a reduction in amplitude of both features, corresponding to Y-Y or Mn-Mn
scattering, indicates disruption to the extended precursor structure. After milling for 4 h at
the Y K-edge features assigned to perovskite character in both the EXAFS k3-oscillations
and Fourier transform remain absent, indicating that the Y203 precursor remains in a highly
amorphous state, as suggested by XRD. Only on increasing milling time to 6 h at the Mn K-
edge is Mn-Mn scattering no longer detected. However, similarities in the spectral profile
for the k3-oscillations of the Mn,O3 start and 0-YMnO3 end point make the assessment of

milled species challenging.
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Y K-edge

Table 5.3.4.3: EXAFS fitting parameters for the Y K-edge for spectra collected on Y203, along with
orthorhombic and hexagonal YMnOs. Fitting parameters: S0.=1.0 as determined by the use of a Y
foil standard; Fit range 3 < £>14, 1.2 <# > 4.0. CN fixed to known structures and the number of
scattering paths reduced in order to minimise fitting parameters

Sample Bong(SAbs- CN? | Eo(eV) o? R/A Rfactor
Y-O1 6.0 0.005(1) | 2.27(8)
Y,03 (Time 0) | Y-Y1 6.0 -4(1) | 0.005(1) | 3.53(6) 0.04
Y-Y2 6.0 0.006(1) | 4.00(1)
Y-O1 4.0 0.006(1) | 2.29(1)
6 1 miled and Y-02 4.0 0.012(1) | 2.51(2)
calcirgdevnfll:og Y-Mnl 2.0 1(2) 0.005(1) | 3.09(1) 0.03
(Orthorhombic) |Y-Mn2 4.0 0.008(2) | 3.29(1)
Y-Mn3 2.0 0.003(1) | 3.76(2)
Y-Y1 4.0 0.005(1) | 3.79(2)
Y-O1 7.0 0.005(1) | 2.16(1)
Sol-gel YMnOs | Y-Mn1 3.0 0.007(3) | 3.33(2)
-2(2) 0.02
(Hexagonal) | v-Y1 6.0 0.004(1) | 3.57(2)
Y-Mn2 3.0 0.003(2) | 3.77(2)
Mn K-edge

Table 5.3.4.4: EXAFS fitting parameters for the Mn K-edge for spectra collected on Mn20Os, along
with orthorhombic and hexagonal YMnOs. Fitting parameters: S0.=0.7 as determined by the use of
a Mn foil standard; Fit range 3 < £>14, 1.2 <#>3.85. 2CN fixed to known structures and the number
of scattering paths reduced in order to minimise fitting parameters

Sample ( A'i‘;t‘gc) CN? | Eo (eV) o’ R/A Riactor
Mn-O1 4.0 0.004(1) | 1.92(1)

M0 (Time 0) | MN-02 20 | oo 00180) [222(5) 0.02
Mn-Mnl | 6.0 0.006(1) | 3.10(2)
Mn-Mn2 | 6.0 0.012(2) | 3.57(3)
Mn-O1 4.0 0.004(1) | 1.92(1)
Mn-O3 2.0 0.008(3) | 2.27(9)
Mn-Y2 4.0 0.008(1) | 3.17(9)

0-YMnO3 Mn-Y3 20 | -1(1) |o0.0041) |3.3309) 0.02
Mn-Mnl | 2.0 0.009(4) | 3.80(3)
Mn-Y4 2.0 0.009(2) | 3.90(2)
Mn-Mn2 | 4.0 0.014(4) | 4.00(3)
Mn-O1 2 0.004(1) | 1.85(1)

hYMNO Mn-O3 3 sy [001@)  [1.990) 0.02
Mn-Y2 3 0.007(2) | 3.29(2)
Mn-Mnl |6 0.008(1) | 3.50(2)
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5.35 Optimisation of the mechanochemical synthesis to achieve an AMNnOs
perovskite phase

Attempts to achieve a perovskite phase by ball milling alone, in the absence of a calcination
step have now been performed by optimising the milling parameters. Subsequently, this will
allow for the correlation between different A-site metal oxides and their evolution to the
perovskite phase via mechanochemistry. Previous reports within literature for the
mechanochemical synthesis of both ErMnOz and YMnOs perform milling using a greater
milling media size than 5 mm. By using a larger media size it would be expected to increase
the localised contact force experienced on the powders within the mill.>3 Therefore, whilst
retaining a constant powder to media weight ratio, both Er.Os or Y.Os have been milled
alongside Mn;O3z with 10 mm ZrO, media to induce the evolution of the manganite
perovskite phase.

XRD. Initially the long-range structural changes have been assessed by XRD studies
on ‘time-slices’ during the mechanochemical synthesis of AMnO3 (A = Er, Y) (Figure 5.3.15).
The first clear observation is that on milling low intensity Bragg peaks are detected within
the diffraction pattern for both Er and Y A-site precursors (Figure 5.3.15A, B). On closer
inspection of the milled ‘time-slices’ it is evident that a small proportion of crystalline material
is present within the sample (Figure 5.3.15C, D). By performing Rietveld refinement after 2
h of milling on both A-sites ‘time-slices’, the perovskite phase can now be detected in its
orthorhombic geometry.

For the Er,O; and Mn,Oz milled ‘time-slices’, 100% of the crystalline content was
calculated as 0-ErMnQO3; from 2 — 6 h of milling (Figure 5.3.15E). When the milling time is
increased to 6 h a decrease in amplitude of the diffraction peaks is observed. With
comparable crystallite sizes calculated for 0-ErMnOs at each ‘time-slice’, 7.2(3) - 7.5(3) A,
it indicates the ErMnO3s 6 h sample has become more disordered with the extended milling
time.

The XRD ‘time-slices’ corresponding to the milling of Mn,O3z with Y203 shows a
reaction time of 6 h is required for 100% of the crystalline content to be 0-YMnOs (Figure
5.3.15F). The longer milling time required for 100 % of the crystalline content to be
associated as 0-YMnQOgs, compared to 0-ErMnQOg3, also reflects XRD and XAS studies in
section 5.3.2 and 5.3.4; where a higher calcination temperature and slower breakdown of
the precursor materials was observed during the synthesis of 0-YMnOs.

Crystalline o0-ErMnOs; and o-YMnOs; have been successfully synthesised by
mechanochemistry in ambient conditions, in the absence of a high temperature annealing
step by altering just the milling media size. However, it is evident that a large proportion of
amorphous material remains, which lab-based XRD is unsuitable to characterise.
Therefore, XAS has been performed on the 10 mm milling media ‘time-series’ to provide

further insights into the milled material.
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XANES. The A-site edge, Er Lz-edge and Y K-edge, XANES has first been assessed
for the 10 mm milling media ‘times-series’ (Figure 5.3.16), with comparisons to the
appropriate reference material, 0o-ErMnOsz; or 0-YMnOs (section 5.3.4). Earlier time
segments at 0.5 and 1 h have been added to investigate the transition at shorter milling
times.

On the addition of ‘time-slices’ at earlier stages during the mechanochemical
reaction, steady changes can be observed at both Er Ls-edge and Y K-edge up to 2 h of
milling; highlighting the shift towards the orthorhombic electronic configuration. At both
edges the XANES spectra indicate that just 0.5 h of milling was sufficient to cause
alterations to the extended Er-Er or Y-Y structure. From 2- 6 h, as with the analogous 5 mm
milled samples, no significant change can be observed within the XANES (Figure 5.3.5 and
Figure 5.3.10). This suggests that the transfer of mechanical energy within the first 2 h is
extremely important for phase transformations; corresponding well to findings within the
LaMnO3 system when milling under both atmospheric and inert milling environments
(Chapter 3). Comparing both 5 mm and 10 mm 6 h milled samples indicates that the larger
media size results in the spectra shifting towards the 0-AMnOj; structure. However,
differences can still be observed between the milled and reference materials for either Er
or Y coordination environments.

Assessing the XANES spectra collected at the Mn K-edge shows comparable
spectra at ‘time-slices’ during the mechanochemical synthesis for 0-ErMnO; and 0-YMnO3
(Figure 5.3.17). Both species show the steady progression of the feature at 6570 eV,
indicating the inclusion of A-site into the perovskite lattice around the MnQOg octahedron.3?
Comparisons between the reference spectra show the o-ErMnO3; spectra to have a sharper,
more intense absorption peak, signifying a more crystalline structure, compared to o-
YMnOs; corresponding well to previous assumptions on the higher level of disorder in the

0-YMnOs phase.
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Figure 5.3.16: (A) Er Ls-edge and (B) Y K-edge XANES spectra at ‘time-slices’ during the
mechanochemical synthesis of ErMnOs or YMnOs, respectively, using 10 mm milling media
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Small alterations within the pre-edge can be observed between both Er and Y 10
mm milled ‘time-series’, where the earlier ‘time-slices’ for 0-ErMnOs indicate a slower
transition to the 6 h sample. However, the final milled materials show similarities to one
another in their pre-features, being comparable to the that of ball milled LaMnO3;?’
Significant differences arise compared to the 5 mm milled ‘time-series’ (Figure 5.3.6 and
Figure 5.3.11) where the position and intensity of the peak at (1) indicated Mn(ll) character
(section 5.3.4). Once again, large differences can still be observed between the final 10 mm
milled and reference o-AMnOs materials; indicating that performing milling experiments with
10 mm media is still insufficient for a perovskite-like phase to form.

A LCF has been performed in conjunction with previous calculations (section 5.3.4)
at the Er Ls-edge or Y K-edge alongside the Mn K-edge XANES region. All spectra show
an overall trend of precursor materials steadily decreasing with a corresponding increase in
0-AMnNO; perovskite phase (Figure 5.3.18). With increasing the milling media size to 10 mm,
the LCF indicates a closer electronic arrangement towards the desired perovskite phase.

Assessing both spectra for the ErMnOs ‘time-series’ shows little change occurs
within the XANES region after 2 h of milling, indicating the importance of early stage

reactions. At the Mn K-edge, the 6 h sample shows a significant decrease in the perovskite

A Mn,O4 —Mn,0
1.57—o05h 2o =
—1h —1h
> :i: \ > —2h
2 6h / 2
L£10 o-ErMnQ, g
A= ‘ 5 =
g !
g 8 0.1
© T
€05 £
o y (o]
pd / p=d
ab j’ . . . : . 0.0 ===
6540 6550 6560 6570 6580 6590 6530 6535 6540 6545 6550
Photon energy (eV) Photon energy (eV)
C |1.51 Mn,0, D (0.2 Mn,0,
—05h ——0.5h
——1h BRESaRr
2z {—2n > |
0 - [ —4h
C c
p -6 h
E 10 % 0-YMnO,
e}
8 g oy
2 2
E 0.5 £
<] o
z Z
0.0 /‘I ’ T T T T 1 0.0 T T T 1
6540 6550 6560 6570 6580 6590 6530 6535 6540 6545 6550

Photon energy (eV) Photon energy (eV)

Figure 5.3.17: Mn K-edge XANES spectra at ‘time-slices’ during the mechanochemical synthesis
of (A) ErMnOs with (B) highlighted pre-region and (C) YMnOs with (D) highlighted pre-region using
10 mm milling media
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fraction. Linking this with the decrease in intensity of Bragg peaks for this sample (Figure

5.3.15C) could indicate amorphous Mn;O3; or perovskite degradation has occurred on

extensive milling.

The LCF spectra at both Y and Mn K-edge also show the largest proportion of

change occurs within the first stages of milling, 0 — 1 h. Unlike the LCF for 5 mm media
milled YMnOs; (Figure 5.3.12A) and both the ErMnO3; (Figure 5.3.7A and Figure 5.3.18A)

‘time-series’, the data does not plateau with increasing milling time. This can be an

indication that further changes towards the perovskite phase could be observed on

increasing the milling time further. Similarly, to the ErMnO3 sample, the higher decrease in

the Y203 fraction could indicate the importance of the A-site precursor for evolution of the

perovskite phase.
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EXAFS. The local coordination geometry surrounding both Er/Mn and Y/Mn
absorption centres has now been assessed by investigating the EXAFS region with respect
to the milling time. Once again, attempts to produce fitting models of the 10 mm milled ‘time-
slices’ proved challenging due to the small amplitude features as a result of the low
structural order of the materials. Therefore, comparisons have been performed to the
previous reference material EXAFS models (section 5.3.4).

First assessing the A-site edge, Er Ls-edge and Y K-edge (Figure 5.3.19), immediate
changes can be observed on milling for just 30 min, in agreement with observations in the
XANES region. Similarly, with the 5 mm media milled ‘time-series’ significant alterations in
the second coordination shell of the EXAFS Fourier transform indicates lower CN of Er-Er
or Y-Y scattering paths. At the Er Ls-edge after 2 h of milling subtle features in both the k®-
oscillations and Fourier transform, at 5.8 A* and 2.5 A respectively, can be indicative of a
perovskite-like structure. However, at the Y K-edge, though a feature at ~2.5 A is visible in
the Fourier transform from 2 — 6 h, observations within the k3-oscillations suggest that even
after 6 h milling the spectrum is more consistent with Y,Os.

EXAFS measurements performed at the Mn K-edge during the mechanochemical
synthesis of both YMnO3 and ErMnO3 (Figure 5.3.20) show the reduction in Mn-Mn
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Figure 5.3.19: k3-weighted EXAFS oscillations at the (A) Er Ls-edge and its (B) respective
nonphase-corrected Fourier transform and at the (C) Y K-edge with respective (D) Fourier
transform at ‘time-slices’ during the mechanochemical synthesis of either ErMnOz or YMnOs with
10 mm milling media, with highlighted scattering paths
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coordination. This is more pronounced for the Er milled ‘time-series’, where the Fourier
transform indicates no extended Mn-Mn scattering after 2 h. Assessing the Er Ls-edge k3-
oscillations for the feature at ~7 A, which produces a unique oscillation for both the single
metal oxide and the calcined perovskite, the 2 — 6 h milled species suggest some similarities
to 0-ErMnOs. For the Y milled ‘time-series’ the amplitude of the feature corresponding to
Mn-Mn scattering is only absent after 6 h of milling. With observations at the Y K-edge k3-
oscillations difficult due to similar fluctuations between the Mn,O3 and 0-YMnOs reference
materials it is challenging to deduce the phase of the milling intermediates.

These visual comparisons at both the A-site edges and Mn K-edge EXAFS indicates
the breakdown of the A-site extended structure at earlier milling times than for Mn-Mn. This
supports previous reports of the A-site dispersing over bulk Mn in the initial stages of milling
(Chapter 3). However, these visual comparisons show that YMnOs is even more challenging
to synthesis via mechanochemistry by comparison to ErMnO3, and LaMnOs. Furthermore,
both EXAFS regions indicate that predominantly disordered and amorphous materials still
remain after 6 h of milling, even after performing mechanochemistry with 10 mm milling
media. Whilst XANES spectra show comparable profiles to that of the desired AMnO;

reference structure, within the EXAFS region large differences can still be observed. This
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indicates that changes to the electronic and geometric configuration of the first coordination
shell occur readily, with difficulties arising in forming the extended perovskite structure.

5.3.6 Understanding the catalytic properties and behaviour of differently

synthesised AMnO3; materials
Equivalent to activity testing performed in Chapter 3, section 3.3.4, the decomposition of
N2O (deN:0) has been conducted in order to understand how the synthetic route affects
the activity of the AMnO3 materials (Figure 5.3.21). First assessing the initial light-off curves
(Figure 5.3.21A, B) both the h-AMnOs and 0-AMnOs catalysts possess the better catalytic
activity of all materials tested, beginning at ~350 “C with 100 % conversion achieved ~575
— 600 °C. On reproducibility no clear distinction in Tso is observed between the two phases
Figure 5.3.21C,D). In contrast to previous deN,O studies on LaMnOQs3, the ball milled AMnO3

materials here show no pronounced early on-set conversion at lower temperatures. The

YMnO3; 5 mm milled catalyst reproduced some improved activity from 350 — 450 °C,
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Figure 5.3.21: Light-off curves for the percentage conversion of deN2O to N2 over differently
synthesised (A) ErMnOs and (B) YMnOs catalysts, with corresponding reproducibility testing (C),
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however, is at a much lower degree than previously observed for the ball milled LaMnO:s.
Whilst the ErMNnO3 10 mm milled material does show some early on-set conversion, it was
not reproduceable. The assessment by XRD and XAS of the 5 mm and 10 mm milled bulk
structures detected highly amorphous species with no extended perovskite structure. This
can suggest the importance of the perovskite phase, rather than homogeneous mixture of
precursor powders, for effective deN-O. Further observations of the light-off curves show a
much higher Tso value for 10 mm ball milled species, which could result from the larger
media size increase sintering at the surface. However, with all catalysts possessing
comparable surface areas, 1.6 - 3.8 m? g1, further of surface a properties and morphology
must also be considered with previous XPS and TEM studies on LaMnOs.

XPS studies have been performed and analysed at the Mn 2p, O 1s and either Er 4d
or Y 3d regions for the differently synthesised ErMnO3; and YMnOs, in conjunction with
Chapter 3 (section 3.3.3). First assessing the XPS Mn 2p region from 670 — 630 eV (Figure
5.3.22), curve fitting on all AMnO3 samples was successfully performed with the use of one
peak for each Mn 2ps1» and Mn 2ps); features, indicating a single valency.*® Both Mn 2pi.
and Mn 2ps» peak positions for all AMnO3z samples are detected within range of 641.5 and
643.2 eV, respectively, reported in literature for a Mn(lll) oxidation state (Table 5.3.6.1 and
Table 5.3.6.2).%° The small deviations observed for both 5 mm and 10 mm A-sites ball
species is not significant enough to indicate Mn(lV) behaviour, in agreement with the
symmetrical curve fitted peaks.*® With no significant alterations at the Mn catalytic active
site between the differently synthesised AMnOg it stresses the importance of understanding

changes to O 1s and A-site XPS regions.
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Figure 5.3.22: XPS spectra in the Mn 2p region for differently synthesised (A) ErMnOz and (B)
YMnOs catalysts
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Table 5.3.6.1: XPS deconvoluted peak positions and areas for differently synthesised ErMnOz
catalysts at O 1s, Mn 2p and Er 4d regions

Region | Sample Peak 1 Peak 2
5mm 530.1, 63367, 68.9 % | 532.5, 28654, 31.1 %
10 mm 530.2, 67565, 68. 9% | 532.5, 30573, 31.1 %
O 1s i i
Milled & calcined | o4 g 64740, 72.6 % | 531.8, 24466, 27.4 %
0-ErMnQOs
Sol-gel h-ErMnOs | 529.4, 56427, 76.0 % 531.8, 17790, 24.0 %
5mm 642.7 654.2
10 mm 642.6 654.1
Mn 2p | Milled & calcined
S-ErMnOs 642.1 653.7
Sol-gel h-ErMnOs 641.8 653.3
5mm 167.8
10 mm 167.4
Er4d | Mmilled & calcined
0-ErMnOs 167.8 170
Sol-gel h-ErMnOs 167.4

Table 5.3.6.2: XPS deconvoluted peak positions and areas for differently synthesised YMnOs
catalysts at O 1s, Mn 2p and Y 3d regions

186

Region | Sample Peak 1 Peak 2 Peak 3
5mm 529.9, 20382, 65.3% | 532.3, 10810, 34.7%
10 mm 529.5, 12693, 100% -
O 1s i i
Milled & calcined | 559 g 99010, 70.4% | 532.2, 12211, 29.6%
0-YMnOs3
Sol-gel, h-YMnOs | 529.5, 27224, 75.0% 531.8, 9090, 25.0%
5mm 641.9 653.4
10 mm 642.2 653.8
Mn 2p [ Milled & calcined
b 642.3 653.8
Sol-gel, h-YMnO3 641.9 653.4
5mm 155 157.2 159.3
10 mm 155.2 157.5 159.6
Y 3d | Milled & calcined
0-YMnOs 156.1 157.5 159.4
Sol-gel, h-YMnO3 154.5 156.5 158.5




The O 1s region was next deconvoluted by curve fitting to produce two distinct
features at 529.5 — 530.0 eV and 531.8 - 532.3 eV, with the exception of YMnO3z 10 mm
(Figure 5.3.23). The lowest energy binding peak is ascribed to lattice-type oxygens, O,%,
with the additional feature assigned to adsorbed species on the surface, O, O or OH".41-43
It is these adsorbed species that act to compensate for lattice oxygen vacancies, and thus
can be used as a qualitative measure for surface vacancies (with all materials possessing
comparable surface areas of 1.6 - 3.8 m? g!) .#3 For a full description see Chapter 3 (section
3.3.3) and Chapter 4.127

On first observations of the O 1s XPS region, both h-AMnO3; and 0-AMnO; reference
catalysts record much greater intensity for the peak assigned to lattice-type oxygens
compared to that of absorbed species (Table 5.3.6.1 and Table 5.3.6.2). This is expected
is to arise from their high temperature synthesise forming a more ordered sub-oxygen lattice
and causing sintering of surface sites.** Most significantly, the ball milled catalysts report a
higher percentage of absorbed species at the surface. However, this does not correspond
to an earlier on-set conversion of N»O as it did for LaMnOs, indicating these ball milled
ErMnOs3 and YMnOs catalysts have different factors dominating their activity.

Measurements at both the Er 4d and Y 3d confirm the sesquioxide phase is present
at the surface, rather than their analogous hydroxide (Figure 5.3.24).4546 Both sol-gel
synthesised AMnOs Er 4d and Y 3d spectra show a slight shift in the peak position binding
energy, indicating how the change in hexagonal A-site coordination to oxygen is also
present at the surface, in agreement with the O1s region.

Previous work on LaMnO3; showed that when the A-site La 3d XPS region detected -
OH type species, which when combined with an increase in oxygen vacancies at the surface
produced an earlier on-set production of N, from N2O a lower temperature.® With the ball
milled AMnO3; samples possessing an increase in oxygen vacancies but no A-site hydroxide

species, it could indicate the importance of the presence of -OH for low temperature deN,O

conversion.
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Figure 5.3.23: XPS spectra at the O 1s region for differently synthesised (A) ErMnOs and (B)
YMnOs catalysts
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Figure 5.3.24: XPS spectra for the differently synthesised AMnOz catalysts at (A) the Er 4d region
for ErMnOs and (B) the Y 3d for YMnO3

In order to investigate how changes to the A-site effect the topological structure of the
different manganite perovskite catalysts, the morphology and elemental mapping has been
examined by TEM. Figure 5.3.25 and Figure 5.3.26 shows both Er and Y 5mm and 10 mm
milled ball milled materials to have comparable agglomerated structures. On calcination of
the 5 mm milled species, 0-AMnO; (Figure 5.3.25C and Figure 5.3.26C), the image shows
signs of a more defined structure, however, remains largely agglomerated. Preparation of
the perovskite by sol-gel, h-AMnOs3;, shows a completely alterative ‘honey-comb’ cage-like
structure, consisting of larger particle sizes (Figure 5.3.25D and Figure 5.3.26D).1” Though
TEM detects vastly different morphologies for these two AMnO3; phases, the light-off curves
for deN2O (Figure 5.3.21) show comparable catalytic behaviour indicating the importance
of a combination of factors such as surface defects and vacancies.

Bright field (BF)-TEM imaging was then performed to achieve high magnification
resolution images (Figure 5.3.27 and Figure 5.3.28). All ball milled AMnO3s; samples indicate
predominantly amorphous material. In comparison to the 5 mm Er A-site species (Figure
5.3.27A), the 10 mm catalyst (Figure 5.3.27B), observed an increase in the number of
crystallites in the matrix, in agreement with XRD studies. The 5 mm Y A-site sample (Figure
5.3.28A), showed a higher proportion of crystal structures than the analogous Er species
(Figure 5.3.27A), however, XAS studies indicate the sample remains in its precursor-like
phase. After calcination of the 5 mm catalyst, 0-AMnOs images (Figure 5.3.27C and Figure
5.3.28C) detected a more crystalline sample, with the Y A-site producing a highly strained
and defected structure. This corresponds well to EXAFS analysis, where a higher degree
of structural distortion was modelled in comparison to 0o-ErMnOs;. The sol-gel h-AMnOs
(Figure 5.3.27D and Figure 5.3.28D) produces vastly different, highly uniform
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microstructures in contrast to the ball milled materials, however, an amorphous phase is

still suggested to surround the exterior of the particles.

200.0nm

200.0nm 200.0nm

Figure 5.3.25: SE images for A-site Er, showing the morphological changes between (A) 5 mm (B)
10 mm milled compared to reference (C) o-ErMnO3z milled and calcined and (D) h-ErMnOs sol-gel
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200.0nm

100.0nm 200.0nm

Figure 5.3.26: SE images for A-site Y, showing the morphological changes between (A) 5 mm (B)
10 mm milled compared to reference (C) o-YMnOs milled and calcined and (D) h-YMnOs sol-gel
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Figure 5.3.27: BF-TEM images for A-site Er, showing the morphological changes between (A) 5
mm (B) 10 mm milled compared to reference (C) o-ErMnOs milled and calcined and (D) h-ErMnOs
sol-gel
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mm (B) 10 mm milled compared to reference (C) o-YMnOsz milled and calcined and (D) h-YMnOs
sol-gel
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Performing compositional analysis on a TEM by X-ray emission in scanning mode,
elemental mapping images have been produced consisting of Mn (red), A-site, Er or Y
(green), oxygen (white) and Zr (blue) (Figure 5.3.29 and Figure 5.3.30). The first clear
observation for all milled AMnOs species, including the reference 0-AMnOs, is the addition
of Zr contamination. For the 5 mm and 10 mm milled catalysts (Figure 5.3.29A,B and Figure
5.3.30A,B) the Zr is suggested to be trapped in the Mn A-site matrix, whereas on calcination
of the 5 mm sample the Zr is excluded from the 0-AMnQO; crystals (Figure 5.3.29C and
Figure 5.3.30C). The calculated at% indicates the 10 mm milled species to have a higher
proportion of Zr at ~ 10%, in comparison to the 5 mm, at < 4 %. This is an unfortunate
characteristic of increasing the impact energy with 10 mm milling media, to result in

additional degradation of the milling media and jars. In turn, this could be a detrimental

Figure 5.3.29: Compositional analysis by EDX in scanning mode for A-site Y, showing the
morphological changes between (A) 5 mm (B) 10 mm milled ErMnOz compared to reference (C)
milled and calcined, 0-ErMnOs and (D) h-ErMnOs sol-gel
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effect to the catalytic activity of the 10 mm AMnOs; catalysts for deN,O. Further assessment
of the elemental maps suggests a high degree of inhomogeneity of all samples, even
including the sol-gel prepared h-AMnOs. For all samples prepared with a Y A-site oxide
(Figure 5.3.30) the mapping images show a high proportion of the A- site at the surface,

compared to the analogous Er materials.

250 nm

Figure 5.3.30: Compositional analysis by EDX in scanning mode for A-site Y, showing the
morphological changes between (A) 5 mm (B) 10 mm milled YMnO3z compared to reference (C)
milled and calcined, 0-YMnO3s and (D) h-YMnOs sol-gel
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Assessing the deN2O light-off curves for the ball milled AMnOs catalysts (Figure
5.3.21) no change in activity is observed at higher temperatures. Previously, two regions in
the light-off curve was observed for ball milled LaMnOs (section 3.3.4), due to the formation
of a highly crystalline perovskite phase. These ball milled AMnOs; catalysts are, however,
still expected to undergo a phase transformation as a consequence of the elevated
temperatures. To assess this structural change, XRD and XAS studies have been
completed on the post deN,O samples.

Figure 5.3.31 and Figure 5.3.32 show XRD studies measured before and after deN,O
for the differently synthesised ErMnO3; and YMnOs; catalysts, respectively. For the 5 mm
and 10 mm ball milled AMnO3; materials a high degree of crystalline orthorhombic phase is
detected after catalytic testing. Most significantly, the milled and calcined 0-AMnO3 catalyst
for both Er and Y A-sites (Figure 5.3.31C and Figure 5.3.32C) undergoes a phase
transformation from orthorhombic to hexagonal; in agreement that the hexagonal phase is
the thermodynamically stable species. No change is observed in the long range structure
after deNO for the sol-gel synthesised h-AMnOs (Figure 5.3.31D and Figure 5.3.32D).
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Figure 5.3.31: Comparison of XRD patterns of differently synthesised ErMnOs catalysts before
and after deN20 studies
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Figure 5.3.32: Comparison of XRD patterns of differently synthesised YMnOs catalysts before and
after deN2O studies

X-ray absorption studies have been performed to understand how the average bulk
structure is altered after completing deN2O. First assessing the Er Ls-edge and Y K-edge
XANES spectra (Figure 5.3.33) it is clear the milled and calcined catalyst now possesses
the same geometric and electronic configuration as h-AMnQOgs, confirming a phase
transformation to hexagonal. Both 5 mm and 10 mm ball milled AMnO3 at the A-site edge
follow the same spectral profile as for the 0-AMnOs. These observations are also reflected
in the Mn K-edge XANES (Figure 5.3.34). Issues occurred when measuring the 5 mm
sample at the Y K-edge, however, the spectrum is expected to match that of the 10 mm and
0-AMnO3 species.

The EXAFS k3-oscillations and respective Fourier transforms at either A-site edge
(Er orY) (Figure 5.3.35) and the Mn K-edge (Figure 5.3.36) suggest the formation of a more
ordered material after deN>O has been performed. EXAFS analysis was performed for both

ErMnO; (Table 5.3.6.3,
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Table 5.3.6.4, Figure 5.3.37), and YMnO; K-edge (Table 5.3.6.5, Table 5.3.6.6,
Figure 5.3.38), analogous to section 5.3.4. The simulated EXAFS models confirmed AMnOs
5 mm and 10 mm to possess orthorhombic structures, with the sol-gel and milled and
calcined having a hexagonal geometry. The data was modelled with close comparisons to

the expected crystalline structures.
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Figure 5.3.33: (A) Er Ls-edge and (B) Y K-edge XANES patterns of differently synthesised YMnOs
catalysts before and after deN20 studies
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Figure 5.3.34: Mn K-edge XANES for (A) ErMnOs and (B) highlighted pre-edge region compared
to (C) YMnOs and (D) highlighted pre-edge region after deN20O studies
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Figure 5.3.35: k3-weighted EXAFS oscillations for AMnO3 after deN20O has been performed at the (A) Er Ls-
edge and its (B) respective Fourier transform and at the (C) Y K-edge with respective (D) Fourier transform
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Figure 5.3.36: Mn K-edge k3-weighted EXAFS oscillations AMnOz after deN2O has been performed for (A)
ErMnOz and (B) respective Fourier transform and for (C) YMnOz and (D) respective Fourier transform
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Table 5.3.6.3: EXAFS fitting parameters for the Er Ls-edge for spectra collected on o- and h-ErMnOs.
Fitting parameters: S0°=0.8 as determined by the use of an Er foil standard; Fit range 3 < k>13, 1.2
<R > 4.0. 2CN fixed to known structures and the number of scattering paths reduced in order to
minimise fitting parameters

ErMnOs Sample | Bond (Abs-Sc) | 2CN | Eo (eV) o? R/A Rfactor
Er-01 7 0.005(1) | 2.28(1)

h_SEc;',\'Agne(')s Er-Mnl 3| 2@) [o0.003) |3.321)| 0.027
Er-Erl 6 0.006(1) | 3.53(1)
Er-01 7 0.005(1) | 2.28(1)

Milled & calcined | Er-Mn1 3| 2(1) |0.004(1) | 3.32(1) | 0.026
h-ErMnOs Er-Erl 6 0.006(1) | 3.54(1)
Er-01 4 0.005(1) | 2.25(2)
Er-02 4 0.015(8) | 2.46(4)

5mm Er-Mn1 4 1(2) 0.009(2) | 3.08(2) 0.42
0-ErMnOs Er-Mn2 2 0.006(2) | 3.30(3)
Er-Erl 4 0.007(3) | 3.84(3)
Er-Er2 2 0.003(2) | 4.01(4)
Er-O1 4 0.005(2) | 2.25(2)
Er-02 4 0.014(7) | 2.47(4)

10mm Er-Mn1 41 ) [0.007(2) | 3.08Q) | o
0-ErMnOs Er-Mn2 2 0.006(3) | 3.27(4)
Er-Erl 4 0.005(3) | 3.84(3)
Er-Er2 2 0.003(2) | 4.02(4)

Table 5.3.6.4: EXAFS fitting parameters for the Mn K-edge for spectra collected on o- and h-ErMnO:s.
Fitting parameters: S0°=0.7 as determined by the use of a Mn foil standard; Fit range 3 < k>14, 1.2
<R >3.85. 2CN fixed to known structures and the number of scattering paths reduced in order to
minimise fitting parameters

ErMnOs Sample | Bond (Abs-Sc) | 2CN | Eo (eV) o? R/A | Rractor
Mn-O1 2 0.002(2) | 1.88(2)
Sol-gel Mn-02 3 0.007(3) | 2.05(2)
h-ErMnOs Mn-Erl 3| 1@ 0.006(3) | 3.23(3) 0.017
Mn-Mn1 6 0.005(1) | 3.62(1)
Mn-O1 2 0.003(2) | 1.87(2)
Milled & calcined | Mn-O2 3 0.012(5) | 2.00(2)
HEMNO - -4(2) 0.24
3 Mn-Er21 3 0.005(2) | 3.35(2)
Mn-Mn1 6 0.007(2) | 3.53(1)
Mn-O1 4 0.003(1) | 1.91(1)
S Mn-02 2 0.007(5) | 2.23(3)
o-ErMnOs Mn-Erl 4| -7(3) |0.011(4) | 3.09(3) | 0.027
Mn-Er2 2 0.003(2) | 3.31(3)
Mn-Mn1 2 0.006(5) | 3.75(4)
Mn-O1 4 0.004(1) | 1.90(1)
Mn-O02 2 0.011(5) | 2.24(4)
O_E?Q?OB Mn-Erl 4] 73 |0.012(4) | 3.08(3)| 0.035
Mn-Er2 2 0.004(2) | 3.31(3)
Mn-Mn1 2 0.007(4) | 3.76(4)
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Figure 5.3.37: Er Lz-edge (pink) and Mn K-edge (orange) EXAFS data (A) and (B) 6 h milled with
5 mm media, (C) and (D) 10 mm media, (E) and (F) milled and calcined ErMnOs and (G) and (H)
sol-gel h-ErMnOs showing the magnitude and imaginary components of the k3-weighted Fourier
transform data and fits
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Table 5.3.6.5: EXAFS fitting parameters for the Y K-edge for spectra collected on o- and h-YMnO3z
after deN20. Fitting parameters: S0.=1.0 as determined by the use of a Y foil standard; Fit range 3
< k>14, 1.2 <R > 4.0. ®CN fixed to known structures and the number of scattering paths reduced in
order to minimise fitting parameters

YMnOs Sample | Bond (Abs-Sc) | 2CN | Eo (eV) o? R/A Rfactor
v-01 7 0.006(1) | 2.30(1)
Sol-gel Y-Mn1 3 | 0.005(3) | 3.33(2)
h-YMnOs | Y-Y1 6 3@ [0.004(1) [357(2)| ©-01°
Y-Mn2 3 0.003(3) | 3.76(3)
v-01 7 0.006(1) | 2.29(1)
Milled & calcined | Y-Mn1 3 | 0.007(3) | 3.33(2)
h-YMnO: | Y-Y1 6 | @ [o0.005(1) 3573 | %
Y-Mn2 3 0.004(3) | 3.73(4)
v-01 4 0.008(2) | 2.30(3)
Y-02 4 0.014(6) | 2.54(4)
5mm Y-Mn1 a | 0.011(2) | 3.13(3)
0-YMnOs | Y-Mn2 2 32) 0.006(2) [3.333) | %¢°
Y-Mn4 4 0.003(2) | 3.76(6)
YY1 2 0.005(1) | 3.78(4)
Y-01 4 0.005(1) | 2.28(2)
Y-02 4 0.012(4) | 2.50(4)
Y-Mn1 a | 0.011(2) | 3.12(3)
ot [Ymn2 2 32) 0.005(2) [3.322) | %04
Y-Mn4 4 0.003(2) | 3.73(5)
YY1 2 0.006(1) | 3.77(4)

Table 5.3.6.6: EXAFS fitting parameters for the Mn K-edge for spectra collected on o- and h-YMnO:s.
Fitting parameters: S0°=0.7 as determined by the use of a Mn foil standard; Fit range 3 < k>14, 1.2
<R >3.85. 2CN fixed to known structures and the number of scattering paths reduced in order to
minimise fitting parameters

YMnOs Sample | Bond (Abs-Sc) | 3CN | Eo (eV) o2 R/A Rfactor

Mn-O1 4 0.003(2) | 1.85(2)

Sol-gel Mn-O3 2 0.008(4) | 2.02(2)
h-YMnOs | Mn-v2 6] 3@ [0.00502) [33302)] >

Mn-Mn1 6 0.007(1) | 3.54(1)

Mn-O1 4 0.004(2) | 1.87(2)

Milled & calcined | Mn-O3 2 0.012(6) | 2.01(3)
h-YMnOs Mn-Y2 6| O 0.005(2) | 3.33(2) 0.010

Mn-Mn1 6 0.009(2) | 3.53(3)

Mn-O1 4 0.003(1) | 1.92(1)

Mn-O3 2 0.007(4) | 2.23(2)

Emm Mn-Y2 4 0.008(2) | 3.08(1)
6-YMnOs Mn-Y3 2| -42) [0.005(3) [ 3.28(2) | 0.060

Mn-Mn1 2 0.006(2) | 3.77(5)

Mn-Y4 2 0.005(2) | 3.84(4)

Mn-Mn2 4 0.013(3) | 3.90(4)

Mn-O1 4 0.003(1) | 1.91(1)

Mn-O3 2 0.008(3) | 2.23(2)

Lomm Mn-Y2 4 0.009(2) | 3.08(2)
6-YMnOs Mn-Y3 2] -32) [0.005@2) | 3.32(2) | 0.022

Mn-Mn1 2 0.008(5) | 3.76(8)

Mn-Y4 2 0.007(3) | 3.84(5)

Mn-Mn2 4 0.013(5) | 3.91(7)
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Figure 5.3.38: Y K-edge (green) and Mn K-edge (orange) EXAFS data (A) and (B) 6 h milled with
5 mm media, (C) and (D) 10 mm media, (E) and (F) milled and calcined ErMnOs and (G) and (H)
sol-gel h-YMnOs showing the magnitude and imaginary components of the k3-weighted Fourier
transform data and fits
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To understand how these phase transformations effect the catalytic recyclability, an
additional deN»O cycle was performed on the used catalysts (Figure 5.3.39). Both Erand Y
A-site materials show comparable deN>O conversion. The sol-gel synthesised h-AMnO3
remains comparable to the first deN,O performance run, with the milled and calcined
showing a small decrease. This thermal stability is expected to arise from the high
temperatures used in both preparation routes. Though both the sol-gel and milled and
calcined catalyst now possess the same hexagonal structure, there is a clear distinction
between their light-off curves, which could result from their different morphologies. The ball
milled samples show the biggest decrease in catalytic activity, with a reduction of ~50 °C in
the Tso for both 5 mm and 10 mm milled AMnOs. Significantly the 10 mm catalyst shows the
lowest catalytic activity, even whilst having comparable bulk structure to the 5 mm after the
first catalytic cycle. This suggests further investigations into how surface properties change

with respect deN>O should be explored as well.
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Figure 5.3.39: Light-off curves for the percentage conversion of deN2O to N2 over differently
synthesised (A) ErMnOs and (B) YMnOs catalysts was performed on the used catalysts to produce
cycle 2 data
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54 Conclusions

Attempts to synthesis ErMnOs; and YMnOs; by mechanochemistry and sol-gel
synthesise were unsuccessful under the same experimental conditions as LaMnOs. For the
sol-gel synthesis, the smaller A-site ionic radii of Er/Y, compared to La, required a higher
final thermal temperature, in accordance to the Goldschmidt tolerance factor. Calcining the
amorphous 5 mm ball milled material resulted in an AMnO3z phase, reducing the final
annealing temperature by 300 ‘C compared to the sol-gel synthesis; along with removing
multiple process steps and the use of solvent to produce a more environmentally friendly
process. Furthermore, by optimising the milling process to use a larger media size some
crystalline perovskite was detected, indicating that a greater impact energy was required.
However, this increase in media size unfortunately resulted a high percentage of Zr
contamination from the milling equipment in final material, detected by TEM-EDX, which
could be linked to the decrease in deN,O activity for the 10 mmm catalysts.

However, we must take care when drawing comparisons between the required
mechanical and thermal energies as these different synthetic routes proceed via alterative
pathways to produce different perovskite phases; orthorhombic (metastable) and hexagonal
(thermodynamically stable), respectively. This is further highlighted with the milling of the Y
A-site system, which requires a greater reaction time for 100 % of its crystalline content to
be 0-YMnOs. It is observed by XAS and TEM that this orthorhombic structure has a higher
degree of Jahn-Teller distortion in comparison to o-ErMnOs, thus further lowering its overall
stability.

Further XAS studies highlighted how complex and complicated the milled materials
were. The lack of any overall long-range order for the ball milled species, indicating that
highly disordered species remained even after milling for 6 h with 10 mm milling media. This
made it challenging to extract definite structural information. However, this could be an
exciting opportunity for future work to perform multivariate component analysis in order to
identify the intermediate phases throughout milling by analysis of the initial components
(later discussed in Chapter 7).4” However, by performing XAS at both A- and B-site edges
here it was possible to signify that the initial stages of milling, 0-2 h, is extremely important
for the evolution of new phases. Comparisons between the 5 mm and 10 mm milled
materials showed the greatest proportion of change occurred from 0-2 h, with increasing
the milling duration having little effect. This suggests that the required activation energy for
perovskites, supplied by the transfer of mechanical energy, is dependent on the impact
energy rather than increased number of collisions.

Performing deN»O catalytic reactions shows the ball milled catalysts to have no
improved activity over their sol-gel equivalents. Though XPS reported a higher percentage
of surface oxygen vacancies for the ball milled catalysts, their lower catalytic performance

could be an indication of the importance of an extended perovskite-like structure or
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presence of hydroxide ions at the A-site. With an increase in the number of surface
vacancies no longer comparable to an earlier on-set conversion of deN2O, as previously
observed for LaMnOgs, it could signify the important role of A-site hygroscopy. This can be
linked to the rate determining step for deN»O, which is the desorption of O, from the surface.
Further investigation is required to understand the catalytic pathway for these materials.

Post deN,O ex situ characterisation showed crystallisation to the orthorhombic
phase for the ball milled species, which in turn reduced their performance on a second cycle
of deN2O. activity. Interestingly the o-ErMnOs; reference material transformed to a
hexagonal phase as a result of the elevated temperatures during deN:O, further confirming
the thermal stability of h-AMnQOs3. With the sol-gel and newly hexagonal milled and calcined
species having differing light-off curves it indicates the importance in morphology.

These differences highlight that by changing the synthetic route it is possible to tailor
materials to desired structures, which in turn can possess alternative properties that benefit
specific applications. However, this chapter also shows the challenges arising through
preparing materials via mechanochemistry, as even these similar mixed metal oxide

materials require specific optimisation.
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Chapter 6

Understanding the effect of La doping on
supported Au nanoparticles by milling and its
catalytic properties

6.1 Introduction

The use of supported metal nanoparticles (NP) is well established within heterogeneous
catalysis.! Depositing nanoscale metals on a high surface area supports has resulted in the
formation of highly efficient catalysts that are widely utilised for many industrial processes
today. This is includes: three-way catalysts for automotive exhaust emission control, Pd-
TiO2/Rh-Al,0O3-La,03?, for the water-gas shift reaction to produce hydrogen, Pt/CeO.® and
for catalysing selective hydrogenation of alkenes, Pd/C* The catalytic activity of metal
supported NPs is reported throughout literature to be highly dependent on particle size,
shape and structure along with the choice of support and its subsequent interaction with the
chosen metal.> However, NP catalysts are disadvantaged by their high metal cost and ability
to deactivate under operating conditions, by either poisoning or sintering of the particles.®
This has led to continued research within this area and for the development of next
generation catalysts.

A large array of research has focused solely on the optimisation of supported NP
catalyst synthesis. Traditional preparation routes, such as impregnation and precipitation
struggle to allow for accurate control of the final material properties, with the use of
subsequent thermal treatments resulting in NP agglomeration.” However, using sol-
immobilisation it is possible to tune the NP size and dispersion by either changing the
polymer to metal ratio, the choice of solvent or temperature of the colloidal solution.2° Still,
using this solvent based preparation routes requires multiple reaction steps, precise
temperature control and stringent waste treatment procedures, all at a high energy and
environmental cost.

Mechanochemical synthesis is a versatile, simple and solvent-free synthetic route,
that is not commonly reported within NP research. This synthetic route generally produces
particles on the micro-size scale, rather than the nano, with literature predominantly

focusing on preparation of the metal oxide support, such as Al.Oz. Within the last decade
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only a few publications have attempted the combination of metal NP research with
mechanochemistry. Rak et. al. were able to produce highly monodisperse metal NPs in
lignin, however, it wasn’t until 2019 when Schreyer et al. reported the bottom-down
approach of macroscopic metal powders onto a variety of metal oxide supports.101!
Schreyer et al. also detected a phase transformation for the Al.Os support, from a to y-
Al,Os. The formation of this metastable y-Al,Os; phase further indicates a high potential for
catalysis. Though no significant improvement of activity was detected for the ball milled
catalysis towards CO conversion over impregnation or co-precipitation techniques, it
provides a clear opportunity to explore mechanochemistry in NP supported catalyst
research.

Traditionally considered as catalytically benign, research into gold catalysts has
significantly increased over the past 30 years thanks to work published by Bond et. al.'?,
Haruta et. al.*® and Hutchings et. al. showing dispersed Au NP, over the bulk metal, possess
excellent catalytic activity. Haruta et. al first reported NP Au to have high activity towards
CO oxidation at low temperatures. The high selectivity and tunability of Au loading makes it
a highly accessible and promising catalyst. Today Au supported catalysts have shown large
commercial potential, and are now being used for hydrochlorination of acetylene for the
production of a vinyl chloride monomer (VCM), a chemical intermediate of polyvinyl chloride
(PVC).14

However, there is limited understanding of the catalytic steps occurring at these low
temperatures that result in an improved activity, and there is often debate around identifying
the active site, Au®* or Au(l/II).3* Further difficulties arise as the Au NPs are highly
dependent on the specific reaction conditions and the nature of the support used. Currently
there is not enough evidence to decipher whether it is Au in its cationic state or in gold
clusters that results in the enhanced catalytic activity.’® It has been observed that the
cationic form of Au is highly unstable during high temperatures and oxidising conditions.”

Recent reports on the stabilisation of cationic forms of Au(l) or Au(lll) have shown
promising catalytic activity, along with the indication that La is able to stabilise these
species.’®20 However, these reports on La,Os; supported Au NPs also produce
contradictory hypotheses towards the nature of the Au active site and the mechanism for
CO oxidation remains elusive. Fierro-Gonzalez et. al. and Goguet et. al. reported high
stability of the cationic Au(lll) species throughout CO oxidation and calcination procedures,
respectively,'820 whereas, Mihaylov et. al. initially detected Au(0) NPs, which under reaction
conditions were oxidised by CO; to form Au®* in order to facilitate CO oxidation.?2?

Previously, work on the preparation of LaMnOs by ball milling showed that La could
be easily ‘activated’ through the physical action of grinding La,O3 with a pestle and mortar
in the presence of another precursor material.?® Herein, this work attempts to establish if

this ‘activation’ of La can be utilised as a promoter for 0.5wt% Au/Al,O3 catalysts alongside
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the effect of ball milling on Au supported NP. This provides a clear opportunity for research
within this area utilising a combination of advanced characterisation and mechanochemical

synthesis.

6.2 Materials and methods

6.2.1 Material synthesis

La-Au/Al,O3 Synthesis. The 0.5wt% Au/Al,Os were prepared by impregnation, supplied by
Johnson Matthey, Sonning Common, UK. To investigate the effect of La dispersion over
0.5wt% Au/Al,O3 four samples were prepared:

1. 0.5wt% Au/Al,O3 = Au/AlLO3

2. 0.5wt% Au/Al;O3 milled for 30 min = Au/Al,O5;_milled
3. 2wt% La and 0.5wt% Au/Al,O3 mixed with a pestle and mortar = La_Au/Al,O3;_mixed
4. 2wt% La and 0.5wt% Au/Al>Oz milled for 30 min = La_Au/Al,O5;_milled

Milling was performed for samples 2 and 4, using a Retsch 2—station Planetary Ball Mill,
PM200 with 125 mL ZrO; grinding jars, at the Research complex, Harwell, UK. La>O3 was
initially heated at 500 ‘C for 12 h to ensure an oxide starting phase. For samples 2 and 4,
0.5wt% Au/Al,Os (5 g) or a Lax0Os3 (0.15 g) and 0.5wt% Au/Al,Os (5 g) mixture, respectively,
were placed in the milling jar, on top of the media and then sealed with a lid. Experiments
were run with 5 mm yttria-stabilised zirconia (YTZ®) milling media, with a media weight ratio
to the total precursor powder of 10:1. The mill operated at room temperature at 100 rpm for
30 min. Note, that a separate jar was milled for sample 2 and 4. Sample 3 was prepared
using the same stoichiometric measurements as for sample 4, but grinded by hand in a 50

mL agar pestle and mortar for 10 min.

6.2.2 Characterisation

X-ray diffraction (XRD) patterns were collected on a Bruker AXS D8 diffractometer
(Johnson Matthey, Sonning Common, UK) with Cu Ka radiation over a range of 26 = 10 -
130° with 0.044° step size.

X-ray absorption spectroscopy (XAS) measurements were performed at the B18
Beamline, Diamond Light Source. XAS measurements were performed at the Au Lz-edge
(11920 eV) and La Lsz-edge (5483 eV) in transmission mode using QEXAFS setup with fast
scanning Si(111) double crystal monochromator. All XAS spectra were acquired
concurrently with the appropriate foil placed between I and ler. Au Lz-edge XAS spectra
were acquired with a time resolution of 5 min per spectrum (kmax= 16) averaged over 3

scans. La Ls-edge XAS spectra were acquired with a time resolution of 5 min per spectrum
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(kmax= 10) averaged over 3 scans. Data processing was performed using IFEFFIT?* with
Horae package? (Athena and Artemis). The amplitude reduction factor, S¢ was derived
using EXAFS analysis of appropriate reference spectra foil of known coordination numbers.

X-ray photoelectron spectroscopy (XPS) was carried out with a Thermo Escalab 250.
The radiation used was monochromatised aluminium Ka radiation with a 650 um spot size.
Charge compensation was provided by the in-lens electron flood gun at a 2 eV setting and
the "401" unit for "zero energy" argon ions. Energy scales were corrected to the Al 2p signal
(74.5 eV) to compensate for charging effects. Sensitivity factors after Scofield were used in
guantification, which was measured and analysed by Johnson Matthey, Sonning Common,
UK

Transmission electron microscopy (TEM) samples were prepared as previously
stated in section 3.2.2 by the Johnson Matthey analytical department. Using a JEM 2800
(Scanning) Transmission Electron Microscope the same instrumental conditions were
applied: voltage (kV) 200; C2 aperture (um) 70 and 40.

Brunauer-Emmett-Teller (BET) surface area analysis was performed on the different
Au/Al,O3 catalysts using nitrogen adsorption on a Quantachrome Autosorb iQ “E” at
Johnson Matthey, Sonning Common, UK. Samples (~10 — 25 mg) were initially heated to
573 K with a ramp of 10 °C min't under a vacuum for 4 h to remove any absorbed species
on the surface before gas adsorption/desorption experiments began. The nitrogen
adsorption/ desorption measurements were then performed at 77 K, achieved using liquid
N, with relative pressure of P/P° =0.1.

Transmission infrared (IR) spectroscopy. CO chemisorption was performed using an
is10 Nicolet spectrometer with a deuterated triglycine sulfate (DTGS) detector. Samples
(~20 — 25 mg) were pressed into a self-supporting 13 mm? pellet and mounted into a sealed
Harrick transmission cell. The cell was purged for 30 min under a He gas flow of 30 ml min-
1 before a background spectrum was collected. Pulses of 10% CO / He were introduced into
the cell at 10 ml min-t, along with 20 ml min-* of He, at 30 s intervals until no change was
observed in the CO bands, i.e. once full saturation of the surface occurred. The IR spectra
were recorded from 40 — 4500 cm* with a resolution of 4 cm™ and an accumulation of 64
scans after purging the cell until free CO gas was no longer detected. Background
subtraction was performed using the OMNIC software package, allowing for spectral

observations of CO absorption bands.

6.2.3 Catalytic activity testing

CO oxidation was carried out in a Hiden CATLAB fixed-bed quartz reactor in the
temperature range of 40 — 250 °C with a ramp of 5 °C min-t. The different Au/Al,O; samples
were pressed and sieved into a 125 — 250 uM pellet faction. The reaction was performed

over 100 mg of sample at a total flow of 17.5 mL min't with GHSV = 41,000 h-!, composed
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of 10% CO/He, 5 mL min? with an excess flow of 20% O./He, 12.5 mL mint. A pre-
treatment was performed on the catalysts under 17.5 mL min-! of He up to 150 °C to remove
any surface species before CO oxidation. The composition of exhaust gases was measured
using a Hiden QGA mass spectrometer for He (m/e = 4), CO (m/e = 28, 12), CO, (m/e =
44), O, (m/e = 32).
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6.3 Results & Discussion

6.3.1 XRD

XRD was first performed to assess how La doping and milling affects the long-range
structure of different Au/Al;O3 catalysts. Initial observations show the diffraction patterns for
all Au/Al,Os; samples contain broad, low intensity peaks indicative of small particle size
and/or amorphous content (Figure 6.3.1). No Bragg peaks corresponding to Au are visible
within the XRD of all four samples, resulting from extremely small particle sizes and low
metal loading. The average Au crystallite size can therefore not be determined by XRD.
Assessing the Au/Al,O3 and Au/Al,O3; milled catalysts, XRD identifies an a-Al,Oz phase.?8
On the addition of La precursor, by both mixing and milling, the peaks associated with
La(OH); are now observed. Both milled species, Au/Al;O3; milled and La-Au/Al,O3 milled,
detected a subtle decrease in peak intensity on milling, suggesting some amorphisation.
This is a common consequence of mechanochemistry. Literature reports it is possible to
form a a-Al,O3 phase on milling of y-Al,03.2%2” A phase transformation has not occurred in
this case as a result of the low energy milling conditions used, in order to reduce the

opportunity of Au NP agglomeration.

AU/AlO,
I AU/Al,0, milled

\ —— La-Au/Al,0, mixed

\ | La-Au/Al,O, milled

Intensity / a.u.

*La(OH),
1-AlLO;

10 20 30 40 50 60 70 80 90 100
20

Figure 6.3.1: XRD patterns of different Au/Al2O3 catalysts

6.3.2 TEM

TEM imaging was performed on the different Au/Al,Os catalysts to assess how changes
with respect to La doping and/or milling effects the morphology, Au dispersion and Au
average particle size; previously not possible by XRD. Figure 6.3.2 shows representative
TEM images of the Au particles distributed about the alumina support for all four Au/Al,O3

catalysts. No clear morphological alterations are observed on milling (Figure 6.3.2B, D).
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Figure 6.3.2: Representative TEM HAADF images of (A) AuAl20s, (B) AuAl-03 milled, (C) La-
AuAl203 mixed and (D) La-AuAl20s milled catalysts

Samples doped with La show large particles of La for both mixed and milled materials
(Figure 6.3.2C, D), confirmed by elemental mapping (Figure 6.3.3). However, on milling
AU/Al;O3 with La2Os, the La precursor began to show signs of distribution into the oxide
support.

The average Au particle diameter histograms for the different Au/Al,Os catalysts are
shown in Figure 6.3.4. Calculating the average Au particle size across a minimum of 115
particles showed that ball milling of Au/Al,O; decreased the particle size, from 5.1 + 3.6 nm
to 3.8 + 0.9 nm. Both La-Au/Al,Os; mixed and La-Au/Al,O3z milled samples also estimated a
reduction in average particle size compared to Au/Al,O3 of 3.6 + 2.0 nm and 4.2 + 1.5 nm,
respectively. The energy transferred to the powdered material via mechanical action of the

215



Chapter 6

mill would be expected to destabilise the small Au NP, resulting in agglomeration and an
increase in average NP size. Large errors are, however, recorded for the initial Au/Al>,O3

material. It is also important to note that this is only a small sample area and is not fully

representative of the overall bulk composition.

Figure 6.3.3: TEM EDX imagine of (A) La-AuAl20s mixed and (B) La-AuAl20s milled catalysts,
showing the distribution of La (yellow) compared to Au (red) and Al (blue)

Al 907 EmAva0, | B 507 [ Aw/ALO, milled
40- ] 404
2 30- 2 30
S g
o
2 20- @ 204
[T L
10+ H H 10
0 +——emi Al |_|'T‘ [ o—mldlE-m
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Particle diameter (nm) Particle diameter (nm)
C 507 [ La_AwALO, mixed D 504 @ La_Au/ALLO, milled
40 ] 40
S 304 S 304 ]
(0] ]
3 3
o o
D 20 D 20
L L
10 104
0 H : |—.|'—| —— (- ﬂl_l'jﬁ'? .
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Particle diameter (nm) Particle diameter (nm)

Figure 6.3.4: Au particle diameter histograms of (A) AuAl2Os, (B) AuAl20z milled, (C) La-AuAl2Os
mixed and (D) La-AuAl2O3 milled catalysts
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6.3.3 XAS

To understand the Au and La local coordination environments, independent of periodic
ordering, XAS has been performed at both Au and La Ls-edges. Previously, XAS of LaMnOs
has shown that measuring two edges, Mn K-edge and La Ls-edge, on the same sample
provided unique perspectives, crucial for understanding the structures of milled materials.?®

XANES measured at the Au Ls-edge (Figure 6.3.5) corresponds to a 2p — 5d
transition. For all Au/Al,O; samples the XANES spectra is indicative of a metallic Au®
species. With Au® possessing a completely full 5d orbital, 5d*°6s?, the main absorption edge
at 11920 eV is expected to occur as a result of hybridisation and the formation of a 5d*°
56s'*? state.?® No change is observed on milling or with the addition of La.

No alterations are observed at the La Ls-edge XANES (Figure 6.3.6) and respective
EXAFS Fourier transform between the La-Au/Al,Os; mixed and La-Au/Al,O3z milled catalysts.
This suggests La has remained in its bulk form, with no significant dispersion within
AU/Al;O3. Therefore, no overall association of Au with La for either the mixed or milled La-
Au/Al,O3 samples has occurred.

Assessing the EXAFS at the Au Ls-edge to produce fitting models is a powerful tool
in determining the coordination number (CN) and average patrticle size of Au NPs. The
calculated particle size values are representative of the whole sample, in contrast to the
previous TEM studies. Figure 6.3.7 shows the magnitude and imaginary components of the
k2-weighted Fourier transform data and simulated fits, with corresponding fitting parameters
in Table 6.3.3.1.

_ﬁ_i m = - B 7 AUALO, ‘
|eeleie e - Tt AWALO, milled
> 6 La-Au/Al,O, mixed
2 0.8 ——— La-AuwAlLQ, mixed
o 51
c —
= @
T 0.61 <C 41
2 =
£ 041 T3
= —— Au/ALO, o]
Zz 024 AU/ALO, milled
: La-Au/Al,O, mixed -
col— | La-Au/AO; milled //\(;\\/\/’AV
11900 11950 12000 12050 3 4 5
Photon energy (eV) Radial distribution (A)

Figure 6.3.5: XAS performed at the Au Ls-edge on Au/Al2O3 catalyst that has been milled/mixed in
the presence of La(OH)s showing (A) XANES and (B) non-phase corrected Fourier transform
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Figure 6.3.6: XAS performed at the La Ls-edge on La-Au/Al2Os mixed and milled samples
compared to a La(OH)s standard showing (A) XANES and (B) non-phase corrected Fourier
transform

All Au/Al>O3 catalysts show a high amplitude feature within the first coordination shell,
assigned to Au-Au scattering at 2.83 — 2.84 A. This feature corresponds to a calculated Au-
Au CN of 10.1 — 10.8 by EXAFS fitting (Table 6.3.3.1.). These values are lower than that
recorded for bulk Au, which is reported to have a CN of 12 and Au-Au bond length of 2.88
A.29 A reduced in Au-Au scattering distance and CN calculated for the different Au/Al,O3
catalysts is expected to result from a decrease in particle size.*° As NPs have a high surface
to volume ratio, on decreasing size they possess a higher fraction of uncoordinated surface
Au atoms, and thus decreases the overall Au-Au CN.3!

Using this first shell CN, the average Au NP diameter size was determined using the
method reported by Beale et. al.®? Previously, the low metal loading and small Au NP sizes
meant it was not possible to detect them by lab-based XRD (Figure 6.3.1). To perform this
model on the Au/Al,Os; samples, it was first required to assume that all Au NP were
spherical, under 3 nm in size and in a face centred cubic (FCC) arrangement. The average
Au particle diameter calculated by EXAFS shows variations and smaller particle sizes in
comparison to those observed by TEM analysis. Here, the initial, unaltered, Au/Al,O3
catalyst has the smallest average Au NP diameter, 2.1 nm. Milling Au/Al,Os results in an
increase of 0.3 nm. On the addition of La by mixing and milling an average Au NP size of
2.8 nm and 3.0 nm, respectively was calculated, indicating dispersed Au was less stable on
the oxide support. By performing both TEM and EXAFS particle size analysis can produce
complementary information. While TEM uses a small representative sampling size, EXAFS
size takes into consideration the entirety of the sample. Furthermore, the electron beam
within TEM can often destabilise the NP, resulting in agglomeration on particles. It would

therefore be expected for TEM studies to suggest a larger average particle diameter.
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Figure 6.3.7: Au Lz-edge EXAFS fitting data of (A) AuAl2Os, (B) AuAl203 milled, (C) La-AuAl203
mixed and (D) La-AuAl20z milled catalysts, showing the magnitude and imaginary components of
the k?-weighted Fourier transform data and simulated fits

Table 6.3.3.1: EXAFS fitting parameters at the Au Ls-edge for different Au/Al2Oz catalysts. Fitting
parameters: So? = 0.8 as determined by the use of an Au foil standard; Fit range 3 < 4> 13, 1.4 <&

>5.0.

Sample Bongé)AbS' CN | Eo(ev)| o2 R/A | Riactor d’;"rﬁreat‘gf/ﬁ‘:n
Au-Aul | 10.1(8) 0.009(1) | 2.83(5)

AUALO: | Au-Au2 | 0.8(9) | 4(1) |0.006(5) | 4.04(3) | 0.02 21
Au-Aud | 4.7(7) 0.015(8) | 4.95(3)
Au-Aul | 10.4(9) 0.010(1) | 2.83(1)

Au/Al2O3

e Au-Au2 | 0.8(8) | 4(1) | 0.004(4) | 4.05(3) | 0.02 2.4
Au-Au3 | 6.3(7) 0.011(8) | 4.95(4)

La. Au-Aul | 10.7(9) 0.010(1) | 2.83(4)

AWALOs | Au-Au2 | 1.1(5) | 4(1) |0.008(9) |4.03(4) | 0.02 2.8

mixed Au-Au3 | 4.9(6) 0.011(8) | 4.95(4)

Lo Au-Aul | 10.8(9) 0.009(1) | 2.84(1)

AWALOs | Au-Au2 | 1.3(9) | 4(1) |0.007(8) |4.04(4) | 0.02 3.0

milled Au-Au3 | 7.1(7) 0.012(8) | 4.96(4)

219




Chapter 6

6.3.4 XPS

XPS has been performed to understand how the surface composition of the Au/Al,O3
catalyst changes with respect to milling and the addition of La. The surface atomic
percentage ratios are shown in Table 6.3.4.1. It is clearly observed that no change occurs
to the alumina support on milling or the addition of La at the surface for all four Au/Al,O3
catalysts. Furthermore, there is no significant change between the Au/Al,Os; and Au/Al;O3
milled samples. After the addition of La to Au/Al,Os, a higher proportion of La is detected
on the surface for the mixed sample, over the milled analogue. This suggests that on simple
mixing by a pestle and mortar the La precursor remains at the surface of Au/Al,Os. However,
on milling the La-Au/Al,Oz a reduction of the Al:La ratio indicates La is further dispersed
and/or incorporated in the alumina support. It is important to note that a proportion of La,
along with Au/Al;O3, could have remained inside the milling jar and therefore there is a lower
proportion of La to total sample size. The surface composition of milled La-Au/Al,Os also

shows an increase in the amount of Al:Au ratio compared to all four catalysts.

Table 6.3.4.1: Surface atomic percentage ratios of the different Au/Al2Osz and La catalysts

Ratio | Au/Al,Oz | Au/Al,Oz milled La-Au/Al,O3 mixed La-Au/Al,O3 milled

O:Al 1.6 1.6 1.6 16
Al:Au 1102 1091.3 1092.7 815.0
Al:La - - 91.1 271.7

The change in the La can be observed within the La 3d XPS region (Figure 6.3.8)
where a reduced signal is detected for the milled sample, in comparison to the mixed. The
peak at 833 eV is assigned to inorganic contamination remaining from the preparation
method of Au/Al>;Os.
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Figure 6.3.8: XPS spectra within the La 3d region of different Au/Al2O3 catalyst
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Assessing the Au 4f and Al 2p XPS regions (Figure 6.3.9) shows no changes
between the different Au/Al,Os; samples. The binding energy of the Au 4f;» region is

indicative of pure metallic Au®
edge XAS (Figure 6.3.5).%3

surface species, in agreement with bulk analysis by Au Ls-
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1.0 AUAlLO, milled 10- AU/AI,0 milled 7
\&”N La-AufAl,O5 mixed : ::a-iujﬁ:Qgg m!‘)l(ej . \
=y 1 H La-Au/AlLO, milled — La-AwALO, miled f Y
g 0.8 \;“4"\\.&*\ a-Au/AlLO, mille %\ o ,
c
2 061 5
© £ 06
m .
= o
5 0.4 2
& T 04
T 02 o
0.2
0.0
0 88 86 8482 .8 0.0 +——— : , -~
92 90 83 86 84 82 80 80 78 = =) 75 =

Binding energy

(eV) Binding energy (eV)

Figure 6.3.9: (A) Au 4f and (B) Al 2p XPS regions for the different Au/Al>O3 catalysts

6.3.5 Transmission IR

To assess the available Au surface sites, CO chemisorption studies were performed by
transmission IR (Figure 6.3.10). The only significant absorption band observed within the
spectra for Au/Al,Os is detected at ~ 1900 cm™ This broad absorption band is extremely

difficult to assign, with only clusters of Aus(CO) reported in literature within range of this

wavenumber.3* Broad CO adsorption bands result from the dipole coupling effect between

neighbouring CO molecules;

0.015

0.010 -

Absorbance

0.0054

when CO coverage is large, the dipoles between CO
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Figure 6.3.10: Transmission IR spectra for CO absorption studies of different Au/Al2O3 catalysts
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molecules couple, increasing the width of the adsorption band. This indicates that large
clusters of Au particles are present at the surface of Al,Oj3 for all catalysts.® The height of
the absorption peak is often considered a quantitative assessment of the number of Au
available sites, whilst maintaining the same sample weight. Itis clear that La-Au/Al,O3s mixed
catalyst has an extremely low number of Au surface sites. This indicates that the high
proportion of La detected at the surface by XPS (Table 6.3.4.1) inhibits the chemisorption

of CO onto Au sites at the surface.

6.3.6 Catalytic studies

CO oxidation experiments were carried out on all Au/Al,O; catalysts to evaluate how the
change in Au-supported NPs, induced by milling and/or La, affects their catalytic activity.
Surface area analysis was performed by BET method to show that all catalysts had
comparable values, 136 — 144 m?g.

Assessing the CO oxidation light-off curve (Figure 6.3.11) the first clear observation
is that the initial Au/Al,O3 catalyst has the greatest activity. Milling of Au/Al,O3 significantly
increases the Tso to 103.4 °C. However, on milling Au/Al,O3 with La the Tsp is reduced to
85.2 °C. No significant alterations are observed in the ex situ characterisation for the La-
AU/Al;O3 catalysts, indicating that doping with La has resulted in a beneficial interaction with
Au during CO oxidation, compared to the Au/Al,Os; milled sample. A drastic decrease in
activity is detected for the La-Au/Al,O; mixed sample, producing a Tso of 142.0 °C.
Observations by transmission IR showed that La mixed with Au/Al,O3 strongly reduced the
available surface Au sites, thus inhibiting the CO oxidation activity. By simply mixing La with
AU/Al;O3 by hand in a pestle and mortar the La can be observed to target and associate
itself with the Au NPs. Though this effectively extinguishes the catalytic activity, the La
dispersion has extremely high potential for low energy mechanochemical synthesis.

It is clear there is pronounced interaction between La and Au, which modifies the
catalytic behaviour. Whilst within this study the investigation into milling and doping with La
did not improve the catalytic activity, it provides further insights into how La behaves in the
presence of metal oxides. With an initial zerovalent Au oxidation state detected by both XAS
and XPS before CO oxidation takes place, it raises an interesting point when trying to
deduce the active Au species.?° Literature reported a pure La,O3 support stabilised Au(lll)
state, before and during CO oxidation. With this not the case here, it can be an indication
that Au®* sites are generated under reaction conditions from the zerovalent Au

nanoclusters.?! This requires future work into in situ techniques, such as XAS or IR.
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Figure 6.3.11: (A) Light-off curve showing the percentage conversion of CO to CO2 by Au/Al203
and its milled analogue and in the presence of La compared to it (B) reproducibility

6.3.7 Post CO oxidation characterisation

Previous work has highlighted how catalytic reactions, performed at elevated temperatures,
have significantly affected the structure of the catalyst. Therefore, ex situ characterisation
by XRD and XAS has been conducted to understand the longevity of the different Au/Al.O3
catalysts. Furthermore, this can provide mechanistic insights into the catalytic reaction due
to detected structural changes after CO oxidation.

XRD studies performed after CO oxidation (Figure 6.3.12) show a decrease in peak
intensity, alongside broadening of the baseline for all four Au/Al,O; catalysts. This indicates
an increased proportion of disordered amorphous content, in comparison to the XRD
measurements prior to the catalytic run (Figure 6.3.1). This can suggest that the metal oxide
support, Al,Os, considered throughout literature as inert, has become amorphous and
undergoes a form of structural rearrangement on performing CO oxidation. Both Au/Al>O3
and its milled analogous follow comparable diffraction patterns. Small variations are

observed between the La-Au/Al,Os mixed and milled catalysts. The differences observed in

AWALO,

AWALQ, milled

—— La-Au/Al,O, mixed
|.;a-/>xu/;\|203 milled
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*La(OH),
1-Al0;
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20
Figure 6.3.12 XRD patterns of different Au/Al.Os catalysts after CO oxidation
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the XRD for the La-Au/Al,Os mixed material are challenging to interpret due to the low
signal-to-noise intensity without the use of phase identification and refinement software; not
accessible as a result of COVID restrictions.

To analyse both the amorphous and crystalline material, XAS studies have been
performed at both the Au and La Ls-edge (Figure 6.3.13 and Figure 6.3.14). The Au Ls;-edge
XANES spectra for all Au/Al,O; catalysts show similarities in the Au oxidation state
compared to the fresh catalyst measurements (Figure 6.3.13); a zerovalent Au state
remains. Changes in the amplitude of the main absorption peak at the La Ls-edge indicates

that the La environment has become more crystalline after CO oxidation has be performed.
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Figure 6.3.13: XAS performed at the Au Ls-edge on Au/Al2Os3 catalyst that has been milled/mixed
in the presence of La(OH)s showing (A) XANES and (B) non-phase corrected Fourier transform
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Figure 6.3.14: XAS performed at the La Ls-edge on La-Au/Al20s mixed and milled samples
compared to a La(OH)s standard showing (A) XANES and (B) non-phase corrected Fourier
transform
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Performing EXAFS analysis on the different Au/Al,O3 catalysts after CO oxidation
(Figure 6.3.15) shows changes to the Au coordination have occurred. Assessing the fitting
parameters of the simulated EXAFS models (Table 6.3.7.1), an increase in the CN for the
first scattering shell is observed for all catalysts, except the La-Au/Al,O; mixed. This is
further reflected in the average Au NP diameter, using the Beale et. al. formula.®? The La-
Au/Al;O3 mixed sample is the only catalyst that remains constant and does not increase in
size at 2.8 A; indicating the La interaction with Au prevented particle agglomeration on
increasing the temperature.3? Both milled catalysts, Au/Al,O3z milled and La-Au/Al,Oz milled,
report the greatest increase in first shell Au-Au CN to 11.0 and 11.3, respectively. This large
increase causes their average Au particle diameter to increase above 3 nm, making them
unsuitable to be used within the equation.

Large errors were produced for the Au-Au CN within the first coordination shell,
which in turn can affect the calculated particle size. To further assess this change in Au NP
size as a result of CO oxidation, the spectra prior and post catalysis have been subtracted
to show the difference (Figure 6.3.16); the smallest change is an indication of the catalyst
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Figure 6.3.15 Au Ls-edge EXAFS fitting models on data after CO oxidation of (A) AuAlzOs, (B)
AuAl203 milled, (C) La-AuAl20s mixed and (D) La-AuAl20z milled catalysts, showing the

magnitude and imaginary components of the k?-weighted Fourier transform data and simulated
fits
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with the most stable Au NP size. First assessing the effect milling has on Au/Al,O3 post
reaction (Figure 6.3.16A), features at 11920 eV and 11943 eV show a large variation
between the spectra, compared to the initial Au/Al,O3 catalyst. This indicates that a change
has occurred on milling to destabilise the interface between Al,Os; and surface Au. On
performing CO oxidation, the increase in temperature then allows for an increase in Au
mobilisation to result in agglomeration. However, it is observed in Figure 6.3.16B that on
milling in the presence of La, less aggregation has occurred after CO oxidation suggesting
La is stabilising the surface Au under milling conditions. Further comparisons between the
catalysts (Figure 6.3.16C, D) show the La-Au/Al,Os mixed material shows the greatest Au
NP size stabilisation after CO oxidation. This supports the calculated for NP sizes by EXAFS
analysis before and after catalysis performed on the different Au/Al,O; materials; in the
presence of La, doped by either mixing or milling, an interaction with Au has stabilised the

Au to prevented particle agglomeration on increasing the temperature.

Table 6.3.7.1: EXAFS fitting parameters at the Au Ls-edge for different Au/Al2Os catalysts after CO
oxidation has been performed. Fitting parameters: So?> = 0.8 as determined by the use of an Au foil
standard; Fit range 3 < £>13, 1.4 <2 >5.0.

Oxidation (A'ii'féjc) CN (5\(}) o R/A | Rucor | (209800
Au-Aul | 10.7(9) 0.009(1) | 2.84(1)
Au/Al203 Au-Au2 | 1.3(9) | 4(1) |0.006(8) |4.06(3) | 0.02 2.8
Au-Au3 | 6.9(7) 0.012(8) | 4.97(4)
Au-Aul | 11(2) 0.009(1) | 2.85(1)
Au/Al203 milled Au-Au2 1.8(5) 5(1) | 0.006(6) | 4.06(3) 0.02 3.4
Au-Au3 | 9.6(8) 0.011(6) | 4.98(3)
LA AUALOS Au-Aul | 10.7(9) 0.009(1) | 2.84(1)
mixed Au-Au2 | 1.2(5) 4(1) | 0.007(9) | 4.06(4) | 0.02 2.8
Au-Au3 | 5.7(7) 0.011(9) | 4.96(4)
L AUALOS Au-Aul | 11.3(1) 0.009(1) | 2.84(1)
milled Au-Au2 | 1.8(3) 4(1) | 0.008(7) | 4.05(3) | 0.02 4.4
Au-Au3 | 7.5(8) 0.012(7) | 4.96(3)
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6.4 Conclusions

This work has further explored the role of a La precursor within ball milling by investigating
its interaction with Au-supported NPs. It was not possible to detect a cationic Au(lll) species
by ex situ characterisation of La doped Au/Al,Os; by mechanochemical action, with Au Ls-
edge XANES indicating an average Au(0) state. However, this work has been successful in
further exploring how La acts on activation at low mechanical energies i.e. with a pestle and
mortar. Simply mixing by hand, a high proportion of La was detected at the surface by XPS,
to associate itself with available Au sites by IR. This, in turn, dramatically reduced the
catalytic activity towards CO oxidation. However, with no obvious change was observed in
the bulk Au or La structures by XAS and XRD, it raises an interesting point at what
interaction is occurring between the La and Au patrticles. This could be a result of the large
particle sizes forming a bulk environment average or the possibility La and Au are indirectly
bound to one another. After performing CO oxidation, the average Au particle size for the
La-Au/Al,O3 mixed catalyst remained constant at 2.8 A. This indicates La possesses a
stabilising ability for Au NPs, preventing agglomeration, previously remarked on in literature
for Au/La,O3 systems.8

By milling, even at a 100 rpm for 30 min, the association between La-Au is indicated
to be significantly reduced. However, this La-Au/Al,Os; milled catalyst observed a
dramatically decreased Tso value in comparison to the equivalent Au/Al,Os; milled material.
This could once again indicate stabilisation of the Au environment on milling, however, large
NP increases were calculated for both species after CO oxidation.

Ex situ XRD performed after CO oxidation also indicated a significant decrease in
crystallinity for the Al,O3 support for all of the Au/Al,Os catalysts. With both Al,Os; and La;Os3
considered as inert supports which do not possess redox capabilities it questions their
involvement within CO oxidation. However, without further assessment of the Al
coordination it can be challenging to understand.

Though these initial investigations into the stabilisation of cationic Au NP detected only
Au(0) species and a loss of catalytic activity, the addition of La by low energy
mechanochemistry not only shows scope towards the stability of Au NP size but further
potential into the use of La by mechanical grinding. Future work would be to further
investigate the Au active species by in situ CO oxidation and the how the La associates
itself on Au NPs.
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Chapter 7

Conclusions and future work

The work within this thesis has sought to extensively understand the mechanochemical
synthesis of manganite perovskites, along with La doped Au/Al,Os. Changing the synthetic
route has had a profound effect on the final metal properties making the milled materials
suitable for catalytic applications. It was, therefore, vital to understand the process by which
perovskites formed via milling and the structural properties that benefited their catalytic
activity. In order to do so a huge variety of both ex situ and in situ, lab-based and synchrotron
characterisation techniques, such as XRD, XAS, HERFD-XANES, XES, TEM and XPS
were explored. The implications surrounding monitoring of mechanochemical synthesis has
often required the use of iterative and systematic optimisation of milling conditions for each
individual system. The research presented here begins to initiate the discussion
surrounding building generalised mechanochemical rules, for the correlation of milling
parameters to desired characteristics. In doing so, it can aid the rational design of new
catalyst technologies.

The work throughout this thesis repeatedly highlights the structural complexity and
heterogeneity of the milled perovskite materials. Though we were able to provide new
insights, this work faced multiple challenges in extracting precise conclusions. A huge
variety of characterisation methods were required, and even after the use of advanced
techniques many questions still remain. These advanced methods are hallmarked within
literature, and rightly so, but their limitations are often not discussed and in doing so can
result in their use in inappropriate situations.

For example, performing XRD was initially essential to identify the crystalline
phases. In Chapter 5 it was reported how mechanochemistry produced a metastable
orthorhombic perovskite phase, as opposed to the thermally stable hexagonal analogue by
sol-gel synthesis. However, XRD is not suitable to detect the amorphous content, which is
also produced during the mechanochemical synthesis. This is where XAS was successful;
it is element specific and does not rely on periodic ordering. Its use within Chapter 3 was
highly advantageous for providing new insights into the chemical steps occurring during
milling for LaMnOs to evolve. However, this technique also comes with its limitations. The

milled materials consisted of a mixture of both amorphous and crystalline phases. With XAS
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providing an average bulk structure of the overall sample composition, clear gaps remained
not only remained regarding the chemical and phase transformations occurring under
milling conditions but also in variations occurring at the surface. On top of this, the EXAFS
structure model is restricted by assumptions on the choice of an appropriate reference
material, as intermediate species remain unknown.

To overcome the tendency of traditional Mn K-edge XANES having broadened and
smeared features in the spectra, Mn K-edge HERFD-XANES measurements were
performed in Chapter 4. This was successful in producing highly resolved spectra, suitable
for assigning pre-edge transitions to further understand the electronic configuration.
However, work within the past 15 years has shown it is no longer viable to take the position
of the absorption edge in XANES spectra as a direct reflection of the absorbing element
oxidation state. Therefore, an alternative method, KB13 XES, is commonly regarded to
provide suitable information via the fingerprint method on oxidation state, independent of
the surrounding geometry and ligand environment. Chapter 4 noted limitations within this
technique, not commonly discussed in literature. Even before assessing oxidation states of
the milled materials, the reference Mn,Os; and LaMnO3; metal oxides, which possess the
same central Mn(lll) ion, detected different Mn KB1,z positions. This strongly indicates the
care which researchers must take when choosing appropriate reference materials and
making oxidation state assumptions. It emphasises the continued innovation required, even
within these advanced characterisation techniques.

Strategies to attain more information on the mechanochemical synthesis were
approached in Chapter 4 by performing in situ experiments; with a vibrational ball mill and
high pressure DAC. The incredible achievement of being able to monitor the milling of MOFs
real-time was a significant finding within the mechanochemical field, was only achieved 8
years ago. The modified step-up, however, was not suitable for the mixed metal oxide
system, emphasising the need for a high energy planetary ball mill to provide higher impact
energies. This was further reflected in the high pressure DAC experiments. However, the
high risk of the perforated diamond windows breaking limited the measurements, and
without the ability of the cell to perform temperature ramps, further mechanochemical
effects could not be explored. It would be interesting to explore these techniques for La-
AU/A;,O3 discussed in Chapter 6; where significant alterations occurred at much lower
mechanical energies. However, this work indicates the increasing development of
equipment capabilities required to replicate the mechanical action and energy transfer of a
planetary ball mill, if at all possible.

To overcome the challenges of unknown phases and in situ monitoring, a solution
would be to perform multivariate component analysis. Multivariant curve resolution (MCR)
has been shown to extract component spectra without the use of reference spectra.! This

numerical approach removes the need for prior knowledge or assumptions on the
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intermediate states to blindly separate spectral components, benefiting over traditional
linear combination fitting. By using a least squares refinement method of both the
component concentration and spectral profiles, MCR can be used within this work
effectively to identify the phases throughout milling. However, MCR presents its own
limitations. This approach requires a large volume of data sets, which when generating one
at a time is tedious. Yet, it shows exciting scope towards understanding the milling
intermediates. Future theoretical calculations can then be performed to help resolve the
components identified by MCR. For example, the work within Chapter 4 was able to assign
the pre-edge transitions for Mn K-edge HERFD-XANES. However, DFT can provide
complimentary information that adhere specifically towards HERFD-XANES; as HERFD-
XANES follows the transition of one electron, it removes the need to consider multiplet
structures, core-hole potential and multiple-electron excitations, making the calculations
more accessible.?2 However, it requires a dedicated analyst, not always readily available.
Furthermore, it is prudent to weigh up the large amount of work involved with how much
extra information it truly provides.

When correlating the surface properties to the catalyst activity, XAS cannot be
applied in the same way for perovskite materials as for supported metal NPs, as their
catalytic active site is also often dispersed throughout the bulk. With all the AMnO; catalysts
recording extremely low surface areas, the structural variations at the surface, observed by
XPS and high resolution TEM, are not expected to be reflected in the average bulk structure.
Therefore, to understand how surface properties affect the catalytic activity deN.O
experiments were performed on the newly commissioned BO7 beamline, VerSoX, at DLS.
This beamline allows for XPS to be performed under a gaseous sample environment,
allowing for in situ monitoring of catalytic reactions. Chapter 4 showed how this technique
provided valuable information on how the ball milled LaMnOs3 facilitated N.O adsorption at
RT for improved activity at low temperatures. However, its description of ‘near ambient’
conditions, with a pressure of 10 mBar, is significantly different to the operating conditions
experienced in the fixed bed microreactor. Furthermore, whilst the ball milled perovskites
show potential towards catalysis - are they actually possible commercial catalysts? The ball
milled materials undergo a phase transformation at elevated temperatures, losing their
beneficial properties. However, this work does show scope to perform deN.O at low
temperatures. Future investigations can seek to understand how presence of a low
concentrations of water or after a pre-treatment to saturate the surface was hydroxyls
affects deN-O.

Though many complexities occurred surrounding the assessment of the milling
procedure and resulting materials throughout this thesis, significant progress has been
made towards the formation of a generalised understanding of mechanochemistry.

Systematic work to compare the mechanochemical synthesis of different A-site materials in
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Chapter 5 showed the ease at which the perovskite formed was not only correlated to the
precursor properties but to the stability of the final state. With Y03 and Er,Oz A-site starting
materials having similar properties, it was the degree of Jahn-Teller distortion that
determined the rate of perovskite formation. However, the high variety of milling conditions,
equipment and specific materials used within the mechanochemical field shows the
continued research required to achieve generalised rules. The work presented in Chapters
3, 5 and 6 indicates how milling conditions, such as atmosphere, media size, precursors
and expected final material properties, commonly are required to be tuned for each specific
system. Increasing amounts of work are, however, still required into investigating how the
different milling parameters correspond to one another, i.e. can increasing the rotation
speed of the mill equal the impact energy achieved on increasing media size increase? It
would also be interesting to investigate further the effects of milling atmospheres, such as
O and moisture, on perovskite formation. Based on Chapter 3, it would be expected an
oxygen milling environment would be beneficial for perovskite formation.

It is also important to consider the behaviour of the powders within the mill under
mechanical action. For example, the La precursor exhibits the ability to readily disperse
over Mn203 at low mechanical energies, increasing the rate of perovskite phase formation.
Chapter 6 continued to understand this behaviour by applying low mechanical stress to
dope pre-synthesised Au/Al>O3 with La. By simply mixing by hand, the La precursor was
observed to associate itself with the available Au surface sites. Though, this came at huge
detriment to its catalytic behaviour towards CO oxidation it shows La high affinity for
dispersion under mild mechanochemical conditions. With initial ex situ characterisation only
able to detect Au(0) species, it leads into further work towards investigating the oxidation
state of the active site during CO oxidation and to understand the interaction between Au
and La. However, most significantly the work shows exciting potential for use of milling La
within different systems, minimising the use of solvents and multiple process steps. For
example, it presents opportunities to easily disperse La into metal organic framework
(MOFs) or zeolite structures. Cationic La(lll) has been shown to stabilise the zeolite cage
by the formation of multinuclear cations of La OH-bridge clusters, however, to perform the
ion exchange a large array of process and high temperature steps were required.®
Furthermore, continuing the research into supported metal NPs as a new field for
mechanochemistry shows exciting opportunities, towards both the stability of the support

and the metal NPs.
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