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Alexander William Griffiths Black

Weakly coordinating solvents, such as dichloromethane, have been shown to be attrac-
tive for the electrodeposition of functional p-block alloy and compound semiconduc-
tors for application to electronic devices. Weakly coordinating solvents are of interest
for the electrodeposition of p-block elements since they do not interact strongly with so-
lute molecules and will not disrupt the speciation of labile p-block element complexes.
Dichloromethane is commonly used as a weakly coordinating solvent but is volatile. In
this thesis, alternative weakly coordinating solvents were identified and electrochemically
characterised in order to improve understanding of electrochemistry in weakly coordinat-
ing solvents. They were then applied to the electrodeposition of metals and semiconduc-
tors at elevated temperatures to achieve electrodeposits with improved material proper-
ties.

Weakly coordinating solvents can be defined and identified using solvent descrip-
tors. Here, a set of solvent selection criteria were identified using Kamlet and Taft’s 7 *,
a and B parameters. Suitable solvents should be polar (z* = 0.55), aprotic (a < 0.2) and
weakly coordinating (f < 0.2). With this criteria, five candidate solvents were identified:
trifluorotoluene, o-dichlorobenzene, p-fluorotoluene, chlorobenzene and 1,2-dichloro-
ethane. The solvents were characterised and compared to dichloromethane with a suite
of measurements including electrolyte potential window, conductivity, and double-layer
capacitance, as well as the electrochemistry of the model redox couples decamethylfer-
rocene and cobaltocenium hexafluorophosphate. The measurements indicated that ion
pairing was a determining feature in weakly coordinating solvents. o-dichlorobenzene
(oDCB) and 1,2-dichloroethane (DCE) were chosen as the most promising solvents for
application to electrodeposition because of their polarity.

In order to understand the nature of electrodeposition in oDCB and DCE, the elec-
trochemistry of the metal precursors [N"Bu,] [SbCl,], [N"Bu,][BiCl,] and
[N"Buy,l,[TeClg] were then studied using macro- and microelectrodes, and the electro-
chemical quartz crystal microbalance. The voltammograms indicated that the Sb3*/® and

Bi**/? broadly displayed simple deposition and stripping processes. Similarly the quartz



crystal microbalance showed mass gain and ensuing mass loss with a high Faradaic ef-
ficiency. The microelectrodes were used to measure the redox potential and diffusion
coefficient of the precursors. The electrochemistry of [N"Bu,],[TeClg] was found to be
more complex. The deposition of Te appeared kinetically limited in DCE and there was
also evidence to suggest the cathodic stripping of deposited Te to form Te?", along with
subsequent chemical reactions. Sb, Bi and Te were successfully electrodeposited onto TiN
substrates from oDCB and DCE. The resulting deposits were characterised using scanning
electron microscopy, energy dispersive X-ray spectroscopy, X-ray diffraction and Raman
spectroscopy. It was found that Sb grew amorphously at room temperature, but that Bi
and Te were crystalline.

Further to this, the co-electrodeposition of antimony telluride and bismuth telluride
onto TiN was attempted. Deposits were collected at several potentials and it was possible
to electrodeposit stoichiometric Sb,Te; from electrolytes containing 1.5 mM
[N"Bu,][SbCl,] and 3 mM [N"Buyl,[TeClg] in 0DCB, and 1.75 mM [N"Bu,][SbCl,] and 3
mM [N"Buyl,[TeClg] in DCE. Deposition of Bi,Te; from both solvents was also success-
ful, with baths composed of 2 mM [N"Bu,][BiCl,] and 3 mM [N"Bu,],[TeCly] for oDCB,
and 2.5 mM [N"Bu,][BiCl,] and 3 mM [N"Bu,],[TeClg] for DCE. Characterisation of the
deposits with scanning electron microscopy, energy dispersive X-ray spectroscopy and
X-ray diffraction showed that the deposits were nanocrystalline.

Finally, the effect of temperature on electrochemistry in oDCB and DCE was stud-
ied. Its influence was initially explored with measurements of the redox potential and
diffusion coefficient of decamethylferrocene and cobaltocenium hexafluorophosphate
as a function of temperature. Sb was then electrodeposited at various temperatures be-
tween 25°C and 140°C. Scanning electron microscopy indicated that the deposits be-
came smoother and more uniform with increasing temperature. Additionally, X-ray diffr-
action and Raman spectroscopy showed that Sb deposited in a crystalline form at tem-
peratures above 120 °C, rather than amorphously at lower temperatures. Attempts at the
electrodeposition of antimony telluride showed similar improvements in the properties

of the deposit, but the composition was no longer stoichiometric.

ii



Table of Contents

Abstract

Table of Contents

List of Figures

List of Tables

Declaration of Authorship

Acknowledgments

List of Terms and Symbols

List of Abbreviations

1 Introduction

1.1
1.2
1.3

1.4
1.5
1.6

1.7
1.8

Solute-Solvent Interactions . . . . . . .. .. ... ... ... L.
Solvent Descriptors . . . . . .. ... . . L
The Role of the Solvent in Electron Transfer . . . . . ... ... ........
1.3.1 Electrochemistry in Supercritical Fluids . . . . . . ... ... ... ..
Electrodeposition of Binary Semiconductors . . . ... ... .........
The Properties of Weakly Coordinating Solvents . . . . . ... ... .. ...
Electrochemistry in Weakly Coordinating Solvents . . . . .. ... ... ...
1.6.1 Electrodeposition from Weakly Coordinating Solvents . . . . . ...
ThesisAimsandOutline . . ... ... ... ... ... ... ... ....

References . . . . . . . . o o i i e e

2 Experimental

2.1
2.2
2.3
2.4
2.5
2.6

Chemicals . . . . . . . . . . e e
Electrodes . . . . . . . . . . . e
High-Pressure Electrodes . . . . . . ... ... ... .. ... . .. ... ....
Equipment . . . . . . . e
High-Temperature Equipment . . . . . . ... .. ... .. .. .........
High-Pressure Equipment . ... ... ... ... ...... ... .......

ii

iii

xiii

xvii

coO Ol = -

14
15
18
20
22
26
27



2.7 Methodology . . . ... ... . e 40

271 Conductivity . . . . . . .. . e 40

2.7.2 Double-Layer Capacitance . .. ..................... 41

2.7.3 Electrochemistry . ... ... ... ... ... ... . ... ..., 42

2.7.4 Electrodeposition . . . .. ... ... ... .. .. e 42

2.7.5 High Temperature Electrochemistry . . . . ... ... ......... 43

2.7.6  Supercritical Fluid Electrochemistry . . . . . ... ... ........ 43

2.8 References . ... ... .. .. ... e 43

3 Identification and Characterisation of Weakly Coordinating Solvents 45

3.1 OVEIVIEW . . . .ot e e e 45

3.2 Kamlet-Taft Parameters . . . . . .. ... ... ... ... ... ... 46

3.3 Selection of Candidate Solvents . . . . .. .. .. ... ............. 47

3.4 Potential Window . ... .. ... ... ... ... 50

3.5 Conductivity . . ... ... ... e 52

3.6 Double-Layer Structure . . . . . .. ... ... .. L 54
3.7 Electrochemistry of Decamethylferrocene and Cobaltocenium Hexafluo-

rophosphate . . . . .. ... ... 56

3.7.1 Thermodynamics . . . . . . .. ... ... ... 61

372 Kinetics. . . . . . ot 63

3.73 MassTransport . . . . . . . . . . . e 64

3.8 Electrochemistry of Decamethylferrocenium Hexafluorophosphate . ... 73

3.9 Conclusions. . . . ... .. . e 74

3.9.1 ThekEffectoflonPairing . ... ........ ... ... ....... 75

3.10 References . .. . ... .. . .. 77

4 Electrodeposition of Antimony, Bismuth and Tellurium 83

4.1 OVEIVIEW . . . . .ttt e e 83

4.2 Introduction . . . ... . ... ... e 84

4.3 Electrochemistry of [SbCl,] and [BiCl,]™ . . . . . .. ... ... ........ 86

43.1 TheEffectofChloride . ... ........ .. ... .. ........ 94

4.4 Electrochemistryof Tellurium . . . . ... ... ... ... ... ..... 98

4.5 Electrochemical Quartz Crystal Microbalance . ... ... . ... ... ... 99

45.1 [SBCLI™ . . . o 99

452 [BiCl™ ..ot 101

453 [TeClgl® . . . o 102

4.6 Electrodeposition . .. ... ... ... ... e 103

4.7 Conclusions. . . . . . .. .. . e 108

4.8 References . ... ... .. ... e 109

5 Electrodeposition of Antimony Telluride and Bismuth Telluride 111

iv



5.1 OVEIVIEW . . . o o e e e e e e e e e e e e e e e e e 111

5.2 Introduction . . . ... ... . ... e 112
5.2.1 Electrodeposition of Antimony Telluride . . .. ............ 112
5.2.2 Electrodeposition of Bismuth Telluride . . ... ... ......... 114
5.3 Antimonytelluride. . . . ... ... ... .. ... . 117
5.3.1 Electrochemistry . ... ... ... .. ... ... ... . ... ... 117
5.3.2 Electrodeposition . . . . .. ... ... . ... . . e 119
5.4 Bismuthtelluride . .......... ... ... . . .. . . . . ... 128
5.4.1 Electrochemistry . ... ... ... ... ... ... ... . ... ... 128
5.4.2 Electrodeposition. . . . . ... ... ... ... . e 130
5.5 Supercritical difluoromethane . . . . . ... ... ... o oL, 139
5.5.1 Application of the Krégermethod . . . ... ... ... ........ 143
56 Conclusions. . . . . .. ... . e 146
5.7 References . .. ... .. ... ... 147
The Effect of Temperature 151
6.1 OVEIVIEW . . . . . . . e e e e 151
6.2 Introduction . .. ... ... . ... ... 152
6.3 Electrochemistry of Decamethylferrocene and Cobaltocenium Hexafluo-
rophosphate . . ... ... . . .. ... 155
6.4 ElectrodepositionofSb . . .. ... ... ... L o L 161
6.5 ElectrodepositionofSb,Tes . ... ... ... ... .. .. ... . .. 167
6.6 Conclusions. . . . .. .. .. . .. 170
6.7 References . .. .. ... ... ... 171
Conclusions and Further Work 173
7.1 FurtherWork . . .. ... ... . . 176
7.2 References . .. ... ... ... 177
Appendices 179
A1 AppendixtoChapter3 . .. ... ... .. ... . ... .. 179
A2 AppendixtoChapter4d . .. ... ... .. ... . ... .. 182
A3 References . ... .. ... . ... 182






List of Figures

1.1
1.2
1.3

2.1
2.2
2.3
2.4
2.5
2.6

2.7

3.1

3.2

3.3

3.4

3.5

3.6

3.7
3.8

3.9

3.10

3.11

Generalised Born-Haber cycle of electrolyte formation. . . . . . .. ... ..

Representative schematic of non-specific interactions. . ... ... ... .. 3
p-T phase diagram showing the supercritical region. . . ... ... .. ... 14
Schematic diagrams of electrodes used at high pressures. . . . . . ... ... 36
Schematic diagram of deposition substrates. . . . ... ... ... ...... 37

Schematic diagram of the cell used for electrochemistry at elevated tem-

PEratures. . . . . . . . . . e e e e e e e e e e e 39
Cross-sectional diagram of the high pressurecell. . ... ... ... ..... 39
Photograph of the high pressurecell. . . . .. ... ... . ... ....... 40
Plots typical of those used to calculate conductivity, for 100 mM [N"Bu,] [BF,]

INDCM. . . . 41
Photographs of electrodepositionsetup.. . . . .. ... ... ... ..... 42
Kamlet and Taft solvent descriptors of various solvents. . . . . ... .. ... 48
Solvent windows at Pt, Auand GCelectrodes. . . . ... ... ......... 50

Differential capacitance curves for 100 mM [N"Bu,][BF,] at a r = 0.25mm

Ptelectrode. . ... ... ... ... .. ... .. 55
Voltammograms of 1 mM DMFc and 0.5 mM CcPFg at macroelectrodes of
varying electrode material. . . . . . ... ... Lo Lo Lo oL 58
Randles-Sevcik plots for 1 mM DMFc and 0.5 mM Cc collected ata r = 0.25
mmPtWE. . . . 59
Voltammograms of 1 mM DMFc and 0.5 mM CcPFg at Pt microelectrodes
of varyingsize. . . . . . . . . .. e 60
Dependence of Ej/2(CcPFg) on solvent polarity descriptors. . . . . ... .. 63
Mass transport correct Tafel plots for 1 mM DMFc and 0.5 mM CcPFg at a
r=125ummicroelectrode. . ... ... ... ... .. . ... . . .. 64

Limiting currents of 1 mM DMFc and 0.5 mM CcPFg at Pt microelectrodes

ofradii 5pum, 12.5pymand 25umat25°C. . . ... ... ... ... .. .. .. 65
Screen captures depicting the measurement of the semi-axes of an ellip-
soid of revolutionfor DMFc. . . ... ... .. .. ... .. .. ... ..... 69

Stokes-Einstein plot of experimental diffusion coefficients of DMFc and

vii



3.12 Stokes-Einstein plot of experimental diffusion coefficients of DMFc com-

piled from theliterature. . ... ... ... ... ... .. ... . . . . . ...,
3.13 Stokes-Einstein plot of experimental diffusion coefficients of DMFcPFg. . .
3.14 Relationship between the experimentally determined redox potential for

CcPFg and the theoretical potential shift from the Born equation. . . . . . .

4.1 Voltammograms of 1 mM [N"Bu,][SbCl,] and 1 mM [N"Bu,][BiCl,] in DCM,
oDCBand DCEatar=025mmPtWE. . ... .................
4.2 Voltammograms of 1 mM [N"Bu,][SbCl,] and 1 mM [N"Bu,][BiCl,] in DCM,
oDCBand DCEatar=15mmGCWE. .. ...................
4.3 Voltammograms of [N"Bu,][SbCl,] and [N"Bu,][BiCl,] at varying concen-
trations in DCM, oDCBand DCEatar=025mmPtWE. . . ... .. .. ..
4.4 Voltammograms of 1 mM [N"Bu,][SbCl,] and 1 mM [N"Bu,][BiCl,] in DCM,
oDCB and DCE ata r = 25um Pt microelectrode. . . . . ... ... ... ...
4.5 Representative limiting currents of 1 mM [N"Bu,][SbCl,] and [N"Bu,][BiCl,]
at Pt microelectrodesinoDCBandDCE. . . . . .. ... ............

4.6 Stokes-Einstein plot of experimental diffusion coefficients of [N"Bu,][SbCl,]

and [N"Bu,][BiCl,] at25°C. . . . . . . . . ittt e
4.7 Voltammograms of 1 mM [N"Bu,][SbCl,] and [N"Bu,][BiCl,] with 100 mM
[N"Bu,][BF,] in DCM, oDCB and DCE at a Pt macrodisc. . . .........
4.8 Voltammograms of 1 mM [N"Bu,][SbCl,] and [N"Bu,][BiCl,] with 100 mM
[N"Bu,] [BF,] in DCM, oDCB and DCE at a Pt microdisc. . ..........
4.9 Voltammograms of 1 mM [N"Bu,],[TeClg] in oDCB and DCE at macro- and
microdiscelectrodes. . . .. ... ... ... ... e
4.10 Combined voltammogram and massogram of 3mM [N"Bu,][SbCl,] at a
5MHz Pt coated, r = 0.65 mm quartz crystalin oDCBand DCE. . . . . . ..

72
73

76

87

88

90

91

92

93

96

97

98

100

4.11 Combined voltammogram and massogram of 3 mM [N"Bu,] [BiCl,] ata5 MHz

Pt coated, r = 0.65 mm quartz crystalin oDCBand DCE. . .. ... ... ..
4.12 Combined voltammogram and massogram of 3mM [N"Bu,],[TeClg] at a
5MHz Pt coated, r = 0.65 mm quartz crystalinoDCBand DCE. . . . . . ..
4.13 SEM images of Sb, Bi and Te electrodeposited onto a r =2 mm TiN WE from
oDCBandDCE. . . ... .. .. ..
4.14 XRD patterns of electrodeposited Sb, Bi and Te from oDCB and DCE onto a
TiNsubstrate. . . . . . . . . . . e e
4.15 Representative Raman spectra of electrodeposited Sb, Bi and Te from oDCB
andDCE. . . . . ..

5.1 Voltammograms of 1 mM [N"Bu,][SbCl,] and 1 mM [N"Buy],[TeClg] elec-
trolyteinoDCBandDCE. . . . . . . ... ... .. .. . ... .

viii

101



5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

Voltammograms of a mixed 1 mM [N"Bu,] [SbCl,] and [N"Bu,],[TeClg] elec-
trolyte overlaid with voltammograms of 1 mM of the individual precursors
inoDCBandDCE. . . ... ... .. ... .. .. .
Voltammograms of a mixed [N"Bu,] [SbCl,] and [N"Bu,],[TeClg] electrolyte
at varying concentrationsinoDCBandDCE. . . ... ... ... .......
Voltammograms of a) 1.5 mM [N"Bu,][SbCl,] and 3 mM [N"Bu,],[TeCly], b)
1.75 mM [N"Bu,][SbCl,] and 3 mM [N"Bu,],[TeClg] at a r = 2 mm TiN WE
inoDCBandDCE. . . . . ... ... ... ..
Sb content by EDX of electrodeposited antimony and tellurium at vari-
ous potentials onto a TiN substrate from oDCB and DCE with a bath com-
posed of a) 1.5 mM [N"Bu,][BiCl,] and 3 mM [N"Bu,l,[TeClg], b) 1.75 mM
[N"Bu,][BiCl,] and 3mM [N"Buyl,[TeClg]. . . . . ... ... ..........
SEM images of the surface of antimony telluride electrodeposited onto TiN
from oDCB containing 1.5 mM [N"Bu,][SbCl,] and 3 mM [N"Buy],[TeClg]. .
SEM images of the surface of antimony telluride electrodeposited onto TiN
from DCE containing 1.75 mM [N"Bu,][SbCl,] and 3 mM [N"Buy],[TeClg]. .

XRD patterns of antimony telluride films electrodeposited onto TiN from a

bath containing 1.5 mM [N"Bu,][BiCl,] and 3 mM [N"Buy],[TeClg] in oDCB.

XRD patterns of antimony telluride films electrodeposited onto TiN from a

bath containing 1.75 mM [N"Bu,] [BiCl,] and 3 mM [N"Bu,],[TeClg] in DCE.

Voltammograms of 1 mM [N"Bu,][BiCl,] and 1 mM [N"Bu,],[TeClg] elec-
trolyteinoDCBandDCE. . . . . . ... ... .. ... . ...
Voltammograms of 1 mM [N"Bu,][BiCl,] and [N"Bu,l,[TeClg] electrolyte
overlaid with voltammograms of 1 mM of the individual precursors in oDCB
and DCE. . . . . . . e
Voltammograms of [N"Bu,][BiCl,] and [N"Bu,],[TeClg] at varying concen-
trationsinoDCBandDCE. . . . ... ... ... .. ... .. .. ... ...
Voltammograms of a) 2 mM [N"Bu,][BiCl,] and 3 mM [N"Bu,],[TeClg], b)
2.5 mM [N"Bu,][BiCl,] and 3 mM [N"Bu,],[TeClg] at a r = 2 mm TiN WE in
oDCBandDCE. . .. ... ... .. .. .. e
Bi content by EDX of electrodeposited bismuth and tellurium at various
potentials on a TiN working electrode from oDCB with a bath composed of
2mM [N"Bu,][BiCl,] and 3 mM [N"Buy],[TeClg], and from DCE with a bath
composed of 2.5 mM [N"Bu,][BiCl,] and 3mM [N"Buy],[TeClg]. . . . . . . .
SEM images of bismuth telluride electrodeposited onto TiN from oDCB
containing 2 mM [N"Bu,][BiCl,] and 3 mM [N"Bu,l,[TeClg]. . . .......

SEM images of Bi, Te electrodeposited onto TiN from DCE containing 2.5 mM

[N"Bu,] [BiCl,] and 3mM [N"Buyl,[TeClg]. . . . . ... ... ..........
XRD patterns of bismuth telluride films electrodeposited onto TiN from a
bath containing 2 mM [N"Bu,][BiCl,] and 3 mM [N"Buy],[TeClg] in oDCB. .

119

124

125

126

127

128

129

130

131

132

135

137



5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

5.26

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

XRD patterns of bismuth telluride films electrodeposited onto TiN from a
bath containing 2.5 mM [N"Bu,] [BiCl,] and 3 mM [N"Bu,],[TeClg] in DCE. 138
Voltammograms of 0.5 mM [N"Bu,][BiCl,] and 0.5 mM [N"Bu,],[TeClg] in
scDFM at86°Cand 17MPa. . ... ... .... ... ... ............ 139
Deposit collected at —0.4V vs. Pt for 1000s onto a r = 0.25mm disc from
scDFM at 86 °C and 17 MPa from a mixed bismuth and tellurium electrolyte. 140

SEM image of deposit collected onto a Pt substrate at a 1:1 Bi:Te reagent

ratiofromscDFM . . . . .. ... 141
Representative XRD spectrum of a Bi and Te codeposit from scDFM along

with literature standards of Bi, Teand Bi,Te;. . . . . ... ... ... ..... 142
Voltammogram of 1.9 mM [N"Bu,] [BiCl,], 0.3 mM [N"Buy],[TeClg] in scDFM
at85°Cand 17MPa. . . . . . . . .. 143
Voltammograms of 1.9 mM [N"Bu,] [BiCl,], 0.3 mM [N"Bu,],[TeClg] in scDFM
at85°Cand 17MPa. . . . . . . . .. 144

SEM image of a deposit collected at —0.43 V vs. Pt onto a r = 0.5 mm Pt disc
from scDFM containing 1.9 mM [N"Bu,] [BiCl,] and 0.3 mM [N"Bu,],[TeClg]
at86°Cand 175MPa. . . . . . ... ... .. 145
SEM image of a deposit collected at —0.45V vs. Pt onto a r = 0.5 mm Pt disc
from scDFM containing 1.9 mM [N"Bu,] [BiCl,] and 0.3 mM [N"Bu,],[TeCl]
at85°Cand 175MPa. . . . . ... ... . e 146

Representative voltammograms of 1 mM DMFc and 0.5 mM CcPFgin oDCB
and DCE at a Pt macrodisc at various temperatures. . . . . ... ....... 155
Representative plots of Ej,,, calculated from the midpoint of the peak po-
tentials, of DMFc and CcPFg as a function of temperature in oDCB and DCE.156
Representative voltammograms of 1 mM DMFc and 0.5 mM CcPFgin oDCB
and DCE at Pt microdisc at various temperatures. . . . ............ 159

Representative Arrhenius plots of the diffusion coefficients of DMFc and

CcPFg in oDCB and DCE over the temperature range 25-65°C. . . . . . . .. 160
Voltammograms of 3 mM [N"Bu,][SbCl,] at a » = 2 mm TiN WE in oDCB at
25°Cin the high temperaturecell. . . . . ... ... ... .. ... ....... 161

SEM images of Sb electrodeposited onto a TiN substrate from oDCB con-
taining 3mM [N"Buyl[SbCl,]. . . ... . ... .. . ... 163
XRD patterns of Sb electrodeposited onto TiN from oDCB at varying tem-
PEratures. . . . . . . . . i e e e e e e e e e e e e e e e e 164
Raman spectroscopy of Sb electrodeposited onto TiN from oDCB at varying
eMPEeratures. . . . . . . . . o o e e e e e e e 165
Effect of temperature on the electrochemistry of 3mM [N"Bu,][SbCl,] in
oDCBatr=2mmTINWE. . . .. ... ... .. .. ... . .. ....... 165



6.10

6.11

6.12

6.13

6.14

XRD patterns of Sb electrodeposited onto TiN from oDCB containing 3 mM

[N"Bu,] [SbCl,] before, during and after heating to 140°C.. . . . .. ... .. 166
SEM images of the effect of temperature on Sb electrodeposited onto r = 2
mm TiN from oDCB containing 3mM [N"BuyJ[SbCl,].. . . . ... ... ... 167

The effect of temperature on the composition by EDX of Sb and Te de-
posited on to r = 2 mm TiN WE from oDCB containing 1.5 mM [N"Bu,][SbCl,]

and 3 mM [N"Buyl,[TeClgl. . . . . . . o v it 168
SEM images of Sb and Te codeposit at varying temperatures on a r = 2 mm
TINWE. . e 169

XRD patterns of antimony telluride electrodeposited at various temperatures.170



xii



List of Tables

1.1
1.2

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

4.1

4.2

4.3

Forces involved inionsolvation.. . . . . ... ... .. ............. 2
Solvent descriptors of Lewis basicity and coordination ability index for s-

ome COmmMmON SOIVENtS. . . . . . . . v v i e e e e e e e 19

Literature compilation of Kamlet and Taft parameters of candidate weakly
coordinating solvents, co-mmon electrochemical solvents and typical ionic
liquids. . . . . . . . e e 49
Literature compilation of selected physical properties of candidate weakly
coordinatingsolvents. . . . . . . ... ... L 49
Experimental anodic and cathodic limits, and available potential window
ataPtelectrode. . . . .. ... ... 52
Experimentally determined resistances and conductivities of 100 mM [N"Bu,]Cl
and [IN"BU][BE,]. « o oo et e e e e e e 53
E, /2 values for DMFc and CcPFg obtained from macrodisc voltammograms
atvarying electrode materials. . . . . . ... ... .. ... ... .. ... 59

Thermodynamic, kinetic and mass transport parameters of 1 mM DMFc

and 0.5 mM CcPFg in various solvents at 25 °C using microelectrodes. . .. 62
Predicted values of the Jones-Dole A coefficient. . . . .. ... ... ..... 67
Dimensions and Perrin correctionfor DMFc. . . . ... ... ......... 68
Molecular volumes and radii of DMFcand Cc*. . . . ... ........... 70

Diffusion coefficients of [DMFc][PFg] calculated using microelectrodes at

25°C. L e 74
Correction factor for E;;» for DMFc caused by inequality of oxidised and
reduced diffusion coefficientsat25°C. . . . . .. ... ... .. .. oL, 77

Redox potentials and diffusion coefficients of [SbCl,;]™ and [BiCl,;]” in DCM,
oDCBand DCE. . .. ... ... ... e 92
Parameters calculated from EQCM voltammograms and chronoampero-
grams of 3 mM [NnBu4]y_X[MXC1y], where M=Sb, Bi, Te, in oDCB and DCE. . 101
Experimental parameters for the electrodeposition of Sb, Bi and Te onto
a TiN substrate from oDCB and DCE containing 3mM [N"Buyly_[M*Cl,]
where M =Sb,Bi,Te. . . . . . . . . . e 103

xiii



4.4

5.1

5.2

5.3

5.4

5.5

5.6

6.1

6.2
6.3

6.4

6.5

6.6

Al

A2

A3

Lattice parameters and average crystallite sizes for electrodeposited Sb, Bi

and Te refined from XRD patterns, along with literature values. . . ... .. 107

Representative deposition parameters of deposits collected from oDCB con-
taining 1.5 mM [N"Bu,][SbCl,] and 3 mM [N"Bu,],[TeClg], and from DCE
containing 1.75 mM [N"Bu,][SbCl,] and 3 mM [N"Bu,],[TeClg]. . . . .. .. 120
Phases of antimony and tellurium electrodeposited from oDCB and DCE
indexed using XRD and quantitative analysis. . . . . ... ... ... ..... 123
Representative deposition parameters of deposits collected from oDCB con-
taining 2 mM [N"Bu,][BiCl,] and 3 mM [N"Buyl,[TeClg], and from DCE
containing 2.5 mM [N"Bu,] [BiCl,] and 3 mM [N"Bu,],[TeClg]. . . . ... .. 131

Phases of bismuth and tellurium electrodeposited from oDCB and DCE in-

dexed using XRD and quantitative analysis. . . .. ... ... ......... 133
Comparison of Bi and Te composition in codeposits collected from scDFM
and DCM . . . . . 140
Bi and Te deposit composition at locations in Fig. 5.21. Composition infor-
mation obtained by EDX. . .. . ... ... . Lo 141

Temperature dependence of the redox potential of DMFc and CcPFg and
associated experimental and theoretical reaction entropies, ASc. . . . . . . 157
Literature compilation of relevant AS,. values for DMFc. . . ... ... ... 157
Temperature dependence of the diffusion coefficients of DMFc and CcPFgq
in oDCB and DCE and corresponding activation energies of diffusion. . . . 161
The effect of temperature on the rate of charge passed for the electrodepo-
sitionof SbfromoDCB. . . . . . ... ... ... 162
Lattice parameters and average crystallite sizes of Sb electrodeposited from
oDCB at varying temperatures, refined from XRD patterns. . . . . . ... .. 164
Lattice parameters and average crystallite sizes of antimony telluride elec-
trodeposited from oDCB onto TiN at varying temperatures, refined from
XRDpatterns. . . . . . .. oo e e e 169

Simulated diffusion coefficients using the Stokes-Einstein equation for DMFc
Literature compilation of known diffusion coefficients of DMFc, along with
useful experimental parameters. . . ... ... ... .. ... ... ...... 181

Simulated diffusion coefficients using the Stokes-Einstein equation for [SbCl,]™
and [BiCly]™. . . . . . o 182

Xiv



DECLARATION OF AUTHORSHIP

Alexander W. Black

Characterisation and Application of Weakly Coordinating Solvents for the Electrodeposi-

tion of Semiconductors

I declare that this thesis and the work presented in it is my own and has been generated

by me as the result of my own original research.

I 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

qualification at this University or any other institution, this has been clearly stated;
3. Where I have consulted the published work of others, this is always clearly attributed;

4. Where I 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;
5. Thave acknowledged all main sources of help;

6. Where the thesis is based on work done by myself jointly with others, I have made

clear exactly what was done by others and what I have contributed myself;

7. Parts of this work have been published as:

A. W. Black and P. N. Bartlett, Selection and Characterisation of Weakly Coordinating Sol-
vents for Semiconductor Electrodeposition, Phys. Chem. Chem. Phys., 2022, 22, 8093-
8103.

A. W. Black, W. Zhang, G. Reid, P. N. Bartlett, Diffusion in Weakly Coordinating Solvents,
Electrochim. Acta, 2022, DOI: 10.1016/j.electacta.2022.140720.

Signed:

Date:






Acknowledgements

First and foremost I must thank my supervisor Prof. Phil Bartlett for all of his support and
advice throughout this project. He was a source of infinite knowledge who helped turn
my ideas into useful experiments and without whom this work would never have been
possible. I am very grateful to him for giving me the opportunity to complete my PhD at
the University of Southampton.

I would also like to thank all the members, past and present, of the Bartlett group
and the ADEPT project for welcoming me to Southampton and teaching me so much.
I am especially grateful to Dr David Cook and Dr Gabriela Kissling for turning me into
a functioning scientist. As well as Dr Simon Reeves, Dr Lingcong Meng and Dr Shibin
Thomas for all of their interesting and helpful discussions, and Dr Almudena Marti-Morant,
Beth Bowden and Dr Jo Corsi for their friendship. I also owe thanks to Dr Wenjian Zhang
for rapid and reliable provision of dried and purified solvents and reagents, and Dr Yasir
Noori for the preparation of substrates for electrodeposition.

I want to thank my parents and Stephen for always taking an interest in my work
and for their encouragement in pursuing science too. Finally, last but by no means least,
I will always be grateful to Ella for her support during the completion of my PhD, the
writing of this thesis, and for making the last few years in Southampton so enjoyable.
Your dedication is inspirational, and your presence made this work so much easier than

it might have otherwise been.

xvii



xviii



List of Terms and Symbols

A Areaofelectrode, m?

2 1

CR Charge rate parameter, mCcm™° min~
Do Diffusion coefficient of oxidised species, cm-s

Dr Diffusion coefficient of reduced species, cm“s

D Diffusion coefficient, cm?s™!

E;/» Half-wave potential, V

Ey,4 First quartile potential, V

Es;4 Third quartile potential, V

Et Potential shift associated with the Thompson effect, V

E,p Activation energy of diffusion, ] mol~!

E,, Activation energy of viscosity, ] mol !

E, Electrolyte anodic limit, V

E. Electrolyte cathodic limit, V

E.. Redox couple potential shift, V

Ey; Potential shift associated with thermal liquid junction potential, V
Eyindow Electrolyte potential window, V

E Potential, V

Ka Association constant for ion pairing, dm? mol™!

Kp Dissociation constant for ion pairing, mol dm™3

Nj Avogadro’s number, mol™!

Q Charge, C



R, Uncompensated resistance, Q

Ty, Boiling point, K, °C

T, Critical temperature, K, °C

T Temperature, K, °C

Vmcg McGowan volume, cm?® mol™!

Vis Crystallographic volume, A®

Vin Molar volume, cm? mol™!

Vipw van der Waals volume, cm3 mol™!

AGs Free energy of formation, ] mol~!

AGjy Lattice energy, Jmol™!

AGgon Free energy of solution, Jmol™!

AGsoly Free energy of solvation, Jmol™!

AS. Entropy change of redox couple, JK ! mol™!
A% Limiting molar conductivity, S cm? mol™!

Am Molar conductivity, S cm? mol™!

a Transfer coefficient

a Kamlet and Taft hydrogen bond donation parameter
a Polarisability, cm?

B Kamlet and Taft hydrogen bond acceptor parameter
€9 Permittivity of free space, Fm™!
€op Optical dielectric constant

¢; Dielectric constant

no Pure solvent viscosity, Pas

1 Relative viscosity

n Viscosity, Pas

x Specific conductivity, Scm™!



AY Limiting ionic conductivity, S cm? mol™*
F Faraday constant, Cmol™!

R Gas constant, JK !mol™!

n Number of transferred electrons

¢ Dipole moment, D

v Potential scanrate, Vs~ !

n* Kamlet and Tafts’ polarity parameter

p Density, gcm™3

7p Debye relaxation time, s

71, Longitudinal relaxation time, s

a™ Coordination ability index

a Radius of microelectrode, cm

¢ Concentration of electroactive species in the bulk,
d Ion solvent distance, m

e Elementary charge, C

fus Hard sphere friction factor, kgs™!
fp Perrin correction friction factor

fiot Total friction factor, kgs™!

gx Kirkwood correlation parameter

i, Mass transport limited current, A
ip Peak current, A

i Current, A

j Currentdensity, Acm™

k; Standard heterogeneous rate constant, cm g1

kg Boltzmann constant, JK!

n Refractive index



pc Critical pressure, Pa
pv Vapour pressure, Pa

p Pressure, MPa

Mcg McGowan radius, m

rs Stokesradius, m

res Crystallographic radius, m

I'solv Solvent radius, m
rvpw van der Waals radius, m
r Radius of electrode, m

z* Tonic charge

List of Abbreviations

ACN Acetonitrile

AN Gutmann’s acceptor number

CB Chlorobenzene
Cc Cobaltocene
Cp Cyclopentadienyl anion

crs Crystallographic

DCE 1,2-dichloroethane
DCM Dichloromethane
DME Dimethoxyethane
DMF N,N-Dimethylformamide

DMFc Decamethylferrocene

xxii



DMSO Dimethyl sulphoxide

DN Gutmann’s donor number

EG Ethylene glycol
EPA Electron Pair Acceptor

EPD Electron Pair Donor

HBA Hydrogen Bond Acceptor

HBD Hydrogen Bond Donor

KT Kamlet and Taft

LFER Linear Free Energy Relationship
McG McGowan

o.e. Oxidation efficiency

oDCB o-dichlorobenene

PC Propylene carbonate

pFT p-fluorotoluene

scDFM Supercritical difluoromethane

SCF Supercritical Fluid

TFT Trifluorotoluene
THF Tetrahydrofuran

tlj Thermal liquid junction
vDW van der Waals

WCS Weakly coordinating solvent

xxiii



XXiv



Introduction

1.1. Solute-Solvent Interactions

To make an electrolyte, a salt, AyB, composed of ions aA™ and bB’” must be dissolved in
a solvent. Fig. 1.1 shows the free energy processes associated with solution formation,
where AGy is the lattice energy, AGgqly, is the free energy change of solution and AGgqyy is

the free energy change upon solvation, also described as hydration.

X+ y-
YAy +XB

AG

lat

AYBX(S)

AG

solv

AG

soln

X+ y-
v YA o +XB'

Figure 1.1: Generalised Born-Haber cycle of electrolyte formation.

Once in solution, the ion is surrounded by solvent molecules in a solvation shell.
The dipolar solvent molecules orient themselves according to the charge on the ion and
there is an energy of interaction between the solvent and the solute, described in general
terms as 'intermolecular forces. These interactions between a solute and its solvent are
broadly composed of non-specific and specific interactions. Non-specific interactions are
electrostatic in nature and involve the entire solute molecule equally. Specific interactions

are concerned with particular moieties on the molecules. There is also a cavitation energy
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associated with disrupting the solvent structure and forming a cavity for the entry of the
solute.

Non-specific interactions are composed of various types which have a differing de-
pendence on the distance, d, between the two interacting particles. They are present in all
solutions between the solvent molecules, and between the solvent and solute also. These

are summarised in Table 1.1 for two particles in fixed positions.!

Type of force Internuclear distance function
Ion-ion d!
Ion-dipole d?
Ion-induced dipole d*
Dipole-dipole d=t
Dipole-induced dipole d=t
Instantaneous-induced dipole d®

Table 1.1: Forces involved in ion solvation.

Below shows the potential energy of interaction, U;j, between two particles, i and
j for the types of interaction in Table 1.1. Those in Eqns. (1.4), (1.5) and (1.6) are also
known as Keesom, Debye and London forces respectively. Collectively they are referred

12 ¢y is the permittivity of free space, z is the charge on the

to as van der Waals forces.
ion, e is the elementary charge, €; is the dielectric constant of the liquid, u is the dipole
moment of the species, 0 is the angle of the point charge relative to the the dipole, «a is
the polarisability, kg is Boltzmann’s constant, T is the absolute temperature, and I is the

ionisation potential.

o 1 zizje
ion-ion: Uij:E cd (1.1)
I
1 zey;
ion-dipole: i]-:—m 1d2NJ cosfO (1.2)
0
. . 1 (zie)*a;
ion-induced dipole: ij:—(4 2 2l (1.3)
€
o 12
dipole-dipole: Uij = —(4ﬂ€ 2 3kg TP (1.4)
0
. . . 1 He
dipole-induced dipole: ij:_ﬂ 7 (1.5)
€y
) ) ) 1 3aijaj L]
instantaneous-induced dipole: Ui = (1.6)

V7 ame)? 2d8 L+

Specific interactions consist of hydrogen bonding and electron pair donor (EPD)/
electron pair acceptor (EPA) interactions.? These interactions only exist between certain

atoms or functional groups and so are not necessarily present in every solution. Hydrogen
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bonding is the formation of a bond between a covalently bound hydrogen and another,
non-hydrogen atom. For hydrogen bonding to be observed a hydrogen atom must be
available for donation i.e. acidic. Molecules with functional groups containing H in this
form are known as hydrogen bond donors (HBD). Also required is a molecule with an
available lone pair to accept the proton, a hydrogen bond acceptor (HBA). In principle
hydrogen bonding is possible with any atoms more electronegative than hydrogen, but it
is only significant for solvents and solutes containing the most electronegative atoms O,
N or E e.g. ethers, carbonyls and amines as HBAs, and alcohol, acid and amino groups as
HBDs. H bonds are generally considered a special type of dipole-dipole interaction, how-
ever the small size of the H atom permits a close enough approach to the HBA that orbital
overlap is possible and a degree of covalent character exists in a H bond. An illustrative
example of H bonding is shown in Fig. 1.2a for water.

EPD/EPA complexes, also known as charge transfer interactions, take place between
amolecule with an occupied molecular orbital (EPD) and a molecule with a vacant molec-
ular orbital (EPA). Their orbitals can overlap and the EPD donates an electron pair to the
EPA and in the limiting case, a bond is formed. The EPD can also be referred to as a Lewis
base or nucleophile and the EPA as a Lewis acid or electrophile. The EPD/EPA type inter-
action is a combination of electrostatic and covalent forces. Electron pair donation can
originate from an anion, a lone pair on an atom such as O or N in carbonyls and amines, or
the electron pair in an unsaturated bond. Good electron acceptors are vacant valence or-
bitals such as in a metal cation, a non-bonding o orbital as in I,, or from a 7 bond system
with electron withdrawing groups. In principle any combination of donors and acceptors
is possible but of particular significance in an electrolyte solution is those between a lone
pair on a solvent molecule and a cation, and an anion and a Lewis acid. An illustrative
example of of EPA-EPD interactions can be seen in Fig. 1.2b between a carbonyl group

and a monoatomic cation.

~\\ ,'r .O R;

\_.O.. .
T /
.. . M*

(a) H bonding interaction

(b) Lewis acid-base interaction

Figure 1.2: Representative schematic of non-specific interactions.

Once the salt is in solution, it is not always possible for the two ions to completely

dissociate into individual species, and instead they can exist in solution as a distinct entity
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known as an ion pair.

Kq
Ka

(A"B)aq Aqgq + Bag

Ions in solutions therefore exist as an equilibrium mixture of ion pairs and free ions. The
position of the equilibrium is described by the dissociation constant, Kg, or by the asso-
ciation constant, K,. Conventionally, ion pairing is described in terms of K,. Ion pairs
are not simply a transient phenomenon, but exist for a timescale that is experimentally
measurable, and their presence results in recognisable chemical behaviours. Meaning
they should be recognised as a distinct chemical species. It is possible to estimate K, with

Bjerrum’s equation.?

I B/ 3 (b) (1.7)
=475 _ .
A A 4meperkg T Q
2
Z122€
b=———— 1.8
4megerakg T (1.8)

Where a is the distance of closest approach of the anion and cation, typically taken as the
sum of their radii, and Q(b) is an integral with solutions in the literature for various values
of b. The Bjerrum equation predicts an inverse relationship between K; and €, suggesting
that the degree of ion pairing increases as the polarity of the solvent decreases. As €, of the
solvent lowers, its ability to solvate the ion and attenuate its charge is lessened, so the ion
looks elsewhere for charge stabilisation and forms a pair with an ion of opposite charge.
In particularly non polar solvents, or at high concentrations, the formation of triple ions,
such as [ABA]" or [BAB]™ is also possible.

The total energy of interaction between an ion and its solvent can be described in
terms of an expression for AGgely. This is given in its most basic form by the Born equa-
tion which describes the work required to transfer an ion from a vacuum to a particular
solvent.? The ion is treated as a spherical point charge and the solvent as a dielectric con-

tinuum:

AGsoly = —

2,2
M(l 1) (1.9)

8megr €y

Where N, is Avogadro’s number and r is the radius of the ion.

The Born equation is clearly a highly simplified description of solute- solvent inter-
actions. In fact, quantifying the magnitude of non-specific interactions is difficult when
considering the large number of particles involved in a real solution. Furthermore, as-
sessing the degree of specific interactions requires knowledge of the electronic structure
of the relevant species and calculations on a quantum mechanical level. A complete pic-
ture of ion-solvent and ion-ion interactions requires statistical mechanical calculations of

the average relative location and momentum of the particles in a solution and the forces
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acting on them. This is a particularly difficult task and is prohibitive to all but those with
specialist knowledge and access to significant computing power. However, it is still possi-
ble to gain insight into the nature of solute-solvent interactions with recourse to methods

which are simpler and more accessible, by use of solvent descriptors.

1.2. Solvent Descriptors

A solvent descriptor is a quantified measure of some property of a solvent which can be
used to classify or rank a solvent based upon the magnitude of the descriptor in ques-
tion. They can be used to understand the role the solvent plays in a particular process, or
predict the behaviour of a process in an unknown solvent system. The simplest form of
solvent descriptors are the physical constants associated with the solvent molecule. Boil-
ing point, vapour pressure, density, viscosity, dipole moment and refractive index are all
examples of solvent descriptors. However, not all of these relate to the way in which a
solvent interacts with a dissolved solute.

One descriptor that has become particularly important as an estimate of the polar-
ity of the solvent, i.e. the strength of electrostatic interactions between the solvent and
a solute, is the dielectric constant, €;. €; is particularly popular because of the ready ac-
cessibility of values for most common solvents and because it is generally accurate for its
desired purpose. Although it is important to understand what exactly is represented by
€r. € is obtained by immersing two plates of a capacitor in the solvent and measuring
the strength of the electric field between them. The external electric field induces dipoles
in the molecules and polarises the permanent dipoles, which causes an attenuation of
the applied electric field. A greater degree of polarisation leads to a larger drop in field
strength. The magnitude of the decrease, relative to a vacuum, is then €;. Therefore, €,
describes the ability of the solvent molecules’ dipoles to orient themselves in response to
an external electric field. It is then implicitly taken that this correlates with the ability of a
solvent to electrostatically interact with a solute. However, €, has been shown to be inad-
equate in describing, and predicting both homogeneous,® and heterogeneous processes
(see 1.3). This is because €; is a macroscopic property describing the average of the bulk
solvent, it does not contain information on the solvent molecules in the microscopic en-
vironment surrounding the solute. The added disadvantage of solvent descriptors based
on physical properties, is that there are none available which accurately describe non-
specific interactions.

The failure of the physical properties to understand solute-solvent interactions, wi-
th €; as an example above, has led to work on empirical solvent descriptors. These take
a solvent dependent reference process, which probes the solvation shell in the particular
solvent, and measures any changes in the process as the solvent is changed. Reference
processes can be based on equilibrium, kinetic or spectroscopic measurements.® For sol-

vent dipolarity, a good example is Dimroth and Reichardt’s Ep(30) parameter.® This pa-
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rameter uses a solvatochromatic pyridinium betaine based dye, and measures the change
in wavelength of the . — m* absorption band in UV/Vis spectroscopy, with the chang-
ing solvent. The position of this absorption peak varies greatly with the solvent, meaning
that the E7(30) is highly sensitive to solvent polarity. One issue with this approach is that
the dye is not soluble in non-polar solvents. Meaning that the dye has to be modified, and
now the same dye is not used for all measurements. Another notable example of a solvent
dipolarity descriptor include Kamlet and Taft’s 7% parameter, which is based on a similar
principle to Er(30), but with different dyes.’

Empirical descriptors have also been developed for specific interactions. Gutmann’s
Donor Number (DN), is used as a measure of the Lewis basicity of a solvent. DN is ob-
tained by the calorimetric measurement of the reaction between SbCl; and the solvent
of interest, both measured in the ’inert’ solvent 1,2-dichloroethane.? DN is a popular de-
scriptor for estimating Lewis basicity because of its accessibility, however it has also been
criticised.® For example, the measurement is performed when the solvent molecule is in
a dilute solution, and so reflects the Lewis basicity of a single solvent molecule. It is not
certain that the solvent will interact with the Lewis acid in the same way when the sol-
vent is in the bulk form. Additionally, the measurement is based on the enthalpy of the
process, meaning that values in solvents with a significant entropic contribution will not
be measured accurately.® Other Lewis basicity descriptors which have been developed in-
clude Kamlet and Taft’s § parameter based upon solvatochromatic dyes,” or Koppel and
Palm’s B descriptor, developed with IR measurements of alcohols.!°

Similar to Lewis basicity, descriptors can also be found for the degree of electrophil-
icity, or Lewis acidity of a solvent. The Acceptor Number (AN) scale was created by Gut-
mann for this purpose.® This parameter is derived from NMR shifts of triethylphosphane
oxide in different solvents, relative to a reference. A similar scale was also developed by
Kamlet and Taft, called the « descriptor.7 This is obtained from solvatochromic shifts,
measured by UV/Vis spectroscopy, of aniline based dyes. Rather than simply being the
inverse of Lewis basicity descriptors, scales of electrophilicity are useful for characteris-
ing protic solvents and their capacity for accepting hydrogen bonding.

The use of an empirical solvent descriptor involves some implicit assumptions that
must be considered when they are to be interpreted. The first concerns the treatment of
the reference process. It is assumed that the solute-solvent interactions between the sol-
vent being measured and the reference probe are the same for every solvent that is stud-
ied. But this cannot be known for definite. For example, the dye used in the determination
of Er(30) contains a phenolic oxygen which is protonated in acidic solvents.® This pre-
vents the measurement of the absorption peak in such solvents and the descriptor must
be obtained by other means. Secondly, it is assumed that the solvent descriptor accurately
measures the type of solvent-solute interaction that it has been designed to measure, and
does not include information on other types of interactions as well. Kamlet and Taft’s 7 *

parameter is intended as a measure of the polarity of the solvent, containing information
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on electrostatic dipolar and polarisability based interactions.!! However, it was found that
a correction term for more polarisable solvents, such as aromatics, needed to be added
to improve the agreement with experiment.'? Suggesting that the 7 * parameter does not
fully account for polarisability based electrostatic interactions. In addition, the ability of a
solvent descriptor to accurately represent the solute-solvent interactions that it claims to
was considered by Katritsky et al., who used computation to correlate common empirical
descriptors with a variety of theoretical and computationally derived descriptors.!3 It was
concluded that this is not necessarily true and the usefullness of some descriptors must
be questioned. But also that many of the popular descriptors, such as Er(30), Gutmann’s
DN and AN, or the Kamlet and Taft parameters are actually successful at measuring their
intended interactions.

There are a multitude of descriptors available in the literature and this can make
informed choice of descriptor difficult. Marcus,'* and Abboud and Notario,'° provided
a compilation of the most notable solvent descriptors along with a critical discussion.
The authors both also demonstrated that within a particular type of interaction, i.e. non-
specific or Lewis basicity, the different descriptors generally correlate well with each other.
This is reassuring because it suggests that all the descriptors generally measure the same
basic interaction. From this it might also mean that, in the absence of a specific con-
ceptual or experimental flaw, there may not be any significant advantage to using one
descriptor over another.

From the discussion above, it is clear that a single parameter is not enough to de-
scribe the myriad interactions between solvent and solute at the molecular level. As such,
solvent descriptors can be combined together in an approach known as Linear Free En-

ergy Relationships (LFERs). LFERs take the general form of:
X=Xp+aA+bB+cC... (1.10)

where X is a free energy related solvent dependent property, such as the logarithm of
equilibrium constant, or redox potential, Xj is a statistical quantity that relates the prop-
erty to a reference such as a solvent which is assumed to have zero or negligible influ-
ence on the process, or the gas phase, A, B, C efc. are independent solvent descriptors
that describe different interactions between solvent and solute, a, b and c are coefficients
whose magnitudes reflect the influence of the complementary descriptor on the property
in question. The behaviour of a solvent dependent process can then be understood by
correlation of X measured in several solvents with the solvent descriptors using multiple
linear regressions. A high quality fit indicates that the descriptors are effective at account-
ing for the solute-solvent interactions that influence the value of the correlated process.
LFERs can be used to understand reaction mechanisms, or to predict reaction rates in an
unstudied solvent for example. LFERs are based upon principles of additivity and sepa-

rability,® meaning that it is taken to be true that the total solvent-solute interactions in-
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volved in process X can be separated into constituent contributions and, conversely that
the descriptors used to quantify the interactions account fully for those involved. There-
fore it is preferable to use a series of descriptors from the same researcher which have
been designed for use in a LFER. This will ensure the descriptors are mutually orthogonal
and account fully for the various solvent-solute interactions. Some notable collections of
LFERs are those of Kamlet and Taft,” Koppel and Palm,'® and Drago.16

1.3. The Role of the Solvent in Electron Transfer

The influence of the solvent on observed electrochemical behaviour is complex and de-
pends not only on the solvent but also the nature of the solute i.e. cation/anion, organic
compound/metal complex. All will interact with the solvent differently and thus will have
its electrochemical response influenced to a greater or lesser extent by the solvent.
Beginning with redox potential, the role of the solvent is manifested in the Gibb’s
energy of solvation. Different solvents relative to each other will be better able to sta-
bilise either the oxidised or reduced form of the species, and the redox potential will shift
accordingly. However, as described above, the solvation energy is composed of different
types of interactions and understanding how they each contribute, along with the mag-
nitude of solvent dependent shift in redox potential is more difficult. Most experiments
use metal complexes where the oxidised and reduced forms have ligands that are substi-
tutionally inert and involve an outer sphere one electron transfer. This ensures that the
inner coordination sphere can be assumed to remain unchanged and any observed rela-
tionships are a function of the outer sphere energy of interaction with the solvent only.
According to Lay, the solvent influence on the redox potential can be interpreted as

a linear summation, based upon the different types of contribution:'”
E:E°+AEp+AEH+AES (1.11)

where E is the observed redox potential, E° is the redox potential in the gas phase (i.e. ina
noninteracting medium), AE, is the shift in redox potential caused by non-specific dipo-
lar interactions, A Eyy describes the strength of interaction between solvent molecules and
the extent to which the two species of the couple disrupt the structure of the solvent, AE;
reflects the change in redox potential as a result of specific solute-solvent interactions. It
was then proposed that each term in Eqn. (1.11) can be related to experimentally mea-
surable parameters to understand the influence of each term on the redox potential. The

Kamlet-Taft parameters were selected for this task, and thus:

AEp = s(r* +db) (1.12)
AEH ~ h5H (1-13)
AEs=aa+bf (1.14)
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where ¢ is Kamlet and Taft’s polarisability correction factor described above and 6y is
the Hildebrand solubility parameter: the energy needed to create a cavity in the solvent
for a solute.'® Subsequently, Lay ef al. measured the redox potential of the reduction of
various cationic metal complexes in several solvents and correlated them with the above
KT parameters.' The best correlation was a negative relationship with the § parameter,
suggesting EPA/EPD type interactions are the most significant. A negative correlation
can be rationalised if the cation is treated as a Lewis acid, it would then be expected that
solvents with a larger § (more Lewis basic) more effectively stabilise the positive charge,
and so decrease the redox potential. The oxidised form is more highly charged meaning
its specific and non-specific interactions with the solvent are stronger, compounding the
effect. The correlation was improved when including the 7* term, indicating non-specific
interactions play a role, but the magnitude of b was much larger than s. No relationship
was observed between E and 0y.

It must be noted that the effect of the solvent is dependent on the relative changes
in charge sign and number between the oxidised and reduced forms of the redox couple.
A cation is a Lewis acid, so would be expected to show a solvent dependence with Lewis
basic solvents and Lewis acids would have no effect on redox potential. Conversely, an
anionic redox couple is Lewis basic, so will interact with a Lewis acidic solvent. Further-
more, for the oxidation of a neutral redox couple to a cation, or a redox couple where both
forms are positively charged, the charge of the oxidised form is greater than the charge on
the reduced form. Therefore, the strength of interactions between the solvent and the ox-
idised form will be greater than those between the reduced form of the redox couple and
this would shift the redox potential negatively. On the other hand, for the reduction of a
neutral species to an anion, or a redox couple where both forms are anionic, the charge
is now greater on the reduced rather than the oxidised form of the redox couple. As such,
interactions between the solvent and the reduced form are stronger and so this shifts the
redox potential in the anodic direction.

The importance of EPA/EPD interactions was also emphasised by Gritzner and Gut-
mann, in several investigations across multiple non-aqueous solvents. For a metal cation
where the product does not interact with the solvent (e.g. an amalgam in polarography),
the reduction potential was negatively correlated with DN.?? A positive correlation was
observed between anions and AN for the reduction of [Mn(CN)B]g_ and [Fe(CN)G]?’_ by
Messina and Gritzner.?! Fe(II) is more electron rich than Fe(III) so is a more effective elec-
tron donor and the reduced form is better stabilised. The influence of EPA/D properties
of the solvent on anions and cations has been observed elsewhere also.??726
The role of polar interactions have also been considered. Measures of redox poten-

tial of various ions across several solvents were correlated with 1/¢; (see Eqn. (1.9)),2%2

222326 and dipole moment (u).272326 In all cases, no correlation could be observed.

61"
Dipolar interactions clearly make a contribution, as evidenced by Lay, but this exempli-

fies the inadequacy of bulk solvent descriptors describing solute-solvent interactions.



10 1. Introduction

The contribution of specific interactions to the shift in redox potential is dependent
on the ligand complexing the metal however. [Fe(CN)6]4_ for example, has a convenient
site of electron donation to the solvent at the N atom. Conversely, complexes with large
bulky ligands such as Cp(CHj3)5 (Cp=cyclopentadiene) in decamethylferrocene (DMFc)
disrupt the interactions of the complex with the solvent and have been demonstrated to
have a redox potential essentially independent of the medium.?’

Researchers have also attempted to understand the underlying thermodynamic in-
fluence of solvent dependence by evaluating the enthalpic and entropic contributions
to observed shifts in redox potential. Weaver published two articles where the property
A(AGY,)5™W was measured for multiple metal cations in several non-aqueous solvents.?32%

AGY =G -G

red — Gox the free energy for the electron transfer reaction of a redox couple was

obtained from measurements of redox potential. A(AG?C)S_W, is then the change in AG?C
between water and a non-aqueous solvent and measures the change in solvation energy
between the reduced and oxidised form of the couple upon changing of the solvent. The
corresponding A(AHPC)S_W and A(AS?C)S_W were also measured. Ligands were selected
so that some were expected to exhibit strong specific interactions with the solvent (e.g.
ethylenediamine) and some that were not expected to display any (e.g. 2-2’ bipyridine).
For the complexes where specific interactions were not expected, the Born equation was
used to estimate A(AGY)S™". After considering expected variation, reasonable agreement
was observed. A(AGY)S™" was also correlated with DN and no agreement was observed,
indicating dipolar interactions are the primary constituent of the solvation energy for
those complexes. On the other hand, for the ions with coordinating ligands, no relation-
ship was found between the measured and predicted values of A(AG%)5™Y, and instead
DN proved to be a good predictor. This relationship reflects the enthalpic component of
A(A G?C)S_W, increased interaction with the solvent serves to stabilise the ion and so reduce
the internal energy.

With regards to the AS, term, it was observed to be positive in every solvent and
for every redox couple. For a neutral species oxidised to a cation, or a couple where
both forms are cations, the solvent dipoles orientate themselves in response to the elec-
tric field exerted by the solute ion, the reduced complex exerts a relatively smaller elec-
tric field compared to the oxidised form so the extent of solvent polarisation is less and
an entropic gain is observed. For redox couples involving anions, the opposite is now
true. No relationship was observed between A(AS%)S™ and DN indicating the absence
of Lewis acid-base interactions on solvent polarisation. Rather, it was observed that gen-
erally A(AS?C)S_W was larger in aprotic than protic solvents. It was concluded that the
magnitude of ASY. is dependent on the ability of the solute to disrupt the solvent’s inter-
nal ordering. Solvents with hydrogen bonds for example, would be difficult to rearrange
and so solvent polarisation is suppressed.

Turning to the role of the solvent in electron transfer kinetics, the Butler-Volmer

model is the classical description, however it is not able to account for the role of the
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solvent. The theory of Marcus can be used instead because it is capable of explaining
how the structure of the reacting species and its environment influence the rate of elec-
tron transfer.3 Marcus theory treats the reactant and product as overlapping free energy
curves where the reactant is excited to the transition state, electron transfer occurs and
then relaxes to the product. The rate is then a function of the shape of the two parabolas
and how they interact.

According to Marcus the expression for the rate constant of heterogeneous electron

transfer at the standard potential is:
k; = Kpvnke exp(—AG*/RT) (1.15)

where k{ is the heterogeneous rate constant, Kp is the pre-equilibrium constant which
represents the ratio of activated reactant (activated reactant meaning it has passed thro-
ugh all the elementary steps prior to electron transfer) to the bulk concentration, vy, is
the nuclear frequency factor describing the frequency with which the precursor reactant
reaches the free energy barrier, similar to the collision frequency in classical kinetics,?! k¢
is the electronic transmission coefficient and reflects the probability of electron transfer
based on the strength of electronic interaction between the reactant and product, AG*
is the Gibbs energy of activation and R is the gas constant. The majority of work has fo-
cussed on the influence of the solvent on the values of AG* and vy,. These studies typically
assume that Kp and ¢ are independent of the solvent.

AG* is composed of the standard Gibbs energy for the reaction, AG?, plus a reor-
ganisation energy term, which describes the energy required to rearrange the reactant
into the form of the product. If the standard electrochemical rate constant, k{, is mea-
sured, then AG* is dependent on the reorganisation energy only. As a result, AG* can
be divided into an inner sphere term AGi* , and an outer sphere term AG;, such that
AG* = AG] + AGy. AG] is associated with reorganisation of the molecule itself such as
bond lengths and angles and AG} with the product’s solvation environment. A value for

AG} can be estimated by adapting the Born equation:3?

., Naé®(1 1)\(1 1
AG} = S | —— (1.16)
8co \r 2d)\eop €

where r is the radius of the reacting species, d is the distance between the species and the
electrode, e,p, is the optical dielectric permittivity, often approximated to n®. Experiments
investigating the effect of the solvent on AG* primarily use reagents that display outer
sphere electron transfer, and are substitutionally inert such that AGi* < AG] = AG*.
Weaver et al. investigated the influence of AG? on k. in two studies.>*3* In the first
article, using a similar approach to Refs. [28, 29] above, k. was measured, and AG® and
AG] were obtained for the reduction of [Co(en)g]3+ in various aprotic non-aqueous sol-

vents and standardised with respect to water, giving A(AG;)*™". The pre-exponential
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terms were assumed to be solvent independent. A(AG;)*>™" was compared with calcu-
lated values estimated from eq. (1.16) and large discrepancies were observed. The pre-
dicted value being negative, compared with a large positive experimentally obtained value.
k; was also observed to be smaller in the non-aqueous solvents where DN was larger for
the organic solvent than water. These results were attributed to the influence of specific
interactions between the solvent and reactant increasing the energy of reorganisation.
Another approach to investigating the influence of electrostatics on AG} is to plot
Ink; or k{ as a function of 1/e,, — 1/€5. This method was used for transition metal com-
plexes and organic compounds in aprotic solvents by various researchers, including Faw-

3637 and others.383? In all cases no rela-

cett and Jaworski,®® Kapturkiewicz and Opallo,
tionship was observed. This is a somewhat flawed approach though, it is not appropriate
to compare k; to 1/e,p — 1/€5 since they are exponentially related. It also neglects the 2d
term in eqn. (1.16). Assuming the reaction takes place at the outer Hemlholtz plane, the
distance to the electrode is dependent on the width of the inner Helmholtz plane and so
the solvent and supporting electrolyte.334

Once again, where applicable, the role of specific solvent-solute interactions must
not be neglected. In a similar fashion to the redox couple, Lay derived useful modifica-
tions for the Marcus expression that accounts for non-specific interaction between the
solvent and solute.!” However no experimental evidence was provided to indicate their
efficacy. Weaver derived an additional term to Eqn. (1.16) to account for 'noncontinuum’
effects on AG.*! The value of the term was estimated by plotting the redox potential of
[Co(en)3]3+/ 2+ as a function of DN. This was then extrapolated to 0 where specific inter-
actions would be absent, and the difference taken, to give an estimate of the change in
redox potential as a result of the specific interactions. This was then converted to a free
energy. The contribution was observed to be small yet significant and displayed improved
agreement with experimental values compared to Eqn. (1.16) alone. Fawcett and Ja-
worski performed a similar investigation on the reduction of organic molecules.®> A good
negative correlation was observed between In k, and AN. Abbott et al. also contributed
work towards this question.*>*3 The natural logarithm of theoretical rate constants were
plotted as a function of the natural logarithm of experimentally obtained values for sol-
vents of a variety of properties. This was performed for theoretical values obtained using
1/€op — 1/€5, and also the 7%, f and a parameters of KT. Better agreement was observed
for the KT parameters. In a second study, In k; values of ferrocene were obtained in sev-
eral solvents and correlated with various parameters including 1/¢,p — 1/€5, AN and DN,
and the KT parameters. The best correlation was observed with the KT parameters. How-
ever, their approach was criticised for not appropriately distinguishing between the pre-
exponential factor and AG*, and not fully accounting for iR drop.***°
The solvent has also been observed to influence the v, term in the pre-exponential

factor. This has been heavily investigated and comprehensive reviews on the subject ex-
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ist.*>*¢ Under the condition that AG; is negligible, v, can be approximated as:**

1

1 ( AG? )f
Vo= — (1.17)
T \4nRT
TDE
T = %P (1.18)
€r

where 71, is the longitudinal solvent relaxation time, 7p is the Debye relaxation time and
€op is the high frequency dielectric constant. 71, measures the delay in the dipole orien-
tation of a dielectric in response to an applied electric field. Slow solvent reorientation
reduces the frequency that the reactant arranges itself into the transition state since this
requires concurrent movement of the solvent, which is impeded at high values of 7. 7| 1
has been observed to correlate well with k..3” Weaver employed a corrected k. which ac-
counted for the contribution of the activation barrier.*”8 Estimates of Kp and AG}; were
made and incorporated into a single term with k.. This was then plotted as a function
of 7/ ! and reasonable agreement was observed. Fawcett took a similar approach with
similar results.*9-%!

7p can be defined as:*?

_ 471171’3
~ RT

D (1.19)

where 7 is viscosity and r is the radius of the reacting particle. Evidence that the viscosity
of a solvent can influence k. was observed in the work of Bard et al., who investigated the
rate constants of various metal complexes in water, altering the viscosity by additions of
sucrose.”>>* A good correlation was observed between k. and 1/n. Murray also observed
a relationship between k., and D where D is diffusion coefficient.>

The solvent effect on the kinetics of the mechanistically more complicated process
of ion transfer has also been investigated. Galus performed studies on the kinetics of
amalgam formation of various metal cations in several aprotic solvents.>>%657 Without
accounting for any pre-exponential contributions, Galus observed a negative correlation
between rate constant and Gutmann’s DN and the KT § parameter, in accordance with re-
ports above for outer-sphere electrode reactions. Fawcett observed the same relationship

after correcting for 71, by incorporating it into the rate expression .58
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1.3.1. Electrochemistry in Supercritical Fluids
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Figure 1.3: p-T phase diagram showing the supercritical region. Reproduced with permis-
sion from Ref. [59].

A supercritical fluid (scf) is a state of matter which exists at temperatures and pressures
higher than gases and liquids. Specifically they are defined as a species which has a tem-
perature and pressure higher than its critical point, T; and p. respectively. Alternatively,
Darr and Poliakoff suggested they be defined in terms of a critical density.%° Fig. 1.3 shows
a phase diagram for a single component system.

A clear indicator of a supercritical fluid is its properties, intermediate between lig-
uids and gases. For example its density is comparable to a liquid and its viscosity similar
to a gas. They also possess unusual characteristics which make them interesting for re-
search. They are capable of solvating species, the fluid exists as a single phase; meaning
an absence of surface tension, and density and viscosity also vary with temperature and
pressure, so the solvent properties can be finely tuned. The most widely researched scf
is supercritical carbon dioxide (scCO,) however many others such as scH,0, scNH; and
scXe have also been investigated.5°

Bard and his group performed pioneering work in the field of supercritical elec-
trochemistry, investigating the electrochemistry of inorganic and organic compounds in
scNH;,%162 s¢H,0,5365 and acetonitrile.’¢” These polar supercritical fluids have the ad-
vantage of improved solubility of charged species, but require high operating tempera-
tures and pressure.

As a result of this, scCO, received some research interest due to its more accessible
critical point (T, = 304K, p,=7.4 MPa).%8 Abbott et al. performed some studies but scCO,
has such a low dielectric constant that it is not able to dissolve electrolytes effectively.% "
Consequently a co-solvent, typically acetonitrile, can also be added, allowing more ef-

fective dissolution of charged species. Much work was performed by Bartlett ef al. who
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investigated the double layer structure,’! conductivity,’> mass transport,”® and also elec-
trodeposition of metals.”*~"® The disadvantage of the two solvent system is that the phase
behaviour is made more complicated and the critical point can change. Additionally, the
use of MeCN reduces the potential window, making the scCO,/MeCN system less useful
for electrodeposition applications.

Around the same time as scCO,/acetonitrile systems were investigated, hydroflu-
orocarbons were the focus of some attention. They have a similar critical point to CO,
(CH,F, T, = 351K, p. = 5.8MPa)® but a higher dielectric constant and also the advan-
tages of being a single component system with a wide potential window. Abbott et al.
reported initial investigations measuring fundamental properties such as dielectric con-
stant in scCH,F, (scDFM), scCF3CH,F and scCF;CHF,.”” Subsequently Bartlett et al. pre-
sented studies into the electrodeposition of metals from scDFM. Depositing films, and in
some cases nanowires, of numerous d- and p-block metals including: Cu,” Te,”®" Ge,?°
as well as Bi, Sb, Se and others.”® All metals were cathodically deposited at a fast rate and,
excepting Ge, were crystalline. The entirety of the work on electrochemistry in supercrit-
ical fluids has recently been reviewed by Bartlett et al.8!

scDFM appears to be the most useful sc solvent for electrodeposition, its proper-
ties represent a compromise between relatively low critical point and dielectric constant.
Additionally it is the only sc solvent with any significant detail in the literature on metal
deposition. To date there is no known literature report on compound deposition from

supercritical fluids.

1.4. Electrodeposition of Binary Semiconductors

Binary semiconducting alloys and compounds are commonly grown by techniques such
as chemical vapour deposition.®? These methods are capable of producing device qual-
ity materials, however they often require high temperatures and pressures, or vacuum
conditions. This often means that equipment and operational costs are high, and slow
growth rates can be a problem too. Furthermore, vapour deposition techniques are 'top-
down’ approaches, meaning that when it comes to the growth of nanostructures, which
is currently of research interest, it is often not possible to reliably penetrate the entire
depth of high aspect ratio structures due to blocking at the pore mouth, which results in
nonuniform and inconsistent nanowire growth. Electrodeposition is an attractive alter-
native technique for a number of reasons. Deposition only occurs in areas with electrical
contact, allowing precise control over the size and shape of the deposit, and deposition
occurs under the control of the potential or current, providing a tuneable composition. It
also occurs outwards from the electrode surface, in other words ‘bottom up’, permitting
growth of large aspect ratio nanostructures. Additionally, there is a low cost to entry for
electrodeposition and fast growth rates are also possible.

The promise of electrodeposition as a method to grow binary semiconductors first
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began to emerge with the first reports of the electrodeposition of II-VI semiconductors,
as in CdSe or CdTe, for photovoltaic applications.®3 The first successful report of CdTe
electrodeposition was by Panicker, Knaster and Kroger in 1978 for example.®* The initial
interest then expanded to cover attempts at the deposition of other II-VI semiconductors
such as Zn based chalcogenides and interest has remained strong, with the electrodepo-
sition of III-V based semiconductors (GaAs, InSb), those from groups four and six such
as Sn or Pb chalcogenides, and also V-VI semiconductors such as Bi,S3 or Sb,Te; are now
possible. Clearly, much of the work involves chalcogenide based semiconductors. The
electrodeposition of metal oxides is also an active area. Semiconductor electrodeposition
has been reviewed at different points in time.838>87 There are however, no reports avail-
able which cover the most recent work of the last twenty years. For example, much of the
earlier work was performed in aqueous electrolytes, but semiconductor electrodeposition
from non-aqueous solvents or ionic liquids is now a well established alternative.

Kroger developed a model to describe the effect of the applied potential and metal
precursor concentration on deposition composition,? which was subsequently devel-
oped further by Engelken.?9°! Considering a system with an electrolyte containing two
electroactive species, A and B, which can be deposited onto an electrode, a typical code-

position process has the following scheme:

aAm+ +me — aA(S)
n+ —
bB™ + ne” — bB(,

aA) + bB) == A;By, ()

The ability of the two metals to form a compound is then because of the gain in free en-
ergy as a result of compound formation, i.e. a negative value for AGy, the free energy of
formation.

Typically in the electrodeposition of alloys, codeposition begins at potentials more
negative than the onset of deposition of both metals. However for compound electrode-
position, codeposition can also occur at potentials more positive of the less noble (most
difficult to reduce) species, in between the deposition potentials of the two components.
The initial deposition of the more easily deposited species onto the surface induces the
deposition of the more noble metal driven by the gain in free energy associated with
the formation of the compound. The positive shift is given by AE = AG¢/nF, assuming
E°(B*) < E°(AY). The induced deposition mechanism means that the deposition process
is regulated by the thermodynamics of the solid state reaction above, and the rate of de-
position of the less noble metal only. As a result, good control of the deposit composition
can be achieved in the potential region where codeposition is possible.

Assuming the standard electrochemical rate constant of each species is similar, Kro-
ger then identified two classes of the deposition process, based upon whether the differ-

ence in deposition potential of the individual components, is larger (Class 1) or smaller
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(Class 2) than the positive shift in deposition potential as a result of compound formation.
Engelken subsequently simplified this to a rule of thumb: species with significantly dif-
ferent deposition potentials (AE >250mV) are Class 1 and species with similar potentials
are Class 2.9

In the Class 1 system the rate of deposition of component A is so much faster than
the induced deposition of component B, that stoichiometric deposition of A and B can
only be achieved by lowering the activity of component A in the electrolyte. This is done
by having a much larger concentration of component B than of species A in the plat-
ing bath. Under these conditions, the cathodic portion of a voltammogram has three
sections. Firstly, the deposition of the more easily reduced species A begins, as this be-
comes diffusion limited the current then plateaus. During this plateau codeposition of
stoichiometric A By, is possible, with the composition of B gradually increasing with de-
creasing potential. The composition can then be optimised with tuning of the precursor
concentration, stirring rate or temperature, for example. With continuation of the ca-
thodic sweep, eventually the onset potential of the deposition of B is reached and begins
to deposit as a separate phase, so control of the codeposit composition is lost.

For a Class 2 system, the voltammogram should take a similar appearance to that
described above, but the conditions required to achieve codeposits of the desired com-
position are more system dependent. If the fraction of A is greater than B in the com-
pound, then the concentration of A should be higher than B in the electrolyte, and vice
versa. When the proportion of the two components is similar, the concentrations in the
electrolyte should also be similar. In these compounds, codeposition is also possible at
potentials more positive than the deposition potential of either pure species, and indeed
has been experimentally observed.® This was considered in more detail by Engelken who
termed the phenomenon Pure Underpotential Deposition (PUD).! The free energy of
formation of the compound reduces the current of the anodic term of the corresponding
Butler-Volmer equation (the anodic term referring to the dissolution of the compound) to
a value less than the cathodic, resulting in deposition. At an applied potential in the PUD
region, neither metal can electrodeposit individually and as a result, a 'feedback loop’ ex-
ists. An increase in activity of either species above the equilibrium value would dissolve
the excess and so deposits of almost exactly equal stoichometry can be achieved. The
above description of PUD appears to indicate a cyclic argument where each species is de-
pendent on the deposition of the other for deposition to take place. In fact, the models
predict very low rates of deposition and significant issues with nucleation, deposition only
beginning after spontaneous formation of nuclei on the electrode surface.?®9! Kroger has
since used the model of compound deposition to successfully electrodeposit CdTe from
acidic aqueous electrolytes for the first time.3*

An alternative model was also developed by Plieth, based upon the concept of res-
idence times in kink sites.”? During the electrodeposition of an alloy, the reduced metal

atoms pass through an intermediate stage where they reside at a kink site. Once at the kink
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site, the atom can become incorporated into the metal lattice by arrival of more reduced
atoms or it can separate from the kink site and return to the electrolyte.” For atoms A* or
B*, where the asterisk denotes its location in a kink site, there are four possibilities upon
the arrival of a newly reduced atom. The arriving atom can be the same or different than
the atom presiding in the kink site such that: AA*, AB*, BB*, BA*.94 The residence time is
then defined as the average time that the new atom spends in each of the possible kink
sites. If the residence time for the formation of the AB* or BA* kink sites is greater than for
AA* or BB*, then alloy or compound formation is favoured. If the opposite is true then a
solid solution forms. Plieth then went on to derive an expression which related the ratio
of the concentration of the metal precursors in the electrolyte, to the composition in the
deposit. The differences between the two are mediated by so called selectivity constants
which are obtained from the ratio of the residence times of the same, or the other metal,
for A and B. Therefore representing the preference of A and B for association with itself,
or the other metal in the alloy. With knowledge of the selectivity constants it would then
be possible to estimate the composition of a codeposit simply from the concentration of
the metal ions in the electrolyte. Plieth presented a method for calculating the selectiv-
ity constants from experimental data,”> however currently it does not appear possible to

estimate the selectivity constants from first principles.

1.5. The Properties of Weakly Coordinating Solvents

A Weakly Coordinating Solvent (WCS) can be defined as a solvent that is not a Lewis base,
and does not interact strongly with electrophilic atoms. In the context of metal com-
plexes, a WCS is a solvent that is a poor ligand, and does not strongly coordinate to a
metal cation to form a complex.

In quantitative terms, a WCS has a low value for a solvent descriptor measuring
Lewis basicity, such as Gutmann’s DN or Kamlet and Taft’s § parameter. A WCS can then
be identified by inspection of databases of solvent descriptors. Table 1.2 shows a selec-
tion of solvents with varying values of f and DN. The most coordinating solvents are evi-
dently those which contain O atoms; such as water and dimethylsulphoxide, or N atoms
as in pyridine or N,N-dimethylformamide. These are electronegative atoms, with a lone
pair of electrons which are available to interact with electrophiles. Conversely, those sol-
vents which are weakly coordinating have no such functionalities. These include hydro-
carbon solvents such as benzene or hexane, or chlorinated aliphatics and aromatics as
with dichloromethane (DCM) or chlorobenzene. It is also apparent that a disadvantage of
WCS is that they are commonly of intermediate or low polarity.

Another interesting approach to quantifying the coordinating nature of a solvent
was presented by Alvarez.%98 This method used crystal structure entries of d-block com-
plexes and, for a given anion or solvent, took the logarithm of the ratio of the number

of submissions where the solvent was found to be coordinated, to the number of sub-
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missions where the species was employed i.e. as a solvent or reagent, but was not found
coordinated to the metal centre, resulting in a coordination ability index, a™. The greater
the index is above 0 indicates a greater likelihood that the species was found coordinated
to ametal cation, whereas the further the index is below zero indicates a greater likelihood
that the species was present but did not coordinate. Values can be found in

Table 1.2. As can be seen, the same general trend is observed for the coordination ability
index, as is predicted by the solvent descriptors. There are some interesting exceptions
however, for example pyridine which was found coordinated in 96% of the structures
where it was used.

WCS have found applications across the breadth of chemistry. They are frequently
used, in conjunction with weakly coordinating anions, in coordination chemistry where
a coordinating solvent could interfere with the speciation of the metal complex which
is being synthesised. More exotic complexes can be electrophilic or unstable, and it is
important that the medium does not interfere. For example, s-block elements are of syn-
thetic interest to produce complexes for catalysis as alternatives to other more common
metals.”® However, the resulting compounds are highly Lewis acidic, which makes the
ligands vulnerable to displacement by a more coordinating solvent. As such, WCS with
some degree of polarity such as benzene, chlorobenzene and o-difluorobenzene have
been used as reaction media. These are weakly coordinating but also sufficiently polar
to solubilise the metals and ligands. In some cases, even halogenated solvents are too
strongly coordinating, and hexane was used instead. WCS are similarly exploited in p-
block chemistry for the synthesis of highly reactive p-block metal cations, where the metal
centre is coordinated to various ligands.!%’ As above, these compounds are particularly
electrophilic or the ligands are weakly bound, meaning that it is important the solvent re-
mains uninvolved. Here the solvents typically need to be somewhat polar, meaning that

dichloromethane, 1,2-dichloroethane and chlorobenzene, as well as fluorinated solvents

Solvent B DN a™
c-hexane 0 0 -1.0
chloroform 0.10 4.0 -2.2
dichloromethane 0.10 10 -1.7
toluene 0.11 01 -1.2
acetonitrile 0.40 14.1 -0.2
diethylether 0.47 192 -14
water 0.47 18.0 -0.1
pyridine 0.64 331 14

N,N-dimethylformamide 0.69 266 -0.2
dimethylsulphoxide 0.76 29.8 0.3

hexamethylphosphoramide 1.00 38.8 0.2

Table 1.2: Solvent descriptors of Lewis basicity and coordination ability index for some
common solvents. § and DN from Ref. [96]. a™ from Ref. [97].
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such as fluorobenzene or 1,2-difluorobenzene are commonly used.

WCS have also found themselves to be useful in the colloidal synthesis of high qual-
ity semiconductor nanocrystals. These are of interest for optoelectronic applications.
Peng et al. reported the use of octadecene as a WCS for the growth of various materi-
als including CdS, ZnSe and InP.!%1:192 In the solvent it was possible to grow nanocrystals
with a narrow size distribution, with a tunable size controlled by the concentration of sur-
factant. Prior to the use of octadecene, more coordinating solvents were used and it was
not possible to synthesise nanocrystals of certain semiconductors, such as ZnSe,'%! or as
in the case of InP, crystals were grown but were of poor quality with a broad size distri-
bution.!?? Similar successes have been reported for the growth of CulnS, and CulnSe, in
dioctyl phthalate.!%

1.6. Electrochemistry in Weakly Coordinating Solvents

The applications of WCS in electrochemistry thus far have been limited. Since they are
typically of low polarity, this complicates their use in electrochemistry where a highly
conducting electrolyte is preferred. However WCS, particularly DCM, have been exten-
sively exploited by Bond throughout his career for the synthesis, and electrochemical
characterisation of unusual transition metal organometallic complexes. The list is long
so some selected, illustrative examples are given here. Bond electrochemically oxidised
metal amalgams in DCM and benzene to form, in situ, cations of various metals such as
Cd(II), Bi(Ill), Sn(I) and Pb(I).1%4-107 The generated cations were highly reactive and in
more coordinating solvents such as water or DMSO, the solvated complexes would rapidly
form, preventing any further study.!%41% However in DCM and benzene, the cations re-
mained uncoordinated and so were used to form complexes with anions typically con-
sidered to be weakly coordinating, such as [BF,]” or [PFs]". Thermodynamic information
on the formation of such complexes was also measurable, and this presents a route to the
synthesis and study of relatively inaccessible complexes.

In other work, Bond et al. used DCM as a weakly coordinating solvent to electro-
chemically synthesise Co(IV) complexes.!%® Ethyl or cyclohexyl substituted
tris(dithiocarbamate)cobalt(III) was electrochemically oxidised to successfully form a
tris(dithiocarbamate)cobalt(IV) complex in DCM, the nature of which was contentious
in the literature at the time. It was found that use of acetonitrile as a solvent caused
the partial displacement of the ligands by molecules of acetonitrile, and the complexes
were similarly unstable when acetone was used. Instead in DCM, the complexes were
stable over sufficient timescales to allow detailed characterisation. Bond also studied the
electrochemistry of the binuclear Pt(II),(u—pop),]*” anion, where pop = pyrophosphite,
[P,O-H,]*.1% Such complexes are of interest because of the possibility of its oxidation to
form mixed valent Pt(II)-Pt(III) complexes, which had also shown solvent dependent re-

action pathways. Previous attempts at oxidation in water and acetonitrile showed that the
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complex disproportionated upon oxidation in water, and in aceonitrile coordination of a
solvent molecule was observed. In DCM, no disproportionation was observed, since the
solvent was inert towards the complex. Instead the oxidised species appeared to react fur-
ther to form an oligomer, the structure of which could not be resolved. Therefore demon-
strating that it was possible to access new chemistry of Pd complexes when the solvent is
not involved. In further studies of the electrochemistry of Pt(II) complexes, Bond et al. re-
ported a study on the electrooxidation of Pt[(p—BrCgF,)NCH,CH,NEt,|Cl(py), where py is
pyridine, an anticancer compound in DCM, acetone and acetonitrile.!'° Evidence for ox-
idation to a monomeric Pt(III) species, which was rare since the complex often dimerises,
was found in all three solvents, but was most stable in DCM the least coordinating solvent.

Other researchers have also used weakly coordinating solvents to study the electro-
chemistry of organometallic complexes. For example O’Toole et al. used o-difluorobenz-
ene to generate and characterise reactive intermediates which decomposed in more co-
ordinating solvents such as acetonitrile, and also investigate the electropolymerisation of
some porphyrin complexes.'!! Schreiber and Vicic electrochemically characterised bridg-
ed Co(IIl) fluorocarbon dimers in acetonitrile and DCM.!!? The electrochemistry was
simpler in DCM which permitted easier characterisation, suggesting that the complex had
been solvated by acetonitrile molecules when it was used as a solvent.

DCM has been used as a WCS in the work of Deronzier on the synthesis of polypyr-
role electrodes modified with [Ru(trpy) (bpy) (OH,)]** complexes, where trpy is 2,2’:6’,2”-
terpyridine and bpy is 2,2’-bipyridine.!>-!17 Such complexes were connected to the pyr-
role group by a carbon chain and were of interest for applications to the electrocatalytic
oxidation of alcohols, water or chloride. The pyridine ligands can also be modified in
various ways to improve their properties.!1>"117 Previous attempts at growth and immo-
bilisation in water were unsuccessful, necessitating the use of an organic solvent.'!3 Ex-
periments in acetonitrile also failed because the acetonitrile molecules coordinated to
the Ru centre and displaced the H,O ligands.!!3 Instead, DCM was used as a weakly co-
ordinating solvent which was inert towards the complex and polymer. The resulting films
were successfully applied to the selective catalysis of benzyl alcohol to benzaldehyde.'!”
In similar work, a relationship between the Lewis basicity of a solvent, and the conductiv-
ity of electropolymerised polypyrrole films was demonstrated.!'®119 It was reported that
polypyrrole films grown from solvents with a lower DN, such as nitromethane, were more
conducting than those when more coordinating solvents, including dimethylsulphoxide
and N,N-dimethylformamide, were used as the medium for the monomer. The polymer
typically grows via a radical cation intermediate, meaning that a Lewis basic solvent can
interact more strongly with the intermediate and shortens its lifetime. This then results
in shorter polymer chains and so a lower conductivity.

Geiger has also used WCS, typically DCM, to investigate the effect of solvent Lewis
basicity on the electrochemistry of metallocenes. Moraczewski and Geiger studied the

voltammetry of CoCp(COT) where Cp is the cyclopentadienyl anion and COT = cyclooc-
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tatetraene, in acetonitrile a coordinating solvent, and also in DCM, a WCS.!2° It was found
that in the coordinating solvent, the voltammetry appeared irreversible and with a signif-
icant dependence on scan rate. There was also evidence of the oxidation of free COT. The
evidence appeared to suggest that upon formation of [CoCp(COT)]*, the solvent rapidly
displaced the COT ligand, and coordinated with the metal centre before slowly decom-
posing to generate [Cp,Co]* and Co?*. When the same experiments were performed in
DCM, the CoCp(COT) still decomposed but at a significantly slower rate since it was not
driven by the coordination of solvent molecules. A similar experiment was performed in
a, a, a-trifluorotoluene, another solvent which has been proposed as a weakly coordinat-
ing solvent for electrochemistry.'?! The oxidation of CoCp(COD) where COD = cyclooc-
tadiene, was investigated, and the cation decomposed on a similar timescale to that in
DCM. Suggesting that trifluorotoluene is similarly weakly coordinating. Geiger has also
used the electrochemistry of nickelocene in solvents of varying donor strength, such as
DCM, PhCl, MeCN and tetrahydrofuran, to investigate similar effects.!?> Nickelocene,
Ni(II)Cp, can undergo two subsequent oxidations forming the cation, [Ni(II[)Cp,]*, and
the dication [Ni(IV)Cp,]**. No relationship between the Lewis basicity of the solvent and
the peak shape of the first oxidation was observed. However for the second oxidation, the
cathodic peak was significantly smaller than the anodic peak in coordinating solvents,
suggesting the presence of an EC process. In the weakly coordinating solvents, the sec-
ond redox couple appeared Nernstian with no evidence of complicating behaviour. It
was proposed that in the Lewis basic solvents, the solvent molecules were coordinated to
the metal cation, driven by the electrophilicity of the dication, and consuming the Ni(IV)

species.

1.6.1. Electrodeposition from Weakly Coordinating Solvents

There have been few reports of electrodeposition from WCS. The majority of the work has
been performed by Abbott and Schiffrin, or by Bartlett. Abbott and Schiffrin used mix-
tures of aromatic and polyaromatic solvents to electrodeposit various metals such as Zn,
Cd, Sn and Pb.!23-125 pd was deposited from a solvent mixture of 15 mol% phenanthrene
in anisole.!?3 It was possible to achieve reasonable conductivities with electrolytes such
as [N"Bu,] [BF,] and reasonable solubility of the Pd precursor, up to 10 mM, was achieved
with the use of hydrophobic long chain amine ligands. The resulting deposit was thick
and adherent to the Au substrate. A significant advantage of aromatic solvents is with the
electrodeposition of more noble metals, such as Ti, W or Al. It is difficult to deposit such
metals from aqueous electrolytes because of the narrow potential window of water. Depo-
sition from polar aprotic solvents also proved complicated because the more coordinating
solvent tended to act as a ligand towards the metal cation and stabilise the metal such that
its deposition potential lay outside the available potential window. Abbott et al. achieved
Ti deposition from 15 mol% phenanthrene in anisole with [N"Bu,][BF,] at a bath temper-

ature of 100 °C.!?* Ti(IV) based precursors were used with various nitrile or amine based
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ligands, such as TiCl,(PhCN),, which was soluble at concentrations of 91 mM and gave
nodular deposits. Interestingly adherent deposits were only possible with small amounts
of Ag" as an additive, which appeared to assist with nucleation. Since there is little inter-
action between the aromatic solvent and the Ti complex, deposition was possible within
the solvent window. Thick, bright Al deposits have also been reported from toluene.'?

The remainder of the work on electrodeposition from WCS has been performed by
Bartlett, who used DCM to deposit p-block metals or compounds. Complexes of p-block
elements are characterised by having particularly labile ligands and undergo facile ligand
exchange. For all p-block elements that form aquo complexes, the mean lifetime of a
water molecule in the primary coordination shell is less than 15,25 and they lie on the
labile side of Taube’s inert/labile boundary.'?” This is because of the low lying valence
p-orbitals. In solution the solvent molecules can compete with the ligands present in
the initial complex for coordination to the metal cation. As such, a complex with labile
ligands in a Lewis basic solvent is vulnerable to displacement by the solvent molecule.
Different metal cations differ in their interaction with the solvent, and therefore in a donor
solvent differences in speciation across different metal precursors and oxidation states
will occur. For electrodeposition of alloys and compounds this is a problem because more
than one metal complex must be present and because speciation affects all aspects of an
electron transfer reaction. Unpredictable changes in metal speciation greatly complicates
the process of metal codeposition.

To overcome this, a generalised plating bath was developed composed of a tetrabut-
ylammonium chlorometallate metal precursor, [NnBu4]y_X[MX+Cly], with tetrabutylamm-
onium chloride, [N"Bu,]Cl, as the supporting electrolyte. With common ligands in the
electrolyte and the metal precursor, and a weakly coordinating solvent, this ensures there
can be no interference with the structure of the metal complex. This was used to success-
fully electrodeposit thin films of In, Sb, Bi, Se and Te from DCM onto glassy carbon and
TiN substrates.!?® Adhesion was found to be good for all metals on a TiN electrode with
homogeneous morphology, but poor with glassy carbon for In, Sb and Se. X-ray analysis
showed that all films were crystalline. The electrochemistry of the precursors was also
studied at a glassy carbon electrode. Sb®* and Bi** showed simple deposition and strip-
ping, but In®" and, Se** and Te** did not. This was attributed to the possible formation of
intermediate species or cathodic stripping. The electrodeposition of crystalline Pb using
a similar approach has also been reported.'?® In a more advanced study, the templated
electrodeposition of Sn nanowires was attempted.!3° Sn was deposited in nanoporous
templates with diameters of 13 and 55nm. It was found that material could be grown
through pores of both diameters but that nanowire growth was discontinuous, with Sn
not nucleating in every pore and also not always growing along its entire length. The
wires also showed a strong degree of preferential orientation along the (200) direction.

Of greater interest is the electrodeposition of semiconducting alloys and compo-

unds. Thin films of InSb, an infra-red detector, were electrodeposited from DCM onto
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TiN with an electrolyte composed of 10mM [N"Bu,][InCl,] and 2mM [N"Bu,][SbCl,],
with 100 mM [N"Bu,]Cl. 128 The correct composition of 50% In for stoichiometric InSb was
achieved and X-ray diffraction (XRD) analysis indicated the films were crystalline. Simi-
larly, stoichiometric HgTe was electrodeposited onto TiN from a bath of 5 mM
[N"Buy,],[HgCl,] and 5 mM [N"Bugl,[TeCly] in DCM.!3! Stoichiometric HgTe was readily
achieved with the composition being essentially independent of potential. The deposits
were crystalline and relatively smooth.

More detailed work has been performed on the electrodeposition of the thermo-
electric material bismuth telluride, with Meng reporting a study on its deposition from
DCM.!32 Stoichiometric Bi,Te; could be deposited onto TiN from an electrolyte contain-
ing 2.5 mM [N"Bu,] [BiCl,] and 3 mM [N"Buy],[TeClg], with the composition broadly inde-
pendent of potential. Scanning Electron Microscopy (SEM) showed that the grown mate-
rial was composed of a compact layer ontop of the electrode surface, followed by porous
spongy material. According to XRD analysis, the deposits appeared to be nanocrystalline.
This was progressed by Cicvari¢, who developed a pulsed deposition routine to grow
dense and compact Bi,Te; films with larger crystallites; the preferred morphology for a
thermoelectric material.'33 The concentration of [N"Bu,][BiCl,] was lowered to 2.25 mM
and the smoothest films with the largest crystallite sizes was achieved when a nucleation
pulse of =1V vs. Ag/AgCl for 5s was used, followed by pulsed deposition at —0.6 V with
an on time of 5s and an off time of 10s. The theromelectric properties of the films were
characterised and found to be comparable to previous work in the literature.

The largest body of work exists on the electrodeposition of germanium antimony
telluride (GST) from DCM. In its atom ratio 2:2:5, GST (GST-225) is interesting as a phase
change material for computer memory applications. The material can readily transition
between an amorphous and crystalline form by the application of an external potential
which causes a significant change in electrical conductivity. The interplay between pre-
cursor ratio and applied potential on the composition makes optimisation of the plating
recipe complicated. Kissling et al. performed a detailed study on the effect of the concen-
tration of each metal precursor and deposition potential on the deposit composition.!3* It
was found that the composition of the deposit could be readily tuned by varying the con-
centration of [N"Bu,][GeCls], [N"Bu,] [SbCl,] and [N"Bu,],[TeClg] in the electrolyte. For a
constant [N"Bu,] [GeCl;] and [N"Bu,] [SbCl,] concentration, increasing the concentration
of [N"Bu,],[TeClg] resulting in an approximately linear increase in Te content, with the ra-
tio of Ge/Sb essentially unchanged. Upon varying the [N"Bu,][GeCl;] concentration, Ge
initially appears in the deposit at the expense of Te, until a certain concentration when
it then begins to replace Sb. Increasing the concentration of the Sb precursor causes a
decrease in the presence of Ge and Te by an approximately constant ratio. The effect of
deposition potential was also studied, decreasing the potential significantly increased the
Ge content in the deposit due to its lower deposition potential. Much more detailed char-

acterisation was also performed, including the effect of the total precursor concentration,
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and the effect of the variation of the individual precursors on voltammetry, deposit mor-
phology and crystal structure. Nevertheless, it was established that the optimum condi-
tions for GST-225 deposition were at —1.75V vs. Ag/AgCl with 1 mM [N"Bu,][GeCl;5] and
[N"Bu,][SbCl,], and 2 mM [N"Buy],[TeClg].!3°> The deposited thin films of GST-225 have
displayed switching behaviour with good changes in resistance upon switching, and rea-
sonable durability. 13136

The electrodeposition of GST-225 was also exploited to manufacture more advanced
devices. GST-225 was deposited from DCM, into arrays of recessed TiN microdiscs with a
diameter of 50 nm.!3% Each GST-225 filled recess counts as one device, equivalent to a sin-
gle thin film, and the substrate was filled with many. Representing a significant increase
in the capabilities of the device. Phase change switching was observed in the devices with
reasonable longevity. Further to this, GST was also deposited onto a different substrate
called a "crossbar array’ and switching behaviour demonstrated.!3” Such substrates are
similar to the microarrays described above, in that that they are composed of recessed
microdiscs 1 um in diameter, except the substrate is manufactured in such a way so that
during the electrodeposition process each disc is connected to a global electrode which
provides the contact to the potentiostat. Meaning that GST grows uniformly in each re-
cess. Then after deposition, the material in the recesses can be contacted so that they
are individually addressable, which is representative of a computer memory device. Un-
der different conditions, GST electrodeposited in the crossbar arrays can also be induced
to display resistive switching properties, instead of phase change.!3® Resistive switching
arises from changes in the resistivity of the GST, caused by the formation of localised fila-
ments of crystalline conducting material.

Finally, Bartlett has used DCM to electrodeposit Transition Metal Dichalocgenides
(TMDCs). These are classed as 2D layered materials, similar to graphite/graphene, where
the bonds between layers are van der Waals in form and so the layers are readily sep-
arated. TMDCs are of interest for electronic and optical applications. The first report
was on the deposition of MoS, by Thomas et al. onto TiN.!3? Electrodeposition was per-
formed using a single source precursor of [N"Buy],[MoS,]. The major advantage of such
precursors is that all the elements of the desired material are contained in one precursor,
meaning that achieving deposits of the desired composition was far simpler. A proton
source, [Me;NH]CI, was also included in the electrolyte to clean up the excess sulphur
in the precursor, by formation of H,S, and drive the reaction towards the formation of
MoS,. The resulting deposits were smooth and uniform, but amorphous, with crystalline
material achieved by annealing post hoc. A few layers of MoS, were also successfully
deposited onto graphene.!? Such 2D heterostructures with graphene are interesting be-
cause of their expected unusual optoelectronic properties. The graphene/MoS, structure
displayed a photocurrent, where an incident laser beam generates a measurable current.

In another interesting application; MoS, was grown on an insulator by lateral elec-

trodeposition.!#! A substrate was designed where the area of interest took the form of a
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trench. The 200 nm high walls were composed of TiN on the bottom, followed by insulat-
ing SiO, on top. The bed of the trench was then also SiO, approximately 6.5 um in width,
such that the only conducting area was the TiN on the walls of the trench. Thus when im-
mersed in the electrolyte, MoS, grows laterally, from each wall of the trench, across the in-
sulator. Furthermore, vertical growth was minimal and so the deposited material did not
exceed the height of the walls of the trench. The deposited MoS, displayed conductivity
similar to previous literature reports, and an induced photocurrent was also observed.

WS, was also deposited in a similar fashion to Ref. [139] above.'4? A single source
precursor, [N"Et,],[WS,Cl,], was also used here except that the W/S ratio was the same
in the precursor as in the desired material, removing the need for a proton source. The
deposited films were homogeneous and crystallised after annealing.

As shown by the foregoing discussion, electrodeposition from WCS remains an ac-
tive and fruitful area of research. Significant scope remains for further work into the elec-
trodeposition of alloys or compounds for electronic devices, particularly where the con-

stituent elements are unstable in the liquid phase.

1.7. Thesis Aims and Outline

This Chapter has provided an introduction into the nature of the interactions between a
solute and its solvent, how these complicated interactions can be quantified with solvent
descriptors, and then the consequences of this for heterogeneous electron transfer reac-
tions. In addition, weakly coordinating solvents were defined and some of their interest-
ing applications to electrochemistry and electrodeposition were reviewed. As was clear
from the foregoing discussion, dichloromethane has been the weakly coordinating sol-
vent of choice for the majority of work on electrodeposition. However, dichloromethane

is volatile with a relatively low boiling point of 40 °C,!#3

which can make its use experi-
mentally challenging. For example, the solvent can evaporate over the course of an ex-
periment, changing the concentration of the dissolved reagents. Further to this, there
has been relatively little investigation into electrochemistry, and in particular into semi-
conductor electrodeposition, in weakly coordinating solvents and they remain poorly un-
derstood. Therefore, the aims of this thesis are twofold: firstly, solvent descriptors will
be used to identify alternative weakly coordinating solvents to dichloromethane with a
higher boiling point. The identified solvents will be characterised with a variety of electro-
chemical methods in an attempt to improve the knowledge of electrochemistry in weakly
coordinating solvents. Secondly, the higher boiling points will be exploited to attempt
semiconductor electrodeposition at elevated temperatures. Which is expected to provide
an enhancement in the material properties of the deposit.

To this end, in Chapter three alternative solvents are identified with solvent descrip-
tors and then characterised electrochemically. The solvents are subjected to a portfolio

of measurements; including conductivity, potential window, and the electrochemistry of
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some model redox couples. The most promising solvents for further application to high
temperature electrodeposition are then identified.

In Chapter four, the candidate solvents are characterised further and their suitability
as solvents for metal electrodeposition assessed. This is achieved by studying the voltam-
metry, and attempting electrodeposition of, antimony, bismuth and tellurium, three well
known metal deposition systems which are also interesting as components of binary sem-
iconductors. Dichloromethane is also included as a comparison, since this is the most
investigated weakly coordinating solvent.

In Chapter five, the ability of the identified solvents to electrodeposit semiconduc-
tors is studied by attempting the electroplating of antimony telluride and bismuth tel-
luride. Electrodeposition of bismuth telluride from a supercritical fluid is also attempted,
as work towards the electrodeposition of bismuth telluride nanowires.

In Chapter six, the last results Chapter, electrochemistry at elevated temperatures is
investigated. Initially the effect of temperature on the solvent is probed with electrochem-
ical measurements of model redox couples. Subsequently, the possibility of electrode-
positing metals and semiconductors is explored. The material properties of the resulting
deposits are then characterised in order to study the effect of the increased temperature.

Finally in Chapter seven, the final Chapter, conclusions are drawn on the knowledge
gained from this work on the nature of electrochemistry in weakly coordinating solvents,
and the suitability of weakly coordinating solvents for electrodeposition at elevated tem-

peratures. Possible experiments for further work are also suggested.
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2

Experimental

2.1. Chemicals

The solvents dichloromethane CH,Cl, (95% Sigma-Aldrich), a, a, a-trifluorotoluene
C,H;F3 (>99%, Sigma-Aldrich), 1,2-dichlorobenzene CH,Cl, (>99%, Sigma-Aldrich), 4-
fluoro-toluene C;H;F (>97%, Sigma-Aldrich), chlorobenzene CqH5Cl
(>99%, Sigma-Aldrich) and 1,2-dichloroethane C,H,Cl, (>99%, Sigma-Aldrich) were dried
and purified by refluxing and subsequent distillation from CaH, and were stored in an
inert atmosphere of N,. Difluoromethane, CH,F, (Apollo Scientific Ltd., 99.9%) was used
without alteration.

The supporting electrolytes tetrabutylammonium chloride, [N"Bu,]Cl
(= 99%, Sigma-Aldrich) and tetrabutylammonium tetrafluoroborate, [N"Buy] [BF,]
(>99%, Sigma-Aldrich) were dried by heating at 100°C under vacuum for several hours.
Decamethyl-ferrocene, (C5(CHjz)s),Fe (97%, Sigma-Aldrich) was purified by sublimation.
Decamethylferrocenium hexafluorophosphate, [(C5(CH;)5),Fe] [PFg] was synthesised ac-
cording to a procedure in the literature by Duggan and Hendrickson.! Cobaltocenium
hexafluorophosphate, [(C5H5),Co][PFg] (98%, Sigma-Aldrich) was used without altera-
tion. Tetrabutylammonium antimony(Il)tetrachloride, [N"Bu,][SbCl,], tetrabutylammo-
nium bismuth(III) tetrachloride, [N"Bu,] [BiCl,], and ditetrabutylammonium tellurium(IV)
hexachloride, [N"Bu,],TeClg, were synthesised by collaborators in the Department of Ch-
emistry at the University of Southampton using a method described in the literature.?
[Ru(NHj3)g]Cl3 (98%, Sigma-Aldrich) was used without further purification. All chemicals

were stored in a glovebox under an inert atmosphere of N,.
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2.2. Electrodes

For a typical electrochemical experiment, a three electrode system was used. Macroelec-
trodes used were Pt r = 0.25, 0.375 and 1 mm, Au r = 0.25 mm and glassy carbon r =1.5
mm. Microelectrodes used were Pt discs of radii 5, 12.5 and 25 um. Microelectrodes were
calibrated using SEM (Philips XL30 ESEM). The counter electrode (CE) was a Pt mesh
and the reference electrode (RE) was a home-made Ag/AgCl, immersed in a solution of
100 mM [N"Bu,]Cl for dichloromethane, o-dichlorobenzene and 1,2-dichloroethane sep-
arated from the electrolyte by a porous glass frit. For trifluorotoluene, p-fluorotoluene
and chlorobenzene a Pt wire pseudo reference was used. For high pressure experiments, a
0.5 mm @ Pt disc pseudo reference electrode was used. Working electrodes were polished
using a 5um alumina (Buehler, USA) paste, followed by 1 um and 0.3 um, on a microcloth
polishing pad (Buehler, USA)

Substrates for electrodeposition were 20x10 mm thin film TiN on Si chips with a 4
mm diameter exposed area as substrates. The Pt and TiN substrates were manufactured
using typical microfabrication methods in a manner that has been described previously.?
Briefly, 200 nm thick layer TiN was plasma sputtered onto Si/SiO, wafers followed by the
sputtering of a 200 nm SiO, layer. The top SiO, layer was patterned by photolithography
and half etched by plasma dry etching and removed completely using a buffered oxide
etchant. A Cr/Au 10/190 nm layer was deposited via thermal evaporation onto the contact
area to minimise contact resistance. A 10 mm diameter Pt:Ir (90%:10%) disc was used as
the CE.

2.3. High-Pressure Electrodes

PEEK tube

Epoxy resin

Stainless steel wire

PEEK tube

Epoxy resin

Stainless steel wire

Ag epoxy
Ag epoxy Soda glass capillary
Pt wire Pt microwire

(a) Macrodisc

Figure 2.1: Schematic diagrams of electrodes used at high pressures.

(b) Microdisc
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Fig. 2.1a shows a diagram of a macrodisc electrode used in experiments. The elec-
trodes were prepared by contacting 0.5 mm @ Pt wire (Goodfellow, Advent Research Mate-
rials Ltd.) with 0.5 mm @ stainless steel wire using a two part silver loaded epoxy adhesive
(RS components) which was sealed in PEEK tubing (1.6 mm OD, 0.5 - 1 mm ID, Supelco.)
with bisphenol A epoxy resin (EpoFix, Struers).

Fig. 2.1b shows a diagram of a microdisc electrode used in high pressure experi-
ments. Microdisc electrodes were prepared by sealing the Pt microwire in a soda glass
capillary which is contacted to 0.5 mm O stainless steel wire and sealed in PEEK tubing as
described above.

Due to the low viscosity of sfc’s, natural convection can be significant and cause
noise. Fitting a baffle around the electrode has been demonstrated to solve the problem.*
A baffle of length ~ 1 cm PEEK tubing (1.5 mm OD, 1.4 mm ID, Supelco.) was used for all
electrodes.

The counter electrode was prepared by spot welding the Pt mesh to a length of
0.5 mm @ Pt wire which was contacted to 0.5 mm @ stainless steel wire and sealed in PEEK

using the method described for macrodisc electrodes.

PEEK tube
Epoxy resin //

Stainless steel wire /

Epoxy resin
Ag epoxy
Pt—

Ti
Si

Figure 2.2: Schematic diagram of deposition substrates.

Fig. 2.2 shows a diagram of the substrate used for electrodeposition. The substrates
comprised of a foundation of intrinsic Si upon which a 10 nm layer of Ti was sputtered
followed by a layer of 180 - 200 nm Pt. The substrates, prepared by colleagues in the De-
partment of Electronics and Computer Science, were 2cm x 1 cm in size. The rectangles
were shaped to the desired dimensions by scoring the Si face with a tungsten carbide
scribe and manually fracturing. Afterwards, the flag was contacted to a steel wire sealed
in PEEK using a two part silver loaded epoxy adhesive (RS, UK). The adhesive and exposed
wire then insulated using bisphenol A epoxy resin (EpoFix kit, Struers UK).

2.4. Equipment

All ambient pressure experiments were performed in a recirculating glovebox (Belle Tech-

nology, UK) under a N, atmosphere. The oxygen and water levels in the glove box were
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controlled via recirculation of the N, atmosphere through O, reducing catalyst and molec-
ular sieve cartridges, keeping O, and H,O levels below 10 ppm.

Electrochemical experiments were performed used a Metrohm Autolab PGSTAT302,
PGSTAT30 with a BIPOT module, PGSTAT puIII or PGSTAT 302N potentiostats with data
recorded using GPES or NOVA 1.11 (Metrohm, UK) software.

Electrochemical Quartz Crystal Microbalance (EQCM) experiments were performed
using a QCM 200 (Standford Research Systems, USA) connected to a PGSTAT302N with a
5MHz AT-cut quartz crystal coated with a layer of r = 0.65mm Pt. A custom glass cellin a
three electrode set up was used with CE and RE as above.

A Philips X130 ESEM scanning electron microscope (SEM) was used to image the
deposits. Elemental composition was determined by energy dispersive X-ray spectros-
copy (EDX) using a Thermo Scientific NORAN System 7 X-ray Microanalysis System at
a working distance of 10 mm and an accelerating voltage of 10 or 15kV. Grazing inci-
dence X-ray diffraction (XRD) patterns were collected using a Rigaku SmartLab thin film
(9 kW) diffractometer (Cu-Ka, A = 1.5418A) with a parallel incident beam at an angle of
1° and Hypix-3000 detector. Phase identification was performed with the Rigaku PDXL-2
package and diffraction patterns from the Inorganic Crystal Structure Database (ICSD).
Instrumental line broadening was corrected using a LaBg external standard. Raman spec-
troscopy was performed using a Renishaw InVia microscope coupled to a 785 nm laser
at a power of 0.1 mW. An exposure time of 15s was used with 10 accumulations. Data
was collected with WiRE 4.1 software. All data was analysed with Origin 2020 (Origin Lab,
USA).

2.5. High-Temperature Equipment

Fig. 2.3 shows a schematic of the cell used for high temperature experiments. A non-
isothermal cell design was used, where the cell consists of two compartments, the main
compartment which holds the WE and CE where the temperature is varied, and an un-
heated section containing the RE connected to the main compartment by a Luggin capil-
lary. This is to avoid errors in measured potential caused by variations in the reference po-
tential with temperature. The glass cell was custom built at the University of Southamp-
ton with a volume of 50 ml. Gas taps allow the sealing of the cell and also the flow of gas to
maintain an inert atmosphere. The cell and the lid were held together with clamps. The
electrode ports were a GL14 type, the electrodes then held in place with screw caps and
a PTFE coated Si gasket (DWK, Germany), ensuring the cell remained sealed. An oil filled
gas bubbler was used for the inert gas exhaust. Heat was provided by a RCT digital stirrer
hotplate (IKA, Germany). The temperature inside the cell was monitored with a PT 1000

coated temperature sensor (IKA, Germany).
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Figure 2.3: Schematic diagram of the cell used for electrochemistry at elevated tempera-
tures.

2.6. High-Pressure Equipment
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Figure 2.4: Cross-sectional diagram of the high pressure cell.

Fig. 2.4 shows a diagram of the high pressure cell used in experiments, and Fig. 2.5 a
photograph of the assembled cell. The reaction vessel used was made of 316 stainless steel
and manufactured in the Department of Physics workshop as described in the literature.’
The cell is composed of two parts; top and bottom. The top contains seven 1/16" female
SSI type fittings and a safety valve. The bottom contains the 10 mL working volume of the
cell. The two are sealed using an EPDM O-ring (42 mm ID, Engineering Services Fasteners
Ltd.) and a 316 stainless steel clamp. The safety valve contained a key which is necessary

to unlock the clamp, meaning the clamp cannot be removed whilst the cell is under pres-
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sure, improving the operational safety of the cell. Fittings were secured using 1/16" PEEK

'finger tight’ nut and ferrule (Supelco).

Figure 2.5: Photograph of the high pressure cell.

Of the 7 ports available in the top section, one contained tubing fitted to a needle
valve which was contained to the gas line. Another was used for a thermocouple (XF-
341-FAR, sensor type K, Farnell). The remaining five ports are available for electrodes and
therefore a capacity of three working electrodes.

Flow of gas from the cylinder was controlled by a JASCO PU-1580 pump. Exhaust
gas was controlled with a JASCO BP-2080 back pressure regulator. Pressure in the line
was measured using a pressure transducer (TJE model and E725 display, Honeywell). The
temperature of the cell was controlled using an Omega band heater and a thermocou-
ple inserted vertically, from the bottom, into the wall of the lower part of the cell. These
were connected to a temperature controller manufactured in the workshop in the De-
partment of Physics at the University of Southampton. The temperature inside the cell
was monitored with the thermocouple connected to a Standard ST-9612 portable digital

thermometer.

2.7. Methodology

All glassware was cleaned by soaking in Decon 90 (Decon Laboratories Ltd., UK), a basic
surfactant decontaminant, for a minimum of 24 hours followed by rinsing several times
with 0.055uS cm™! water. The glassware was then dried in an oven at 40 °C for another 24

hours. All solutions were prepared volumetrically.

2.7.1. Conductivity

Measurements were performed using Electrochemical Impedance Spectroscopy (EIS) in
a two electrode configuration with a Pt disc as the WE and a Pt gauze electrode as the CE
and RE. An Autolab PGSTAT 302N potentiostat (Metrohm, UK) with a FRA32M module
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was used. Data was collected using NOVA 1.11 software (Metrohm, UK) for 50 frequen-
cies logarithmically in the range 40 kHz to 10 Hz at an amplitude of 5 mV RMS. Analysis
was performed in the linear portion of the Nyquist plots with ZView 3.5 (Scribner, USA)
by fitting to an equivalent circuit composed of a resistor in series with a constant phase
element (CPE). The CPE exponent, a, was greater than 0.90 for all experiments. Mea-
surements were performed at Pt discs of radii 0.25, 0.375 and 1 mm. The resistance was
converted to conductivity by plotting Ry vs. 1/a using Newman’s equation shown below,®

assuming the solution resistance is the primary source of resistance and a CE at infinity.

Ry=— 2.1
u= 2.1)

where R,: solution resistance, a: radius of the electrode and «: specific conductivity. Ac-
cording to Myland and Oldham, Eqn. (2.1) is valid if the CE is located at a distance greater
than 5a from the WE.” For the 1 mm radius electrode, this corresponds to a separation of
5 mm which was more than satisfied. Fig. 2.6 shows a Nyquist plot, and a plot of R, vs.
1/a for 100 mM [N"Bu,][BF,] in DCM, which is representative of the collected data.
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Figure 2.6: Plots typical of those used to calculate conductivity, for 100 mM [N"Bu,] [BF,]
in DCM. a) Nyquist plot at a r =0.375 mm Pt disc, measured for 50 frequencies logarith-
mically between 40 kHz and 10 Hz at an amplitude of 5 mV, b) plot of R, vs. 1/a for Pt
discs of radii 0.25, 0.375 and 1 mm.

2.7.2. Double-Layer Capacitance

EIS was used as described in 2.7.1 for 20 frequencies logarithmically. However a three
electrode cell was used with an Ag/AgCl RE with 100 mM [N"Bu,]Cl for dichloromethane,
1,2-dichlorobenzene, 1,2-dichoroethane and sat. [N"Bu,]Cl for trifluorotoluene, p-fluor-

otoluene and chlorobenzene. A 10nF capacitor and 0.25 mm radius Pt wire was used



42 2. Experimental

in series with the RE to act as a low impedance bypass at high frequencies.? The high
impedance of the RE has been demonstrated to cause artefacts in EIS.® Measurements
were collected as a function of potential at 200 mV intervals within the solvent potential

window.

2.7.3. Electrochemistry

Electrochemical experiments were performed using a standard five necked pear shaped
cell. The solution was allowed to equilibrate for at least ten minutes before measurements
began. Decamethylferrocene was used as an internal reference and 1 mM was added at

an appropriate point in the experiment.

2.7.4. Electrodeposition

Figure 2.7: Photographs of electrodeposition set up. a) fully assembled cell and holder
showing electrode connections and Faraday cage, b) electrochemical cell with WE holder,
CE and RE, c) front-seal holder with substrate, substrate holder and holding screw. Re-
produced from Ref. [10] under Creative Commons 4.0 license (CC BY 4.0).

For electrodeposition a custom-built small volume electrochemical cell, named the
front-seal holder, was used to ensure correct placement of the working, reference and
counter electrode, shown in Fig. 2.7. Details of the cell have been given elsewhere.!”
The cell was assembled with the substrate inside the glovebox. The contact resistance
between the contact pad on the substrate and the connector was measured with a dig-
ital voltmeter before use. Substrates with a resistance greater than 1Q were discarded.

The potential was stepped to a potential of zero current for 10 s, followed by a step to the
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applied potential. Post electrodeposition the substrate was rinsed by dipping in DCM.
Decamethylferrocene was used as an internal reference and 1 mM was added at an ap-

propriate point in the experiment.

2.7.5. High Temperature Electrochemistry

The high temperature cell was assembled and transported into the glovebox where the
electrolyte was prepared and added to the cell. The cell was then sealed, removed from the
glovebox and transported to a fumehood, where an Ar gas line and gas bubbler were con-
nected. The gas taps were opened and Ar slowly bubbled through. The cell was wrapped
in cotton wool for insulation and heating began. The cell was heated with stirring with a
jacketed Si oil bath, once the desired temperature in the cell had been reached, stirring
and gas flow was stopped and the cell was allowed to equilibrate for ca. 5 minutes before

beginning experiments.

2.7.6. Supercritical Fluid Electrochemistry

The cell was stored in a drying oven between experiments. The electrodes were fitted into
the ports, the o-ring and a PTFE magnetic stirrer bar inserted. The cell was assembled
and placed into a glove-box. The reagents and supporting electrolyte were weighed out
and the cell reassembled. The safety valve was inserted and the solvent line valve closed,
sealing the cell.

The cell was connected to the rigging and heated. The tubing was flushed with lig-
uid R32 several times before filling the cell to remove oxygen and moisture. The cell was
filled, with stirring, until the desired pressure reached. Stirring was stopped and the solu-
tion left for a minimum of five minutes before experiments were performed to allow it to
settle and equilibrate.

All experiments were performed in the temperature range 357-359 K and pressure
range 16.89-17.58 MPa. This corresponds to a variation in density of 0.822-0.820 gcm3,!!
in dynamic viscosity of 0.079-0.078 mPa s,!! and a dielectric constant of ~ 8.46.!% At the
end of the experiment the cell was emptied and allowed to cool. The cell was disassem-
bled and cleaned.
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Identification and Characterisation of

Weakly Coordinating Solvents

3.1. Overview

This Chapter firstly details the selection of Weakly Coordinating Solvents. Based upon
specified requirements, five candidate solvents are identified using Kamlet and Taft’s sol-
vent descriptors. The selected solvents are then subjected to a suite of measurements in
order to characterise them and they are compared to a control solvent, dichloromethane.
Measurements of the potential window, conductivity and double-layer capacitance are
detailed. Additionally, decamethylferrocene and cobaltocenium hexafluorophosphate
are employed as model redox couples to investigate the influence of the solvents on elec-
trochemical reactions. Finally, the most promising solvents for electrodeposition are ide-
ntified.
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3.2. Kamlet-Taft Parameters

The Kamlet-Taft (KT) parameters are a set of solvent descriptors designed to collectively
describe all aspects of solute/solvent interactions.!’> The three major parameters are: 7 *
the polarity descriptor, a the hydrogen-bond donor acidity and  the hydrogen-bond ac-
ceptor basicity. Together, they are used in Linear Solvation Energy Relationships (LSER),
a type of linear free energy relationship as discussed in Section 1.2, the general form of

which is shown below
A=Ap+sn*x+aa+bf (3.1)

where A is some solvent dependent property and Ay is a reference quantity which corre-
sponds to a medium in which the effects of solute/solvent interactions on the process are
negligible, s, a and b are then the independent coefficients that indicate the contribution
of the descriptor to the solvent dependent property. These are equivalent to X and Xj
in Eqn. (1.10). The KT descriptors are obtained by UV/Vis spectroscopy of several solva-
tochromic dyes in the appropriate solvent and measuring the peak shift in the spectrum
relative to a reference solvent, in this case cyclohexane. The shift is then averaged over
the different dyes and normalised to bring the values between 0 and 1. Full details of the
method to obtain each descriptor can be found elsewhere.!?

What is displayed in Eqn. (3.1) is not the complete set but only those relevant for
the discussion here. The terms to be used can be included or removed based upon their
applicability to the correlated property. Those that are omitted here are used only for
specific situations, for example a molecular volume term is included when the process
involves solvent/solvent transfer of a non-electrolyte. The complete list of descriptors
can be found in Ref. [2]. m* describes electrostatic, non-specific interactions between the
solvent and solute,® and contains information on the dipolarity and polarisability of the
solvent. For a, the hydrogen-bond donor acidity refers to the capacity of the solvent to
donate a proton for hydrogen bonding and so is equivalent to Lewis acidity.* Conversely,
p is a measure of a solvent’s ability to donate a lone pair for hydrogen bonding and is
analogous to Lewis basicity.>

Clearly the key consideration for the KT descriptors is the choice of solvatochromic
dye for each descriptor. It is important that the chosen dye accurately samples the infor-
mation on the type of interaction that it is intended to. This has been identified as a failure
of the m* parameter for example. It has been found that the descriptor does not fully in-
clude polarisability based interactions, and that a correction term to properly account for
this must be included.® Indeed, statistical analysis has indicated that dipolar and polar-
isability interactions are two separate categories of interaction with distinct descriptors,’
suggesting that these two types of interaction are best described by two different indica-

tors, optimised for the particular interaction. It is also important that the chosen dyes do
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not describe more than one type of interaction. The use of multiple dyes and the averag-
ing of the response alleviates some of this uncertainty since it can 'smooth’ out any issues
with particular dyes. However, this has also been criticised on the grounds of losing its
relation to a direct chemical process and instead becoming an optimised number based
upon approximations; masking flaws in the dyes used.? Whether the KT descriptors suc-
cessfully measure the solute/solvent interactions that they claim to has been considered
by Katritzky et al.® Using computing power and a swathe of theoretical molecular descrip-
tors, m* was found to be best described by dipolar and non-specific based descriptors, but
not polarisability, and also agrees well with the authors’ stated intentions. a and § were
also found to agree with the original idea for which they were constructed. Further dis-
cussion of the flaws of KT descriptors, and how they compare to others in the literature
can be found in Ref. [10]. Despite their criticism, the KT parameters have proven to be
one of the most widely applied set of solvent descriptors. One major reason for this is that
descriptors are available for a great number of solvents.!! Or, if descriptors have not been
directly measured, then there are methods to readily predict them from their relationship
with other solvent descriptors, such as dielectric constant. Meaning that it is possible to
obtain KT parameters even for unusual solvents.

The objective of this Chapter is to use solvent descriptors to identify interesting
weakly coordinating solvents as alternatives to DCM for the electrodeposition of semicon-
ductors. Once the alternative solvents have been identified they will be electrochemically
characterised in order to determine their suitability for application to electrodeposition,
the most promising solvents will be chosen for further characterisation in subsequent

Chapters.

3.3. Selection of Candidate Solvents

As has been previously described, a WCS is one that is not strongly Lewis basic and con-
sequently does not coordinate with dissolved metal cations. There are however other re-
quirements for a solvent to be useful for electrochemistry. The solvent must be reasonably
polar such that charged species can be dissociated to ensure the electrolyte is conduct-
ing and metal precursors are soluble. The solvent must also be aprotic so that hydrogen
evolution does not limit the accessible potential window of the solvent and electrodepo-
sition of more noble metals is possible. Also desirable is a solvent of high boiling point
to permit electrodeposition at elevated temperatures, a useful practical capability which
can improve the material properties of the deposit. It is upon the aforementioned criteria
that the suitability of solvents will be judged.

The KT solvent descriptors: 7%, f and a can be used for the solvent screening pro-
cess since each parameter describes the underlying solvent properties associated with the
stated solvent requirements above. In the context of the KT parameters, a suitable sol-

vent will have a high value for 7*, associated with dissolution and dissociation of charged
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species, a low value of § so is a poor Lewis base, and a low a denoting aproticity. This
should approximately correspond to solvents with 7* = 0.55, f < 0.2 and a < 0.2.

From this filtering process five candidate solvents emerge: trifluorotoluene (TFT),
o-dichlorobenzene (0DCB), p-fluorotoluene (pFT), chlorobenzene (CB) and 1,2-dichlo-
roethane (DCE). Fig. 3.1 shows the KT parameters of the candidate WCS to be studied
plus DCM as a control solvent and their values can be found in Table 3.1. A compila-
tion of relevant physical properties of these solvents is given in Table 3.2. In Fig. 3.1,
the solvents occupy a specific volume of the 3D solvent descriptor space. The solvents in
this region are primarily halogenated aromatics or short chain aliphatics. Also shown are
some commonly used solvents in electrochemistry and some typical ionic liquids. Their
identities are given in Table 3.1. Clearly, none of the solvents most frequently encoun-
tered in electrochemistry are suitable for use here, they do not lie in the suitable region
of descriptor space and cannot be considered WCS. This emphasises the need for a more
general method of solvent selection, which can identify the solvent(s) most suitable for
the required application.

Kureiod

Figure 3.1: Kamlet and Taft solvent descriptors of various solvents. Red: candidate weakly
coordinating solvents, blue: common electrochemical solvents, yellow: example ionic
liquids. The identity of the solvents and their KT parameters can be found in Table 3.1.

The solvents have a range of n%eaning it might be expected that the sol-

vents behave in a similar way except for properties determined by their polarity. The sol-
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Solvent Code n* B a Ref.
DCM 0.82 0.10 0.13 [12]
TFT 064 0 0 [13]
oDCB 0.80 0.03 0 [12]
. .
PFT 0.60 0.11 0 7 estlma;e’:(lf;(:)rrnne[(llzl]. 25in [1].
CB 0.71 0.07 0 [12]
DCE 0.81 010 0 [12]
Water a 1.09 0.47 1.17 [12]
DMSO b 1.00 0.76 0 [12]
DMF C 0.88 0.69 0 [12]
EG d 0.92 0.52 0.90 [12]
PC e 090 038 0 [12]
ACN f 0.75 0.40 0.19 [12]
THF g 0.58 055 0 [12]
DME h 0.53 0.41 0 [12]
[bmim] [BF,] i 1.05 0.38 0.63 [15]
[bmim][TfO] j 1.01 0.46 0.63 [15]
[bm,im][BF,] k 1.08 0.36 0.40 [15]

Table 3.1: Literature compilation of Kamlet and Taft parameters of candidate weakly
coordinating solvents, common electrochemical solvents and typical ionic liquids from

Fig. 3.1.

DCM: dichloromethane, TFT: trifluorotoluene, oDCB: o-dichlorobenzene,

pFT: p-fluorotoluene, CB: chlorobenzene, DCE: 1,2-dichloroethane, DMSO: dimethyl
sulphoxide, DMF: dimethylformamide, EG: ethylene glycol, PC: propylene carbonate,
ACN: acetonitrile, THF: tetrahydrofuran, DME: dimethyoxyethane, [bmim][BF,]: 1-butyl-
3-methylimidazolium tetrafluoroborate, [bmim][TfO]: 1-butyl-3-methylimidazolium tri-
flate, [bm,im][BF,]: 1-butyl-2,3-dimethylimidazolium tetrafluoroborate.

Solvent T;,/°C py/kPa n/mPas p/gecm™3 ¢ n @/ D
DCM* 58.3 0.41 1.39 89 142 1.1
TFT 1027 5.3P 0.47¢ 1.187 929 1484 29b
oDCB* 181 0.2 1.32 1.30 9.9 155 2.5
pET 1174 3.0¢ 0.62/ 1.00¢ 599 1474 204
CB“ 132 1.6 0.76 1.10 56 152 1.7
DCE* 10.6 0.78 1.25 10.4 1.44 1.8

Table 3.2: Literature compilation of selected physical properties of candidate weakly co-
ordinating solvents. Ty: boiling point, py: vapour pressure, 7n: viscosity, p: density, €;:
dielectric constant, n: refractive index, y: dipole moment in the gas phase. All measure-
ments at 25°C. “: ref. [11], ?: ref. [16], ¢: ref. [17], %: ref. [18], ®: ref. [19], /: ref. [20].
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vents also possess similar dielectric constants, presenting an interesting test of the use of
the two descriptors in describing solvent polarity. The candidate solvents have seen little
use in electrochemistry. As result of this it is important to characterise the solvents in or-
der to improve understanding of electrochemistry in weakly coordinating solvents and to

assess their suitability as solvents for electrodeposition.

3.4. Potential Window

-3.0 -1.5 0.0 15 -30 -1.5 0.0 15

Evs.DMFc%* /v Evs.DMFc%* /v

Figure 3.2: Solvent windows at Pt, Au and GC electrodes with 100 mM a), c), f) [N"Bu,]CI
and b), d), e) [N"Buy][BF,]. Working electrode was swept from —0.4V vs. DMFc (added
only when using Pt) at 50 mV s~! in the direction indicated by the arrows. CE: Pt grid, RE:
Ag/AgCl. Black: Pt, red: Au, blue: GC. a) DCM, b) TFT, c¢) oDCB, d) pFT, e) CB, f) DCE.
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Fig. 3.2 shows voltammograms of the available potential window of the studied sol-
vents at Pt, Au and glassy carbon (GC) electrodes. For the Pt CV, 1 mM DMFc was added
to act as a current reference, giving an indication of the current density associated with
a 1 mM, one electron process. The electrolyte was considered to have reached its solvent
limit, anodic or cathodic, when the current was equal to the anodic or cathodic peak cur-
rent for 1 mM DMFc. The potential window was calculated using a 0.25 mm radius Pt disc
but was also recorded at Au and GC to give an indication of the effect of the electrode
material on the limits. The results are shown in Table 3.3. In those cases where 100 mM
[N"Bu,]Cl was insoluble in the solvent (TFT, pFT and CB) 100 mM [N"Bu,][BF,] was used
instead.

For the majority of solvents, the available potential window, E\yindow, is similar for
the solvents with the same electrolyte. Additionally, those solutions that share a common
anion have a similar anodic limit, E,. E, is greater when [BF,]” is used, indicating that
CI” is more easily oxidised. It has been shown that the addition of strongly withdrawing
groups in the anion can increase its resistance to oxidation.?! The electrochemistry of the
chloride/chlorine system at a Pt surface was studied by Sereno et al. in the aprotic solvent

acetonitrile.?? The overall redox reaction appears to be
2CIT — Clz @ +2e

which proceeded via a Volmer-Heyrovsky mechanism. Xiao and Johnson performed bulk
electrolysis of the ionic liquid [bmim][BF,] at Pt electrodes.?® The anodic product was
found to be primarily BF;. With [N"Bu,] [BF,] it might therefore be expected that the an-

odic decomposition reaction is
[BF,]~ — BF; (g + F~

The similarity of the cathodic limits, E, suggest that the available window is limited
by decomposition of the supporting electrolyte rather than the solvent itself. Dahm and
Peters investigated the electroreduction of the tetrabutylammonium cation in dimethyl-
formamide at carbon electrodes.?* It was found that the cation is reduced to form butane
and 1-butene. It was also found to be possible for intermediates to react with trace wa-
ter to form alkanes and tributylamine. The exception to this rule is DCE which has a
much lower cathodic limit, suggesting the solvent itself is decomposing, instead of the
electrolyte. The electrochemical reduction of DCE has been studied at GC and Ag elec-
trodes in acetonitrile and dimethylformamide.?>?® The proposed mechanism is one of
stepwise dechlorination forming a carbon radical followed by a carbanion, with the reac-
tion terminated by the formation of ethylene.?® Protonation of the anion by trace water to
give chloroethane or ethane is also possible. Although due to the trace amounts of water

present, this is expected to only be a minor product.
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Slight variations of the limits can still be observed between solvents, this could be
associated with the effect of water impurities, which have been observed to narrow the
potential window of ionic liquids.?” The same study also reported that ionic liquids con-
taining the [BF,]” anion were significantly more hygroscopic than those with CI". Po-
tentially explaining the small amounts of current activity observed in the solvents where
[N"Bu,] [BF,] was used. Traces of water can remain in the solvent even after drying.

The negative limit is similar for the different electrode materials GC and Au. DCE
is once again an exception showing some variability with electrode material, presumably
due to varying favourability of the solvent decomposition at the different electrodes. A
similar effect is observed for the anodic limit in the di-chlorinated solvents. Gold appears
to be a superior catalyst for the reaction. A reduction peak can also be observed in some
solvents on the reverse sweep at the Au electrode. This was associated with the reduction
of the anodic decomposition product and was only observed upon extended excursions

past the anodic limit.

Solvent E, vs. DMFc/V E;vs. DMFc/V  Eyindow / V

DCM 0.89 ~2.18 3.07
TFT 1.45 —2.30 3.76
oDCB 0.78 ~2.31 3.09
pFT 1.40 ~2.56 3.97
CB 1.45 ~2.51 3.95
DCE 0.75 ~1.77 2.52

Table 3.3: Experimental anodic and cathodic limits, and available potential window at a
Pt electrode. Electrolyte composed of 100 mM [N"Bu,]Cl in DCM, oDCB and DCE, and
100 mM [N"Bu,][BF,] in TFT, pFT and CB.

3.5. Conductivity

Table 3.4 shows normalised uncompensated resistance values, R,a where a is the radius
of the electrode and molar conductivities, Ap,, of 100 mM [N"Bu,]Cl and

[N"Buy] [BF,], excepting TFT, pFT and CB where 100 mM [N"Bu,]Cl was insoluble. Insol-
ubility is presumably caused by their lower polarity. R, was measured at three electrode
sizes and the specific conductivity, x, was determined from the slope of aplotof R, vs. 1/a

28 assuming the solution resistance is the primary source

with use of Newman’s equation,
of resistance and that the counter electrode was at infinity. Ay, was then obtained from x
since Ay, = x/c where c is the concentration of electrolyte. Also given in Table 3.4 is A7,
the conductivity viscosity product, an attempt to account for the effect of solvent viscosity
on conductivity. Now that conductivity has been normalised for viscosity, A7 should be
approximately proportional to the degree of ion pairing in the solvent, assuming that the

viscosity of the electrolyte is not significantly different from the pure solvent. The values
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Electrolyte  Solvent Rya/kQcm Ap/Scm?mol™ Apn/Scm? mPasmol™!

[NnBu4] Cl DCM 0.28(1) 9.04(20) 3.71(8)
TFT - - -
oDCB 2.35(4) 1.07(2) 1.42(2)
pFT - - -
CB - - -
DCE 0.34(1) 7.42(11) 5.78(8)

[NnBu4] (BF,] DCM 0.22(1) 11.61(38) 4.76(16)
TFT 1.09(1) 2.30(5) 1.17(2)
oDCB 1.45(1) 1.74(2) 2.29(3)
pFT 3.53(10) 0.71(3) 0.44(2)
CB 3.24(6) 0.78(2) 0.59(1)
DCE 0.24(1) 10.69(12) 8.33(10)

Table 3.4: Experimentally obtained resistances and conductivities of 100 mM [N"Bu,]Cl
and [N"Bu,][BF,] in weakly coordinating solvents from EIS with electrode radii of
0.025cm, 0.0375 cm and 0.1 cm Pt disc electrodes. Rya values given for the r = 0.025cm
electrode. Obtained using EIS with 50 frequencies logarithmically between 40 kHz and 10
Hz at an amplitude of 5 mV. A blank cell indicates insolubility. Values are the average of
three repeats and the error the standard deviation.

observed here are comparable to those previously reported in the literature for the same
or similar electrolyte conditions in DCM,2%32 TFT,2933 oDCB,*? and DCE.302

As might be expected, conductivity is observed to be greater for [N"Bu,][BF,] based
electrolytes than for [N"Bu,]Cl in the solvents where both are soluble. The [BF,]” anion
is larger than CI". Meaning it has a lower charge density which permits a superior sta-
bilisation of the negative charge and reduces the degree of ion association.®* Such trends
have been observed previously in the WCS. Geiger et al. measured the conductance of
tetrabutylammonium electrolytes in DCM and TFT.? For a common cation, changing to
a larger anion with a lower charge density resulted in a decrease in the association con-
stant, Kx, and increase in conductivity. Such an effect has been observed elsewhere in
DCM by Svorstol and Songstad,®! in TFT by Boitsov et al.,>® and in oDCB.3° Additionally,
the ratio A1 (IN"Buy] [BF,])/ Amn(IN"Bu,]Cl) is similar for DCM, oDCB and DCE with val-
ues of 1.3, 1.6 and 1.4 respectively. This indicates that the relative strengths of the elec-
trolytes remain the same in the solvents and that both interact in a similar manner with
the solvent. Typically, a larger ion has a lower mobility and this can lower electrolyte con-
ductivity. However in less polar solvents such as those studied here, where ion pairing is
significant, this becomes an advantage since the lowering of ion pairing more than com-
pensates for any losses in mobility.

It is also interesting to note that many solvents have similar dielectric constants but
display significantly different values for Ap,n. The experimental order of A7 is pFT < CB
< TFT < oDCB < DCM < DCE, however that predicted by ¢, is CB < pFT < DCM = TFT <
oDCB < DCE. Additionally DCM, TFT, oDCB and DCE all have similar dielectric constants
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but TFT and oDCB display significantly lower conductivities. Since m* of TFT is lower
than DCM, oDCB and DCE’s this could be rationalised as a consequence of the inaccura-
cies of e; and alower solvent polarity. Nevertheless, this suggests that ion pairing is greater
in TFT and oDCB than DCM and DCE. This would appear to represent a break down of
the so called 'isodielectric rule’ which, based upon simple models of ion pairing, predicts
that solvents with similar dielectric constants should possess similar degrees of ion pair-
ing,3% the breakdown being caused by short-range specific interactions in the aromatic
solvents.3’

Fundamentally, ion pair formation is the result of competition between solvent mol-
ecules and the counter ion for interaction with the ion. One possible reason for differ-
ences in the levels of ion pairing is the presence of favourable interactions between sol-
vent molecules, which gives a degree of structure to the solvent. This could make ion
solvation less favoured and lead to an increase in the degree of ion pairing. Such an ef-
fect has previously been observed in water where the degree of ion pairing increased with
ion size because larger ions disrupted the H bonding network of water and so ions were
forced into pairs in order to preserve it.3* This has been termed ’structure enforced ion
pairing’. One measure of the structuredness of a solvent is the Kirkwood correlation pa-
rameter, gx, which gives information on the orientation of a solvent molecules’ dipoles.?
gk can be estimated from the Onsager-Kirkwood-Frolich equation for the dielectric dis-
persion of a dipolar liquid.3® For a solvent with no alignment of dipoles, 0.7 < gx < 1.3
and is considered unstructured, gx > 1.3 corresponds to dipoles oriented parallel to each
other such as H bonded solvents, and gk < 0.7 corresponds to neighbouring dipoles ori-
ented in an antiparallel fashion, for example nitriles which has been attributed to the
formation of dimers.3® Values for the present solvents can be taken from the literature or
calculated,® giving values for DCM, TFT, oDCB and DCE of 1.04, 0.56, 0.68 and 1.17 re-
spectively. This would suggest that DCM and DCE can be considered unstructured, and
that the solvent molecules of TFT and oDCB are oriented in an antiparallel manner and
this arrangement is preferred to ion solvation to a certain extent, causing a greater degree
of ion pairing. There is no direct evidence of such structures in TFT or oDCB but dielec-
tric measurements of bromobenzene and benzonitrile, two solvents with gx < 0.7, have
shown them to form stable antiparallel dimers, similar to nitriles.“® Furthermore, crystal
structures of TFT and oDCB showed TFT molecules arranged in a head to tail fashion, and

B,41’42

favourable Cl-Cl interactions leading to a ‘zig-zag’ structure in oDC suggesting that

associations of this type are energetically favourable in solution for the two solvents.

3.6. Double-Layer Structure

Fig. 3.3 shows differential capacitance curves of 100 mM [N"Bu,][BF,] at a Pt disc elec-
trode in the studied solvents. Generally, the double-layer capacitance, Cpy, decreases

with potential before plateauing at the most negative potentials. The exception to this
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Figure 3.3: Differential capacitance curves for 100 mM [N"Bu,][BF,] at a r = 0.25mm Pt
electrode, scanning in the anodic direction. Obtained from EIS for 20 frequencies loga-
rithmically between 40 kHz and 10 Hz at an amplitude of 5 mV fitted to a RCPE equivalent
circuit, at 200 mV intervals within the solvent window. Black: DCM, red: TFT, blue: oDCB,
green: pFT, brown: CB, purple: DCE.

rule appears to be CB where instead two capacitance humps are observed, with a min-
imum at ca. —0.8V vs. DMFc. Scans performed in the opposite direction, positive to
negative, showed no major differences.

A simple model of the electrical double-layer (EDL) describes the total capacitance,

CpL, as the sum of two capacitors in series

1 1 1
B S (3.2)
Co Cu Cp
where Cy is the capacitance of the Helmholtz layer and Cp is the capacitance of the dif-
fuse layer.*3 At high electrolyte concentrations such as those used here, Cp becomes large
enough that it no longer contributes significantly to Cpy,, meaning it can be ignored. Cpy,
is then primarily determined by Cy.** Cy can be simply described as a parallel plate ca-

pacitor
Cu _ €i€o

A d

where A is the area of the electrode, €; is the dielectric constant of the inner layer and

(3.3)

d the distance between the two plates. This model predicts that Cpy, is independent of
potential, which is clearly only the case here at the most negative potentials.

The results in Fig. 3.3 appear to be in agreement with the work of Fawcett at the
Hg/propylene carbonate interface with 100 mM [N"Bu,][ClO,].*> Abbott observed a sim-
ilar plateau at negative potentials in DCE with 300 mM [N"Bu,][BF,].*® According to Faw-

cett, at the most positive potentials the inner layer is occupied by solvent molecules, then
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as the potential decreases these are replaced by [N"Bu,]* and ¢; decreases until eventu-
ally the double-layer is wholly populated by [N"Bu,]* cations and Cpy, plateaus. Taking
a value of 6.5 uF cm™2 for the plateau and assuming ¢; = 3.2, as given by Fawcett,*® gives
a thickness of 0.44 nm. This is comparable to 0.41 nm, the crystallographic radius of the
[N"Buy]* cation.*” Suggesting that the inner layer is indeed populated by [N"Bu,]* at neg-
ative potentials. Although, since d calculated here is greater than the radius of [N"Bu,]*,
this might suggest that the dielectric constant of the inner layer is less than 3.2. Abbott
reported a value of 2.6 for the ¢; of [N"Bu,]*, for example.*® Taking ¢; as 2.6 gives d as 0.35
nm. This might be a more reasonable value when considering that it is possible for the
[N"Bu,]" cation to electrostrict, where the negatively charged electrode pulls the charge
centre on the ion closer to the electrode surface.*

As described above, the exception to the trend appears to be CB where two capac-
itance humps were observed. This was also reported by Abbott for 300 mM [N"Bu,] [BF,]
in DCE at a Pt electrode.*® The humps were attributed to the adsorption/desorption of
electrolyte ions and ion aggregates onto the electrode surface. Although it is not clear
why this is only observed in CB.

Based upon the discussion above (Section 3.5) ion pairs are undoubtedly present in
the electrolytes studied here and it might be expected that double-layer capacitance stud-
ies give some indication of this. Drogowska and Fawcett studied the EDL with a dropping
mercury electrode (DME) in tetrahydrofuran, a solvent of similar polarity to those stud-
ied here.® Evidence of the diffuse layer at high electrolyte concentrations was observed,
in the form of a capacitance minimum, caused by a decrease in ionic strength as a result
of ion pair formation. This does not appear to have manifested itself in the solvents stud-
ied here, and could point to the benefits of using a DME for EDL studies where the history

of the electrode surface is not an issue.

3.7. Electrochemistry of Decamethylferrocene and Cobaltocenium

Hexafluorophosphate

Decamethylferrocene (DMFc) and cobaltocenium hexafluorophosphate (CcPFg) were us-
ed as model redox probes to investigate the nature of electrochemistry in DCM, TFT,
oDCB, pFT, CB and DCE. Metallocene electron transfer is an outer sphere, mechanisti-
cally simple electron transfer process with a low inner and outer sphere reorganisation
energy. They are characterised by fast, stable electrochemistry and as such are regularly
used for the characterisation of unknown solvents. For example, metallocenes have been
used to understand electrochemistry in novel media such as supercritical fluids,*® and
ionic liquids.>°

DMFc is specifically selected because of its intended use as an internal reference,
this assumes that the redox potential of DMFc is independent of the solvent. The most

recent IUPAC advice on internal references recommends the use of ferrocene or
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bis(biphenyl)chromium.>! But this must be considered obsolete since there is evidence
of both redox couples being solvent dependent.’?->¢ On the other hand, the superiority of
DMFc has been demonstrated.’>3 The methyl groups on the cyclopentadienyl (Cp) rings
sterically shield the metal atom centre and the Cp rings from interactions with the solvent.
The electron transfer process also has a minimal effect on the Fe-Cp bonding, with the
bond lengths remaining essentially unchanged between the oxidised and reduced forms.
It is wrong to assume that DMFc has a totally solvent independent redox potential. But
based upon the available information, DMFc is the most suitable couple and in a practical
sense minimal variation can be expected. CcPFg is then complementary to DMFec, it has
a different size and is positively charged with an initial reduction step.

A mixed electrolyte of 1 mM of DMFc and 0.5 mM CcPFg were used. 1 mM CcPFgq
was found to be insoluble in some of the solvents and so 0.5 mM was used instead. To
determine the effective concentration in solution, a potential step to a mass transport
limiting potential at a microelectrode was used. The data was fitted to the Shoup-Szabo

equation shown in Eqn. (3.4).

i = 0.7854 +0.88627 /2 + 0.2146¢ 078237 (3.4)

Where 7 = Dt/a?, D is the diffusion coefficient, t is time and a is the radius of the mi-

croelectrode.®” This expression accurately describes the current response for all times. A

non-linear least squares fit allows the determination of two of n, a, D and c, where n is

the number of electrons transferred and c is the concentration of electroactive species,

provided knowledge of at least two of the remaining variables. ¢ was extracted from

chronoamperograms recorded at microelectrodes of radii 5 um, 12.5um and 25 um. The
average was then taken and used in all subsequent calculations.

Fig. 3.4 shows CVs in the studied solvents at Pt, Au and (GC) macroelectrodes. Scan-

ning in the anodic direction from the region of zero current a redox couple at ca. 0V can

be observed, corresponding to the oxidation of DMFc to DMFc*:
[(MesCp),Fe(ID)] — [(MeSCp)zFe(III)]Jr + e

Then, on the reverse sweep a second redox process takes place, associated with the re-
duction of Cc* to Cc:
[Cp,Co(ID]* + e — [Cp,Co(ID)]

At a macrodisc electrode the effect of iR drop was significant and so the CVs were
compensated post hoc for 95% of the solvents’ R, value, taken from Table 3.4. Voltammo-
grams were recorded at the different electrode materials and the resulting redox potential
is given in Table 3.5. As can be seen, the redox potentials of both couples are essentially
independent of electrode material, demonstrating the expected behaviour of an outer-

sphere redox couple.
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Figure 3.4: Voltammograms of 1mM DMFc and 0.5mM CcPFg with 100mM a, ¢, f:
[N"Buy]Cl b,d, e: [N"Bu,][BF,] at macroelectrodes of varying electrode material. Work-
ing electrode was swept from —0.4V vs. DMFc at 50mV s™! in the direction indicated by
the arrows. CE: Pt grid, RE: Ag/AgCl, referenced to DMFc at Pt. CVs corrected for 95 % of
the solvents’ R, value. Black: r = 0.25 mm Pt, red: r = 0.25 mm Au and blue: r = 1.5 mm
GC. a) DCM, b) TFT, c) oDCB, d) pFT, e) CB, f) DCE.
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E;/2(DMFc) vs. DMFc(Pt) / mV  Eq,2(CcPFg) vs. CcPFg (Pt) / mV

Solvent Au GC Au GC
DCM 0 -1 -2 -2
TFT 2 -1 -1 -1
oDCB -2 -5 0 -1
pFT -2 6 -4 -8
CB -1 -5 -3 3

DCE -1 -1 -4 -7

Table 3.5: Ej/, values for DMFc and CcPFg obtained from macrodisc voltammograms at
varying electrode materials. Referenced to Ej,, at Pt of each redox couple.

The Randles-SevcCik equation for a planar disc electrode is given by:

. 3 (vD 2
ip =0.4463Ac (nF)?2 (E) (3.5)
Where i, is the peak current, A is the area of the electrode and v is the scan rate. Plots
of i vs. v2 are linear for a diffusion limited process. Fig. 3.5 shows Randles-Sevcik plots
for DMFc and CcPFg . As can be seen, both are linear with intercepts close to the origin,
demonstrating that both redox couples are diffusion limited.
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Figure 3.5: Randles-Sevcik plots for a) 1 mM DMFc and b) 0.5 mM CcPFg collected at a
r = 0.25mm Pt WE for scan rates between 5-500mV s~!. Black: DCM, red: TFT, blue:
oDCB, green: pFT, brown: CB, purple: DCE.

Fig. 3.6 shows voltammograms at varying sizes of microelectrode in the investigated
solvents. For resistive solvents such as those studied here, microelectrodes are especially
useful because their smaller sizes minimise the effect of i R drop. This then allows artefact

free, quantitative analysis of voltammograms. A plateau in current is observed for both
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Figure 3.6: Voltammograms of 1mM DMFc and 0.5mM CcPFg with 100mM a, ¢, f:
[N"Buy]Cl, b, d, e: [N"Buy] [BF,] at Pt microelectrodes of radius 5, 12.5 and 25 pm. Working
electrode was swept from —0.4V vs. DMFc at 5 mVs™! in the direction indicated by the
arrows. CE: Pt grid, RE: Ag/AgCl. Black: 10 um, red: 25um and blue: 50 um. a) DCM, b)
TFT, ¢) oDCB, d) pFT, e) CB, f) DCE.
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redox couples in every solvent, indicating the formation of a steady state. The limiting
current varies with the solvent because of differences in the viscosity of the solvents which

then affects the diffusion coefficient.

3.7.1. Thermodynamics
The thermodynamically informative half wave potential, E;,», of a microelectrode CV,
where Ej/; is the potential at if /2, can be extracted by use of the mass transport corrected

Tafel equation for a reversible redox couple, Eqn. (3.6):

E:El/g+§ln(i—_L—l) (3.6)
nF I
where R is the gas constant, n is the number of electrons transferred and i, is the limiting
current. For a reversible redox couple, a plot of E vs. In(ip./i — 1) (see 3.7.2) is linear with
an intercept of E},. This approach assumes the diffusion coefficients of the oxidised and
reduced species are equal. The possible effect of iR drop on E;,» was also considered.
The true half-wave potential, E1/2 e, i related to the uncorrected, apparent half-wave
potential, E1/2,app, by E1/2,true = E1/2,app — 1/2i1.Ry for any size of microelectrode.’®>® For
almost all electrode size and electrolyte combinations, to an accuracy of 1 mV, no correc-
tion was required. For those that were corrected, it was by no more than 1 mV; indicating
the negligible influence of Ohmic drop on the recorded voltammograms. Furthermore,
no relationship between electrode size and E;,» was observed, which would be another
indicator of i R effects. Table 3.6 shows Ej,, values for DMFc and CcPFy .

E1/2(DMFc) can be seen to be solvent dependent, this is due to the solvent depen-
dence of the Ag/AgCl reference electrode. Since Ej/»(CcPFg) has been referenced against
the solvent independent redox couple DMFc, all changes in its redox potential can be at-
tributed to the effect of the solvent. The Cc®* couple has previously displayed solvent

dependent redox behaviour,®0-62

and inspection of Table 3.6 indicates that this is also the
case in the present solvents. Based upon the above discussion and the solvents’ descrip-
tors, it is expected that specific interactions between solvent and Cc* would be minimal,
and therefore that the solvent dependence of E;,2(CcPFg) is primarily described by the
polarity of the solvents. As noted previously, the Born equation is a simple model for elec-
trostatic interactions between solute and solvent. Fig. 3.7a shows a plot of Ej/2(CcPFg) vs.
1/€r, which should be linear if the Born equation was valid. A weakly linear relationship is
observed: Ej/,(CcPFg) decreases as solvent polarity does, with R? = 0.65. It would appear
that €, is failing to fully describe the effects of the solvent on redox potential. Previous
attempts at such a correlation have also been unsuccessful.’> Shown in Fig. 3.7b is the
relation between E}/,(CcPFg) and 7#, the KT solvent polarity descriptor. With an R? of
0.77 the correlation is improved, suggesting 7 is the superior descriptor of solvent po-
larity. Attempts in the literature to correlate redox potential with 7 * have previously been

successful %
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3.

62

DMFc CcPFg
Solvent Eyj2 vs. |E3/4 — E1/4] b D/ Ei)o vs. Ej/o vs. |E3/4 — Eq/4] b D/
Ag/AgCl/V / mV /mV  10°cm?s! Ag/AgCl/V  DMFc / mV /mV  10°cm?s7!
DCM  0.438(10) 58(1) 26.6(3) 1.68(2) -0.350(10) —0.788(1) 56(1) 25.4(3) 1.35(1)
TFT 0.192(4) 63(2) 28.6(6) 1.18(3) -0.637(2)  —0.830(1) 57(1) 26.0(1) 0.38(2)
oDCB  0.499(20) 59(1) 26.8(1) 0.52(1) -0.323(20) —0.822(1) 55(2) 24.8(8) 0.24(1)
pFT 0.198(7) 62(1) 28.9(8)  1.10(11) -0.678(7)  —0.875(2) 57(1) 26.2(1) 0.31(3)
CB 0.145(1) 62(2) 28.2(8) 0.87(3) -0.692(1)  —0.840(4) 58(1) 26.3(9) 0.32(2)
DCE 0.376(1) 57(1) 26.1(2) 0.88(3) -0.418(1)  —0.795(2) 55(1) 25.0(1) 0.61(3)

Table 3.6: Thermodynamic, kinetic and mass transport parameters of 1 mM DMFc and 0.5 mM CcPFjg in various solvents at 25 °C using micro-
electrodes. Obtained with 100 mM [N"Bu,]Cl in DCM, oDCB and DCE and 100 mM [N"Bu,][BF,] in TFT, pFT and CB. Values are the average of
three repeats with the error the standard deviation.
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Interestingly, the direction of the correlation is opposite to what would be expected.
A solvent with a higher dielectric constant will solvate a species more strongly, lowering its

redox potential. Although for the Cc*/°

redox couple, the magnitude of this effect would be
somewhat compensated because the charged form is also more strongly solvated. Which
would have the effect of making the redox couple easier to reduce. Here, the redox poten-
tial is lowest in the least polar solvents instead. One possible explanation for this is ion
pairing. If the Cc* was paired with CI” or [BF,]” then this could stabilise the cation and
decrease its redox potential. In the less polar solvents the degree of ion pairing is greater,
and therefore so is the stabilisation. The presence of ion pairing effects on voltammetry
in DCM has been reported for ferrocene (Fc) and DMFc.5>% Hupp estimated such a shift
for an electrolyte of FcPFg with 100 mM [N"Bu,] [PF] in DCM to be —229 mV.% Indicating
that the effect can potentially be significant.
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Figure 3.7: Dependence of E;/2(CcPFg) on the solvent polarity descriptors €, and 7 *. Ob-
tained from microelectrode voltammograms of 0.5 mM CcPFg with 100 mM [N"Bu,]Cl in
DCM, oDCB and DCE, 100 mM [N"Bu,][BF,] in TFT, pFT and CB.

3.7.2. Kinetics

Eqn. (3.6) can be used to test the electrochemical reversibility of a redox couple. For a
reversible couple, a plot of E vs. In(ip/i —1) is linear with a slope, b, of RT/nF. Slopes
greater than RT/nF indicate a decreasing degree of reversibility. For a one electron pro-
cess at 25°C b = 25.7mV. Fig. 3.8 shows such plots for DMFc and CcPFg in the WCS.
Values of b are given in Table 3.6. As can be seen, in all solvents both DMFc and CcPFg are
reversible or near reversible. The original derivation of Eqn. (3.6) assumed reversibility,
a uniformly accessible working electrode and D = Dq.%” A planar microdisc electrode is
not uniformly accessible, and it has not been verified that the diffusion coefficients of the

oxidised and reduced species are equal. Streeter and Compton simulated the case of a
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Figure 3.8: Representative mass transport correct Tafel plots for 1 mM DMFc and 0.5 mM
CcPFgata r = 12.5 ym microelectrode in various solvents with 100 mM [N"Bu,]Cl in DCM,
oDCB and DCE, 100 mM [N"Bu,][BF,] in TFT, pFT and CB, and 50 mM [N"Bu,]Cl in IR32.
Black: DCM, red: TFT, blue: oDCB, green: pFT, brown: CB, purple: DCE.

Nernstian couple, a non-uniformly accessible electrode and equal diffusion coefficients

of the oxidised and reduced couple, it was found that Eqn. (3.6) remained valid.®”
Another indicator of reversibility is the difference in quartile potentials E;;4 and

Es;4, where Ej/4 and Esj4 are the potentials at i1,/4 and 3iy/4 respectively. For a steady

state voltammogram |E3;4 — E1 /4] is given by:

2.196RT
|E3/4 — E1/4l = ———— 3.7
nF

which corresponds to 56 mV at 25°C. The values for DMFc and CcPFg can be found in
Table 3.6. These also demonstrate the reversibility of DMFc and CcPFg in the studied

solvents.

3.7.3. Mass Transport

The mass transport limiting current at a microelectrode, i1, is given by:
ir =4nFDca (3.8)

where D is the diffusion coefficient and a is the radius of microelectrode. Therefore, with
use of multiple microelectrodes of differing a, D can be obtained from the slope of a plot
of iy, vs. a. Itis important to determine precise values for the effective (not measured)
concentration of electroactive species in solution and the radius of the electrode also. Er-

rors in these can create inaccuracies in calculated value of D. The effective concentration
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of electroactive species in solution was determined using a potential step at a microelec-
trode and the Shoup-Szabo equation (see Section 3.7). The calculated concentration was
averaged over all three electrode sizes and the resulting value was used as c to calculate
D. The effective radii of the microelectrodes were measured using SEM. Using multiple

sizes of microelectrode is additionally useful because it helps to smooth out any errors in
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Figure 3.9: Representative limiting currents of 1 mM DMFc and 0.5mM CcPFg with
100 mM [N"Bu,]Cl or [N"Bu,] [BF,] at Pt microelectrodes of radii 5um, 12.5 pm and 25 pm
at 25°C. Black: DCM, red: TFT, blue: oDCB, green: pFT, brown: CB, purple: DCE.

Fig. 3.9 shows plots of i, of DMFc and CcPFg at electrodes of radii 5pum, 12.5pm
and 25 um. Calculated diffusion coefficients are shown in Table 3.6. D was also calculated
using a potential step at a microelectrode and Eqn. (3.4). The results corroborate those
from the voltammograms and are given in the Appendix. The values in DCM show agree-
ment with those given in the literature. Weaver obtained a value of 1.30 x 107 cm? s~ ! for
DMFc using DC polarography at 23 °C.58 Matsumoto and Swaddle reported a mean value
of 1.07 x 107 cm? s™! using peak currents of CVs at 25 °C.%9 Branch obtained a value for
DMFc of 1.48 x 107> cm? s™! from a microelectrode CV and a mean value of
7.95x 1078 cm? s7! from macrodisc CV’s at 25 °C.*® Ohrenberg and Geiger reported D to
be 1.2x 107> cm? s™! in TFT from a potential step at a macroelectrode at 23 °C.”° Peljo
et al. gave a value of 4.51 x 107%cm? s™! for DMFc in oDCB using microelectrode CVs
at 20 °C.”! Tsierkezos reported a value of 1.35 x 1072 cm? s~! for the neutral Cc species in
DCM, similar to the value obtained here.”?> There appears to be no record of measure-

ments in other solvents.
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An accessible approach to interpreting diffusion coefficients is with hydrodynamic
theory and the Stokes-Einstein (SE) equation.”

kT
Jrot

Where kg is Boltzmann’s constant, The product kg T represents the thermal driving force

D (3.9)

for particle motion. fio is then the friction factor, describing the total force impeding

movement of the particle. fi is given by
Jrot = 67118 (3.10)

where 77 is the viscosity of the solvent and rs the Stokes radius, the radius of the diffusing
species. Typically, D would be plotted against 1/7 in a Stokes-Einstein plot with the slope
then used to estimate rs. However what is poorly recognised in the literature, and par-
ticularly in electrochemistry, is that the SE equation in the form presented above carries
several assumptions with it. If these are not properly accounted for it can potentially lead
to errors in the interpretation of diffusion coefficients. The SE has proven to be remark-
ably effective for large particles such as colloids, but as the size of the particle decreases
its flaws start to become apparent. When the SE equation is applied to small molecules,
of a similar size to solvent molecules, which is typical in electrochemistry then theory and
experiment begin to significantly diverge.’*

The SE equation firstly assumes infinite dilution of the diffusing particle i.e. particle-
particle interactions are negligible. It is also assumed that the solvent is a continuum
described only by its viscosity. Finally, the diffusing particle is assumed to be a sphere.
Clearly, the solvent is not a continuum, but composed of discrete molecules that can in-
teract specifically with the particle. Rarely are molecules spheres either, but globular with
avariable size and shape and it is these assumptions that cause the SE equation to fail for
small molecules.

This has resulted in the development of corrections to the SE equation to improve
its description of small particles. Infinite dilution can readily be approximated by use of
low concentrations of analyte. Molecularity of the solvent can be accounted for by replac-
ing the number 6 in Eqn. (3.10) with a variable c.”” Where 4 < ¢ < 6 and is dependent
on the relative sizes of the solvent and solute. The upper limit when ¢ = 6 is found when
the particle is significantly larger than the solvent and is described as ’slipping’ motion.
When c¢ = 4, the lower bound, the movement is described as ’sticking’ and is observed if
solute and solvent are of similar size. In reality, and particularly for ions, c is rarely 4 or 6
but some value in between. With knowledge of the radius of the solvent molecule and of
the diffusing species, it is possible to obtain an exact estimate of ¢ using expressions de-
veloped by Gierer and Wirtz,”® and by Chen and Chen.” Non-sphericity of the diffusing

particle can be accounted for using a correction factor. Perrin developed correction fac-
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tors for ellipsoids of revolution, a more realistic shape of a molecule.”® f;,; then becomes

Jrot = fusfr (3.11)

Where fi1s is the hard sphere friction factor equal to cznrs, and fp is the friction factor
associated with the Perrin correction.

Estimating electrolyte viscosity

The first step to constructing a Stokes-Einstein plot for the interpretation of the diffusion
coefficients of DMFc and CcPFg is to determine the viscosity of the electrolyte solution.
Addition of an electrolyte can increase the viscosity of solvent in a manner described by

the empirical Jones-Dole equation.”’

Nrel = 171 =1+ Ac'?+Bc (3.12)
0

Where 7, is the relative viscosity, the ratio of the solution viscosity, 1, to the viscosity
of the pure solvent, 1. c is the concentration of the solute and A and B are constants
which reflect the influence of the salt on the electrolyte viscosity. A describes the effect of

ion-ion interactions and B ion-solvent. For a 1:1 electrolyte, A can be estimated with the

Falkenhagen-Vernon equation.”®
0.2577A%, A0 —20)?
= 7771070 1-0.6863 5 (3.13)
nole:T)17=ALA2 An

Where A is the limiting molar conductivity of the electrolyte, and A% and A° the limiting
ionic conductivities of the individual ions. For the electrolytes used in the present work,
data was only available for [N"Bu,]Cl in DCM and [N"Bu,] [BF,] in TFT.?>"® The literature
values and resulting A are summarised in Table 3.7.

Solvent  Electrolyte A(r)n / }Lg / A2 1 Al

v rolyt Scm?mol™! Scm?mol™! Scm?mol™!  dm3/2 mol1/2
DCM*4 [NnBu4] Cl 104 38 64 0.0050
TFT?  [N"Bu,][BF,] 83 36 47 0.0060

Table 3.7: Predicted values of the Jones-Dole A coefficient using Eqn. (3.13) and relevant
literature values. %: Ref. [79]. ?: Ref. [29].

It is common for values of A to be small and have a small contribution to 7.”’
Experimental measurements of different electrolytes by Svorstol et al. in DCM found A to
be negligible also.8? This appears to be the case here too, and A can be ignored.

B cannot be predicted and instead it must be determined experimentally.”’ It has
been established that B coefficients are additive and so can be divided into individual

ionic contributions, i.e. B = 2z;B;.”” Svorstol et al. determined B(N"Bu,") and B(CI") to be
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0.69 and 0.33 dm® mol™! respectively in DCM at 25 °C. Giving 1),¢(DCM) as 1.1 for 100 mM
[N"Bu,]Cl

For similarly unstructured solvents, B is approximately the same. B(N"Bu,") in ace-
tonitrile is reported to be 0.6—-0.7 dm?® mol™, 0.63 dm3 mol~! in nitrobenzene, and B(CI")
was found to be 0.37dm?® mol™! in acetonitrile also.”” No data is available for the [BF,]”
anion. Therefore, it is assumed that 17, = 1.1 for all solvents. Ion pairs can also contribute
to electrolyte viscosity, and it is possible to incorporate their effect into the Jones-Dole
equation.77 However, studies of B coefficients in DCM concluded that the influence of
ion pairs on viscosity was indistinguishable from those of free ions or that they made no

contribution to .80

Accounting for non-sphericity

As described previously, Perrin developed correction factors for oblate and prolate sphe-
roids. Determination of fp for DMFc and Cc* requires knowledge of which type of spher-
oid each is, and also values for the lengths of axes of the molecule. Ellipsoids of revolu-
tion can be described by two semi-axes: a and b. Where a is the axial semiaxis and b
is the equatorial semiaxis. Characterisation was achieved by measurement of the crystal
structures for DMFc and Cc* using the .cif files of DMFc (DMFERR08) Cc* (RAQVEK07)
obtained from the Cambridge Structural Database. Measurements were performed with
the software package CrystalMaker v. 9.0.3 (CrystalMaker Software Ltd., UK) using the
'distance tool’. The distance between the centre of the spheroid, taken as the the centre
of the metal atom, to the perimeter was measured for both semi-axes. Representative
screen captures of their measurement for DMFc are shown in Fig. 3.10. Dimensions can
be found in Table 3.8.

a/nm b/nm bla fr

DMFc 0.286 0.336 1.175 1.002
Cc* 0.186  0.228 1.226 1.004

Table 3.8: Measured solid state dimensions and corresponding Perrin friction factor of
DMFc and Cc".

Since b > a for both DMFc and Cc" they can be categorised as oblate spheroids. The

Perrin correction for an oblate spheroid is given by Eqn. (3.14).8!

] 1/2
(& [2)-1]

As can be seen, fp is close to 1 for both DMFc and Cc* and they can be considered spher-

The calculated values of

fp can also be found in Table 3.8.

fr= (3.14)

Q=

2/3
) arctan

ical.
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0.286 nm

9

(a) Axial view (b) Equatorial view

Figure 3.10: Screen captures of the CrystalMaker software demonstrating the measure-
ment of the semi-axes of an ellipsoid of revolution for DMFc. Distance bar and label
added manually.

Another pertinent question when interpreting diffusion coefficients is the signifi-
cance of the Stokes radius, and how it relates to other measures of molecular size. This
is particularly important when attempting to predict diffusion coefficients. There is a
multitude of different approaches to estimating the size of a molecule and it is not clear
which best describes the size of the molecule in solution. Furthermore, molecules are
not smooth spheres, but contain bumps and inlets which add texture to the surface of
the molecule resulting in spatial variation of a measured radius. Molecules can possess
cavities which solvent molecules cannot access, nor can solvent molecules approach the
solute so closely that they are in contact with each other because of repulsion forces.”
It is not clear to what extent these void spaces contribute to a particular measurement
of molecule size.®? This can make the choice of which measure of molecular size to use
when predicting diffusion coefficients a confusing one, and there is no definite answer.
The upper and lower bounds of rg are known however, the lower limit is said to be the van
der Waals radius, ryqw, and the upper limit the crystallographic radius, Ters- 2182 The van
der Waals radius is taken from computational calculations of the van der Waals volume
(assuming sphericity), Vyqw, which itself is taken from the sum of the volumes of individ-
ual atoms, taking into account bonding.82 Viaw describes only the absolute volume occu-
pied by the molecule, so does not include information on depressions in the molecules’
surface which would be inaccessible to a solvent, or that the solvent molecule cannot di-
rectly contact the particle. r¢ is obtained from X-ray crystal structure measurements,
again assuming a sphere, using the crystallographic volume, V¢, provided by refining the
diffraction pattern of the crystal. r.s represents the distance between molecules in the

solid state so contains information on the size of the species, plus void spaces caused by
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repulsive interactions.

As described above, 4 < ¢ <6 and ryqw < rs < r¢rs. Therefore, the minimum possible
diffusion coefficient, Dy, would be when ¢ = 6 and r = rq, and the maximum diffu-
sion coefficient, Dyax, when ¢ = 4 and r = ryqw. The experimental diffusion coefficient,
Deyxp, might then be expected to fall between Dpin and Dmax: Dmin < Dexp < Dmax. The
diffusion behaviour can then be analysed by comparison of Deyp, with Dy and Dipax.
Analysis using this approach avoids calculating a definite value of ¢ or rg and so removes
any uncertainties associated with values of molecular size.

Vuaw(DMFc) was calculated by Tran et al. and this was used to determine ryqw,
values are given in Table 3.9.8%3 ¥ 4qw(Cch was not available, but V,qw has been shown
to correlate well with the readily accessible intrinsic McGowan volume, Vmea. ! Shown in

the below relationship
Vaeg (cm®mol™) = 1.47 Vygw(cm® mol ™) — 4.96 (3.15)

Ve (Cc*) was taken as 120.2 cm3 mol™! and the results are given in Table 3.9. The crys-
tallographic radius is taken from the volume of the unit cell, V¢ from crystal structure
information. The crystallographic volume, Vs, is obtained from V¢ ey since Vs = Veenn/ Z
where Z is the number of molecules in the unit cell. Values for DMFc are give in Table 3.9.
For a salt such as CcPFg the situation is made complicated because the cell volume con-
tains contributions from both the anion and the cation. However, according to Glasser

and Jenkins, V. is an additive sum of the constituent ions,?*8° such that
Vcrs (Mqu) = pVCrs (Mp+) + qVCrs (Xq_) (3.16)

Therefore
Vers (Cct) = Vers (CcPEg) — Vers ([PFgl) (3.17)

Glasser and Jenkins also provided a database of optimised volumes for common ions.3*

Vers ([PFgl™) was not available, but instead was obtained, using the same additivity prin-
ciple, from KPFg (ICSD entry 56255). Giving Vs ([PFgl7) as 78 A3. Tt is now possible to
simulate D, and Dpax for DMFc and CcPFg, with values given in the appendix.

Vaw / cm3mol™!  rygw /nm Ve /A% res / nm

DMFc 1874 0.42 453°¢ 0.48
Cc* 857 0.32 2194 0.37

Table 3.9: Molecular volumes and radii of DMFc and Cc*. %: from Ref. [83], ?: from Viieg
using the correlation of Marcus in Ref. [11], ¢ from CSD entry DMFERR, ¢: from CSD entry
RAQVEKOL1.

Fig. 3.11a shows a Stokes-Einstein plot for DMFc. As can be seen, the plot is linear

(R? > 0.99) with a small but finite intercept, suggesting that rs is constant. Fig. 3.11a also



3.7. Electrochemistry of Decamethylferrocene and Cobaltocenium

Hexafluorophosphate 71
18 } ' ' ] 24 F ' ' ]
°
- - °
o~ 12+ - ~ 16 7
g = * ¢
S DCM > e . DOM
~ ~ 0 8 N ° |
Q06 a 0. ° P
° DCE
oDCB . hed Ter
CB pFT
oDCB P
0.0 ' ! 0.0 !
0.0 0.8 1.6 2.4 0.0 0.8 1.6 2.4
nt/103pals? nt/103patst
(a) DMFC (b) CcPFg

Figure 3.11: Stokes-Einstein plot of experimental diffusion coefficients of DMFc and
CcPFg in black with line of best fit. Along with simulated D, in red and Dy« in blue
at 25 °C. Values are the average of three repeats and the error bars the standard deviation.

shows plots of Diyjn and Dpyay. Clearly Deyp, (DMFc) agrees closely with Dy, indicating
that the SE equation is obeyed in the studied solvents, and also that ¢ = 4 and rs = rygqw-
This can readily be rationalised since c typically approaches 4 for molecules of a similar
size to the solvent.?! Additionally, rs tends towards rygw for small, compact molecules
such as DMFc.8! This also emphasises the importance of considering the modifications
to the SE equation when analysing diffusion coefficients in electrochemistry. If rg was
calculated from the slope using c as 6, as is common, then this would give a misleading
value for the Stokes radius of DMFc.

To prove that the approach outlined above is a useful method of analysis rather than
fortuitous agreement for the solvents studied here; diffusion coefficients of DMFc in dif-
ferent solvents were compiled from the literature and plotted along with Dy, and Dpyax,
in Fig. 3.12. The values are tabulated in the Appendix. As can be seen, excepting a few
outliers, all known values for the diffusion coefficient of DMFc lie within Dy, and Dpax.
The three data points with the largest discrepancy, one for THF and two from DCM, are all
from the same source, Ref. [86], suggesting there were systematic issues with the method
for calculating D.

It is also interesting to note that where there are multiple values for the same sol-
vent, large variations are observed in the reported value. This might point to previously
unrecognised errors arising from the method of acquisition or the supporting electrolyte.
It also reiterates the importance of accounting for the electrode size and concentration.

Turning to CcPFg, a SE plot can be seen in Fig. 3.11b. Unlike DMFc it is not linear,
indicating that the SE equation is not obeyed and fiy is varying with the solvent. Un-

like DMFc, Dexp (Cc") is close to or less than Dy, the minimum expected diffusion co-
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Figure 3.12: Stokes-Einstein plot of experimental diffusion coefficients of DMFc, nor-
malised by temperature, compiled from the literature, along with simulated Dy, and

efficient. A dramatic increase in viscosity caused by electrolyte addition is unreasonable,
meaning it would appear that rg is changing. One plausible explanation for this is that Cc*
is ion paired with CI” or [BF,]™ creating a larger diffusing particle. This would be reason-
able when considering the low polarity of the solvents where the degree of ion pairing is
expected to be high. Evidence of metallocene ion pairing,5>% has been reported in DCM
and other solvents of a similar polarity. When studying the electrochemistry of DMFc*
in DCM; Goldfarb and Corti reported a lower diffusion coefficient for the charged than
the neutral species and, based upon the calculated Stokes radius, concluded that solvent
separated ion pairs were forming.%® Although modifications of the SE equation were not
considered so the obtained radii are likely to be inaccurate. The formation of triple ions
is also likely in the studied solvents. Fuoss provided a rule of thumb for the maximum
concentration, cpax, at which only ion pairs are expected for a symmetrical electrolyte,
and above which triple ions could be expected to be observed: cpay = 1.2 x 10714 (¢, T)3.34
For DCE, the solvent with the highest dielectric constant, at 298 K, cpax is 0.4 mM. Indi-
cating that triple ions of Cc* are likely in the solvents studied here. This also means that
the measured diffusion coefficients are an average of Cc" in its different forms.

The fraction of ions that are paired, Bip, with Cc* in a solvent can be estimated with

Bjerrum’s equation.?”

P =

4w NpcC ( |21 20| €2

3
b 3.18
1000 4n€0€rkBT) Qb) ( )
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Where Q(b) is an integral of b, solutions of which are given in the literature,®” and b is:

_ lzizle? (3.19)
 AmeperkpTa '

where a is the distance of closest approach of the two interacting ions. Assuming 0.5 mM
Cc" is paired with CI” in DCM, oDCB and DCE, and with [BF,]” in TFT, pFT and CB at 25 °C
gives frp as 1.3,0.4, 0.3, 30.2, 42.0 and 0.3% for DCM, TFT, oDCB, pFT, CB and DCE respec-
tively. These values must be considered a lower bound only. The equation presumes the
isodielectric rule, which as has been established is not valid in the studied solvents. Nev-
ertheless, it is apparent that a reasonable fraction of Cc" ions are paired in the studied
solvents.

3.8. Electrochemistry of Decamethylferrocenium
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Figure 3.13: Stokes-Einstein plot of experimental diffusion coefficients of DMFcPFg, along
with simulated Dyin and Dyax of DMFc at 25 °C. Black: Dexp, r€d: Dpyin, blue: Diyax.

To investigate the effect of ion pairing on diffusion coefficients further, the electro-
chemistry of decamethylferrocenium hexafluorophosphate was studied. The structure
of DMFc does not change significantly upon oxidation to DMFc" except from gaining
a positive charge. Therefore, any changes in the measured diffusion coefficient can be
attributed to the presence of ion pairing. DMFcPFg was characterised with the same
method as above and the measured diffusion coefficients can be found in Table 3.10.
Goldfarb and Corti also measured the diffusion coefficient of DMFc* in DCM, %6 reporting

a value of 1.07 x 107> cm? s~ !, similar to that measured here. Also shown in Table 3.10 is
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the ratio D(DMFcPFg)/ D(DMFc). As can be seen, the diffusion coefficient of the charged
DMFc" is less than the reduced, neutral form in all solvents, indicating the influence of

ion pairing on the DMFc”'*

redox couple. Fig. 3.13 shows a Stokes-Einstein plot of Deyp ,
along with the simulated values of Dyjn and Dyax for DMFC. Deyp (DMFcPFg) now lies

close to, or below, Dpin (DMFc); indicating an increase in ¢ and rs.

Solvent D/107°cm?s™' Dg/Dg

DCM 1.21(3) 0.72
TFT 7.57(1) 0.64
oDCB 3.46(1) 0.66
pFT 4.71 (2) 0.43
CB 4.59(1) 0.53
DCE 5.23(1) 0.60

Table 3.10: Diffusion coefficients of [DMFc][PFg] calculated using microelectrodes at
25°C with 100mM [N"Buy][PFg¢] in DCM and DCE and 100 mM [N"Buy,][BF,] in TFT,
oDCB, pFT and CB. Values are the average of three repeats with the error the standard
deviation.

3.9. Conclusions

This Chapter aimed to further the understanding of electrochemistry in weakly coordinat-
ing solvents and to identify alternative solvents to dichloromethane that might be more
useful for electrodeposition. To this end, Kamlet and Taft’s 7*, @ and  parameters were
employed to identify other weakly coordinating solvents similar to DCM. A suitable sol-
vent would be polar, aprotic and weakly coordinating, corresponding to a high value for
m* and low values of a and $. Inspection of the solvent descriptors also revealed that the
solvents commonly used in electrochemistry would not be suitable for application in the
present work because they were protic and/or coordinating. Five potential solvents were
identified: trifluorotoluene, o-dichlorobenzene, p-fluorotoluene, chlorobenzene and 1,2-
dichloroethane. The added advantage of the above solvents was that they all possessed
a higher boiling point than DCM, creating the possibility of electrodeposition at elevated
temperatures.

The five solvents, along with DCM as a reference, were subjected to a thorough elec-
trochemical characterisation. This consisted of potential window measurements where it
was found that the cathodic limit of the candidate solvents were comparable to DCM, and
sufficiently wide enough for electrodeposition. The exception to this rule was DCE, which
had a shorter negative limit, attributed to the decomposition of the solvent, rather than
the supporting electrolyte as for the other solvents. The conductivity of 100 mM [N"Bu,]Cl
and [N"Bu,][BF,] was also measured. [N"Bu,]Cl was found to be insoluble in TFT, pFT
and CB. The conductivity of [N"Bu,][BF,] was found to be greater than [N"Bu,]Cl, as ex-

pected. The dielectric constant also proved to be a poor predictor of conductivity because
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multiple solvents with similar dielectric constants displayed widely different levels of ion
pairing. It was suggested that this was because a degree of structure was present in the
aromatic solvents which was preferential to ion solvation. The structure of the double-
layer structure was studied with capacitance measurements, all solvents showed a similar
relationship with potential which was well described by a Helmholtz model. Finally, the
electrochemistry of the model redox couples decamethylferrocene and cobaltocenium
hexafluorophosphate was investigated. Both redox couples behaved reversibly, in agree-
ment with results in other solvents. The importance of incorporating the modifications
of the Stokes-Einstein equation was also emphasised and this was then used to interpret
the diffusion coefficients of DMFc and CcPFgz. DMFc obeyed the SE equation but CcPF
did not, this was attributed to the effect of ion pairing.

It was previously predicted that the solvents would behave similarly, except for those
properties determined by polarity and this appears partially true. Despite the demonstra-
tion of the advantages of using the KT descriptors to choose a solvent, it also became clear
that they cannot account for all of the behaviours reported here. Increasing the number of
descriptors considered could be a solution but this would greatly increase the complexity
of the selection process. It is also unlikely that all necessary descriptors can be identified
a priori. The most profitable approach would seem to be to choose 2-4 key descriptors
and use those to identify the candidate solvents for investigation, and then based upon
experimental evidence, choose the optimum solvent(s). This would most likely be more
resource intensive but it does allow for the possibility of unforeseen behaviours.

In a general sense, all the candidate solvents would appear to be useful as weakly
coordinating solvents for electrochemistry. However, because of the low polarity of some,
they are unlikely to be useful for application to electrodeposition. The ability of a solvent
to dissolve and dissociate charged species in reasonable quantities is a key requirement
of a useful plating bath. The most polar solvents oDCB and DCE are therefore the most
promising and most likely to be useful for electrodeposition. Application of these solvents

to electrodeposition will be the focus of subsequent Chapters.

3.9.1. The Effect of Ion Pairing
What has also become clear as a result of this work is that, because of the low polarity
of the solvents, ion pairing is an important factor in determining the electrochemical re-
sponse. The effects of ion pairing were observed in the measurements of conductivity,
redox potential and diffusion coefficient and must be considered when interpreting elec-
trochemical data in solvents of low polarity. It is also expected that the ions will exist in
multiple forms, including free ions, ion pairs and triple ions. Meaning that the experi-
mental response is an average of the species’ response in all its arrangements.

Fig. 3.14 shows a plot of E;/2(CcPFg) vs. theoretical potential shifts calculated from
the Born equation. In black, ryqw was used as the radius and this gave a poor relationship

with R? = 0.65. The experimental variation in potential shift is greater than predicted by
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Figure 3.14: Relationship between the experimentally determined redox potential for
CcPFg and the theoretical potential shift from the Born equation for the van der Waals
radius of Cc* (black), and the Stokes radius (red).

variation in dielectric constant alone. Also shown is the expected potential shift when
taking the radius as the Stokes radius, calculated from experimental diffusion coefficients
of CcPFg with ¢ as 4. Agreement with the experimental redox potential is improved, R? =
0.81, suggesting that the species radius is varying as a function of the solvent, as well as
dielectric constant. This would be the case if the Cc* ion was ion paired.

It was assumed in the use of Eqn. (3.6) to describe the redox potential that Do = Dg,
but as evidenced from this work this is clearly is not the case. Instead, it is possible to

account for the effect of unequal diffusion coefficients with Eqn. (3.20) below.

Dy

E=E"+—In 1|+ —1In

(3.20)
nF nF

RT . (i RT . (Do

() el
When using an internal reference it is implicitly assumed that Do = Dy and therefore that
Ei1,2 = EY. However, as evidenced above, this is no longer the case in the solvents studied
here because DMFc™ is partially ion paired, and so DMFc is now solvent and electrolyte
dependent. This reduces confidence in the ability of DMFc to act as a solvent indepen-
dent internal reference redox species and adds a degree of uncertainty to redox potentials
measured against DMFc, particularly in low polarity solvents where ion pairing is sig-
nificant. The consequences of ion pairing for an internal reference has been discussed
previously.?889 Activity coefficient measurements by Redepenning et al. in acetonitrile
revealed the presence of ion pairing of ferrocenium and decamethylferrocenium, and its
significant effects on redox potential. Table 3.11 shows a correction for Ej,», accounting

for the differences in the diffusion coefficients of the oxidised and reduced forms. The
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variation in diffusion coefficient ratio leads to a small error of 10-20mV in E;;2. When

using an internal reference in a solvent of intermediate or low polarity, it would certainly

seem to be sensible to measure the diffusion coefficient of the oxidised and reduced forms

to verify that there are not major differences in the diffusion coefficient. One solution to

remove any uncertainties associated with ion pairing on the internal reference might be

to measure the potential at varying electrolyte concentrations and extrapolate to infinite

dilution, where the potential will be free from such effects.”’ Alternatively the potential

could be measured with both forms of the redox couple in solution.

RT 1., Do
Solvent n—FlnD—R / mV

DCM -8
TFT -11
oDCB -11
pFT =22
CB -17
DCE -13

Table 3.11: Correction factor for E;;, for DMFc caused by inequality of oxidised and re-
duced diffusion coefficients at 25 °C.
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4

Electrodeposition of Antimony, Bismuth

and Tellurium

4.1. Overview

In Chapter 3, oDCB and DCE were identified as the most promising solvents for further
application to electrodeposition. This Chapter therefore presents further characterisa-
tion of oDCB and DCE, along with DCM as a comparative solvent. The simple metal
precursors [N"Bu,][SbCl,] and [N"Bu,][BiCl,] are used to test the suitability of the two
solvents for electrodeposition. The behaviour of the precursors are investigated using
voltammetry at macro- and microdisc electrodes and the Electrochemical Quartz Crystal
Microbalance. The resulting deposits are then characterised using SEM, XRD and Raman
spectroscopy. The electrochemistry of [N"Bu,],[TeClg] is also investigated in preparation

for compound deposition in later Chapters.
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4.2, Introduction

One conclusion of the previous Chapter was that, out of the candidate weakly coordi-
nating solvents, oDCB and DCE were the most promising for further investigation into
electrodeposition. This Chapter therefore intends to explore the possibility of electrode-
position from the two solvents. The two metals Sb and Bi are employed as model elec-
trodeposition systems since it has previously been shown that both are readily deposited
from DCM. It is also necessary to properly understand the behaviour of the two redox
couples in oDCB and DCE to prepare for the more complicated task of semiconductor
electrodeposition in subsequent Chapters. For this reason, Te electrodeposition is inves-
tigated also.

The main focus of Sb in electrochemistry has been on achieving its electrodepo-
sition. Sb has a high corrosion resistance and does not tarnish, making it useful as a
coating material in a variety of applications.! Sb has been successfully deposited from
a variety of aqueous electrolytes, which gave deposits of differing properties. The earlier
work on Sb electrodeposition has been reviewed by Sadana et al.! More recently, bulk Sb
has been electrochemically exfoliated to form the 2D layered material antimonene, which
is of interest for optoelectronic applications.? In terms of non-aqueous electrochemistry,
its electrodeposition has been reported from ionic liquids,® and Deep Eutectic Solvents.*

Additionally, Sb has been electrodeposited from DCM, by Bartlett et al.,’> and also
by Reeves et al.® In the work of Reeves, the electrochemistry of the Sb precursor
[N"Buy] [SbCl,], was investigated in detail using various methods, including microelec-
trodes, the rotating disc electrode, and the electrochemical quartz crystal microbalance.
The electrochemistry was found to be well behaved, with simple deposition and stripping
the only redox processes observed. Sb was then successfully electrodeposited onto Pt and
TiN substrates, with an amorphous deposit being collected. Bartlett et al. then reported
comparable electrochemistry with the same precursor with glassy carbon electrodes.’ Sb
was also deposited onto TiN in this work, but interestingly the deposit was crystalline.

The primary use of Sb is as an alloy, and is commonly electrodeposited alongside
other metals in the bath to form binary or ternary alloys and compounds. Sb readily
forms alloys with several other metals, such as Cu, Zn, Pb and Sn. Multiple reports de-
tail the electrodeposition of Sb alloys with these metals.” Sb is also of interest as it forms
semiconducting compounds with other p-block metals, which can be electrodeposited
for electronic applications. For example, GeSbTe in the atom ratio 2:2:5 is a promising
phase change memory material which has recently been electrodeposited.? Additionally
there have recently been reports of the electrodeposition of Sb,Tes, a thermoelectric ma-
terial,® and InSb an infra-red detector.'?

The successful electrodeposition of bismuth from acidic aqueous electrolytes has

l.12

been reported by Yang and Hu,!'! and also by Sandnes et al.!? Voltammetry demonstrated

that, similar to Sb, Bi is in the Bi3* oxidation state in aqueous electrolytes, and crystalline
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material is readily deposited. Bi electrodeposition is of particular interest for application
to electrochromic devices,'® and also as a safer alternative to Hg for adsorptive stripping
voltammetric measurements for metal ion sensing.!*

The electrochemistry of [N"Bu,][BiCl,] was investigated in DCM by Bartlett et al.
where, as in aqueous electrolytes, simple deposition and stripping was observed.® Crys-
talline Bi was also successfully deposited onto a TiN substrate. Interest in codeposition of
Bi is mainly restricted to chalcogenide elements. Bi,Te; is a thermoelectric material, for
example.!®

Elemental tellurium possesses an unusual crystal structure, which is highly anis-
otropic and also chiral, which gives rise to interesting properties.'® Te is readily electrode-
posited from aqueous electrolytes,'” and also from DCM.® Despite this, Te in fact displays
complicated electrochemistry. Te possesses multiple oxidation states and readily moves
between them. Liftman ef al. investigated the electrochemistry of TeCl, in DCM in detail,
publishing two articles.!®! Two cathodic regions were reported, one was attributed to the
deposition of Te and the second, more cathodic peak to the formation of Te>". Two anodic
peaks, corresponding to the stripping of deposited Te were also observed. The first peak
was attributed to formation of Te?* and the second to the formation of Te**. Oxidation of
Te”*~ was not observed because Te*” underwent a subsequent reaction with Te** forming a

transient precipitate TeCl,, which reacted further to form TeCl™:

Te*” + 2TeCl, — 3TeCl, + 2CI
TeCl, + 2ClI" — TeCl;~

The authors also investigated the effect of chloride ions on the electrochemistry. In
a system with excess chloride, the number of cathodic and anodic peaks remained un-
changed, but both stripping peaks corresponded to the formation of Te?*. The presence
of two peaks was explained by the presence of two activity states of deposited Te. It was
also found that chloride ions supplied by the deposition of Te** were adsorbed onto the
Te surface and activated Te® atoms towards oxidation. The deposited Te could be stripped
to form [TeCl,]*", where the rate of dissolution was proportional to the concentration of
CI', as might be expected.

Another possibility for the reactions of Te?” is the formation of polytellurides (Te >,
x = 2). Polytellurides have been reported to form complexes with metals and organic
compounds,?*~?? including with the [N"Bu,]* cation. Kalisman investigated the electro-
chemistry of Te* in DMSO with [N"Bu,]Cl as a supporting electrolyte.?? Using a Te® work-
ing electrode, it was found that Te?~ formed a precipitate with the supporting electrolyte.

The aim of this Chapter is to further characterise the solvents oDCB and DCE, and
assess their suitability for the electrodeposition of metals and semiconductors. The voltam-
metry of some model redox couples will be studied, in order to investigate the behaviour

of redox processes involving metal deposition. The deposition of the same metals will be
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attempted on larger electrodes to characterise their physical properties.

4.3. Electrochemistry of [SbCl,]™ and [BiCl,]”

Fig. 4.1 shows voltammograms of 1 mM [N"Bu,][SbCl,] and 1 mM [N"Bu,] [BiCl,] in DCM,
oDCB and DCE at a Pt macrodisc electrode. Turning first to Sb®", scanning in the negative
direction a decrease in current is observed at ca. —0.7 V vs. DMFc. This can be attributed
to the three electron reduction of Sb3* to Sb°, resulting in the electrodeposition of ele-
mental Sb.

Sb* + 3e” — Sby

No further reduction processes are then observed within the solvent potential window.
On the reverse sweep, scanning anodically, the current reaches zero at approximately
—0.6V, before an increase in current occurs and two oxidation peaks can be seen, as-
sociated with the stripping of the deposited Sb to Sb®" in solution. It is possible that two
peaks are observed because two different forms of deposited Sb are being stripped, or al-
ternatively the deposited material is oxidised to two different species in solution. There
appeared to be no evidence of the possible formation of Sb>*, as was the case in previous
work in DCM by Reeves et al.® Suggesting it takes place outside of the available potential
window. On subsequent scans, no significant changes to the voltammetry take place, but
the onset of deposition shifts slightly anodically since Sb is already nucleated on the elec-
trode surface. With oDCB, the broad features of the electrochemistry appear to be simi-
lar. Only peaks associated with the deposition and stripping of Sb appear to be present. A
small hump is present anodic to the stripping peak which is possibly due to the removal of
amorphous material. The current density is slightly lower because of the greater viscosity
of oDCB. No major differences can be found for the voltammetry in DCE.

Voltammograms of [SbCl,]” with a glassy carbon WE are shown in Fig. 4.2. Glassy
carbon was used as an alternative electrode material to investigate the effect of the elec-
trode surface on the voltammetry. In fact however, the nature of the electrode material
does not appear to significantly change the features of [SbCl,;]” voltammograms. Fig. 4.3
also shows voltammograms of [SbCl,]™ at increasing concentration of precursor. The ca-
thodic peak current naturally increases because of the increase in the rate of deposition.
The size of the stripping peaks also grow since there is more material on the electrode
to oxidise. The onset of deposition shifts slightly in the anodic direction with increasing
concentration also, but otherwise there are no major changes in [SbCl,]™ as concentration
increases.

With regards to Bi, in DCM a single reduction peak begins at ca. —0.5V, a positive
shift of approximately 100 mV from Sb. The cathodic process is presumably the electrode-
position of elemental Bi

Bi** + 3¢~ — Bi,
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Figure 4.1: Voltammograms of 1mM [N"Bu,][SbCl,] and 1mM [N"Bu,][BiCl,] with
100 mM [N"Bu,|Cl in DCM, oDCB and DCE at a Pt macroelectrode. Working electrode
was swept from 0V at 50mV s™! in the direction indicated by the arrows. CE: Pt grid, RE:
Ag/AgCl, WE: r = 0.25 mm Pt disc. Black: scan 1, red: scan 2, blue: scan 3. a) Sb>* in DCM,
b) Bi** in DCM, c) Sb** in 0DCB, d) Bi** in 0DCB, e) Sb>* in DCE, f) Bi** in DCE.
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Figure 4.2: Voltammograms of 1mM [N"Bu,][SbCl,] and 1mM [N"Bu,][BiCl,] with
100 mM [N"Bu,]Cl in DCM, oDCB and DCE at a glassy carbon macroelectrode. Work-
ing electrode was swept from 0V at 50mV s~ in the direction indicated by the arrows.
CE: Pt grid, RE: Ag/AgCl, WE: r = 1.5 mm GC disc. a) Sb>* in DCM, b) Bi* in DCM, c) Sb3*
in oDCB, d) Bi®" in 0DCB, e) Sb>" in DCE, f) Bi** in DCE.
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There is no evidence of any further reduction processes up to the cathodic limit. On the
reverse scan, two oxidation peaks occur, corresponding to the stripping of deposited Bi.
As with Sb, the formation of Bi®* was not observed within the solvent limits. The voltam-
mograms do not change significantly on subsequent scans. Interestingly in oDCB, the
voltammogram is somewhat different to that observed in DCM. The first cathodic event
begins at ca. —1.3V which is expected to be the onset of Bi deposition but is significantly
more negative than the onset of deposition in DCM. On the reverse sweep an increase in
current is observed followed by a single stripping peak. On subsequent scans a third re-
duction peak can be seen. On a fresh electrode surface, the voltammetry displays a high
nucleation overpotential. However on the second and third scans this is no longer the
case and the onset of deposition increases by approx. 0.7V to —0.7V. This suggests that
the kinetics of nuclei formation are slow, possibly caused by the electrolyte, until the later
scans when nuclei are already formed on the surface. The initial stages of deposition are
also unusual with DCE as a solvent, where a fully formed deposition peak is not present
on the first scan. On subsequent scans, the onset of deposition shifts by ~ 150 mV in the
anodic direction, with an increase in the peak current.

When changing the electrode material to glassy carbon, the votammogram in DCM
does not change significantly. However in oDCB, the voltammogram now appears as that
at a Pt WE when Bi is already nucleated on the surface, as in the second or third scans in
Fig. 4.1d. This suggests that there is a process specific to the Pt surface which is inhibiting
the nucleation of Bi, such as a blocking layer of adsorbed electrolyte perhaps. A similar
situation is observed in DCE. Increasing the concentration of precursor in oDCB and DCE
causes the first reduction peak to emerge also.

Fig. 4.4 shows a voltammograms of 1 mM [N"Bu,][SbCl,] and [N"Bu,][BiCl,] at a
r =25um Pt disc in DCM, oDCB and DCE. The electrochemistry appears to be simplified
at a microelectrode, a single reduction process takes place, followed by a single stripping
peak. A limiting current plateau can be observed for both redox couples in all three sol-
vents, showing that electrodeposition is diffusion limited for both metals. The nucleation
overpotential is much smaller than those observed at macrodisc electrodes above. This is
because of the slow scan rate required to reach a steady state, emphasising the stochastic
nature of nucleation. In some voltammograms the current can be seen to increase slightly
as the scan progresses, this is most likely as a result of the increasing electrode size caused
by metal deposition.

Taking the potential where the current passes through zero on the anodic sweep, the
crossover potential, as the redox potential, E”, gives thermodynamic information on the
redox couples in each solvent. Values are given in Table 4.1. There is a notable difference
in the shape of the voltammograms at the crossing point for the two metals. The current
is close to vertical for Bi, indicating fast electron transfer kinetics and allowing accurate
determination of E”. Conversely, the current is much flatter for Sb, suggesting slow elec-

tron transfer kinetics. It also makes accurate estimation of the crossover potential more
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Figure 4.3: Voltammograms of [N"Bu,][SbCl,] and [N"Bu,][BiCl,] at varying concentra-
tions with 100 mM [N"Bu,]Cl in DCM, oDCB and DCE. Working electrode was swept from
0Vat 50 mV s~ in the direction indicated by the arrows. CE: Pt grid, RE: Ag/AgCl, WE: r =
0.25 mm Pt disc. Black: 1 mM, red: 3 mM, blue: 5mM a) Sb** in DCM, b) Bi** in DCM, c)
Sb** in oDCB, d) Bi** in oDCB, e) Sb** in DCE, f) Bi** in DCE.
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Figure 4.4: Voltammograms of 1mM [N"Bu,][SbCl,] and 1mM [N"Bu,][BiCl,] with
100 mM [N"Bu,|Cl in DCM, oDCB and DCE at a r = 25um Pt microelectrode. Working
electrode was swept from —0.3V vs. DMFc at 5mV s™! in the direction indicated by the
arrows. CE: Pt grid, RE: Ag/AgCl. a) Sb®* in DCM, b) Bi** in DCM, c) Sb** in oDCB, d) Bi*
in oDCB, e) Sb** in DCE, f) Bi** in DCE.
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difficult, and so is likely to be less reliable for Sb.

In a given solvent the redox potential of Sb>*/? is generally more negative than Bi**’°.
This is also the case in aqueous electrolytes.?* The redox potential also varies with the
solvent, decreasing in the order: DCM, DCE, oDCB for both redox couples. The ratio
EY(Sb**)/D (Bi**) is 1.2, 1.1 and 1.1 for DCM, oDCB and DCE respectively. Suggesting
that the solvent influences both of the redox couples equally. Despite the solvents be-
ing ostensibly the same, there are quite significant differences in redox potential for both
species between solvents. One possible reason for this is the influence of ion pairing. As
described in previous Chapters; the pairing of the electroactive species, in this case with

the [N"Bu,]* cation, appeared to stabilise the ion and decrease its redox potential.

[SbCl,]” [BiCl,]”
EY vs. DMFc'* / D/ EY vs. DMFc®* / D/
\Y 1075 cm?s7! \% 105 cm?s7!
DCM —0.478(6) 8.35(68) —0.408(1) 7.26(28)
oDCB ~0.735(7) 1.75(5) —0.642(2) 1.87(8)
DCE —0.614(9) 4.25(7) -0.537(3) 3.67(19)

Table 4.1: Experimental redox potentials and diffusion coefficients of [SbCl,]™ and [BiCl,]™
in DCM, oDCB and DCE. E” was taken as the crossover potential and D using Eqn. (3.8),
from voltammograms at Pt microdisc electrodes of radii 5, 12.5 and 25 um at 25 °C. Values
are the average of three repeats with the error the standard deviation.
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Figure 4.5: Representative limiting currents of 1 mM [N"Bu,][SbCl,] and [N"Bu,][BiCl,]
with 100 mM [N"Bu,]ClI at Pt microelectrodes of radii 5, 12.5 and 25 um at 25 °C. Black:
DCM, red: oDCB, blue: DCE.

As demonstrated in previous Chapters, plots of iy at different sizes of microelec-

trode can be used to accurately determine diffusion coefficients of electroactive species.
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Such plots are shown in Fig. 4.5 for 1 mM [SbCl,]™ and [BiCl,]” in DCM, oDCB and DCE,
at microelectrodes of radii 5, 12.5 and 25 um. The plots are linear, with intercepts close
to the origin, demonstrating the suitability of this approach for the calculation diffusion
coefficients of heterogeneous reactions.

Diffusion coefficients are then calculated without concentration correction, assum-
ing three electrons transferred, and values are given in Table 4.1. The value for [SbCl,]” in
DCM the result is in agreement with that found by Reeves et al. using microelectrodes,
9.20 x 107% cm? s~1.® Diffusion coefficients of [SbCl,]” are generally larger than [BiCl,]",
presumably on account of the smaller Sb** ion. The ratio D (Sb**)/D (Bi**) is 1.2, 0.9 and
1.2, for DCM, oDCB and DCE respectively, suggesting that the solvent affects the two re-
dox couples similarly in DCM and DCE, but not oDCB. The effect of the solvent on the dif-
fusion of the two species can be examined using the Stokes-Einstein equation in a similar
manner to that which was described in an earlier Chapter. On the basis of bond lengths
and the geometry of the [SbCl,;]™ anion, Reeves et al. determined that the complex was an
oblate spheroid.® However the resulting Perrin correction was close enough to one that
it was be assumed the ion was essentially spherical and that the correction could be ig-
nored. This is taken to be true in the present work also. Spectroscopic measurements also
indicate that the [BiCl,]” anion has a similar geometry to [SbCl,]™.%° So it is assumed that

[BiCl,]™ is spherical also, and therefore that no correction is required.
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Figure 4.6: Stokes-Einstein plot of experimental diffusion coefficients of [N"Bu,][SbCl,]
and [N"Bu,][BiCl,] in black at 25 °C using the Stokes-Einstein equation, Eqn (3.9). Dif-
fusion coefficients calculated using the limiting current at a microelectrode. Also shown
with simulated Dy, in red and Dp,ax in blue, using the McGowan radius.

Fig. 4.6 shows Stokes-Einstein plots for [SbCl,]” and [BiCl,]” in DCM, oDCB and
DCE. Upon inspection of the plots it is clear that the equation is not obeyed. The plots

are apparently linear, but a fit does not pass through the origin for either metal complex.
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Also shown in Fig. 4.6 is Dpyin and Dpax for both species. The van der Waals radius, rygw,
and crystallographic radius, r¢, are not available for either complex so the readily ac-
cessible McGowan radius, rvcG, is used instead.?® The McGowan radius is taken from the
McGowan volume, Vjcg, which is typically intermediate between Vs and Vigw. Vmcg
of ions have been obtained by correlations with ionic radii, and then the volume of the
molecule taken from the sum of the constituent atoms taken as was done in Chapter 3.2
Dpin is therefore when ¢ = 6 and Dpax when ¢ = 4. Evidently, the experimental diffusion
coefficients are lower than those predicted by theory for both redox couples in all three
solvents. It would seem that the Stokes radii of the diffusing particles are larger than ryig
and this is lowering the measured diffusion coefficients. Since [SbCl,]” and [BiCl,]™ are
both charged, this would appear to represent further evidence of the ion pairing of the

two species in DCM, oDCB and DCE.

4.3.1. The Effect of Chloride

Previous work on [SbCl,]” in DCM showed that the nature of the anion in the support-
ing electrolyte can have a significant influence on the resulting electrochemistry.® Here,
this is extended to include [BiCl,]", and oDCB and DCE, to investigate this effect further
in weakly coordinating solvents. Figs. 4.7 and 4.8 show voltammograms of [SbCl,]” and
[BiCl,]” in DCM, oDCB and DCE with 100 mM [N"Bu,][BF,], in place of CI~, at macro- and
microdisc electrodes.

As with the work of Reeves et al.% it is clear that changing the supporting elec-
trolyte anion has marked consequences for the voltammetry of the two redox couples.
The voltammograms of [SbCl,]™ appear similar in all three solvents. One reduction pro-
cess takes place; interestingly, at the macroelectrodes a nucleation loop is no longer pre-
sent. On the anodic scan three stripping peaks are observed. Reeves et al. speculated
that the peaks corresponded to the oxidation of Sb which formed complexes with varying
numbers of CI” ligands, still present in the diffusion layer after being discharged in the
deposition process. [BF,]” could then fill the remaining coordination sites. The largest
stripping peak at ca. 0.75V could then correspond to the formation of a [Sb3*(BE,),]*>
complex, since [BF,]™ is in excess. At microelectrodes, the limiting current densities are
similar to those recorded with [N"Bu,]Cl, suggesting that the diffusion coefficient remains
the same. A single stripping peak is now observed, in a similar position to the major peak
at macroelectrodes. None of the minor oxidation peaks are present because the faster
mass transport at a microelectrode means that the free Cl” generated from Sb deposition
has diffused away in the time taken for the potential to be scanned into the anodic region.

The situation is similar for [BiCl,]” electrochemistry. A single reduction peak can be
found within the solvent window. The broad features of the anodic region are also com-
parable. However, some additional smaller peaks are also present, for reasons unknown.
Interestingly, the limiting current densities are lower than those for [SbCl,]™ in Fig. 4.8,

and also lower than when measured with [N"Bu,]Cl, by approximately a factor of 2 in
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all three solvents. Without accurate diffusion coefficient calculations it is not possible to
draw any conclusions but it is possible the speciation of the Bi** ion changes now that

[BF,]” is in excess, resulting in a larger particle size and lower diffusion coefficient.
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Figure 4.7: Voltammograms of 1 mM [N"Bu,][SbCl,] and [N"Bu,][BiCl,] with 100 mM
[N"Buy] [BF,] in DCM, 0DCB and DCE at a r = 0.5 mm Pt WE. Working electrode was swept
from 0V at 50 mV s ! in the direction indicated by the arrows. CE: Pt grid, RE: Ag/AgCl. a)
Sb3* in DCM, b) Bi®* in DCM, c) Sb* in 0DCB, d) Bi** in 0DCB, e) Sb** in DCE, f) Bi** in

DCE.
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Figure 4.8: Voltammograms of 1 mM [N"Bu,][SbCl,] and [N"Bu,][BiCl,] with 100 mM
[N"Buy] [BF,] in DCM, oDCB and DCE at a r = 25 um Pt WE. Working electrode was swept
from 0V at 50 mV s™! in the direction indicated by the arrows. CE: Pt grid, RE: Ag/AgCl. a)
Sb®* in DCM, b) Bi®* in DCM, c) Sb** in 0DCB, d) Bi** in 0DCB, e) Sb®* in DCE, f) Bi** in

DCE.
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4.4. Flectrochemistry of Tellurium
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Figure 4.9: Voltammograms of 1 mM [N"Bu,],[TeCls] with 100 mM [N"Bu,|Cl in oDCB
and DCE at macro- and microdisc electrodes. Working electrode was swept from —0.5V
ata), b) 50mVs~}, ¢), d 5mVs~! in the direction indicated by the arrows. CE: Pt grid,
RE: Ag/AgCl, WE: a), b) r = 0.5mm c), d) r = 25 um Pt disc. a) macrodisc in oDCB, b)
macrodisc in DCE, ¢) microdisc in oDCB, d) microdisc in DCE.

[TeClg] 2~ was found to display quite different electrochemistry to [SbCl,]” and
[BiCl,]™, and this warrants a separate treatment. Fig. 4.9 shows voltammograms of 1 mM
[N"Bu,],[TeClg] at macro- and microdisc electrodes in oDCB and DCE. In 0DCB, a single
peak at ca. —1.75V can be seen at a macroelectrode, which is followed by a small oxida-
tion peak on the reverse sweep. With the microelectrode, a limiting current forms. On
the anodic scan hysteresis can be observed, and a stripping peak at 0 V. No peaks can be
resolved from the macrodisc voltammogram in DCE, with the solvent limit indistinguish-
able from any electrochemistry of the redox active species. The same is also true at the
microelectrode, where a limiting current does not form. The reduction currents in both

solvents are presumably due to the electrodeposition of Te:

Te*" + 4e” — Te
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However, the voltammograms do not appear to display the typical features of metal de-
position and stripping, such as a nucleation loop for example. The low current densities,
poor resolution of voltammetric features, and the absence of a limiting current at a mi-
croelectrode all suggest poor electron transfer kinetics for the reduction of Te**, resulting
in slow growth rates of Te. In Fig. 4.9c), a current spike is observed at —2V, this is possibly
associated with the formation of Te* from deposited Te. Although it is not clear why the
current returns to the same levels after the spike. Similar behaviour has been observed in

detailed experiments into Te electrochemistry in unpublished works in DCM.?’

4.5. Electrochemical Quartz Crystal Microbalance

The electrochemical quartz crystal microbalance (EQCM) can be used to monitor chan-
ges in mass on the electrode as a function of potential, and this can then be correlated
with voltammetric data to gain insight into the nature of deposit growth on the electrode
surface. The relation between the change in frequency, A f, of a resonating quartz crystal

as a result of mass added to the surface, Am, is given by the Sauerbrey equation.?®

2f2Am
___2eam —CiAm (4.1)

- 1/2 —
A(pqhq)

where fj is the resonant frequency of the crystal, A is the area of the electrode, pq the
density of the quartz crystal and 4 the shear modulus of the quartz crystal. For a 5 MHz
quartz crystal of area 1.33 cm? this simplifies to a sensitivity factor, Ct, with a value of
56.6 Hz cm? ug~!. This was then used, alongside voltammetry and chronoamperometry,
to study the electrodeposition behaviour of Sb, Bi and Te in oDCB and DCE.

4.5.1. [SbCl,]”
Fig. 4.10 shows a combined voltammogram in black, and massogram in red for an elec-
trolyte of 3mM [N"Bu,][SbCl,] at a Pt electrode in oDCB and DCE. The large electrode
size required for the EQCM crystal causes severe distortion in the voltammetry due to the
low conductivity of the solvents, this limits the usefulness of the EQCM but features can
still be resolved. The potential scale is also the same in both solvents to emphasise this
and allow comparison. On the cathodic sweep the mass increases in a linear fashion in
both solvents, corresponding to the electrodeposition of Sb, before stripping with a high
oxidation efficiency on the reverse sweep. The oxidation efficiency (o.e.), defined as the
mass lost in the anodic sweep to the mass gained in the cathodic sweep, was close to 100%
in both solvents with values shown in Table 4.2.

Also shown in Fig. 4.10 is the expected mass change, assuming n = 3, calculated
from the charge passed. Interestingly in oDCB, on the reverse sweep the observed mass
change is greater than the theoretical mass change. This was also reported by Reeves et

al. for Sb deposition in DCM.® Such a phenomenon was investigated further by Bund et
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Figure 4.10: Combined voltammogram and massogram of 3mM [N"Bu,][SbCl,] with
100 mM [N"Bu,]Cl at a 5 MHz Pt coated, r = 0.65mm quartz crystal in oDCB and DCE.
The potential was scanned beginning at 0.2V vs. DMFc in the direction indicated by the
arrows at a scan rate of 50mV s~!. CE: Pt mesh, RE: Ag/AgCl. Current density shown in
black on the left hand y-axis, and on the right hand axis the mass change from the fre-
quency is given in red, and from the charge in blue.

al., using a combined EQCM and AFM study for the electrodeposition of Cu on Au.?” It
was found that this was caused by surface roughness in the electrodeposit. The uneven
surface of the deposit trapped solvent molecules in the cavities, causing an apparent in-
crease in the mass loading of the quartz crystal. Therefore it is possible that the Sb deposit
from oDCB is rough, and this is the cause of the observed mass being greater than the ex-
pected mass. For DCE the observed mass was instead less than the expected mass, which
could be due to the electrolysis of impurities or an electrochemical step preceding mass
growth. Mechanical stress in the deposit can also influence the frequency change.??

The rate of mass growth of Sb from oDCB and DCE was also calculated from chrono-
amperograms, with values given in Table 4.2. Sb appears to deposit faster in DCE than in
oDCB, which can be attributed to the lower viscosity of DCE and larger diffusion coeffi-
cient. However, differences in the overpotential of deposition, caused by a greater i R drop

in oDCB could also be affecting this, making comparison difficult.
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2 1

Metal Solvent o.e./% Growthrate/ ngcm ™ min~
Sb oDCB 95 0.55
DCE 96 1.11
Bi oDCB 99 1.08
DCE 97 2.04
Te oDCB - 0.02
DCE 16 0.17

Table 4.2: Parameters calculated from EQCM voltammograms and chronoamperograms
of 3mM [NnBu4]y_X[MXCly], where M=Sb, Bi, Te, in oDCB and DCE containing 100 mM
[N"Bu,]Cl at a r = 0.65mm Pt 5 MHz quartz crystal.

4.5.2. [BiCl,]"
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Figure 4.11: Combined voltammogram and massogram of 3mM [N"Bu,][BiCl,] with
100 mM [N"Bu,]Cl at a 5 MHz Pt coated, r = 0.65 mm quartz crystal in oDCB and DCE.
The potential was scanned beginning at 0.5V vs. DMFc in the direction indicated by the
arrows at a scan rate of 50mV s~!. CE: Pt mesh, RE: Ag/AgCl. Current density shown in
black on the left hand y-axis, and on the right hand axis the mass change from the fre-
quency is given in red, and from the charge in blue.

The massograms for Bi deposition, shown in Fig. 4.11 appear similar in form to
those for Sb, with simple linear growth and stripping taking place. In oDCB the observed
mass is once again greater than the theoretical mass from the charge, which is also at-
tributed to roughness of the deposit surface. In DCE on the other hand, agreement be-
tween the actual and expected mass change is reasonable. Bi also appears to grow faster
than Sb, in both 0DCB and DCE, as evidenced by faster growth rates. Since the diffusion
coefficients of the two precursors are similar (see above), this might be indicative of faster
electron transfer kinetics for Bi than Sb. However, this may also be an artefact of i R drop,

as described above.
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None of the unusual features of Bi voltammetry described previously could be ob-
served in Fig. 4.11a, and so understanding of them could not be improved. This is in
part because a fresh electrode was not used in the EQCM experiments, and a higher con-
centration of precursor was also present. Both of which, as shown above, improved the

nucleation of Bi on a Pt electrode.

4.5.3. [TeClg]*
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Figure 4.12: Combined voltammogram and massogram of 3mM [N"Buyl,[TeClg] with
100 mM [N"Bu,]Cl at a 5 MHz Pt coated, r = 0.65 mm quartz crystal in oDCB and DCE.
The potential was scanned beginning at 0 V vs. DMFc in the direction indicated by the ar-
rows at a scan rate of 50 mV s~ 1. CE: Pt mesh, RE: Ag/AgCl. Current density shown in black
on the left hand y-axis, and on the right hand axis the mass change from the frequency is
given in red, and from the charge in blue.

Te appears to have quite a different relationship between mass and potential in
oDCB and DCE. When depositing from oDCB, a small mass increase is observed, this is
then followed by a slight decrease in mass at the most negative potentials. This is possi-
bly evidence for the formation of Te?". Mass growth then continues on the reverse sweep
despite the passage of small amounts of current, before oxidation takes place. A value for
o.e. is not given because of the apparent formation of Te?". The disagreement between
observed and expected mass is striking. One potential reason for this is that other elec-
tron transfer processes are taking place simultaneously, which do not contribute to mass
gain on the electrode. Another possibility is that deposited Te adheres poorly to the Pt
substrate. Small black particulates were observed to be suspended in solution at the end
of the solution, which could be Te lost from the electrode surface.

From DCE, no mass loss could be observed when the potential was swept across the

entire solvent window, suggesting that Te®~ forms at potentials more negative than those
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available in oDCB. The agreement between actual and theoretical mass change is once
again poor, but less so than that observed from oDCB. The same processes are potentially
also taking place in DCE, therefore. The growth of Te is quite slow when deposited from

both oDCB and DCE. Suggesting slow electron transfer kinetics for Te electrodeposition.

4.6. Electrodeposition

Sb, Bi and Te were successfully deposited onto a TiN substrate from oDCB and DCE. The
potential for deposition was determined using a voltammogram with a TiN substrate WE.
This was necessary because the deposition substrate was larger than the previously used
Pt electrodes, and also more resistive, meaning that the curve was distorted by iR drop
effects. The electrode was held at a potential where no reaction occurred before stepping
to the appropriate potential for deposition. Deposits were collected with a cutoff of charge
passed corresponding to 500 nm material, or 1800 s, whichever came first. This was to
ensure that all deposits were of a similar thickness and that there was enough material for
characterisation. Table 4.3 shows representative experimental parameters used to collect
the deposits. Also shown in Table 4.3 is CR, the ’Charge Rate’, which is defined here as:

crR=-_2 (4.2)
ntA

where ¢ is the deposition time. This is an attempt to give an indication of the rate of mate-
rial growth on the electrode during the electrodeposition process. Typical thickness cal-
culations were avoided because they carry assumptions, such as 100% Faradaic efficiency
and formation of a compact film, that could not be verified as valid in the experiments
here. It is not possible to fully account for differences in overpotential and iR between
the electrolytes, which limits the use of comparison. But generally, deposition appears
faster from DCE than oDCB because of its lower viscosity. Bi also appears to deposit the

fastest, and Te the slowest.

Metal Solvent Dll?\(jl?cy/&\/ t/s —-Q/mC mC crgi /min_l
Sb oDCB 2.3 1800 29 2.6
DCE -1.7 965 100 16.5
Bi oDCB —-2.6 1800 67 5.9
DCE -1.8 1219 100 13.1
Te oDCB -2.4 3600 54 1.8
DCE -1.6 1800 7 0.5

Table 4.3: Experimental parameters for the electrodeposition of Sb, Bi and Te onto a TiN
substrate from oDCB and DCE containing 3 mM [NnBu4]y_X[MXCly] where M = Sb, Bi, Te,
and 100 mM [N"Bu,]CL.
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oDCB DCE

Figure 4.13: SEM images of Sb, Bi and Te electrodeposited onto a r = 2 mm TiN WE from
oDCB and DCE containing 3 mM [NnBu4]y_X[MXCly] where M = Sb, Bi, Te, with 100 mM
[N"Buy]Cl. a) Sb from oDCB, b) Sb from DCE, c¢) Bi from oDCB, d) Bi from DCE, e) Te from
oDCB, f) Te from DCE. Scale bar represents 10 pm.
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Fig. 4.13 shows SEM images of the electrodeposited Sb, Bi and Te onto a TiN sub-
strate. The presence of the desired metal was confirmed by EDX measurements. Clearly
the different metals and solvents give rise to a variety of deposit morphologies. Although
once again, comparison between metals and solvents is quite difficult because it is not
possible to fully correct for differences in overpotential and i R drop. There are uncertain-
ties with the redox potential, as discussed above, meaning that it is not simple to perform
depositions at the same overpotential for the different metals. Additionally, differences
in solution resistance mean that a given deposition potential corresponds to a different
overpotential in oDCB and DCE. It is not obvious how to properly account for both of
these issues. For Sb deposited from oDCB, the deposit appears discontinuous, forming
clumps of Sb on top of a thin layer of Sb. The Sb deposit from DCE grows more uniformly
and forms a continuous, cracked film. For Bi, the film grown from oDCB is cracked giving
the appearance of platelets. From DCE, a homogeneous layer of Bi can be seen; inter-
spersed with clumps. Te appears to grow quite poorly from both oDCB and DCE. Small,
isolated islands of Te form from both solvents. Interestingly, when Te was deposited from
DCM onto a TiN substrate with the same electrolyte composition, a uniform film was re-
ported.® It is possible the deposited Te does not adhere well to the substrate surface.

The deposited films were characterised using grazing incidence XRD. Patterns for
Sb, Bi and Te can be found in Fig. 4.14. For Sb, a single diffraction peak is observed at
ca. 28° for the deposits collected from both oDCB and DCE. This corresponds to the pri-
mary diffraction peak for elemental Sb and the calculated lattice parameters agree with
the literature values, shown in Table 4.4. The peak shape indicates that Sb is amorphous
or partially crystalline when deposited from oDCB and DCE at room temperature, and
this is reflected in the small crystallite sizes calculated from the peak widths also given in
Table 4.4. Since only one peak can be directly attributed to Sb, the Scherrer equation was
used to calculate the crystallite sizes. Reeves et al. also reported the electrodeposition
of amorphous Sb from DCM with a similar electrolyte composition, in agreement with
the results here.® However interestingly, Bartlett et al. observed that Sb electrodeposits
in a crystalline form using the same electrolyte.” The reason for such discrepancies is not
clear, but one possibility is the occurrence of explosive Sb.303!

Far more intense diffraction peaks are observed for the spectra collected from the
deposited Bi, in the same positions as the literature record. The pattern was successfully
indexed as elemental Bi, and the large crystallite sizes indicates the presence of crystalline
Bi. The same is observed for Te and crystalline Te appears to form also.

Raman spectroscopy is a complementary technique to XRD. Raman active materials
give characteristic spectra, and information can be gained on the crystallinity of the mate-
rial also. Fig. 4.15 shows representative Raman spectra for Sb, Bi and Te electrodeposited
from oDCB and DCE. For Sb, a single broad peak occurs at 142cm™! and 152cm™! for
oDCB and DCE respectively. Literature results report two peaks at 115 cm ™! and 150 cm ™!

for crystalline Sb,3? suggesting that the spectra shown here correspond to amorphous Sb.
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Figure 4.14: Grazing incidence XRD patterns of a) Sb, b) Bi, ¢) Te electrodeposited from
oDCB and DCE onto a TiN substrate. Deposits were collected at room temperature
from an electrolyte containing 3 mM [NnBu4]y_X[MXCly] where M = Sb, Bi, Te, and 100 mM
[N"BuyJCl. The bottom panel shows in black: the metal’s literature XRD pattern and in
red: the same for the substrate. Sb: ICSD 64695, Bi: ICSD 64703, Te: ICSD 96502, TiN:
ICSD 152807.

The spectra collected of deposited Bi display two peaks with maxima at 75 and 99 cm™!
from oDCB and 71 and 96 cm™! from DCE. These are in agreement with previous mea-

surements in the literature,3%33

and the peaks correspond to the Eg and A;g Raman bands
of crystalline Bi. For Te, two peaks are also observed at 122 and 140 cm™! for the deposits
collected from both oDCB and DCE. Peaks at similar locations were also reported by Pine
and Dresselhaus, and by Bartlett et al3?3* The peaks are associated with the A; and E,
Raman modes of crystalline Te. Bartlett et al. also recorded a minor peak at 92cm™! as-

sociated with the E; Raman band and this can be weakly observed in Fig. 4.15c also.3?
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Metal Solvent a=b/A c¢/A Crystallite size / A

Sb  oDCB  4.24(7) 11.4(2) 13.4(3)%
DCE  4.23(1) 10.3(1) 8.8(11)%
lit.? 431 11.3

Bi  oDCB 4.55(1) 11.9(1) 180(49)°¢
DCE  455(1) 11.8(1) 208(48)°¢
lit.? 4.55 11.9

Te oDCB  4.44(2) 6.0(1) 230(73)°¢
DCE  4.45@3) 5.9(1) 226(17)¢
lit.® 4.46 5.9

Table 4.4: Lattice parameters and average crystallite sizes for electrodeposited Sb, Bi and
Te refined from XRD patterns, along with literature values. : Obtained using the Scherrer
method, ?: ICSD 64695, °: Obtained using the Halder-Wagner method, ¢: ICSD 64703, ©:
ICSD 96502.

Although it must be noted that the features at lower wavenumbers are close to the cutoff

for the spectrometer and must be interpreted with care.
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Figure 4.15: Representative Raman spectra of a) Sb, b) Bi, ¢) Te electrodeposited from
oDCB and DCE. Collected using a 785 nm excitation laser and presented without back-
ground correction. Intensity normalised by collection time and laser power. Black: oDCB,
red: DCE.

4.7. Conclusions

This Chapter intended to further characterise the candidate solvents to assess their suit-
ability as solvents for electrodeposition. To this end, the electrochemistry of [SbCl,]",
[BiCl,]” and [TeClg]*~ was studied using voltammetry at macro- and microelectrodes.

[SbCl,]” was found to broadly display simple deposition and stripping behaviour. As was
[BiCl,]~, although with some unexplained features in the voltammetry. Microelectrodes
were used to calculate the redox potential and diffusion coefficient of two species in DCM,
oDCB and DCE. The redox potentials and Stokes-Einstein plots indicated that the precur-
sors were ion paired in solution. On the other hand, [TeClg]*" electrochemistry appeared
more complicated, there was an indication of irreversibility and a limiting current did not
form at a microelectrode. There was also evidence to suggest the formation of Te*~. EQCM

was used to monitor the mass changes as a function of potential, the results appeared to
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support the conclusions drawn from the voltammetry.

This Chapter also demonstrated the successful electrodeposition of Sb, Bi and Te
from oDCB and DCE. The first report of metal electrodeposition from the two solvents. Sb
and Bi were found to deposit with good coverage, with the deposit morphology appear-
ing rougher in oDCB than in DCE. However, Te grew patchily, with poor electron transfer
kinetics. Although comparison is difficult due to the effects of i R drop. XRD and Raman
spectroscopy showed that Sb deposited in an amorphous or partially crystalline form at
room temperature, with small grain sizes. Whereas Bi and Te appeared crystalline. oDCB
and DCE were chosen because they were expected to behave similarly to DCM and this
Chapter demonstrates that this is true for the electrodeposition of metals. The solvents
are now ready for attempts at semiconductor electrodeposition, which will be the focus
of subsequent Chapters. Additionally, the added advantage of the two studied solvents
is that they have a higher boiling point, creating the possibility of electrodepositing the

metals at higher temperatures in the future.
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Electrodeposition of Antimony Telluride

and Bismuth Telluride

5.1. Overview

This Chapter describes further investigations into electrodeposition from oDCB and DCE.
The electrodeposition of Sb,Te; and Bi,Te; is attempted in order to assess the possibility
of semiconductor electrodeposition from the studied solvents. The resulting deposits are
characterised using SEM, EDX and XRD and the mechanism of codeposition from both

solvents is discussed.
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5.2. Introduction

Previous Chapters demonstrated the feasibility of electrochemistry in oDCB and DCE by
use of model redox couples. Firstly the outer-sphere, solution based DMFc and CcPFg in
Chapter 3, then the more complex deposition and stripping processes of Sb>* and Bi®*
in Chapter 4. In this Chapter, further characterisation of the solvents is performed, us-
ing the most complex system which will be required of the solvents: the codeposition of
two elements to form a compound. For this purpose, the electrodeposition of antimony
telluride and bismuth telluride are chosen as model systems. The preparation of both
by electrodeposition has been reported extensively in the literature in both aqueous and
non-aqueous systems, and their stoichiometric deposition is readily achieved. The suc-
cessful deposition of antimony telluride and bismuth telluride would therefore prove the
suitability of oDCB and DCE as WCS for semiconductor electrodeposition.

Bismuth telluride deposition presents a process which is well understood but pos-
sesses some desirable properties which have yet to be achieved, primarily in its applica-
tion as a thermoelectric material and in the realm of nanowires. Fabrication of wires of a
sufficiently small diameter is predicted to significantly improve the thermoelectric prop-
erties of Bi,Te;.! A common problem in nanowire fabrication by electrodeposition is pore
wetting and consequent inconsistent filling of the pores. Supercritical fluids (scf’s) have a
low viscosity and are a single phase, therefore removing any surface tension at interfaces.
As such, nanowire growth should be significantly improved from a scf. Supercritical di-
fluoromethane (scDFM) is also employed in this Chapter as a solvent for the attempted

electrodeposition of Bi,Tes.

5.2.1. Electrodeposition of Antimony Telluride

The first report of Sb,Te; thin film electrodeposition was from aqueous electrolytes in
2003 by Leimkiihler et al.? Since then, several other reports of aqueous electrodeposition
have emerged.>® Depositions are typically performed under acidic conditions, in order
to improve the solubility of the Sb and Te precursor.? Tartaric acid is also almost always
employed as a chelating agent to increase the solubility of the Sb precursor even further.?

In an acidic aqueous electrolyte, Sb,Te; deposits according to
2 Sb0+ +3 HTe02+ + 13 H+ + 18e — Sb2T83 + 8H20

Work in aqueous electrolytes has generally focussed on the effect of deposition potential
and precursor concentration. The standard reduction potentials of Sb and Te are given

below.?

SbO* + 2H' + 3e” — Sb + H,0, E®=0.212V vs. SHE
HTeO, + 3H" + 4e” — Te + 2H,0, E® =0.551 V vs. SHE
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Codeposition of stoichiometric Sb,Te; is generally possible at potentials shortly after the
onset of Te deposition, but more anodic than the onset of Sb deposition,?® and continues
until the potential at which Sb deposition begins is reached.*® The compositions of code-
posits collected close to the Te onset potential therefore have a Te content > 60%, before
decreasing with potential until deposits with 60% Te are achieved. The composition of
the deposits then becomes approximately independent of potential, up to the onset of
Sb deposition, at which point the films become Sb rich.®

There is less available information on the effect of the precursor concentration. The
scope for varying the precursor concentrations in the electrolyte is limited because of the
poor solubility of both precursors. Typically, an excess of Sb®>" over Te*" has been reported
to be necessary for the stoichiometric deposition of Sb,Te,, with a Sb*/Te** ratio of at
least 2.8 However, Sb,Te; has also been successfully deposited from an equimolar elec-
trolyte.? This variation is likely caused by the interdependence of the factors affecting de-
position composition, and differences in tartaric acid concentration or pH, for example.

The resulting deposited film of Sb,Te; is amorphous when deposited at room tem-
perature, and annealing is necessary to produce crystalline material.>* However, it has
been found to be possible to deposit crystalline Sb,Te; at room temperature, with use of a
rotating disc electrode and high rates of agitation,® or with a pulsed deposition routine.’
Alternatively, crystalline Sb,Te; has also been achieved by performing the deposition at
100 °C, rather than room tempelratulre.2

There are even fewer reported studies of antimony telluride deposition in non-aqu-
eous solvents. Nguyen et al. reported the deposition of non-stoichiometric antimony tel-
luride alloys from an acetamide eutectic.’ Wu et al. also reported the deposition of Sb,Te,
from ethylene glycol,!” and Catrangiu el al. deposited antimony telluride alloys from an
oxalic acid-choline chloride deep eutectic solvent.!! The deposition reaction from aprotic
solvents is now

2Sb% + 3Te** + 18e” —= Sb,Te,

In acetamide, depositions were performed galvanostatically. The Te content decreased
with increasing current density, and it was found that lower current densities and an
equimolar electrolyte were necessary to achieve the appropriate Te content in the de-
posit. Close to stoichiometric antimony telluride could be deposited from ethylene glycol
with equal concentrations of reagent at the most negative potentials of the range studied.
Deposits with the correct composition for Sb,Te; were not obtained from the deep eutetic
solvent. However, deposits with a nearly stoichiometric composition were achieved from
an electrolyte with an excess of the Te reagent, at a Sb-Te precursor ratio of 0.63, with
an applied potential slightly anodic of the onset of Sb deposition. Finally, Cicvaric re-
cently presented work on the electrodeposition of Sb,Tes from DCM.!? Depositions were
performed from a chloride based electrolyte containing 2mM [N"Bu,][SbCl,] and 3 mM

[N"Buyl,[TeClg]. The deposit composition displayed little variation with potential over
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the range studied, even at potentials more negative than the onset of Sb deposition. The
resulting films were smooth with cracks throughout the surface, and a pulsed potential
waveform was used to produce dense and compact deposits. The as deposited films were
amorphous at room temperature, and crystalline material was achieved by annealing.
Little dedicated work has been performed on the mechanism of Sb,Te; electrodepo-
sition, however it is possible to gain insight from the more general reports. Codeposition
of Sb and Te can be observed at potentials more positive than the onset of Sb deposition.
This is indicative of the presence of deposited Te inducing the deposition of Sb, an an-
odic potential shift driven by the gain in free energy as a result of alloy formation. Taking
AG? as —57.5k] mol™!,? gives an expected positive shift in the onset of Sb deposition of
|-57500/3F| = 200mV. Inspection of the standard potentials for the deposition of Sb and
Te gives AE = 350mV. This is greater than the AG? / amF limit, which has a value of 99 mV.
Where a is 2, the number of Sb atoms in Sb,Te;, and m is 3, the number of electrons re-
quired to deposit Sb.!3 Suggesting that Sb-Te is a Kroger Class 1 system.'® According to
Kroger, a Class 1 system requires the species which is more difficult to deposit to be in
excess in the electrolyte. Which in aqueous conditions corresponds to Sb. Compound
deposition is then possible in the potential range positive of the onset of Sb deposition.
In the theory of Kroger it is important to have an excess of Sb>* in the electrolyte, other-
wise the deposition of Te would dominate in the codeposition region. This would appear
to be in agreement with the experimental results described above, where Sb>* is typically
present in larger concentrations than Te** in the electrolyte. The deposition composition
is also approximately independent of potential in the codeposition region, except for po-
tentials close to the onset of Te deposition where Te is favoured, and potentials negative
of the onset of Sb deposition where Sb is favoured. Which is also in agreement with ex-
pectations. Conversely, in non-aqueous electrolytes the concentration of the Te reagent
is required to be present in larger concentrations than the Sb precursor to achieve Sb,Tes.
The redox potentials of Sb®* and Te** are less well studied in non-aqueous solvents, but
the experimental results would suggest that Sb-Te remains a Class 1 system where Te is

now more difficult to deposit.

5.2.2. Electrodeposition of Bismuth Telluride

The electrodeposition of bismuth telluride (Bi,Te3) films in aqueous conditions was first
achieved by Takahashi in 1993.! Since then there has been significant research into vari-
ous features of the plating process, including: the influence of reagent concentrations and

14-19 17,19-22

applied potential on the deposit composition, the mechanism of deposition,

the influence of pulsing the potential>>~2° and the effect of surfactant on morphology and
crystal orientation.?6-29

Typically in aqueous electrodeposition experiments, compounds of Bi and Te are
dissolved in concentrated nitric acid, such that the electroactive species in solution are

Bi*" and HTeO,". The overall reaction for the electrodeposition of bismuth telluride from



5.2. Introduction 115

acidic aqueous conditions is therefore:
2Bi** + 3HTeO," + 9H' + 18e” — Bi,Te; + 6 H,0

To achieve stoichiometric deposition of Bi,Tes, it has been reported that an excess
of HTeO,' over Bi®* in the electrolyte is required. Takahashi observed that at pH 1 onto a Ti
electrode, a concentration ratio of Bi/Te 1/1.4 was necessary for a deposit of stoichiomet-
ric compostion.!* Additionally, Liu deposited Bi,Te; at pH 0.1 onto a Pt substrate using
Bi/Te concentrations in the ratio 1/1.3.!® Conversely Magri reported that at pH 0 with a
stainless steel working electrode, increasing the Bi/Te ratio to 1/0.75 was required to de-
posit Bi,Te;.!® Michel et al. observed similar results to Magri under the same conditions.3°

The required concentration of Bi and Te species to deposit Bi,Te; is variable and it
appears necessary to consider the nature of the substrate when designing an electrolyte.
But typically a small excess of HTeO," over Bi*" in the electrolyte appears to be best for
stoichiometric Bi,Te; deposition (Bi/Te 1/1.2-1.4), and the results reported by Magri and
Michel seem to be unique to the stainless steel substrate. One reason for the difference
might be the lattice structure of steel, or perhaps a galvanic reaction between Te(IV) and
steel.

The relationship between applied potential and deposit composition appears to be
simpler. The Bi content of the deposit generally increases with decreasing potential. This

can be expected since the deposition potential of Bi is lower than Te:3!3?

Bi** + 3¢~ — Bi, E®=0.308V vs. SHE
HTeO, + 3H' + 4e” — Te + 2H,0, E® = 0.551 V vs. SHE

As the applied potential increases, so does the overpotential for Bi deposition and there-
fore an increase in the rate of Bi deposition is observed. This relationship has numerous
reports in the literature.!”3%3% However the actual increase in Bi content is quite low, for
example Martin-Gonzalez et al. reported 5% over 400 mV,!? so there does not appear to
be a strong relationship between composition and potential.

Whilst the overall reaction above appears simple, the mechanism, and theoretical
explanation is more complex. Martin-Gonzalez et al. reported that initially [HTeO,]" was
adsorbed on the surface of the Pt electrode and electrochemically reduced to Te’. Bi** in
solution then reacts with the deposited Te to form Bi,Tes, the driving force being the gain

in free energy as a result of compound formation (AG{ (Bi,Tes) = —16.56 k] mol~'):%*
3 Te(s) + 2 Bl(ga) +6e —= BizTeg(s)

in a similar fashion to Sb,Te; deposition above. Since the deposition potentials of the two

precursors are reasonably close together, Bi-Te is expected to be a Kroger Class 2 type sys-
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tem. When the activities (concentrations) of the two metal ions in solution are similar,
the relationship between current and potential is similar to that for a Class 1 system.!3
Since Te is depositing as a consequence of a chemical reaction, this additionally helps
to explain the observed relationship between composition and potential. It was also ob-
served that compound deposition began at potentials more anodic than that at which
either of the species deposit individually.!” This is a feature of Engelken’s "Pure Underpo-
tential Deposition’ (PUD) model, as described in Chapter 1, and of Kréger Class 2 systems
too. Indications of the Kroger mechanism and a positive shift in codeposition potential
can be observed in other publications, even if the works of Kréger and Engelken are not
addressed directly,!819.21,35,36

Non-aqueous electrodeposition of Bi,Te; films has received comparatively less re-
search, but deposition has been achieved from dimethylsulphoxide (DMSO0),3"38 ethy-
lene glycol (EG),® choline chloride-oxalic acid Deep Eutectic Solvent,*® and DCM.*! The

solvents are aprotic so the deposition reaction changes:
2Bi*" + 3Te** + 18e” — Bi,Te,

As in aqueous conditions, a slight excess of Te over Bi in the electrolyte appears to be
most appropriate for stoichiometric deposition of Bi,Te;. From a solution of Bi/Te 1/1.3,
Abellan deposited Bi,Te; of almost perfect stoichiometry onto FTO from DMSO0.3® Meng
observed similar results in DCM, depositing Bi,Te; onto TiN using an electrolyte compo-
sition Bi/Te 1/1.2.*! Bi content in the deposit was found to increase with decreasing Bi/Te
electrolyte ratio, as reported in aqueous solutions. This trend is also supported by the
work of Nguyen in EG.3?

The influence of deposition potential on deposit composition appears to be the
same as in aqueous conditions. Meng found little variation in composition with applied
potential over a wide deposition range (1.4V). Li in DMSO and Nguyen in EG both re-
ported a general increase in Bi content with increasing cathodic deposition potential.

The mechanism of deposition seems less clear in non-aqueous solvents, deposition
potentials can shift depending on the speciation in solution and are not always close to
each other. For example in DCM, voltammograms indicate the deposition potentials are
similar and a positive shift in the onset of codeposition can be observed, suggesting that
the PUD and induced codeposition mechanism is taking place. However in DMSO, from
the work of Li, the difference in deposition potential is less than 250 mV and no positive
shift in deposition potential can be observed. On the other hand, Abellan’s investigation
into DMSO showed AE = 300mV, but a slight anodic shift in deposition potential can be
observed. Factors such as the substrate might be having an influence in this situation.
It is likely that deposition in all the non-aqueous solvents occurs via some form of the
induced codeposition mechanism.

The objective in this Chapter is to attempt the electrodeposition of semiconductors
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from the candidate solvents oDCB and DCE to assess their capabilities for this applica-
tion. Antimony telluride and bismuth telluride are to be used as model systems. The
voltammetry of their precursors will be studied and the effect of potential on the compo-

sition and material properties of the deposit will be investigated.
5.3. Antimony telluride

5.3.1. Electrochemistry
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Figure 5.1: Voltammograms of a mixed 1 mM [N"Bu,][SbCl,] and 1 mM [N"Buy],[TeClg]
electrolyte with 100 mM [N"Bu,]Cl in oDCB and DCE. WE was swept from 0.2V vs. DMFc
at 50mVs~! in the direction indicated by the arrows. CE: Pt grid, RE: Ag/AgCl, WE: r =
0.25mm Pt disc. Black: scan 1, red: scan 2, blue: scan 3.

Fig. 5.1 shows voltammograms of a mixed [SbCl,]™ and [TeClg]*~ precursor elec-
trolyte at a Pt macrodisc in oDCB and DCE. Scanning negatively in oDCB, reduction be-
gins at ca. —1.2V vs. DMFc with a peak emerging at approximately —1.3V. As the scan
continues, a second peak emerges at —1.7V. On the reverse sweep a nucleation loop is
present, suggesting that the cathodic current is the electrodeposition of a Sb and Te code-
posit. A single stripping peak is then observed, along with a broad shoulder, suggesting
the stripping of crystalline and amorphous material. The first scan has relatively poor ox-
idation efficiency (o.e.) of 20%. On the second and third scans, the onset potential shifts
anodically to ca. -1V, further evidence of deposition taking place since reduction is eas-
ier when material is already nucleated on the electrode surface. The two reduction peaks
are also shifted slightly anodically, and more easily resolved.

For DCE, deposition begins at a slightly more positive potential of —0.9V. Only one
reduction peak is observed on the cathodic sweep; scanning further in the negative direc-

tion results in an increase in current, but it is indistinguishable from the eventual onset
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of electrolyte decomposition. The reduction is presumably associated with the codeposi-
tion of Sb and Te, as in oDCB. On the forward scan, a single sharp stripping peak occurs
with an o.e. of 28%, similar to but slightly higher than oDCB.
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Figure 5.2: Voltammograms of a mixed 1 mM [N"Bu,][SbCl,] and [N"Buyl,[TeClg] elec-
trolyte overlaid with voltammograms of 1 mM of the individual precursors, along with
100 mM [N"Bu,]Cl in oDCB and DCE. WE was swept from 0.2V vs. DMFc at 50mV s~ ! in
the direction indicated by the arrows. CE: Pt grid, RE: Ag/AgCl, WE: r = 0.25mm Pt disc.
Black: 1 mM [N"Bu,][SbCl,] and 1 mM [N"Bu,],[TeClg], red: 1 mM [N"Bu,][SbCl,], blue:
1 mM [N"Buyl,[TeClg].

Understanding of the electrochemical processes taking place in the mixed elec-
trolyte system, and the nature of the voltammetric peaks can be improved by overlaying
the voltammogram of the mixed electrolyte with those of the individual precursors, and
also by changing the concentration of the metal precursors in the mixed electrolyte. Fig.
5.2 shows a sweep in the cathodic direction for each metal precursor and also the com-
bined electrolyte, Fig. 5.3 shows the effect of varying concentration. In oDCB, the first
reduction peak in the mixed electrolyte has similar onset and peak potentials to that for
[SbCl,]” only. Furthermore, the height of the same peak increases significantly when the
concentration of [SbCl,]™ is increased in Fig. 5.3a, suggesting that this peak is associated
with the electrodeposition of Sb. The second peak in the mixed electrolyte approximately
coincides with the onset of Te deposition, indicating those peaks are associated with each
other. It therefore appears possible to conclude that as the potential is decreased in the
mixed electrolyte, Sb deposition begins which is then followed by Te deposition. However
the current density in the mixed electrolyte is greater than for either of the individual pre-
cursors, Sb>" and Te** depositing individually suggesting that the additional current is a

result of the formation of a mixed Sb/Te phase.
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Upon inspection of the overlays in DCE, it can be seen that the first reduction peak
agrees well with that for the deposition of Sb. No peak is observed for Te reduction and
this is reflected in the voltammetry of the mixed electrolyte. The current density is greater
however, suggesting the presence of co-deposition. The voltammetry does not appear
to change significantly when increasing the concentration of either precursor, the peak

current of the first reduction peak is slightly increased, as is the current at more negative

potentials.
052 - T T T T =
0.26 | .
: -
E 0.00
= /
-0.26 .
-0.52 £ . . . - 24 b . . . 1
21 -14 -07 00 18 -12  -06 00
Evs. DMFc* /v Evs. DMFc"* /v
(a) oDCB (b) DCE

Figure 5.3: Voltammograms of a mixed [N"Bu,][SbCl,] and [N"Bu,],[TeClg] electrolyte at
varying concentrations, along with 100 mM [N"Bu,]Cl in oDCB and DCE. WE was swept
from 0.2V vs. DMFc at 50mV s~ ! in the direction indicated by the arrows. CE: Pt grid, RE:
Ag/AgCl, WE: r = 0.25mm Pt disc. Black: 1 mM [N"Bu,][SbCl,] and 1 mM [N"Bu,],[TeClg],
red: 2mM [N"Buy][SbCl,] and 1 mM [N"Buyl,[TeClg], blue: 1mM [N"Bu,][SbCl,] and
2mM [N"Bu,],[TeClg].

5.3.2. Electrodeposition

Initial scoping experiments found that precursor concentrations of 1.5 mM
[N"Bu,][SbCl,] and 3 mM [N"Bu,],[TeClg] in oDCB, and 1.75 mM [N"Bu,][SbCl,] and 3
mM [N"Bu,],[TeClg] in DCE appeared to be the most promising for electrodeposition of
stoichiometric Sb,Te;. A Sb/Te ratio of 0.5 and 0.6 for oDCB and DCE respectively. As in
previous Chapters, it is necessary to perform voltammograms using the chosen substrate
to determine suitable potentials for depositions. Fig. 5.4 shows voltammograms ata r =
2 mm TiN substrate, clearly the appearance changes significantly from those collected at
a Pt WE. Deposits were collected potentiostatically at five potentials at 250 mV intervals
between —1.5 and —2.5V vs. DMFc from both oDCB and DCE, covering the majority of the
available deposition range. The WE was held at a potential where no reaction occurred,

before stepping to the relevant potential. Deposits were collected until a cutoff charge
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Figure 5.4: Voltammograms of a) 1.5 mM [N"Bu,][SbCl,] and 3 mM [N"Buyl,[TeClg], b)
1.75mM [N"Bu,] [SbCl,] and 3 mM [N"Bu,],[TeClg] with 100 mM [N"Bu,]Cl in oDCB and
DCE at a r = 2 mm TiN WE. WE was swept from 0.2V vs. DMFc at 50 mV s~ ! in the direc-
tion indicated by the arrows. CE: Pt grid, RE: Ag/AgCl. Black: scan 1, red: scan 2, blue:
scan 3.

corresponding to a 500 nm thick film was reached, or 1800 s passed, whichever came first.
This was to ensure enough material was grown for further analysis and also to ensure the
deposits were of approximately the same thickness. The deposition at each potential was
repeated three times to ensure reproducibility. Table 5.1 shows representative parameters
of the deposits collected. CR (as defined in Chapter 4), assuming the formation of Sb,Te;,
indicates the rate of material growth generally increases with decreasing potential, and

was also faster in DCE than oDCB, on account of its lower viscosity.

Solvent  Egep vs. DMFc/V  t/s —-Q/mC CR/mC cm~2 min~!
oDCB -1.5 1800 21 0.3
-1.75 1800 23 0.3
-2 1800 32 0.5
-2.25 1800 44 0.6
-2.5 1800 47 0.7
DCE -1.5 1800 63 0.9
-1.75 1800 87 1.3
-2 1800 94 14
-2.25 1679 113 1.8
-2.5 1645 113 1.8

Table 5.1: Representative deposition parameters of deposits collected from oDCB con-
taining 1.5mM [N"Bu,][SbCl,] and 3mM [N"Buy,l,[TeClg], and from DCE containing
1.75mM [N"Buy][SbCl,] and 3mM [N"Bu,],[TeClg] with 100 mM [N"Bu,JCl onto a r =
2mm TiN substrate at 25 °C.
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Figure 5.5: Sb content by EDX of electrodeposited antimony and tellurium at various po-
tentials on a TiN working electrode from oDCB and DCE with a bath composed of a)
1.5mM [N"Bu,][BiCl,] and 3mM [N"Bu,],[TeClg], b) 1.75mM [N"Bu,][BiCl,] and 3 mM
[N"Bu,l,[TeClg]. The horizontal line is the composition of a commercial Sb,Te; sample.
The composition was determined at three locations on the deposit and averaged and the
error corresponds to the standard deviation.

Fig. 5.5 shows the composition by EDX of antimony telluride codeposits collected
from oDCB and DCE. The composition was measured at three different locations on the
deposits and averaged, and the standard deviation taken as the error. The error bars are
small for all deposits collected from both solvents, demonstrating minimal spatial vari-
ation of the composition. The deposition at each potential was repeated three times,
and as can be seen there is little variation between repeats, showing that it is possible
to reproducibly deposit the composition measured at each potential. The Sb/Te ratio in
a commercial Sb,Te; sample was measured and used as a reference which is represented
by a horizontal line in the plots. The Sb/Te ratio generally decreases with potential. In
both solvents, at the most positive potentials, around 50-60% Sb is present in the deposit,
greater than the required 40% for Sb,Tes;. As the potential is lowered, so does the Sb con-
tent. At —2V in oDCB the composition is close to stoichiometric SbTe; and as the poten-
tial is decreased further, the composition becomes essentially independent of potential.
The same relationship is observed in DCE and the necessary ratio for Sb,Te; can then be
achieved at —2.25V and —2.5V. The averaged ratio of Sb and Te in the deposits at each
potential is given in Table 5.2.

Representative SEM images of deposits collected at each potential are shown in Fig.
5.6 for oDCB and 5.7 for DCE. At —1.5V from oDCB, the deposit appears homogeneous,
with pinholes. For the deposition at —1.75V the film also appears dense and uniform,
with cracks and pinholes. There are also some larger areas where no material is grown.

As the potential was decreased further to —2V, the morphology of the deposits changes.
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A thin compact layer of Sb and Te forms on the substrate and on top of that the deposit
clusters into spongy, porous islands. The morphology of the deposits at —2.25 and —2.5V
appears similar, with the clumps growing larger at the lower potential.

The appearance of the films deposited from DCE is similar to those obtained from
oDCB. At —1.5V, the material is compact and uniform, with regular cracks propagating
through the film. The deposits at —1.75V and beyond adopt a morphology similar to that
observed for the deposited collected at the most negative potentials from oDCB. A thin
layer of Sb and Te grows, above which loose clumps of material form. As the potential
decreases the clumps increase in size and eventually join to form a continuous porous
film.

The crystal structure of the deposits were investigated with XRD. Spectra for the
deposits collected at each potential are shown in Figs. 5.8 and 5.9 for oDCB and DCE
respectively, along with literature patterns for Sb,Te; and TiN. One peak associated with
Sb-Te diffraction can be observed at ca. 28°. According to the phase diagram of the Sb-
Te system, the stoichiometric Sb,Te; phase only exists in a narrow composition range
around 40% Sb.*? The deposits collected at —2 to —2.5V from both 0DCB and DCE were
successfully indexed as Sb,Tes;, with lattice parameters similar to those in the literature.
Values can be found in Table 5.2.

The phase diagram for Sb content > 40% is less well established.*® It has been found
experimentally that in the composition range 52 —59% Sb, an intermediate ySb-Te phase
forms.*? Then, between 41-52% Sb no defined phase is observed, but the Sb-Te structure
in the composition range 41 — 59% Sb arranges itself into units of Sb bilayers, and Sb,Te;
according to the general formula (Sb,),(Sb,Tes),, (n, m =1,2,3...), with n decreasing with
Sb content.** Based upon the composition information of the deposits collected here,
those at —1.5 and —1.75V from oDCB, and —1.5V from DCE would appear to adopt the
y phase where n = m = 2,* and —1.75V from DCE, a phase of the form (Sb,),(Sb,Tes),,
where n and m are not known. Since no definite phase is formed, there was no litera-
ture crystallographic data that the patterns could be indexed against, and so quantitative
analysis is not attempted for the deposits at these potentials.

When the Sb content is lowered below 40%, the additional Te forms a separate phase
of elemental Te. Although, the differences in phase do not appear to be manifested in
recorded XRD patterns. The peaks are in approximately the same position for all po-
tentials, and there are no significant differences in the resulting lattice parameters. This
may be because the low intensity peaks reduce the accuracy of the lattice parameter cal-
culations and so any changes are not detectable. Additionally, the limitations in accu-
racy of the elemental composition when determined by EDX means that those deposits
where Sb,Te; is apparently formed most likely include a small amount of elemental Te or

(Sb,),(Sb,Tes),,, as impurities.
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Solvent Dli\c/ll?cvl&v Composition® Phase a=b/A c/A ngséa/llg\te
oDCB -1.5 Sby sgTeq 40 YSb-Te 16.2(3)
-1.75 Sby.54Teg 46 YSb-Te 20.2(11)

—2 SbosTepss  SboTe;  4.23(6) 31.0(7)  16.3(3)

~2.25 SbosgTepsy  SboTe;  4.28(4) 31.1(3)  21.5(4)

—25 SbgseTeps,  SboTe;  4.23(6) 31.0(7)  21.3(6)

DCE -15 Sby sgTeq 4o YSb-Te 16.4(8)
~1.75 Sbg 45Teq 54 17.1(3)

—2 SbosTepss  SboTe;  4.24(6) 31.1(7)  17.8(2)

—2.25 SbosoTeoso  SboTe; 4.30(17) 30.5(15)  18.0(3)

—2.5 SbosoTeoso  SboTe;  4.334)  30.0(9) 60(3)
Lit. Sb,Tes?  4.26 30.5

Table 5.2: Phase identification and quantitative analysis of bismuth and tellurium elec-
trodeposited from oDCB and DCE indexed using grazing incidence XRD. Crystallite sizes
obtained using the Scherrer equation. “average of three repeats using EDX data. ?ICSD

2084.

The average crystallite size in the deposits, calculated using the peak at 28° and the

Scherrer equation, are shown in Table 5.2. The sizes are small, but similar to those re-

ported for Bi,Te; deposited from DCM.*! The size of the crystallite generally increases

slightly with decreasing deposition potential, possibly as a result of changes in the rate

of deposition. Based upon the shape of the peaks and the calculated crystallite sizes, the

deposits are likely amorphous or nanocrystalline.
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Figure 5.6: SEM images of the surface of antimony telluride electrodeposited onto TiN
from oDCB containing 1.5 mM [N"Bu,][SbCl,] and 3mM [N"Bu,l,[TeClg]. a) —1.5V, b)
-1.75V,c) -2V, d) -2.25V, e) —2.5V vs. DMFc. Scale bar represents 10 pm.
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Figure 5.7: SEM images of the surface of antimony telluride electrodeposited onto TiN
from DCE containing 1.75mM [N"Bu,][SbCl,] and 3 mM [N"Bu,],[TeCls]. a) —1.5V, b)
-1.75V,c) -2V, d) —-2.25V, e) —2.5V vs. DMFc. Scale bar represents 10 um.
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Figure 5.8: Grazing incidence XRD patterns of antimony telluride films electrodeposited
at various potentials onto TiN from a bath containing 1.5 mM [N"Bu,][BiCl,] and 3 mM
[N"Buyl,[TeClg] in oDCB. The literature diffraction peaks of Sb,Te; and TiN with their as-
sociated indices are shown in black and red respectively in the bottom panel. Literature
Sb,Tes: ICSD 2084, TiN: ICSD 152807.
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Figure 5.9: Grazing incidence XRD patterns of antimony telluride films electrodeposited
at various potentials onto TiN from a bath containing 1.75 mM [N"Bu,] [BiCl,] and 3 mM
[N"Buy,l,[TeClg] in DCE. The literature diffraction peaks of Sb,Te; and TiN with their as-
sociated indices are shown in black and red respectively in the bottom panel. Literature
Sb,Tes: ICSD 2084, TiN: ICSD 152807.
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5.4. Bismuth telluride

5.4.1. Electrochemistry
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Figure 5.10: Voltammograms of a mixed 1 mM [N"Bu,][BiCl,] and 1 mM [N"Buy],[TeClg]
electrolyte with 100 mM [N"Bu,]Cl in oDCB and DCE. WE was swept from 0V vs. DMFc
at 50mVs~! in the direction indicated by the arrows. CE: Pt grid, RE: Ag/AgCl, WE: r =
0.25mm Pt disc. Black: scan 1, red: scan 2, blue: scan 3.

The electrochemistry of the [BiCl,]” and [TeClG]Z_ was studied with a similar ap-
proach to that in 5.3.1 above. Fig. 5.10 shows voltammograms of a mixed [N"Bu,][BiCl,]
and [N"Buyl,[TeClg] electrolyte in oDCB and DCE at a Pt macroelectrode. Reduction be-
gins in oDCB at approximately —1V vs. DMFc with low levels of current before increasing
to a peak at —1.6 V. On the return scan, a nucleation loop can clearly be seen, before a
single oxidation peak occurs. The first scan has an oxidation efficiency of 43%. On the
second and third scans the onset of reduction shifts anodically to —0.8 V and another re-
duction peak appears at 0.9V. As the scan progresses a second peak emerges at —0.5V.
The anodic peak then does not changes significantly from the first scan. The presence of
a nucleation loop and, a positive shift in the onset of reduction with subsequent scans,
indicates the presence of the codeposition of Bi and Te.

Turning to DCE, the onset of reduction occurs at ca. —0.75V, more positive than
in oDCB. The remainder of the negative scan appears relatively featureless, similar to the
[SbCl,]” and [TeClG]Z_ above. The current increases rapidly as the potential decreases and
a small peak appears at —1.6V, which appears to be overlaid onto the start of solvent
breakdown. The reduction can be attributed to the electrodeposition of a Bi and Te code-
posit. On the positive scan a single stripping peak occurs, with a small shoulder, associ-
ated with the stripping of deposited Bi and Te. The oxidation efficiency of the first scan
was 48%, slightly lower than from oDCB. On subsequent scans the first reduction peak
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becomes more pronounced, increasing in height and shifting positively. Indicating that
some material is nucleated on the electrode surface. The stripping peaks also increase in

height, suggesting a larger amount of material was deposited on the surface.
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Figure 5.11: Voltammograms of a mixed 1 mM [N"Bu,][BiCl,] and [N"Bu,],[TeClg] elec-
trolyte overlaid with voltammograms of 1 mM of the individual precursors, along with
100 mM [N"Bu,]Cl in oDCB and DCE. WE was swept from 0.2V vs. DMFc at 50 mV s~ ! in
the direction indicated by the arrows. CE: Pt grid, RE: Ag/AgCl, WE: r = 0.25mm Pt disc.
Black: 1 mM [N"Bu,][BiCl,] and 1 mM [N"Bu,l,[TeClg], red: 1 mM [N"Bu,][BiCl,], blue:
1 mM [N"Buy],[TeClg].

As in 5.3.1, overlaying the voltammogram of the mixed electrolyte with the voltam-
mograms of the individual precursors can give insight into the processes taking place
when both metal precursors are in solution. These are shown for oDCB and DCE in Fig.
5.11. The effect of increasing the concentration of each precursor is then given in Fig. 5.12.
Reduction current can be observed in the mixed electrolyte before the onset of deposition
of either metal, this is most likely evidence of Bi and Te codeposition. The first peak of the
mixed electrolyte in oDCB appears to correspond to the reduction of Sb, however it also
increases significantly in height when the concentration of [TeClg]* is raised. This is also
the case, by a lesser degree, when the concentration of [BiCl,]™ is increased, suggesting
that the peak in the mixed electrolyte is associated with the reduction of both Bi** and
Te**. When the concentration of [BiCl,]™ is increased, a second reduction peak emerges
and the voltammogram now appears as the second scan when 1 mM of precursor is used.

With regards to DCE, the initial reduction step in Bi deposition matches well with
the first cathodic peak of the mixed electrolyte at —0.8 V. Increasing the concentration
of [BiCl,]™ in Fig. 5.12b causes a significant increase in the peak height and furthermore,
12

its shape is independent of the concentration of [TeClg]“". Therefore, this peak can be

attributed to the deposition of Bi. The are no peaks in the [TeClG]Z_ voltammogram which
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also appear in the voltammetry of the mixed electrolyte. However, the current density at
potentials more negative than the Bi deposition peak is larger than that for Bi deposition
alone, suggesting the presence of Te** reduction also. The current also increases upon the
addition of [N"Buy],[TeClg], suggesting both Bi and Te deposition is taking place at these

potentials.
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Figure 5.12: Voltammograms of a mixed [N"Bu,][BiCl,] and [N"Bu,],[TeClg] electrolyte at
varying concentrations, along with 100 mM [N"Bu,]Cl in oDCB and DCE. WE was swept
from 0.2V vs. DMFc at 50 mV s~ ! in the direction indicated by the arrows. CE: Pt grid, RE:
Ag/AgCl, WE: r = 0.25mm Pt disc. Black: 1 mM [N"Bu,][BiCl,] and 1 mM [N"Buy],[TeClg],
red: 2 mM [N"Bu,][BiCl,] and 1 mM [N"Bu,],[TeClg], blue: 1 mM [N"Bu,][BiCl,] and 2 mM
[N"Buyl,[TeClg].

5.4.2. Electrodeposition

Electrodeposition was performed with TiN substrates using the same method as for anti-
mony telluride above. Initial experiments in oDCB with a bath containing 2.5 mM
[N"Bu,] [BiCl,] and 3 mM [N"Buyl,[TeClg], the same as required in DCM to deposit stoi-
chiometric Bi,Tes,*! gave compositions of the range 45-51% Bi and so the [N"Bu,][BiCl,]
concentration was lowered to 2 mM. In DCE, 2.5 mM [N"Bu,][BiCl,] and 3 mM
[N"Bu,],[TeClg] was found to be a satisfactory concentration. Fig. 5.13 shows a voltam-
mograms of 2 mM [N"Bu,][BiCl,] and 3 mM [N"Bu,],[TeClg] in oDCB, and 2.5 mM
[N"Bu,] [BiCl,] and 3 mM [N"Buy],[TeClg] in DCE at a r = 2 mm TiN WE. Once again, the
effect of iR drop and the changing electrode material on the voltammetry is significant,
and emphasises the importance of choosing deposition potentials from voltammograms
at the deposition substrate. Deposits were collected at -1.5, -1.75, -2, -2.25 and —2.5V vs.
DMFc, covering the available deposition range from onset to solvent breakdown. Table

5.3 shows representative parameters of the collected deposits.



5.4. Bismuth telluride 131

0.50

e
)
Ul
T
1

-0.25 .
-050 [ 1 1 1 L] 1 1 1 1
-3 -2 -1 0 1 -3.0 -1.5 0.0 1.5
Evs. DMFc"* /v Evs. DMFc* /v
(a) oDCB (b) DCE
Figure 5.13: Voltammograms of a mixed a) 2mM [N"Bu,[BiCl,] and 3mM

[N"Buyl,[TeClg], b) 2.5mM [N"Bu,[BiCl,] and 3mM [N"Bu,],[TeCl;] with 100 mM
[N"Bu,]Clin oDCB and DCE at a r = 2 mm TiN WE. WE was swept from 0.2V vs. DMFc at
50mV s~! in the direction indicated by the arrows. CE: Pt grid, RE: Ag/AgCl. Black: scan
1, red: scan 2, blue: scan 3.

CR generally increases with decreasing potential, and with DCE as a solvent instead
of oDCB, as observed previously. However, it is also higher for bismuth telluride depo-
sition than for antimony telluride deposition. The concentration of [N"Bu,][BiCl,] was
higher than [N"Bu,] [SbCl,], with the same concentration of [N"Buy],[TeClg], which is the
likely reason for this effect. Although, a faster rate of Bi deposition than Sb could also

influence the rate of material growth.

Solvent Euvs.DMFc/V t/s —-Q/mC CR/mCcm 2 min™!
oDCB -1.5 1800 39 0.6
-1.75 1800 48 0.7
-2 1800 52 0.8
—-2.25 1800 55 0.8
-2.5 1800 55 0.8
DCE -1.5 1671 105 1.7
—1.75 983 105 2.8
-2 711 105 3.9
—-2.25 492 105 5.7
-2.5 408 105 6.8

Table 5.3: Representative deposition parameters of deposits collected from oDCB con-
taining 2 mM [N"Bu,] [BiCl,] and 3 mM [N"Buy],[TeClg], and from DCE containing 2.5 mM
[N"Buy] [BiCl,] and 3 mM [N"Bu,],[TeCls] with 100 mM [N"Bu,]Cl onto a r = 2mm TiN
substrate at 25 °C.
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Figure 5.14: Bi content by EDX of electrodeposited bismuth and tellurium at vari-
ous potentials on a TiN working electrode from oDCB with a bath composed of 2 mM
[N"Bu,] [BiCl,] and 3 mM [N"Bu,],[TeClg], and from DCE with a bath composed of 2.5 mM
[N"Bu,] [BiCl,] and 3mM [N"Buyl,[TeClg]. The horizontal line is the composition of a
commercial Bi,Te; sample. The composition was determined at three locations on the
deposit and averaged and the error corresponds to the standard deviation.

Fig. 5.14 shows the composition by EDX of bismuth and tellurium films electrode-
posited from oDCB and DCE. The horizontal line is the composition of a commercial
Bi, Te, reference sample, corresponding to 38% Bi. There is a small standard deviation for
each deposit, indicating minimal spatial variation and the repeats are in good agreement
with one another demonstrating reproducibility. Variation in Bi content with potential is
minimal for the deposits collected from oDCB, and at potentials lower than —1.75V the
composition is essentially independent of potential. Furthermore, the composition of the
reference sample and the electrodeposits at these potentials closely match, indicating the
deposits have the correct ratio of Bi and Te for stoichiometric Bi,Tes. Interestingly, unlike
DCM or oDCB there appears to be a relationship between composition and potential in
DCE. Lowering the applied potential causes decreases in the Bi content in the deposit.
This may be related to the limiting factor for Te deposition; if Te deposition is kinetically
limited, as suggested by its voltammetry, then decreasing the potential may result in an
increased rate of deposition. Nevertheless, it appears possible to achieve the composition
for stoichiometric Bi,Tes in the potential range —1.75 to —2V vs. DMFc. The averaged ra-
tio of Bi and Te in the deposits at each potential is given in Table 5.4.

Figs. 5.15 and 5.16 show representative SEM images of the electrodeposited bismuth
telluride films from oDCB and DCE respectively. At —1.5V in oDCB, the film is homoge-
neous and composed of round particles of material. As the potential is lowered to —1.75V

the particles appear to coalesce into a uniform compact layer, with many cracks running
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through the film. As the applied potential is decreased further to —2V, more porous ma-
terial begins to grow on top of the compact layer. This continues at more negative poten-
tials, until the entire deposited film appears spongy and porous. The morphology of these
deposits is similar in appearance to those reported from DCM.*!

The morphology of the deposits collected from DCE display similar features to those
in oDCB, along with a similar relationship with potential. At —1.5V, a smooth and homo-
geneous, cracked film forms. As the applied potential decreases a porous layer forms, with
increasing coverage with decreasing potential. At the most negative potential, —2.5V, the
film then appears to become more compact.

XRD was used to probe the crystal structure of the bismuth telluride deposits. Figs.
5.17 and 5.18 show XRD patterns of the deposits collected at each potential from oDCB
and DCE respectively. Also shown are the literature spectra for stoichiometric Bi,Te; and
the TiN substrate. A peak in the patterns is observed at ca. 28°, which corresponds to the
diffraction of the bismuth telluride deposit. Similar to the Sb-Te system, stoichiometric
Bi,Te; forms only at 40% Bi content in the material. Therefore, only the deposits where the
Bi/Te ratio is close to 0.67 can be considered to have formed Bi,Te;. This corresponds to
the deposits collected at —1.75, —2, —2.25 and —2.5V from oDCB, and —1.75V from DCE.
These patterns were successfully indexed as Bi,Te; and the calculated lattice parameters

show agreement with the literature values.

Solvent D}f\(/i[%)cvl&v Composition® Phase a=b/A c¢/A ngs;a/llg[e
oDCB ~15 BigsTepss  BijTes 4.35(14) 52.2(13)  27.3(3)
~1.75 Bigy Tepsy  BiTes 4.31(6) 31.1(11)  41(3)
—2 BigseTeps,  BiTes 4.42(10) 29.6(13)  15.9(8)
—2.25 BigsTeosy  Bi,Tes 4.31(8) 29.3(4)  15.8(5)
—2.5 BigsgTeps;  BiyTes  4.40(5) 30.4(10)  21.9(14)
DCE ~1.5 BigsTepss  BijTes  4.35(2)  55.4(1)  42.1(11)
~1.75 BigsoTegs,  Bi,Tes  4.25(4)  31.3(7)  25.6(15)
—2 BigscTepes  BiyTes  4.43(4)  30.3(6)  26.5(6)
—2.25 Bips Tegso  BiyTes  4.37(6) 31.2(15)  19.4(4)
—2.5 Biy, Tegs  Bi,Tes 4.31(11) 31.2(5)  16.4(3)
Lit. Bi,Te”?  4.41 54.3

Bi, Te;¢ 4.40 30.4

Table 5.4: Phase identification and quantitative analysis of bismuth and tellurium elec-
trodeposited from oDCB and DCE indexed using grazing incidence XRD. Crystallite sizes
obtained using the Scherrer equation. “average of three repeats using EDX data. ” ICDD
00-022-0115. “ICSD 74348.

Inspection of the Bi-Te binary phase diagram reveals that when the Bi content is
greater than 40%, Bi,Te; is no longer formed. Instead, similar to Sb and Te above, the
Bi-Te system forms a homologous series of the general form (Bi,),(Bi,Te3),, where the

structure involves stacking of units of Bi, and Bi,Te, in various ratios.*> Of the structures
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that are known to form, the phase with the composition which most closely matches that
measured for —1.5Vin oDCB, and DCE is Bi,Te; corresponding to (Bi,) (Bi,Te3); with 44%
Bi.*6 It might therefore be expected that the deposits collected at —1.5V take the form of
Bi,Tes. The deposits were indexed against this phase and the calculated lattice parameters
are given in Table 5.4. As with the Sb-Te system above, any additional Te in the material
above 60% Te, takes the form of elemental Te.*® This is presumably the case for the de-
posits with an applied potential of —2, —2.25 and —2.5V in DCE. Although, no significant
differences are observed in the diffraction patterns.

The average crystallite size of the deposits was estimated using the Scherrer equa-
tion for the peak at 28°, with the results given in Table 5.4. In 0DCB, the crystallites are
on the order of nanometres and are generally largest at positive potentials when the Bi
content is highest. No trend is observed as the potential decreases further. For the de-
posits collected from DCE, the crystallites are largest at the most positive potentials, then

generally decrease with potential.
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Figure 5.15: SEM images of the surface of bismuth telluride electrodeposited onto TiN
from oDCB containing 2mM [N"Bu,][BiCl,] and 3mM [N"Bu,l,[TeClg]. a) —1.5V, b)
-1.75V,c) -2V, d) —-2.25V, e) —2.5V vs. DMFc. Scale bar represents 10 pum.
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Figure 5.16: SEM images of the surface of Bi,Te electrodeposited onto TiN from DCE con-
taining 2.5 mM [N"Bu,][BiCl,] and 3 mM [N"Bu,],[TeClg]. a) 1.5V, b) —1.75V, ¢) -2V, d)
—2.25V, e) —2.5V vs. DMFc. Scale bar represents 10 um.
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Figure 5.17: Grazing incidence XRD patterns of bismuth telluride films electrodeposited
at various potentials onto TiN from a bath containing 2mM [N"Bu,][BiCl,] and 3 mM
[N"Bu,l,[TeClg] in oDCB. The literature diffraction patterns of Bi,Te; and TiN with their
associated indices are shown in black and red respectively in the bottom panel. Bi,Te;:

ICSD 74348, TiN: ICSD 152807.
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Figure 5.18: Grazing incidence XRD patterns of bismuth telluride films electrodeposited
at various potentials onto TiN from a bath containing 2.5 mM [N"Bu,][BiCl,] and 3 mM
[N"Buyl,[TeClg] in DCE. The expected diffraction peaks of Bi,Te; and TiN with their asso-
ciated indices are shown in black and red respectively in the bottom panel. Bi,Te;: ICSD
74348, TiN: ICSD 152807.
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Figure 5.19: Voltammogram of 0.5 mM [N"Bu,] [BiCl,], 0.5 mM [N"Bu,],[TeCls] and 50 mM
[N"Bu,]Cl in scDFM at 86 °C and 17 MPa. Working electrode was swept from 0 V at 50 mV
s~! in the direction indicated by the arrows. CE: Pt grid, RE: Pt disc, WE: r = 0.25mm Pt
disc.

Fig. 5.19 shows voltammograms of 0.5 mM [N"Bu,][BiCl,] and 0.5 mM
[N"Bu,l,[TeClg] in scDFM. Works by Bartlett et al. indicate that the solubility of
[IN"Buy],[TeClg] in scDFM is approximately 1.7 mM,*” necessitating lower concentrations
than those used previously. Two cathodic regions can be observed: C1 and C2. Reversing
the potential before the current plateau at ca. —1V shows C1 corresponds to deposition of
Te only, since Te has the more positive redox potential. This was also verified by collecting
a deposit at —0.4V, shown in Fig. 5.20. The increase in current at ca. —0.5V can be at-
tributed to the onset of Bi deposition. Mass transport limited codeposition, can therefore
be expected from the current plateau at ca. —0.7V, C2.

Bi generally strips at more negative potentials, therefore, the peak at Al can be at-
tributed to the dissolution of Bi

Bi,Te, — xBi** + yTe + 3xe”

and so A2 corresponds to the stripping of Te.

Comparison of Fig. 5.19 with voltammetry of a mixed Bi and Te electrolyte in DCM,
show that the electrochemical behaviour changes in scDFM.*! Firstly, at ambient tem-
peratures the deposit composition is generally independent of potential, however as evi-
denced by Fig. 5.20 this is not the case under supercritical conditions where Te only can
be deposited at the most positive potentials. It can also be seen that mass transport lim-

ited codeposition is possible in scDFM, unlike DCM, as a result of the lower viscosity in
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Figure 5.20: Deposit collected at —0.4V vs. Pt for 1000s onto a r = 0.25mm disc from
scDFM at 86 °C and 17 MPa from a mixed bismuth and tellurium electrolyte. Scale bar
indicates 10 pum.

scfs. In scDMF Bi and Te appear to strip individually, unlike DCM where a single broad
stripping peak is observed. This could be because the individual metals are not resolved,
or it could indicate that the codeposit exists at ambient conditions as Bi,Te; and strips as
such, whereas in scDFM the codeposit exists as Bi and Te in separate phases.

From the work of Meng et al., the electrodeposition of Bi,Te; from DCM is well char-
acterised.*! It is therefore insightful to replicate the same deposition conditions in scDFM
to understand any changes in the behaviour of the [BiCl,]/ [TeClg]*~ system upon enter-
ing the supercritical phase. In their work electrolyte ratios of Bi:Te 1:1, 1:1.2 and 1:1.5 were
investigated and the same is used here. Deposits were collected at —1.5V vs. Pt where
both the Bi and Te precursors are expected to deposit under mass transport control. The

composition information can be found in Table 5.5.

Electrolyte Deposit
c(Bi®Y)  c(Te*) Bt At o Average Te DCM Te content?
'mM  / mM Bi”"/Te Bi/Te /% /%
1 1 1/1 1/0.8 45 40-50
1 1.2 1/1.2 1/1.0 50 60
1 1.5 1/1.5 1/1.1 53 70

Table 5.5: Comparison of Bi and Te composition in codeposits collected from scDFM
and DCM. ¢ DCM deposit data obtained by Meng et al. from Ref. [41], collected using
a TiN substrate from electrolytes of 3mM and 3 mM, 2.5 mM and 3 mM, 2 mM and 3 mM
[N"Bu,] [BiCl,] and [N"Bu,],[TeClg] respectively.

As can be seen, the deposition behaviour in scDFM is significantly different to DCM
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and it is not possible to deposit Bi,Te; in scDFM with the 1/1.2 Bi/Te ratio necessary in
DCM. It is possible the difference in total concentration is the cause, however based on
the differences in voltammetry observed above, it is probably that a change in the nature

of the precursors in solution is the cause.

Figure 5.21: SEM image of deposit collected on a Pt substrate at —1.5V for 1000 s from
scDFM at 85°C and 17 MPa. With an electrolyte containing 1 mM [N"Bu,] [BiCl,], 1 mM
[N"Buyl,[TeClg]. Scale bar indicates 10 um.

Fig. 5.21 shows an SEM image of a typical deposit collected from scDFM. As can be
seen, inhomogeneous deposits are formed from scDFM, unlike the uniform morphology
observed in deposits from DCM. As shown in Table 5.6, this also results in local composi-
tion variation, from an area approx. 6 x 1073 mm?, five different regions with five different
ratios of Bi and Te can be observed. This would suggest that there are multiple phases
present in the deposit.

Number (Fig. 5.21) Bi/Te Te content/ %

1 1/0.85 46
2 1/0.71 42
3 1/0.85 46
4 1/0.61 38
5 1/1.42 59
6 1/0.49 33

Table 5.6: Bi and Te deposit composition at locations in Fig. 5.21. Composition informa-
tion obtained by EDX.

Fig. 5.22 shows a representative XRD spectrum of a deposit collected from scDFM
along with literature standard spectra of Bi, Te and Bi,Te;. Typically, X-ray diffraction
(XRD) can be used to study the phase composition of materials. However, since Bi, Te

and Bi,Te; all have their primary diffraction peaks at similar angles, it is not possible to
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Figure 5.22: Representative XRD spectrum of a Bi and Te codeposit from scDFM along
with literature standards of Bi, Te and Bi,Tes. Literature spectra obtained from ICSD col-
lection codes 64703, 65692, 74348 for Bi, Te and Bi,Te; respectively. Substrate peaks ex-
pected at 40° and 46°.

understand whether the deposits collected from oDCB are composed of Bi,Tes, elemental
Bi and Te individually, or a mixture of phases.

There are also reasons to be uncertain with the bismuth telluride composition, the
codeposit is unlikely to be stable at open circuit. Te*" is capable of reacting with deposited
Te:

Te** + Te,) — 2Te*

and Te"* can also react with deposited Bi in a comproportionation reaction, driven by the

difference in deposition potential:
. 3 3+ 9
B12Te3(s) + E Te4+ — 2 Bl * + E Te(s)

Since the Te reacting with itself would lower the Te content in the deposit, and the com-
proportionation reaction would increase it, it is possible the two effects could counteract
each other. To overcome this problem, where possible, the cell was vented as soon as
possible after the deposit was collected to minimise the time spent in contact with the

electrolyte.
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5.5.1. Application of the Kroger method

As evidenced from the work above, compound deposition does not begin immediately
after the onset of cathodic activity. This does not agree with reports from the literature
(Section 5.2.2), suggesting that deposition is no longer taking place via the Kroger Class
2 mechanism. Instead, it appears that in scDFM the Bi and Te system now is a Kroger
Class 1 system. It is possible that the deposition potential of either metal has shifted,
Bi cathodically or Te anodically, such that they no longer deposit at similar potentials,
causing a change in deposition mechanism and so different electrolyte conditions are
required for controlled deposition.

The Class 1 system of Kroger differs from Class 2 in that codeposition only takes
place at a potential range which is between the deposition potential of either species in-
dividually. Although, as with Class 2, deposition of the more easily deposited species in-
duces deposition of the other component.

To observe the Class 1 mechanism of deposition and assert control over the com-
position of a bismuth telluride deposit, it is necessary to use a bath containing a large
concentration of [N"Bu,]BiCl, and a low concentration of [N"Bu,],TeCls. The effect of
this is to reduce the concentration of Te relative to Bi®* at the interface, lowering the rate
of Te** deposition to the time-scale of the Bi reaction with Te. Since the deposition of
Te is rate limiting, the composition of the deposit and the rate of deposition should be

dependent on the concentration of Te** only.
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Figure 5.23: Voltammogram of 1.9 mM [N"Bu,][BiCl,], 0.3 mM [N"Bu,],[TeCls] and 50
mM [N"Bu,]Cl in scDFM at 85 °C and 17 MPa. Working electrode was swept from 0 V at 50
mV s~! in the direction indicated by the arrows. CE: Pt grid, RE: Pt disc, WE: r = 0.25mm
Pt disc. Inset is the cathodic scan in the range 0V to —0.5V.

The Class 1 model predicts three stages to the cathodic region with decreasing po-

tential. Firstly at the most positive potentials, only the less noble species deposits. This
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is then followed by a current plateau caused by Te reaching mass transport limited de-
position. At this stage induced codeposition begins and is where strict composition con-
trol can be achieved, Bi content gradually increasing with decreasing potential. Meaning
that, in principle, at a certain potential a compound of the desired stoichiometry can be
deposited. The third stage begins at potentials more cathodic than the onset of Bi de-
position, now Bi begins to deposit as a separate phase and control over composition is
lost.

With the previous discussion in mind, experiments were performed with an elec-
trolyte containing 1.9 mM [N"Bu,] [BiCl,] and 0.3 mM [N"Bu,],[TeClg], a Bi**/Te*" elec-
trolyte ratio of 6.3/1. As predicted, three cathodic regions can be observed. C1, which
can be attributed to the deposition of Te. Reversing the potential at —0.3V (Fig. 5.24a) in
the C1 region, shows that the onset of deposition is at —0.01V, similar to what was ob-
served for Te above. Furthermore, the charge of the stripping peak is approximately half

the charge passed during deposition, another feature of Te** electrochemistry.*’
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Figure 5.24: Voltammograms of 1.9 mM [N"Bu,][BiCl,], 0.3 mM [N"Bu,],[TeClg] and 50
mM [N"Bu,]Cl in scDFM at 85 °C and 17 MPa. Working electrode was swept from 0V at 50
mV s~ ! in the direction indicated by the arrows. CE: Pt grid, RE: r = 0.25mm Pt disc, WE:
r=0.25mm.

The C2 region might therefore be expected to be the potential range where con-
trolled codeposition of Bi and Te is possible. Upon extension of the reversing potential
into the C2 region at —0.4V in Fig. 5.24b, a small positive increase in current appears on
the anodic sweep, labelled Al. This is possibly associated with the stripping of a bismuth
telluride codeposit. On the anodic sweep only one bulk stripping peak is observed, Al,
unlike a peak for each element as shown above.

Fig. 5.25 shows a deposit collected from an electrolyte containing 1.9 mM
[N"Buy] [BiCl,] and 0.3 mM [N"Buyl,[TeClg] at —0.43V, the cathodic end of the C2 region
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Figure 5.25: SEM image of a deposit collected at —0.43 V vs. Pt for 600s onto a r = 0.5mm
Pt disc from scDFM at 86 °C and 17.5MPa. Containing 1.9 mM [N"Bu,][BiCl,], 0.3 mM
[N"Buyl,[TeClg] and 50 mM [N"Bu,]Cl. Scale bar indicates 10 um.

of Fig. 5.23. The morphology indicates an initial compact layer of deposit followed by
crystallites 1-5um in size grown on top. The average Te content is 85%, too high for the
formation of stoichiometric Bi,Tes.

The Bi/Te electrolyte ratio was increased to 16/1, using 4 mM [N"Bu,][BiCl,] and
0.25 mM [N"Buy],[TeClg], with the electrochemistry remaining unchanged from Fig. 5.23.
A deposit was collected from the electrolyte at —0.45V, at a similar position to Fig. 5.25,
the cathodic end of the C2 region. The morphology of the deposit appears the same as
Fig. 5.25. The average Te composition was 76%, a controlled decrease from the deposit at
a lower Bi/Te electrolyte ratio. But it is still not possible to deposit stoichiometric Bi,Tes.

It can be seen that increasing the Bi/Te ratio does increase the amount of Bi in the
deposit, therefore achieving the correct composition appears to be a matter of finding the
appropriate electrolyte ratio. However, then solubility must also be considered. Although
it is possible to increase the density and consequently solubility by increasing the oper-
ating pressure. The Kroger approach also requires fine control over the potential, some-
thing which is not possible with a Pt pseudo RE. It is possible the applied potential drifts
out of the potential window suitable for codeposition over the course of the experiment.
It is also possible that thermal convection is causing uneven transport of the precursor
complexes to the electrode surface.



146 5. Electrodeposition of Antimony Telluride and Bismuth Telluride

Figure 5.26: SEM image of a deposit collected at —0.45V vs. Pt for 600 s onto a r = 0.5mm
Pt disc from scDFM at 85°C and 17.5MPa. Containing 1.9 mM [N"Bu,][BiCl,], 0.3 mM
[N"Buy],[TeClg] and 50 mM [N"Bu,]Cl. Scale bar indicates 10 pum.

5.6. Conclusions

This Chapter detailed investigations into the electrodeposition of Sb,Te; from oDCB and
DCE, and of Bi,Te; from oDCB, DCE and scDFM. The purpose was to further characterise
the solvents oDCB and DCE, exploring the feasibility of semiconductor electrodeposition
from oDCB and DCE, and also to investigate the possibility of Bi,Te; nanowire deposi-
tion from scDFM. Sb,Te; and Bi,Te; were used as benchmark materials due their previous
demonstration as robust systems in both aqueous and non-aqueous solvents, including
DCM.

Stoichiometric Sb,Te; was successfully deposited onto TiN from both oDCB and
DCE and characterised by EDX, SEM and XRD. In oDCB, an electrolyte composed of 1.5
mM [N"Bu,] [BiCl,] and 3 mM [N"Bu,],[TeClg] was found to be necessary, whereas in DCE
a bath of 1.75mM [N"Bu,][BiCl,] and 3 mM [N"Buy],[TeClg] was required. Sb/Te elec-
trolyte ratios of 0.5 and 0.6 for oDCB and DCE respectively. Deposits were collected at
five potentials between —1.5 and 2.5V vs. DMFc. Sb was in excess in the deposits col-
lected —1.5V and —1.75V from both oDCB and DCE. As the potential was lowered, the Sb
content in the deposits decreased to that corresponding to Sb,Te;, and the composition
became independent of potential. XRD indicated that the deposits were amorphous or
partially crystalline.

For Bi,Tes, stoichiometric, crystalline Bi,Te; was electrodeposited from oDCB and
DCE, also within the potential range —1.5 to —2.5 V. In oDCB, a bath of 2 mM [N"Bu,] [BiCl,]
and 3 mM [N"Bu,],[TeClg] was required for deposition of Bi, Te;. The composition was un-
affected by the applied potential, except at —1.5V where Bi was in excess. In DCE, 2.5 mM
[N"Bu,] [BiCl,] and 3 mM [N"Bu,],[TeClg] was required for the electrodeposition of Bi, Tes.
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This corresponds to an electrolyte Bi/Te ratio of 0.67 and 0.83 for oDCB and DCE respec-
tively, and a linear relationship between composition and potential was found. With the
deposited Bi/Te ratio decreasing with potential. Attempts at deposition of Bi,Te; from
scDFM were unsuccessful, it was not possible to achieve deposits of a suitable composi-
tion. This was attributed to convection affecting mass transport behaviour, poor control
over the reference potential, and possibly a change in the electrochemistry of the precur-
sors also.

It is now possible to assess the mechanism of Sb,Te; and Bi,Te; deposition from
oDCB and DCE, and how this compares with other studied solvents. As with other non-
aqueous solvents, including DCM, Te is now the more noble metal with a more negative
onset of deposition than Sb and Bi. However, codeposition of Te with Sb and Bi still ap-
pears to be possible at potentials more positive than the onset of Te deposition only. In-
dicating that the induced deposition of Te by Sb or Bi is occurring in the studied solvents.
Similar relationships with potential are also observed in the different systems, where com-
position was broadly independent of potential. These behaviours both point to the Kroger
mechanism of induced deposition being present in oDCB and DCE also. The exception to
this rule appears to be Bi-Te in DCE, where a linear decrease in Bi content is observed with
potential. One possible reason for this is that the deposition of both metals is not limited
by diffusion. Voltammetry of Te** in Chapter 4 suggested it was kinetically limited. The
ratio of Sb and Bi to Te in stoichiometric Sb,Te; and Bi,Tes is 0.67. The precursor ratio in
the electrolyte was Sb/Te: 0.5 and 0.58 for oDCB and DCE respectively, and Bi/Te: 0.67
and 0.83 for oDCB and DCE respectively. It appears therefore that an excess of the Te
precursor, greater than 0.67, is required to deposit Sb,Tes, suggesting that this remains a
Kroger Class 1 system, similar to other non-aqueous electrolytes. For Bi,Te; on the other
hand, less Te precursor is required in the electrolyte than the compound. This is the same
as previous work in DCM and other solvents, and indicates that the Bi-Te system remains
Class 2 in oDCB and DCE.

These results represent further characterisation of the WCS, and by electrodeposi-
tion of Sb,Te; and Bi,Te;, demonstrate the solvent’s suitability for further application to
the electrodeposition of semiconductors, and also electrodeposition at elevated temper-

atures.
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6

The Effect of Temperature

6.1. Overview

In this Chapter the effect of temperature on electrochemistry in the weakly coordinating
solvents oDCB and DCE is reported. DMFc and CcPFg are once again used as model re-
dox species and the relationship between redox potential and diffusion coefficient, and
temperature is investigated. The solvents are also used to electrodeposit antimony and
antimony telluride at various temperatures, with the collected deposits characterised us-
ing SEM, XRD and Raman spectroscopy. The obtained information is then used to deduce

the role of temperature in determining the properties of the deposited material.
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6.2. Introduction

One of the stated aims of this project was to use the identified weakly coordinating sol-
vents for electrodeposition at elevated temperatures. This was because of the expected
improvements in crystallinity and material properties that could be achieved, relative to
depositions at room temperature. Previous Chapters have detailed characterisation of the
solvents at increasing levels of complexity and it has now been successfully demonstrated
that the two candidate solvents: o-dichlorobenzene and 1,2-dichloroethane, are capable
of electrodepositing p-block semiconductors. The work also revealed that Sb and Sb,Te;
appear to deposit in an amorphous form at room temperature. These two materials are
therefore good candidates to investigate deposition at higher temperatures since a visi-
ble change in their material properties might be expected to be observed with increasing
temperature.

In a conventional electrochemical cell, the RE is located in the same compartment
as the WE and the CE. However, the reference potential of a particular RE is temperature
dependent, so if a cell were heated to study the effect of temperature, the RE is also heated
and no longer provides a stable reference potential. It would therefore be impossible to
disentangle any changes in redox potential of a couple under investigation from that of
the RE. A solution is to store the RE in a separate compartment, which is not heated, in a
cell design known as a 'non-isothermal’ cell.! With a non-isothermal cell, the main com-
partment which is heated contains the WE and the CE, and the RE is located in a separate
compartment which is held at room temperature. In this way, the reference potential is
unaffected by temperature changes, permitting reliable electrochemical measurements
at higher temperatures and also allows any changes in measured redox potential to be
attributed directly to the studied redox couple. A non-isothermal cell was designed and
built for the purposes of this work, based upon the design by Weaver et al.! Further details
of its design can be found in Chapter 2.

The change in measured redox potential of a couple with temperature, dE;,»/dT,

consists of three components:

dE;,» _ dEtlj + dEt + dE;c
dr  dT dT dT

(6.1

Where Ey; is the thermal liquid junction potential (tlj), arising because of the potential dif-
ference between the heated and unheated sections of the cell and Er is the potential dif-
ference caused by the Thompson effect; a thermoelectric effect caused by a temperature
differential in the working electrode wire.!™® The tlj has been measured in aqueous elec-
trolytes using a similar non-isothermal cell arrangement and values were generally less
than 25 uV K~1.2 Similar information is not available for non-aqueous electrolytes but the
magnitude can be assumed to be similar. The Thompson coefficient for Pt is 6 uV K1,

suggesting that errors associated with these effects will be minimal. The third term in Eqn.
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(6.1) is then the variation associated with the redox couple under investigation. Since
nFE = TAS - AH, dEy/5/dT = dE;/dT = AS,c/nF. Where AS,c = S° , — ... Therefore, the
change in redox potential of a couple with temperature is caused by the entropy change
of electron transfer of the redox couple.

A major source of motivation for performing electrochemical measurements at var-
ying temperatures has been to measure AS;. and investigate the contribution of entropy
to the driving force of electrode reactions. Major contributions to this area of study have

been provided by Weaver,!3-5

who measured the reaction entropy of several combina-
tions of metals and ligands in a variety of solvents. The entropy of electron transfer is
generally found to be positive for cationic redox couples. The increase in charge of the
oxidised form causes a relative increase in solvent polarisation around the complex as the
solvent orders itself around the species. The exceptions to this rule are solvents with in-
ternal structure, such as water, in which a large degree of order already exists, arising from
the H-bonding network. Reaction entropies are typically smaller in such solvents, and po-
tentially negative, as the solvent molecules are more resistant to disturbances in the sol-
vent structure.? For a given solvent, the reaction entropy has generally been found to cor-
relate well with the radius of the reacting species and also the change in charge (zZ2, - zrze d)
for structurally diverse complexes,® demonstrating the importance of non-specific elec-
trostatic interactions in determining the degree of reaction entropy. Exceptions to this
rule are observed when the ligands are able to interact specifically with the solvent. For
example, aquo complexes in water or electrophilic ligands in Lewis basic solvents, where
a relative further increase in reaction entropy is observed.* The metal centre can also in-
fluence the measured reaction entropy through changes in bonding upon oxidation. As a

representative example, complexes based on Co?*/3*

show markedly higher reaction en-
tropies than those with other metal centres under identical conditions.®’ This has been
attributed to a large reorganisation energy caused by the loss of an anti-bonding electron
upon oxidation.

The effect of electrostatics on reaction entropies has also been investigated. The
dielectric constant changes with temperature so a direct correlation between AS;. and
dielectric constant is not possible. However, the theoretical reaction entropy can be cal-
culated using the Born equation and then compared with experimental values. This has
been attempted previously,>> with poor agreement between the two. Typically the Born
equation significantly underestimates the reaction entropy, which has been attributed to
alowering of the effective dielectric constant in the vicinity of the reacting species caused
by dielectric saturation. This is not accounted for in the Born model. Instead, correlation
has been observed with empirical measures of solvent structure.”’ Stronger electrostatic
interactions between solvent molecules mean that the solvent is more resistant to po-
larisation by the reacting species and so the difference in entropy between the oxidised
and reduced forms is less. The effect of H-bonding in water described above is a specific

example of this. A modified form of the Born equation, accounting for non-continuum



154 6. The Effect of Temperature

effects, was used by Blum and Fawcett to estimate reaction entropies for ferrocene. The
values showed improved agreement with experiment compared with the Born equation.?

The temperature is a commonly exploited variable in electrodeposition. For exam-
ple the Watts bath for Ni electrodeposition operates in the temperature range 44-66 °C.
The standard/industry plating baths for other commonly electrodeposited metals, in-
cluding Cu, Au and Pb, also operate at temperatures above room temperature.’ In a gen-
eral sense, increasing the temperature increases the rate of mass transport of precursor
to the substrate, and also the rate of electron transfer and any associated chemical reac-
tions. As such, the rate of metal growth is increased. Higher temperatures can also raise
the solubility of the metal precursor, leading to even greater deposition rates and an im-
provement in throwing power. The temperature can also influence the morphology of the
deposit. For example, Sn deposited from an aqueous electrolyte was reported to become
smoother and brighter as the the temperature was increased.!® Moreover, the solution
temperature can influence the material properties of the electrodeposited metal. Param-
eters such as tensile strength, hardness and internal stress of electrodeposited Ni have all
been observed to be affected by the bath temperature.? The situation is similar with the
composition of electrodeposited alloys, with all other variables being equal the ratio of
elements can vary significantly with temperature.!!

It is clear that the bath temperature exerts significant control over the properties of
an electroplated metal or alloy, and can be exploited to gain influence over them. How-
ever, examination of the literature reveals that the particular property that is affected, and
the magnitude of the response, is highly system dependent. Little systematic investiga-
tion has been undertaken and, since changes in other available variables in a deposition
bath manifest themselves in a similar way, the underlying principles of the effect of tem-
perature remain unclear.

Of particular interest for the present work is the effect of the temperature on the
crystallisation of the electrodeposited metal. It is generally observed that heating of the
electrolyte can lead to an improvement in the crystallinity of the deposit, either by a tran-
sition from amorphous to crystalline material, or the formation of larger crystallites. Typi-
cally, a material which deposits amorphously at room temperature would need to be sub-
sequently annealed to render it crystalline. Alternatively, by depositing at elevated tem-
peratures, crystalline material is formed and so removing the need for annealing. Such
effects have been reported by Gu et al. for the electrodeposition of Si from propylene
carbonate.!?> Where amorphous Si forms at room temperature, heating to 80 °C achieves
crystalline Si. Similarly Wu et al. formed crystalline Re-Ir-Ni alloys when depositing at
70 °C, which were found to be amorphous at lower temperatures.'® Murugesan et al. also
reported electrodeposition of amorphous MoS, at room temperature from ionic liquids,
but crystalline deposits were collected at 100 °C.* Whilst this effect is regularly observed
in the literature, a microscopic explanation of its origins is lacking. It does not appear

to be well understood why different metals or compounds require differing temperatures
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to deposit in a crystalline form. Insight can however be gained from knowledge on the
mechanisms of non-electrocrystallisation. According to Ostwald’s law of stages the least
stable form of a system crystallises first, i.e. the amorphous form.!®> The transition from
the amorphous to crystalline form is then a thermally activated process, the rate of crys-
tallisation following an Arrhenius type relationship with an associated activation energy
of crystallisation.'® As such, it might be possible to say qualitatively, that when the bath
temperature is raised, a greater proportion of the deposited atoms would be able to over-
come the activation energy of crystallisation and therefore the deposit adopts a crystalline
structure. It might also therefore be speculated that materials that are not crystalline
at room temperature possess a relatively larger activation energy of crystallisation than
those that do.

The aim of this Chapter is to study the effect of temperature on various electron
transfer processes. Firstly the electrochemistry of model redox couples will be investi-
gated at various temperatures to understand the role of temperature in the solvents oDCB
and DCE. The electrodeposition of semiconductors will also be attempted as a method to

improving their material properties.

6.3. Electrochemistry of Decamethylferrocene and Cobaltocenium

Hexafluorophosphate
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Figure 6.1: Representative voltammograms at various temperatures of 1 mM DMFc and
0.5 mM CcPFg with 100 mM [N"Bu,]Cl in oDCB and DCE at r = 0.25 mm Pt WE. WE was
swept from 0V vs. Ag/AgCl in the direction of the arrows at a scan rate of 100mVs~!. CE:
Pt grid, RE: Ag/AgCL.

The electrochemistry of DMFc and CcPFg was once again used as an initial model

system in order to understand the effect of temperature on electrochemistry in oDCB and
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DCE. Fig. 6.1 above shows the effect of temperature on the voltammetry of DMFc and
CcPFg at a macrodisc in oDCB and DCE. In oDCB voltammograms were recorded at six
temperatures between 25 and 120 °C. For DCE, data was collected six temperatures be-
tween 25 and 75 °C (limited by its boiling point). Beginning at 0V vs. Ag/AgCl and scan-
ning anodically, an oxidation peak is observed corresponding to the oxidation of DMFc
to DMFC', after reversing the scan, a second reduction peak can be seen, associated with
the reduction of Cc* to Cc. With increasing temperature the peak currents also increase.
Decreasing viscosity increases the rates of mass transport. It is interesting to note that the
first peak for each redox couple (oxidation for DMFc and reduction for CcPFg) appears
to be more sensitive to temperature than the second peak. The separation between the
peak potentials, AEy, is proportional to RT/nF, therefore this effect is likely caused by the
increase in separation between the oxidation and reduction peaks.
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Figure 6.2: Representative plots of variation of E;;» of DMFc and CcPFg with temperature
in oDCB and DCE. Data collected from macrodisc voltammograms. Black: DMFc, red:
CCPFG

As established in the discussion above, a plot a of E1/, vs. T should be linear with
a slope equal to AS,./nF.? Fig. 6.2 shows such plots for DMFc and CcPFg in 0DCB and
DCE. All plots show a positive correlation and a good linear fit with R? > 0.99 in all cases.
The value of the slope and associated AS;. are shown in Table 6.1. AS,. is relatively small
and positive for DMFc and CcPFg in both oDCB and DCE, with values generally larger for
CcPFg than for DMFc and larger in DCE than in oDCB. The ratio AS;.(DMFc)/AS;c(CcPFg)
is similar for both solvents, with values of 0.60 and 0.56 for oDCB and DCE respectively,
suggesting that the relative sizes remain constant across both solvents. A positive entropy
change is typical for unstructured solvents and is because of electrostriction of the sol-

vent surrounding the species as the charge increases. Previous work, as described above,
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has shown that Co(II/III) redox couples experience a relative increase in entropic effects

because of the particularities of its bonding.®’

DMFc CcPFg

dE1;2/dT AS;.(exp) /| ASic(calc)/ dEy2/dT ASic(exp)/ ASyc(calc) /
/mVK! JK'mol™' JK!'mol™! /mVK! JK!'mol™! JK!mol!

oDCB  0.50(3) 48(3) 49 0.83(7) 80(7) 64
DCE 0.56(1) 54(1) 83 0.98(8) 94(7) 108

Table 6.1: Temperature dependence of the redox potential of DMFc and CcPFg and associ-
ated experimental and theoretical reaction entropies, AS;.. Experimental values obtained
from the average of three repeats with the standard deviation as the error. AS (calc) esti-
mated from the Born equation.

AS; of metallocenes have been measured previously and some relevant values for
aprotic, unstructured solvents are given in Table 6.2 below. As can be seen, the values gen-
erally fall in the range 10—60] K~! mol~!. The exception to this is the work by Matsumoto
and Swaddle who observed negative values.!” A non-isothermal cell was not used in their
work and the results can be ignored. The values for DMFc measured in the present work
appear to lie within range of values observed in the literature, the value for DMFc in DCE
also agrees well for that reported by Noviandri et al.'® This demonstrates that the results in
the present work are reasonable, and that the non-isothermal cell design used here is suc-
cessful at minimising the effect of Ey; and Et. Furthermore, taking the most pessimistic
estimates for dEy;/dT and dEr/dT, 50 and 15V K™ 1,2 gives an estimated error in AS;.

of +6] Kmol™!, which is on the order of the experimental error.

Redox couple Solvent  Electrolyte  AS,./JK ! mol™! Ref.

Fc%* DCM  [N"Bu,][BF,] 15 (18]
DMEFc* DCM  [N"Bu,][BF,] 13 (18]
Fco/* DCE  [N"Buyl[BF,] 39 (18]
DMEFc”* DCE  [N"Buyl[BF,] 59 (18]
Fc%* ACN  [N"Buy][BF,] 47 (18]
Fc%* DMF  [N"Buy][BE,] 54 (18]
DMFc* ACN  [N"Buy][BE,] 52 (18]
DMFc”* DMF  [N"Buyl[BF,] 54 (18]
Fco/* ACN LiClO, 48 (3]
Fco/+ DMF LiClO, 59 3]
DMFc/* ACN  [N"Bu,[ClO,] -39 [17]
DMFc* DMF  [N"Buy,)[ClO,] —24 (17]

Table 6.2: Literature compilation of relevant AS;. values for DMFc. Fc: ferrocene, ACN:
acetonitrile, DMF: N,N-dimethylformamide.

As discussed above, AS;. would generally be expected to decrease with increasing

size of the redox couple. Interestingly, this is not consistently observed in the literature
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results, with AS;.(DMFc) often similar to or greater than the value for Fc. This might sug-
gest that another factor that affects the entropy value is more significant and lowering
Fc/increasing DMFc. It is possible this is caused by ion pairing, Fc is smaller than DMFc
so would be expected to have a greater degree of ion pairing, increasing the size of the
reacting species, and lowering AS,.. Alternatively it is possible that experimental error is
greater than the difference in entropy expected for the redox couples. If a small tempera-
ture range was used for example, then the slope may not be measured accurately enough
to distinguish between the two. In earlier Chapters it was shown that, based upon diffu-
sion coefficient measurements, Cc” was ion paired in solution and so had a larger particle
size than DMFc. Since AS, is greater for CcPFg than DMFc, this suggests the reduction
caused by ion pairing is not significant compared to the contribution from bonding ef-
fects.

Table 6.2 also shows theoretical entropies of electron transfer, AS;.(calc), calculated

from the Born equation using Eqn. (6.2).

Npe? Olne,

ASye=——
e 8megerr; 0T

(25— 22.4) (6.2)

ox ~ “red

Where 0lne, /0T is the temperature dependence of the solvents’ dielectric constant, and
Zox and zeq is the charge on the reduced and oxidised species respectively. The van der
Waals radius was used for r;, assuming no change in the radius between oxidised and re-
duced forms. For 0lne, /0T values of —0.00297 and —0.00524, estimated from Ref. [19],
were used for oDCB and DCE respectively. The estimate seems to be highly dependent
on the quality of the data used for dlne, /0T, however. When predicted using data from
an alternative source, Ref. [20], values were quite different, especially for oDCB, suggest-
ing the temperature dependence is not known with much accuracy in the literature. The
theoretical reaction entropies appear to show the same trends as the experimental val-
ues, but quantitative agreement is poor. The Born value is reasonable for DMFc in oDCB,
underestimated for CcPFg in 0DCB, and overestimated for both couples in DCE. It must
be noted that since ryqw is the minimum possible radius for the molecules, the result-
ing AS,. estimate represents an upper bound and the effective radius in solution is likely
larger. Nevertheless in 0DCB, after accounting for the larger reaction entropy expected
for Co**/3* complexes described above, it might be concluded that the Born estimate is
reasonable and therefore little dielectric saturation is present. Conversely this cannot be
said in DCE, there is no reasonable explanation for the Born equation overestimating AS;.
and so it would appear that the value used for dlne, /0T is too large.

The behaviour of the diffusion coefficients of DMFc and CcPFg as the solvents were
heated was also of interest. To this end, microelectrode voltammograms of an electrolyte
containing DMFc and CcPFg were recorded in oDCB and DCE at 10 °C intervals between
25-65°C. These can be found in Fig. 6.3. A limiting current plateau forms at each tem-

perature, however it can also be seen that at higher temperatures the current plateau is
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Figure 6.3: Representative voltammograms at various temperatures of 1 mM DMFc and
0.5 mM CcPFg with 100 mM [N"Bu,]Cl in oDCB and DCE at r = 25 um WE. WE was swept
from 0V vs. Ag/AgCl in the direction of the arrows at a scan rate of 10mV s™!. CE: Pt grid,
RE: Ag/AgCl. Black: 25 °C, red: 35 °C, blue: 45 °C, green: 55 °C, brown: 65 °C.

noisy. This is due to additional mass transport caused by thermal convection and has
been observed previously for microelectrode measurements at elevated temperatures in
supercritical fluids.?! This clearly introduces an uncertainty in it since its value is poorly
defined, and it is not clear to what extent convection contributes to the limiting current.
This was resolved in supercritical fluids by the fitting of a baffle to shield the electrode.?!
However this was found to be ineffective in organic solvents because mixing of electrolyte
between the baffle and the bulk solution was poor. Instead an alternate method was used,
also presented by Branch, whereby multiple scans are performed and the lower bound
of the current plateau was taken as i .>! D was then taken from voltammograms of a
r = 12.5um Pt microelectrode, without concentration correction.

The relationship between diffusion coefficient and temperature has been shown to

take an Arrhenius type form, shown below.22

Ea,D
D = Dgexp (_ﬁ) (6.3)
Where D, is the theoretical diffusion coefficient at infinitely low temperature and E, p
is the activation energy of diffusion of the diffusing particle. E;p is associated with the
energy required to remove the particle from its surroundings, and into a a neighbour-
ing void.?? Representative Arrhenius plots for DMFc and CcPF4 in 0DCB and DCE can be
found in Fig. 6.4. As can be seen the plots are linear with reasonable fits and the resulting

activation energies of diffusion are summarised in Table 6.3.
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There does not seem to be any significant variation in E, p with solvent or diffus-
ing particle. E, p(CcPFg) is larger than DMFc in oDCB, but this is then reversed in DCE.
It has previously been shown that the radius of Cc" is larger than DMFc in solution be-
cause of ion pairing. Moreover, conceptually it might be expected that a larger diffus-
ing particle has a larger activation energy of diffusion and so E, p(CcPFg) is greater than
E,p(DMFc). This was observed in oDCB where ion pairing is significant, but not in DCE.
According to Tyrell and Harris, activation energies of diffusion for liquids are typically less
than 20kJ mol~!.?? Additionally, Compton et al. observed that the activation energy of
diffusion of metallocenes in ionic liquids agreed approximately with the activation en-
ergy of viscous flow for the solvent, EM.23 Table 6.3 shows E, ; for oDCB and DCE, calcu-
lated using n(T) data from Ref. [19], assuming the relationship between solvent viscos-
ity and temperature could be represented with an Arrhenius relationship. Fluid motion
in a molecular solvent is significantly different to that in an ionic liquid but agreement
with the experimental activation energies of diffusion measured here appears satisfac-
tory, suggesting that the obtained experimental values are reasonable. It is possible that
the activation energy of diffusion is not particularly sensitive to the nature of the solvent.

The foregoing discussion assumed that the radius of the diffusing particle does not
change significantly with temperature. If this was the case then, from the Stokes-Einstein
equation, the product Dn/T should be constant. The ratio of this product at 25°C and
65 °C was taken for DMFc and CcPFg in oDCB and Cc. The solvent viscosity at each tem-
perature was estimated by interpolating values taken from Ref. [19]. The ratio was ap-
proximately 1 for DMFc and CcPFg in both solvents. Indicating that the molecular size

remains constant.
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Figure 6.4: Representative Arrhenius plots of the diffusion coefficients of DMFc and CcPFg
in oDCB and DCE over the temperature range 25-65 °C. Black: DMFc, red: CcPFg.
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DMFc CcPFgq
IND/T/  Eap/  InDITI  Eap/  Eap!
K1 kJ mol~! K1 kJ mol™! kI mol™!
oDCB -1031(160) 9(1) —1593(124) 13(1) 10
DCE —1497(67) 12(1) —1213(140) 10(1) 10

Table 6.3: Temperature dependence of the diffusion coefficients of DMFc and CcPFg in
oDCB and DCE and corresponding activation energies of diffusion. Diffusion coefficients
obtained from microdisc voltammograms at temperatures in the range 25-65 °C. Values
are the average of three repeats with the error the standard deviation. Activation energy
of viscosity estimated using data from Ref. [19].

6.4. Electrodeposition of Sb
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Figure 6.5: Voltammograms of 3 mM [N"Bu,] [SbCl,] and 100 mM [N"Bu,]Cl ata r = 2 mm
TiN WE in oDCB at 25 °C in the high temperature cell. Scan swept from 0.5V vs. Ag/AgCl
at 100mV s™! in the direction indicated by the arrows. CE: Pt mesh, RE: Ag/AgCl. Black:
scan 1, red: scan 2, blue: scan 3.

Fig. 6.5 shows a voltammogram of 3 mM [N"Bu,][SbCl,] in oDCB in the high tem-
perature cell. Naturally, the electrochemistry appears similar to that observed under sim-
ilar conditions in previous Chapters. Electrodeposition was performed at —1.8 V vs.
Ag/AgCl, the same potential as previous deposits collected from oDCB, to allow compar-
ison. Here it was assumed that the redox potential did not change with temperature, and
so the overpotential for deposition was constant. Deposits were collected at temperature
increments up to 140 °C, the potential was applied until a fixed amount of charge was
passed which corresponded to a 1800 s deposition of Sb from oDCB at 25 °C. This was to

ensure all deposits were of approximately the same thickness. In principle, the maximum
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possible deposition temperature would be ca. 180 °C since oDCB has a boiling point of
181 °C. However it was found that with the current practical arrangements, 140 °C was the
highest achievable temperature.

Fig. 6.6 shows SEM images of Sb electrodeposited onto TiN from oDCB at tempera-
tures of 25°C, 80 °C, 100 °C, 120 °C and 140 °C. At room temperature, Sb deposits as a thin
compact layer, on top of which small islands of Sb form. As the temperature increases, the
morphology changes and Sb forms a compact, homogeneous layer which appears more
uniform than deposits at lower temperatures. Finally, at 140 °C the appearance changes

once again and individual clumps of Sb are observed on the bare TiN substrate.

2 1

Temperature / °C  CR/ mC cm™ min~
25 2.6
80 34.7
100 47.5
120 52.7
140 29.3

Table 6.4: The effect of temperature on the rate of charge passed for the electrodeposition
of Sb from 0DCB containing 3 mM [N"Bu,][SbCl,] at —1.8V vs. Ag/AgCL.

Table 6.4 shows CR for the deposition of Sb at different temperatures. This should
give an indication of the effect of temperature on the rate of mass growth. It is notable that
the value at 25°C is greater than that reported in previous Chapters. This is most likely
because it was not possible to use the front seal holder with the high temperature cell
and so conducting areas on the substrate other than the WE disc, such as the edges, are
now exposed to the electrolyte. Nevertheless, CR increases with temperature up to 120 °C
as might be expected, because the rate of mass transport and charge transfer increases.
However at 140 °C, CR decreases significantly, suggesting a change in the rate of mass
growth. This phenomenon will be discussed further below.

The collected deposits were also analysed using XRD. Spectra recorded for the de-
posits collected at each temperature are shown in Fig. 6.7. For the room temperature de-
posit, as was shown previously, a single broad peak was observed at ca. 28° corresponding
to the primary diffraction peak of Sb. Up to 100 °C the shape of the diffractogram remains
unchanged. However as the temperature was increased to 120 °C and 140 °C, a sharper
peak at 28° can be seen, and minor diffraction peaks begin to appear. Sb was successfully
indexed for all the patterns and the lattice parameters, shown in Table 6.5, agree with the
literature. Since the patterns show no difference up to 100 °C it would appear that the tem-
perature has no effect on the crystallinity of the deposit. This is reflected in quantitative
estimates of the crystallite size, given in Table 6.5, which remain unchanged. However, for
the deposits collected at 120 and 140 °C the crystallite size increases significantly, indicat-
ing an improvement in the crystallinity of the deposited Sb. Changes in the crystallinity

of electrodeposited Sb are also observable with Raman spectroscopy, spectra collected
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Figure 6.6: SEM images of Sb electrodeposited onto r = 2 mm TiN from oDCB containing
3mM [N"Bu,][SbCl,] and 100 mM [N"Bu,|Cl. a) 25°C, b) 80°C, c) 100°C, d) 120°C, e)
140 °C. Scale bar indicates 10 pm.
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Figure 6.7: Grazing incidence XRD spectra of Sb electrodeposited onto TiN from
oDCB at varying temperatures. Deposits collected from electrolyte containing 3 mM
[N"Buy] [SbCl,] and 100 mM [N"Bu,]Cl. Black: 25 °C, red: 80 °C, blue: 100 °C, green: 120 °C,
brown: 140°C. Bottom panel shows in black the literature pattern for Sb (ICSD 64695)
and in red the pattern of the substrate (ICSD 152807). The offset is arbitrary and added
for clarity.

Temperature a=b/A c¢/A  Average crystallite size / A

25 4.25(5) 10.4(7) 11(1)4
80 4.36(15) 11.5(5) 22(2)¢
100 4.27(14) 10.4(2) 23(3)4
120 4.24(4) 11.1(2) 97(24)P
140 4.31(1) 11.3(1) 233(30)?
lit.¢ 4.31 11.3

Table 6.5: Lattice parameters and average crystallite sizes of Sb electrodeposited from
oDCB at varying temperatures, refined from XRD patterns. ¢: obtained using the Scherrer
method. ?: obtained using the Halder-Wagner method. : ICSD: 94695.

from the deposits at each temperature are shown in Fig. 6.8. Crystalline Sb displays two
Raman peaks at 115 and 150 cm™! corresponding to the TO and LO Raman modes respec-
tively.?* Similar to the XRD patterns, the Raman spectrum for the deposits at 25, 80 and
100 °C are comparable, with a single peak at approximately 142 cm™!. This is in agreement
with Raman measurements of Sb in previous Chapters and indicative of amorphous Sb.
At 120°C, a peak at 149 cm™! along with a shoulder emerges, suggesting the presence of
partially crystalline Sb. Finally at 140 °C, two peaks can be seen at 110cm ™! and 149 cm ™!
clearly showing the formation of crystalline Sb. In agreement with XRD data shown above.

As noted above, the rate of Sb growth appeared to decrease when the temperature

was increased to 140 °C. This, combined with the change in morphology of the Sb deposit,
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Figure 6.8: Raman spectroscopy of Sb electrodeposited onto TiN from oDCB at varying
temperatures. Deposits collected from electrolyte containing 3 mM [N"Bu,][SbCl,] and
100 mM [N"Buy]. Collected using 785 nm excitation laser. Intensity normalised by ymax
Black: 25°C, red: 80 °C, blue: 100 °C, green: 120 °C, brown: 140 °C. The offset is arbitrary
and added for clarity.

suggests that a change in the electrolyte is taking place at temperatures above 120 °C. To
investigate the effect of heating to 140 °C further, voltammograms of the electrolyte, and

deposits were collected before, during and after heating.
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Figure 6.9: Effect of temperature on the electrochemistry of 3 mM [N"Bu,][SbCl,] in oDCB
at r = 2mm TiN WE. Scan swept from 0.5V vs. Ag/AgCl at 100 mV s~ ! in the direction in-
dicated by the arrows. CE: Pt mesh, RE: Ag/AgCl. Black: 25 °C pre-heating taken from Fig.

6.5, red: 140 °C, blue: 25 °C post-heating. Right hand axis corresponds to voltammogram
at 140 °C.

Fig. 6.9 shows a voltammogram at 25 °C without any prior heating, taken from Fig.

6.5 above. Also shown is a CV of the same electrolyte at a fresh WE at 140 °C, and also once
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Figure 6.10: Grazing incidence XRD patterns of Sb electrodeposited onto TiN from oDCB
containing 3 mM [N"Bu,][SbCl,] before, during and after heating to 140 °C. Black: 25°C
pre-heating taken from Fig.6.7 above, red: 140 °C, blue: 25 °C post-heating. Bottom panel
shows in black the literature pattern for Sb (ICSD 64695) and in red the pattern of the
substrate (ICSD 152807).

it had been cooled to 25 °C, at a fresh electrode as well. The voltammogram at 140°C is
clearly quite different to that at 25 °C pre-heating, and this is also true for the CV at 25°C
post-heating. The current density increases significantly at 140 °C, because of faster rates
of mass transport. But the peaks seen at room temperature can no longer be observed.
After heating, the reduction current is reduced compared to the voltammogram without
heating, and no oxidation current is observed also. It is not possible to understand from
the voltammograms specifically what has changed in the electrolyte but it is clear heating
has significant consequences for the electrochemistry of [SbCl,]".

Figs. 6.11 and 6.10 show SEM images and XRD patterns respectively of Sb deposits
collected at 25 °C without heating, at 140 °C and at 25 °C after heating, all from the same
electrolyte. The SEM images and XRD spectrum of pre-heating Sb were taken from the
work above. At 140 °C the morphology of the deposit is reproduced, with Sb forming small
isolated clumps of material on the bare substrate. The XRD spectrum is also comparable
to that shown above. After cooling, there is very little evidence of any Sb deposited onto
the electrode, with growth only occurring in a few small areas. Additionally, there appears
to be no evidence of any diffracted Sb from the XRD spectrum of the deposit. Clearly, the
Sb precursor is changing in some way as a result of heating to 140 °C that is preventing the
deposition of Sb. It is possible the complex is decomposing as a result of reaction with the
solvent or the supporting electrolyte, but further work is required to reveal the mechanism
of the decomposition process. Nevertheless it is still clear that Sb was deposited at 140 °C

and that it was more crystalline than deposits collected at lower temperatures.
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Figure 6.11: SEM images of the effect of temperature on Sb electrodeposited onto
r =2mm TiN from oDCB containing 3mM [N"Bu,][SbCl,]. a) 25°C pre-heating taken
from Fig.6.6 above, b) 140 °C, c¢) 25 °C post-heating, d) 25 °C post-heating at a lower mag-
nification. Scale bar corresponds to 10 um except d) which is 1 mm.

6.5. Electrodeposition of Sb,Te;

Since previous Chapters have shown that Sb,Te; deposits with partial crystallinity at room
temperature, it would also be interesting to attempts its electrodeposition at elevated
temperatures, in an effort to improve the material properties of a system more compli-
cated than a single metal. Deposits were collected at —1.75V vs. Ag/AgCl, the potential
required to achieve stoichiometric Sb,Te; from 0DCB at room temperature. As with Sb
deposition, a cutoff charge was applied corresponding to the charge passed after a 1800s
deposition at room temperature.

Fig. 6.12 shows how the composition of an antimony telluride codeposit varies with
temperature. The composition of the deposit remains approximately stoichiometric at
40°C, but with continued heating the Sb content decreases approximately linearly and
it appears no longer possible to deposit stoichiometric Sb,Te; at elevated temperatures
with the same electrolyte composition as at 25 °C. As the temperature increases the rates
of mass transport and electron transfer will increase, and it is possible that the relative

rates for the two metal complexes change with temperature, affecting the composition of
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Figure 6.12: The effect of temperature on the composition by EDX of Sb and Te de-
posited on to r = 2mm TiN WE from oDCB containing 1.5 mM [N"Bu,][SbCl,], 3mM
[N"Buy],[TeClg] and 100 mM [N"Bu,]Cl. Values are the average composition of three lo-
cations on the deposit with the error the standard deviation. Horizontal line indicates the
composition of a commercial standard.

the deposit. It might therefore be possible to optimise the precursor concentrations in
the electrolyte for a particular temperature, in order to once again achieve stoichiometric
Sb,Tes. It is also possible that the Sb complex is decomposing at these temperatures, as
described above.

Despite issues with the composition, there does appear to be noticeable improve-
ments in the quality of the deposit with temperature. SEM images of the deposits at each
temperature are given in Fig. 6.13, and XRD spectra in Fig. 6.14. The morphology of
the deposit changes little up to 80 °C, but at 120 °C the film grows in a denser and more
uniform fashion. The crystallinity also appears to improve, with a sharper (105) peak ob-
served at 80 °C and 120°C. An associated increase in crystallite size is observed, as can
be seen in Table 6.6. Showing that increasing the bath temperature can have a beneficial
effect on the electrodeposition of semiconductors as well as metals. This is in agreement
with previous reports on the effect of temperature on antimony telluride electrodeposi-
tion. As was described in previous Chapters, Sb,Te; typically deposits amorphously at
room temperature. This was also reported by Leimkiihler ef al. with work into Sb,Te;
deposition from acidic aqueous electrolytes.?> When depositing at 98 °C however, the de-
posits were found to be crystalline. Sb,Te; electrodeposited from molten salts at 150 °C
was also crystalline.?® Huang et al. deposited Sb,Te; amorphously at room temperature
and then annealed the deposit with a temperature ramp.?’ It was found that Sb,Te; crys-

tallised at ca. 120 °C, similar to the results observed here.
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Figure 6.13: SEM images of Sb and Te codeposit at varying temperatures on a r =
2mm TiN WE. Deposited from oDCB containing 1.5mM [N"Bu,][SbCl,] and 3 mM
[N"Buyl,[TeClg]. a) 25°C taken from Chapter 5, b) 40°C, c) 80°C, d) 120°C. Scale bar
indicates 10 pum.

Temperature a=b/A c¢/A  Average crystallite size / A

254 4.28(4) 31.113) 21(3)b
40 4.23(6) 30.7(4) 23(1)
80 4.28(2) 30.2(2) 55(3)¢
120 4.28(2) 30.8(1) 56(12)°¢
lit.4 4.26 30.5

Table 6.6: Lattice parameters and average crystallite sizes of antimony telluride electrode-
posited from oDCB onto TiN at varying temperatures, refined from XRD patterns. ¢: taken
from Chapter 5 ?: obtained using the Scherrer method. °: obtained using the Halder-
Wagner method. ¢: ICSD: 2084.
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Figure 6.14: Grazing incidence XRD patterns of a mixed Sb and Te deposit at various tem-
peratures. Deposited onto r = 2 mm TiN WE at —1.75V vs. Ag/AgCl from oDCB containing
1.5 mM [N"Bu,][SbCl,] and 3 mM [N"Buy],[TeClg]. Black: 25 °C taken from Chapter 5, red:
40°C, blue: 80°C, green: 120°C. Bottom panel shows in black the literature pattern for
Sb,Te; (ICSD 2084) and in red the pattern of the substrate (ICSD 152807).

6.6. Conclusions

The intention of this Chapter was to study the effect of temperature on electrochemistry
in weakly coordinating solvents, and to apply the solvents to the elevated temperature
electrodeposition of metals to achieve improved material properties. In pursuit of this,
the redox potential and diffusion coefficients of DMFc and CcPFg were measured as a
function of temperature in oDCB and DCE. From these, the reaction entropy and acti-
vation energy of diffusion was calculated. The resulting values were in agreement with
theory and previous measurements in the literature. 0DCB was then used to electrode-
posit Sb, previous work had shown it to be amorphous at room temperature and so it
was a good candidate to observe any possible effects of temperature. Deposits were suc-
cessfully collected at a range of temperatures between 25 °C and 140 °C and characterised
using SEM, XRD and Raman spectroscopy. SEM images showed that up to 120 °C, the
deposited Sb became smoother and more homogeneous. At higher temperatures the de-
posit morphology changed and the Sb formed islands instead. XRD and Raman spec-
troscopy also showed an improvement in crystallinity of the deposit at 120 °C and above.
Crystallite sizes calculated from the XRD patterns increased significantly, and the Raman
spectra showed peaks in agreement with that expected for crystalline Sb. However, ev-
idence was also found of apparent decomposition of the precursor when the bath was
heated above 120 °C. This resulted in lower growth rates and was also the likely cause of
the change in morphology. Electrodeposition of Sb,Te; was also attempted, with similar

improvements in deposit appearance and crystallinity. However the Sb content decreased
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with temperature, so that stoichiometric antimony telluride was no longer formed. Elec-
trodeposition from DCE was not attempted, because the observed changes in material
properties occurred above its boiling point.

The decomposition of the plating bath likely presents a significant barrier to the
successful application of oDCB as a solvent for electrodeposition at elevated tempera-
tures. The decomposition of the Sb precursor appears to begin at the temperature which
shows the greatest improvements in morphology and crystallinity. This is likely to be the
case for other metals also and further investigation into the causes of the decomposition
is therefore essential. It might also be possible to design a plating bath which is more sta-
ble at higher temperatures, by changing the metal’s ligands for example. It would also be
interesting to see if the decomposition is specific to the [SbCl,]” precursor, or occurs for
other metals such as Bi** and is a more general issue.

For semiconductor electrodeposition it is also important that the stoichiometric
composition is maintained when depositing at elevated temperatures. As the tempera-
ture increases, the relative rates of mass transport and electron transfer will change and
this is the probable cause for the change in composition ratio for antimony telluride. It
is possible that the electrolyte composition simply requires re-optimising at the relevant
temperature. This is likely to be necessary when the codeposition of other metals is at-

tempted as well.
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7

Conclusions and Further Work

This work used solvent descriptors to identify alternative weakly coordinating solvents
(WCS) to dichloromethane (DCM) that behave similarly but with higher boiling points.
This was in order to further the knowledge of electrochemistry in weakly coordinating
solvents and to attempt electrodeposition at elevated temperatures. The solvents were
characterised with electrochemical techniques and the behaviour of model redox cou-
ples was studied. The two most promising solvents, o-dichlorobenzene (0DCB) and 1,2-
dichloroethane (DCE) were then investigated further with the successful electrodeposi-
tion of Sb, Bi, Te, antimony telluride and bismuth telluride, the first report of electrode-
position from these solvents. Finally, Sb was electrodeposited from oDCB at 140 °C and
antimony telluride at 120 °C. The resulting deposits were smoother and more crystalline

than deposits collected at room temperature.
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In the first results Chapter, Chapter 3, the properties of a suitable alternative solvent
to DCM were outlined. Such a solvent would have a high polarity; to dissolve charged
species, aprotic; to extend the solvent window, and weakly coordinating; for minimal in-
teraction between solvent and solute. The solvent descriptors of Kamlet and Taft were
used to quantify these features and five alternative solvents were identified: trifluoro-
toluene, o-dichlorobenzene, p-fluorotoluene, chlorobenzene and 1,2-dichloroethane.
The five solvents, and DCM, were characterised with measurements of the solvent poten-
tial window, conductivity and double-layer capacitance. It was found that the negative
limit of the candidate solvents were comparable to DCM because the window was limited
by decomposition of the supporting electrolyte cation, excepting DCE where the solvent
itself appeared to be the limiting factor. Measures of the solvents’ polarity could not fully
account for variations in the conductivity of the solvents. Despite similarities in dielec-
tric constant, differing degrees of ion pairing were apparent in the solvents. This was
attributed to some form of intermolecular interactions between solvent molecules which
was preferable to ion solvation. Furthermore, the electrochemistry of the model redox
couples decamethylferrocene (DMFc) and cobaltocenium hexafluorophosphate (CcPFg)
was investigated with microelectrodes. The redox potential of CcPFg was solvent depen-
dent, which was attributed to the presence of ion pairing. In addition, diffusion coeffi-
cient measurements agreed with theoretical predictions for the neutral DMFc but were
lower than expected for the charged CcPFz and DMFcPFg, further evidence of ion pairing.
Ultimately, oDCB and DCE were chosen as the most promising solvents for application to
electrodeposition because of their polarity.

Subsequently in Chapter 4, the nature of electrodeposition in the WCS was studied.
The electrochemistry of Sb**, Bi** and Te** was characterised with voltammetry at macro-
and microelectrodes, and the electrochemical quartz crystal microbalance. Sb%* and Bi®*
both broadly displayed simple deposition and stripping, whereas the redox behaviour of
Te** was more complex, with evidence suggesting the presence of cathodic stripping and
also chemical reactions in solution. Sb, Bi and Te were successfully deposited from oDCB
and DCE. Analysis by X-ray diffraction (XRD) and Raman spectroscopy suggested that Sb
deposited amorphously, but Bi and Te were crystalline.

This was progressed in Chapter 5 to attempts at the electrodeposition of antimony
telluride and bismuth telluride from oDCB and DCE. The electrodeposition of stoichio-
metric Sb,Te; was possible from an electrolyte containing 1.5 mM [N"Bu,] [BiCl,] and 3
mM [N"Bu,],[TeClg] in oDCB, and 1.75 mM [N"Bu,][BiCl,] and 3 mM [N"Bu,],[TeClg] in
DCE. For the electrodeposition of Bi, Te; from 0DCB, a bath composed of 2 mM [N"Buy] [BiCl,]
and 3 mM [N"Buy],[TeClg] was required, and for DCE 2.5 mM [N"Bu,][BiCl,] and 3 mM
[N"Buy],[TeClg]. Compositional information of the resulting deposits was obtained with
EDX measurements, SEM showed the morphology of the deposits, and XRD was used to
probe the crystal structure of the deposits. The XRD patterns indicated that the antimony

deposits were amorphous, and the bismuth telluride nanocrystalline. The mechanism of
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the deposition of both compounds was also discussed.

In the final results Chapter, Chapter 6, the effect of temperature on electrochemistry
in oDCB and DCE was explored. This was first achieved by using macro- and microelec-
trode voltammograms of DMFc and CcPFg to measure AS,, the entropy of electron trans-
fer, and E, p, the activation energy of diffusion. Subsequently, Sb was electrodeposited at
varying temperatures between 25 °C and 140 °C. The effect of temperature on the deposits
was probed with SEM and XRD measurements. Increasing the temperature appeared to
produce smoother and more homogeneous films, with larger crystallites. The transition
from amorphous to crystalline material occurred between 120 and 140 °C. However, the
Sb precursor appeared to decompose at temperatures greater than 120°C. The reason
for the breakdown was not established, but reaction with the solvent or supporting elec-
trolyte cations were speculated as possible reaction pathways. The electrodeposition of
antimony telluride was also attempted at temperatures up to 120°C. The deposits ap-
peared to show similar improvements in their material properties as for Sb, but the Sb
content in the deposits decreased with increasing temperature and it was no longer pos-
sible to grow films of stoichiometric Sb,Tes.

The work on diffusion coefficient measurements in Chapters 3 and 4 emphasised
the importance of taking into account the modifications of the Stokes-Einstein equation
when interpreting diffusion coefficients. It must not be assumed that the diffusing par-
ticle is spherical, or that the solvent is a continuum. Otherwise this may lead to misin-
terpretation of diffusion coefficients. The potential effects of not properly considering
the electrode radius and reagent concentration on the accuracy of the calculated diffu-
sion coefficient were also highlighted. Errors in these can lead to inaccurate values of the
calculated diffusion coefficient, and this has previously been poorly recognised in elec-
trochemistry. For example, microelectrodes are sometimes ’calibrated’ by measuring the
limiting current of a well known redox couple and then the microelectrode radius is calcu-
lated using a diffusion coefficient of the species from the literature. However in this case,
it is not certain that the literature diffusion coefficient has been determined with appro-
priate accuracy, and this may lead to errors being carried forward into the estimation of
the microelectrode radius.

What also became clear from this thesis was, due to the low polarity of the WCS,
the influence ion pairing has on determining measured electrochemical properties. Ev-
idence of its effects were observed in conductivity, redox potential and diffusion coeffi-
cient measurements in both Chapters 3 and 4. Its presence can cause departures from
ideality and should be considered when interpreting measurements in WCS. Since there
was evidence to suggest that [SbCl,]™ and [BiCl,]” were ion paired, it is feasible that ion
pairing could change the deposition potential of metal precursors and cause changes in
the mechanism of semiconductor electrodeposition.

In summary, this work has advanced the understanding of electrochemistry in WCS,

a previously poorly studied field, and also demonstrated the beneficial effect of temper-
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ature on the crystallinity of electrodeposited metals and semiconductors. Furthermore,
this work has created a framework for further studies into the electrodeposition of semi-
conductors at elevated temperatures and it is hoped that these solvents will be used more

widely in electrochemistry to deposit materials with improved material properties.

7.1. Further Work

The obvious direction for future experiments is towards further investigation of electrode-
position at elevated temperatures. The highest temperature achieved in the present work
was 140°C. In principle it should be possible to reach temperatures up to 180 °C, close
to the boiling point of 0DCB, by changing the heating source from a static oil bath with
a hot plate as used here, to a recirculating oil bath. This thesis has also demonstrated
the benefits of electrodeposition at elevated temperatures from WCS, and there is now
the possibility of application to other systems. For example, other work in the group has
focussed on the electrodeposition of transition metal dichalcogenides (TMDCs) such as
MoS, or WS,.!? These materials deposit amorphously at room temperature, and are crys-
tallised by annealing. Therefore, raising the temperature of electrodeposition could re-
move the need for annealing and simplify the route to fabricating crystalline TMDC de-
vices. Since these materials are deposited from a single source precursor, reoptimisation
of the bath composition would not be necessary and translation of the work from DCM
to oDCB should be simple. Moreover, the relationship between metal crystallisation and
temperature remains unclear. It does not appear to be known, for example, why metals
vary in the temperature at which they crystallise, nor the role temperature has in the tran-
sition between amorphous and crystalline material during electrodeposition. Theoretical
and/or experimental work considering this would be interesting.

As discussed above, the evidence in Chapters 3 and 4 suggest that ion pairs of the
supporting electrolyte and reagents are present in significant quantities in the studied sol-
vents. There was also reason to believe that the aromatic solvents adopt a form of internal
structure. Therefore, further work into the electrolyte structure in some of the WCS would
be of interest, and it is also important to fully understand electrochemical behaviour in
the solvents. There are several methods for measuring the degree of ion pairing in the
solvents, including, conductivity measurements and various spectroscopies.® Other spec-
troscopies can also be used to measure the type of internal structure that was speculated
to be present in the aromatic WCS.*

Finally, there were some features in the voltammetry of the individual metals in

b3+/0

Chapter 4 that it was not possible to fully account for. The kinetics of the S redox

couple appeared to be slower than Bi**/?, so kinetics measurements such as Tafel analysis
would be interesting to explore this further. In addition, Bi** voltammetry displays a high
nucleation overpotential in oDCB and DCE, perhaps due to a some form of blocking layer

on the electrode surface. Further experiments changing the supporting electrolyte ions
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may help improve understanding of this.

7.2. References

(1) S.Thomas, D. E. Smith, V. K. Greenacre, Y. J. Noori, A. L. Hector, C. H. de Groot, G.
Reid and P, N. Bartlett, J. Electrochem. Soc., 2020, 167, 106511.

(2) S.Thomas, V. K. Greenacre, D. E. Smith, Y. J. Noori, N. M. Abdelazim, A. L. Hector,
C. H. de Groot, W. Levason, P. N. Bartlett and G. Reid, Chem. Commun., 2021, 57,
10194-10197.

(3) Y. Marcus and G. Hefter, Chem. Rev., 2006, 106, 4585-4621.

(4) T. Shikata, N. Sugimoto, Y. Sakai and J. Watanabe, J. Phys. Chem. B, 2012, 116,
12605-12613.



178 7. Conclusions and Further Work




Appendices

A.1 Appendix to Chapter 3

Simulated Diffusion Coefficients

DMFc /105 cm?s™! Cct/10%cm?s!

Solvent  Dmin Dpax Duin Dpax
DCM 1.01 1.73 1.29 2.24
TFT 0.82 1.39 1.04 1.80
oDCB 0.31 0.54 0.40 0.70
pFT 0.67 1.14 0.85 1.48
CB 0.55 0.93 0.70 1.21
DCE 0.53 091 0.68 1.18

Table A.1: Simulated diffusion coefficients using the Stokes-Einstein equation for DMFc
and Cc*. Where Dpjn: ¢ =6 and 7 = ros, and Dypax: ¢ = 4 and r = rypw at 25°C. See
Chapter 3 for further details.

DMFc Diffusion Coefficient Compilation



Solvent Electrolyte Concentration / mM  Electrode material Method Temperature / °C D /107> cm?s™! Ref.
ACE [N"Buy] [PFg] 100 Hg DC polarography 23 1.50 (1]
ACE [N"Bu,] [C1O,] 500 Pt macrodisc CV 25 1.41 [2]
ACN [N"Buy] [PFg] 100 Hg DC polarography 23 1.30 (1]
ACN Na[OTf] 200 W macrodisc CV 25 1.80 (3]
ACN [N"Bu,] [C1O,] 500 Pt macrodisc CV 25 1.26 2]
ACN [N"Buy] [PFg] 100 GC macrodisc CV 234 1.30 (4]
ACN [N"Bu,] [BARF] 100 GC macrodisc CV 234 1.30 (4]
ACN [N"Bu,] [ClO,] 100 Au microdisc CV 23 1.90 [5]
ACN [N"Buy] [BF,] 20 Pt microdisc CV 25 1.69 (6]
ACP [N"Buy] [PFg] 200 Pt microdisc CV 25 0.32 (7]

CB [N"Buy] [BF,] 100 Pt microdisc CV 25 0.87 This work
DCE [N"Buy]Cl 100 Pt microdisc CV 25 0.88 This work
DCM [N"Buy]Cl 100 Pt microdisc CV 25 1.68 This work
DCM [N"Buy] [PFg] 100 Hg DC polarography 23 1.30 (1]
DCM [N"Bu,] [C1O,] 500 Pt macrodisc CV 25 1.07 [2]
DCM [N"Buy] [PFg] 100 GC macrodisc CV 234 0.56 (4]
DCM [N"Bu,] [BARF] 100 GC macrodisc CV 234 0.37 (4]
DCM [N"Bu,]Cl 100 Pt microdisc CV 25 1.45 [8]
DMF [N"Buy] [PFg] 100 Hg DC polarography 23 0.77 [1]
DMF [N"Bu,] [ClO,] 500 Pt macrodisc CV 25 0.69 (2]
DMF [N"Buy] [PFg] 100 GC RDE CV 25 0.61 [9]
DMSO [N"Buy] [PFg] 100 Hg DC polarography 23 0.32 (1]
DMSO  [N"Bu,][ClO,] 500 Pt macrodisc CV 25 0.35 (2]

08I

saorpuaddy 'y



EtOH
MeTHF
NB
NB
NMF
oDCB
oDCB
PC
PC
pFT
PhCN
Py
TFT
TFT

[N"Bu,] [ClO,]
[N"Bu,] [BARF]
[N"Buy] [PFg]
[N"Bu,] [CIO,]
[N"Bu,] [PFg]
[N"Bu,]Cl
[PNP][BARF]
[N"Bu,] [ClO,]
[N"Buy] [BF,]
[N"Buy] [BF,]
[N"Bu,] [ClO,]
[N"Bu,][ClO,]
[N"Buy] [BF,]
[N"Bu,] [BF,]

500
100
200
250
100
100
5
500
100
100
500
500
100
100

Pt
GC
Pt
graphite
Hg
Pt
w
Pt
GC
Pt
Pt
Pt
Pt
GC

macrodisc CV
macrodisc CV
microdisc CV

microdisc CV

DC polarography

microdisc CV
microdisc CV
macrodisc CV
macrodisc CV
microdisc CV
macrodisc CV
macrodisc CV
microdisc CV

macrodisc CV

25
234
25
23
23
25
20
25
22
25
25
25
25
23

0.46
0.48
0.31
0.60
0.14
0.52
0.45
0.18
0.24
1.10
0.36
0.50
1.18
1.20

(2]
(4]
[10]
[11]

(1]
This work
[12]

(2]

[13]
This work
(2]

(2]
This work
[14]

Table A.2: Literature compilation of known diffusion coefficients of DMFc, along with useful experimental parameters.

ACE: acetone,

ACN: acetonitrile, ACP: acetophenone, CB: chlorobenzene, DCE: 1,2-dichloroethane, DCM: dichloromethane, DMF: N,N-dimethylformamide,
DMSO: dimethylsulphoxide, EtOH: ethanol, MeTHF: 2-methyltetrahydrofuran, NB: nitrobenzene, NMF: N-methylformamide, oDCB: 1,2-
dichlorobenzene, PC: propylene carbonate, pFT: p-fluorotoluene, PhCN: benzonitrile, Py: pyridine, TFT: trifluorotoluene. OTf: [CF3SOs]~, BARF:
[B(CgF5) 47, PNP: [((CgH5)3P),N]™. 4: Temperature value not given, assumed to be 23 °C.
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182 A. Appendices

A.2 Appendix to Chapter 4

Simulated Diffusion Coefficients

[SbCl,]"/107° cm?s™!  [BiCl,]/ 107> cm? s~}

Solvent Dpin Dmax Dmin Drmax
DCM 2.16 1.44 2.13 1.42
oDCB 0.67 0.45 0.66 0.44
DCE 1.14 0.76 1.12 0.75

Table A.3: Simulated diffusion coefficients using the Stokes-Einstein equation for [SbCl,]™
and [BiCl,]". Where Dpin: ¢ =6 and r = r¢s, and Dyax: ¢ =4 and r = rypw at 25°C. See
Chapter 4 for further details.
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Weakly coordinating solvents, such as dichloromethane, have been shown to be attractive for the
electrodeposition of functional p-block compound and alloy semiconductors for electronic device
applications. In this work the use of solvent descriptors to define weakly coordinating solvents and to
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are identified based on Kamlet and Taft's n*, & and 8 parameters: suitable solvents should be polar (1* >
0.55), aprotic and weakly coordinating (x and # < 0.2.). Five candidate solvents were identified and
compared to dichloromethane: trifluorotoluene, o-dichlorobenzene, p-fluorotoluene, chlorobenzene
and 1,2-dichloroethane. The solvents were compared using a suite of measurements including
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electrolyte voltammetric window, conductivity, and differential capacitance, and the electrochemistry of
two model redox couples (decamethylferrocene and cobaltocenium hexafluorophosphate). lon pairing is
identified as a determining feature in weakly coordinating solvents and the criteria for selecting a solvent
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Introduction

Compound semiconductors and alloys based upon main group
elements are of considerable interest for use in advanced
electronic devices and memory. The possible combination of
elements is significant and comprises binary compounds as well
as ternary or quaternary alloys of elements from groups II to VI
of the periodic table. These materials have a wide range of
properties and band-gaps that permits a diversity of applications.
For example: infra-red detection (indium antimonide), phase
change memory (germanium antimony telluride), photovoltaics
(cadmium telluride) and thermoelectrics (bismuth telluride) are
all types of devices where compound p-block semiconductors
have been used.

The particular features of electrodeposition offer distinct
advantages over other common methods such as chemical
vapour deposition, sputtering, ALD, etc. In electrodeposition,
deposition only occurs in areas with electrical contact, allowing
precise control over the size and shape of the deposit, and
deposition occurs under the control of the potential or current
providing a tuneable composition, and it occurs outwards from
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t Electronic supplementary information (ESI) available. See DOI: 10.1039/
d2¢ep00696k
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most promising of the five for application to electrodeposition because of their polarity.

the electrode surface, in other words ‘bottom up’, permitting
growth of large aspect ratio nanostructures. In contrast, with
‘top down’ approaches such as vapour deposition, it is not
possible to reliably penetrate the entire depth of high aspect
ratio structures such as deep pores due to blocking at the
pore mouth.

Complexes of the p-block elements are particularly labile and
undergo facile ligand exchange. For example, for all p-block ele-
ments that form aqua complexes, the mean lifetime for a primary
shell water molecule is less than 1 s,” and they lie on the labile side
of Taube’s inert/labile boundary.® In solution the solvent molecules
can compete with the ligands present in the initial complex for
coordination to the metal cation. As such, a complex with labile
ligands in a Lewis basic solvent is vulnerable to displacement by the
solvent molecule. Different metal cations differ in their interaction
with the solvent, and therefore in a donor solvent differences in
speciation across different metal precursors and oxidation states
will occur. For electrodeposition of alloys and compounds this is a
problem because more than one metal complex must be present
and because speciation affects all aspects of an electron transfer
reaction. Unpredictable changes in metal speciation greatly com-
plicates the process of metal codeposition. Hence, a plating bath
composed of metal precursors sharing common ligands in a weakly
coordinating solvent is an attractive proposition.

The interactions between an ion and its solvent can broadly
be divided into two classes: non-specific and specific interactions.”

Phys. Chem. Chem. Phys.
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Non-specific interactions are electrostatic in nature and collectively
known as van der Waals interactions. Specific interactions are of a
chemical type and include hydrogen bonding and Lewis acid/base
interactions. Quantifying the myriad and dynamic nature of inter-
actions between solvents and solutes is difficult. However, insight
can be achieved with the use of solvent descriptors: quantitative
measures of some property of a solvent, for example using dielectric
constant as an estimate of solvent polarity.

Dichloromethane (DCM) has been used recently as a weakly
coordinating solvent in the electrodeposition of p-block metals
and semiconductors. A generalised plating bath composed of
[N"BuyJCl as the supporting electrolyte and halometallate,
[N"Buy],_.[M*"Cl,], based metal precursors was developed and
used with success.”® However, the use of this category of solvent
for electrochemistry in general, and electrodeposition in parti-
cular, is relatively poorly explored. Furthermore, DCM has a low
boiling point (40 °C) and performing electrodeposition in a less
volatile solvent and at elevated temperatures would be of interest
because of the expected improvement in deposit properties.

In the present work, a method using solvent descriptors is
presented and used to make informed choices about solvent
selection. This method was used to select several potential weakly
coordinating solvents for application to p-block electrodeposition.
Subsequently, the candidate solvents were characterised in a
variety of ways to understand the nature of electrochemistry in
these solvents. The potential window, conductivity and double
layer properties were all examined. Additionally, the electrochem-
istry of the model redox couples decamethylferrocene and cobal-
tocenium hexafluorophosphate was investigated. From this, the
understanding of electrochemistry in weakly coordinating sol-
vents can be improved and weakly coordinating solvents suitable
for electrodeposition at elevated temperatures can be identified.

Experimental

Chemicals

Dichloromethane, CH,Cl, (95%, Sigma-Aldrich), o,o,0-trifluoro-
toluene, C,HsF; (>99%, Sigma-Aldrich), o-dichlorobenzene,
CeH,Cl, (>99%, Sigma-Aldrich), p-fluorotoluene, C,H,F (97%,
Sigma-Aldrich) were dried and degassed by refluxing with CaH,
followed by distilling, and were stored in an inert atmosphere of N,.
The water content in the solvents was measured with Karl-Fischer
titration (KF 899 Coloumeter, Metrohm, UK). There was less than
35 ppm of water in all solvents. Tetrabutylammonium chloride,
[N"Bu,]ClI (Sigma-Aldrich, >99%) and tetrabutylammonium tetra-
fluoroborate, [N"Bu,][BF,] (Sigma-Aldrich, >99%) were dried by
heating at 100 °C under vacuum for several hours. Decamethylfer-
rocene, (Cs(CHj)s),Fe (Sigma-Aldrich, 97%) and cobaltocenium
hexafluorophosphate, [(CsHs),Co][PFs] (Sigma-Aldrich, 98%) were
purified by sublimation. All solvents and reagents were stored in a
glovebox.

Electrodes

Working electrodes used were inlaid Pt macrodiscs of radius
0.5 mm, and microdiscs of radii 5, 12.5 and 25 um, sealed in glass.
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The working electrodes were polished sequentially with 5, 1 and
0.3 um alumina pastes on a microcloth polishing pad (Buehler,
USA). Microelectrodes were calibrated using SEM (Philips XL30
ESEM). A Pt grid was used as a counter electrode, the reference
electrode was Ag/AgCl immersed in a storage solution of 100 mM
[N"Bu,]Cl for dichloromethane, o-dichlorobenzene and 1,2-
dichloroethane, separated from the electrolyte by a porous glass
frit, and a Pt wire pseudo reference for o,a,0-trifluorotoluene,
p-fluorotoluene and chlorobenzene.

Electrochemical measurements

All glassware was cleaned by soaking in Decon 90 (Decon
Laboratories Ltd, UK) for at least 24 h, followed by rinsing with
ultrapure water, 0.055 uS cm ™ * and then dried in an oven for a
further 24 h.

All experiments were performed with a standard pear
shaped cell in a glovebox (Belle Technology, UK) under an inert
atmosphere of N, in the presence of <5 ppm O, and H,O.
Measurements were performed with a PGSTAT plIl or PGSTAT
302N (Metrohm Autolab, UK) potentiostat. Data was recorded with
NOVA 1.11 (Metrohm Autolab, UK). The ambient temperature in
the glovebox was monitored using a digital thermometer to an
accuracy of £0.05 °C (Hama, UK).

Conductivity measurements were performed in a two
electrode cell with electrodes of 0.25, 0.375 and 1 mm radius
Pt and a Pt grid. The electrolyte contained supporting electro-
Iyte only. The measurements were performed using a PGSTAT
302N with a FRA32M module. Electrochemical impedance
spectroscopy was used potentiostatically at open circuit with
50 frequencies logarithmically spaced between 40 kHz and
10 Hz at an amplitude of 5 mV RMS. Data was fitted using
ZView 3.5 (Scribner) to an equivalent circuit of a resistor in series
with a constant phase element (CPE). The CPE exponent, «, was
greater than 0.9 for all measurements. The uncompensated
resistance, R, was converted to the specific conductivity, «, with
Newman'’s equation: R, = 1/4axk, where a is the electrode radius
using a plot of R, vs. 1/a.® The molar conductivity, A,
was calculated using A4, = k/c, where c is the electrolyte concen-
tration. For double layer capacitance measurements, electro-
chemical impedance spectroscopy was performed as described
above with 20 frequencies. However, a three electrode cell was
used, with sat. Ag/AgCl used as the reference for TFT, pFT and
CB. Additionally, a 100 nF capacitor and 0.25 mm radius Pt
wire was used in parallel with the reference electrode.™
Measurements were performed as a function of potential within
the potential window of the electrolyte, at intervals of 200 mV
with a wait time of 30 s between each potential.

Results and discussion
Weakly coordinating solvents

Kamlet and Taft’s (KT) set of empirical solvent descriptors have
been extensively used to understand the effect of the solvent on
a variety of chemical processes. They are composed of three
descriptors: n*, « and f which describe the polarity, Lewis

This journal is © the Owner Societies 2022
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acidity and Lewis basicity respectively."* By definition, therefore,
a weakly coordinating solvent might be expected to have a
negligible or zero f. There are however, other requirements if
a solvent is to be suitable for electrochemistry. The solvent must
be to some extent polar; to permit the dissolution and separation
of charged species so that a conducting electrolyte solution is
formed. It must also be aprotic to give a large potential window
for the reduction of more stable elements. As such, within the
framework of the KT parameters a useful weakly coordinating
solvent for electrodeposition would have a large n* parameter,
and a zero, or low, value for the « and f parameters.

Fig. 1 shows in red a plot of solvents with KT parameter
values of m* > 0.55, « < 0.2 and f§ < 0.2. These represent
solvents with properties expected to be useful based upon the
above criteria. As can be seen, the solvents occupy a specific
volume of the 3D solvent descriptor space. The solvents in this
region are primarily halogenated aromatics or short chain
aliphatics. Also shown in the same plot are a selection of
solvents commonly used in electrochemistry (in blue) and some
typical ionic liquids (in yellow). Details of the solvents and their
KT parameters are given in Table S1 (ESIt). Clearly the weakly
coordinating solvents form a separate group distinct from the
ionic liquids and solvents commonly used in electrochemistry.
Interpretation of the absolute values of the KT descriptors must
be done with caution. The methods of acquiring the descriptors

View Article Online
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have been criticised,” nevertheless they have been shown to
correlate well with other solvent descriptors, suggesting that
they all measure broadly the same property.'* Furthermore with
the advent of high powered computing, more advanced models,
such as CODESSA or COSMO-RS,"*'* have emerged. These
allow the accurate prediction of solute and solvent properties
and deepen understanding of the underlying factors affecting
solute-solvent interactions. Empirical solvent descriptors may
have been superseded, but they remain an accessible tool for
quick understanding of the properties of a solvent to the
chemist.

Of the solvents in the correct region of solvent space, six
were selected as candidate solvents for study: dichloromethane
(DCM), a,a,a-trifluorotoluene (TFT), o-dichlorobenzene (oDCB),
p-fluorotoluene (pFT), chlorobenzene (CB) and 1,2-dichloro-
ethane (DCE). DCM is included for comparison since it has
previously been examined in the literature. A compilation of
relevant physical properties of these solvents is given in Table 1.
The candidate solvents all possess boiling points higher than
DCM. Additionally, all have similar o and f values but vary in
their n*. Therefore it would be expected that the solvents behave
similarly, except for properties determined by their polarity. All
solvents are readily available at a low cost from standard
chemical suppliers. There are varying degrees of safety consid-
erations associated with the solvents (see Table 1), 0DCB is fairly

Fig. 1 Weakly coordinating solvent selection map. Showing Kamlet and Taft's descriptors solvent polarity, ©*, Lewis acidity, « and Lewis basicity, 5, for
red: weakly coordinating solvents, blue: common electrochemical solvents, yellow: typical ionic liquids. Solvent identities can be found in Table S1 (ESI).
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Table 1 Physical properties of weakly coordinating solvents. Ty: boiling point, p,: vapour pressure, n: viscosity, p: density, ¢.: dielectric constant, n:

refractive index, u: dipole moment in the gas phase. All values at 25 °C

Solvent Tp/°C pokPa n/mPa s plg cm 3 & n u/D Hazards”
DCM? 40 58.3 0.41 1.39 8.9 1.42 1.1 Suspected carcinogen
TFT 102° 5.3 0.474 1.18° 9.2° 1.48° 2.9 Highly flammable

Harmful to the environment
oDCB? 181 0.2 1.32 1.30 9.9 1.55 2.5 Harmful to the environment
pFT 117¢ 3.0/ 0.62% 1.00¢ 5.9¢ 1.47°¢ 2.0° Highly flammable
CB? 132 1.6 0.76 1.10 5.6 1.52 1.7 Flammable

Harmful to the environment
DCE? 83 10.6 0.78 1.25 10.4 1.44 1.8 Highly flammable

Suspected carcinogen

Toxic

“ From safety data sheet available at www.sigmaaldrich.com, accessed 03/2022. ? Ref. 50. © Ref. 51. ¢ Ref. 52. ° Ref. 53.” Ref. 54. ¢ Ref. 55.

benign whereas DCE is restricted by the European Union’s
REACH regulations for example. But the risks are no greater
than for other solvents regularly used in chemistry.

Potential window

The definition of the electrolyte potential window is somewhat
arbitrary since the current generally increases approximately
exponentially at the anodic and cathodic limit. In this work the
potential window of each solvent was determined with the
use of decamethylferrocene (DMFc) as an internal current
reference. The electrolyte was considered to have reached its
solvent limit, anodic or cathodic, when the current was equal to
the anodic or cathodic peak current for 1 mM DMFc. All
measurements were made using a 0.25 mm radius Pt disc at
a scan rate of 50 mV s~ '. The results are shown in Table 2.
In those cases where 100 mM [N"Bu,]Cl was insoluble in the
solvent (TFT, pFT and CB) 100 mM [N"Bu,][BF,] was used
instead. The voltammograms used to measure the solvent
potential window, along with windows at Au and glassy carbon
(GC) electrodes are shown in Fig. S1 (ESI{).

For the majority of solvents, the available potential window,
Ewindow, 1S similar for the solvents with the same electrolyte.
Additionally, all solvents have a similar cathodic limit, E., and
those that share a common anion have a similar anodic limit,
E,. E, is greater when [BF,]| ™ is used, indicating that C1~ is more
easily oxidised. It has been shown that the addition of strongly
withdrawing groups in the anion can increase its resistance to
oxidation.”® The electrochemistry of the chloride/chlorine
system at a Pt surface was studied by Sereno et al in the

Table 2 Anodic and cathodic limits, and available electrolyte window
determined using 1 mM DMFc at 0.25 mm Pt WE at 50 mV s~ Electrolyte
composed of 100 mM [N"BuylCl in DCM, oDCB and DCE, and 100 mM
[N"Bu,l[BF4] in TFT, pFT and CB

Solvent E, vs. DMFc”*/v E. vs. DMFc”* /v Eindow/V
DCM 0.89 —2.18 3.07
TFT 1.45 —2.30 3.76
0oDCB 0.78 —2.31 3.09
PFT 1.40 —2.56 3.97
CB 1.45 —2.51 3.95
DCE 0.75 -1.77 2.52
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aprotic solvent acetonitrile.”® The overall redox reaction

appeared to be
2CI" +2¢~ — Cly(g)

which proceeded via a Volmer-Heyrovsky mechanism. Xiao and
Johnson performed bulk electrolysis of the ionic liquid
[bmim][BF,] at Pt electrodes.”” The anodic product was found
to be primarily BF;. With [N"Buy][BF,], it might therefore be
expected that the anodic decomposition reaction is

[BFs]~ — BF3(g) +e™.

The similarity of the windows suggest that the available window
of the system is limited by decomposition of the supporting
electrolyte rather than the solvent itself. The exception to this
rule is DCE which has a much lower cathodic limit, suggesting
the solvent itself is decomposing. The electrochemical
reduction of DCE has been studied at GC and Ag electrodes
in acetonitrile and dimethylformamide.'®'® The proposed
mechanism is one of stepwise dechlorination forming a carbon
radical followed by a carbanion, with the reaction terminated
by the formation of ethylene.'® Protonation of the anion by
trace water to give chloroethane or ethane is also possible.
However considering the minimal water content in the solvents
(see above), this is likely to only be a very minor product.

Slight variations of the limits can still be observed between
solvents, this could be the effect of trace water impurities,
which have been observed to narrow the potential window of
ionic liquids.”® Nevertheless, the key consideration for electro-
deposition is the cathodic limit, which is comparable to DCM
for all solvents and indicates that the candidate solvents have a
useful window for cathodic semiconductor deposition.

Conductivity

Table 3 shows conductivities of the selected solvents with
100 mM [N"Buy|Cl and [N"Bu4|[BF,], except from TFT, pFT
and CB where 100 mM [N"Bu,|Cl was insoluble, as noted above.
Its insolubility is presumably caused by the lower polarity of the
solvents (m* < 0.71). Also shown is the conductivity viscosity
product, A4, in an attempt to account for the effect of gross
difference in solvent viscosity on conductivity; 4,1 should be
approximately proportional to the degree of ion pairing in the

This journal is © the Owner Societies 2022
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Table 3 Normalised uncompensated resistance and conductivities of 100
mM electrolyte at 25 °C obtained from impedance spectroscopy. Blank
cellindicates insolubility. Each value is the average of three repeats and the
error the standard deviation

Amn/S ecm®

Electrolyte Solvent Rua/kQ cm  A.,/S cm? mol™" mPa s mol™*
[N"Bu,]Cl DCM  0.28(1) 9.04(2) 3.71(8)

TFT — — —

oDCB  2.33(3) 1.07(2) 1.42(2)

pFT — — —

CB — — —

DCE 0.34(1) 7.42(11) 5.78(8)
[N"Buy][BF,] DCM 0.22(1) 11.61(38) 4.76(16)

TFT 0.43(2) 2.30(5) 1.17(2)

oDCB  1.44(1) 1.74(2) 2.29(3)

PFT 3.50(15) 0.71(3) 0.44(2)

CB 3.22(7) 0.78(2) 0.59(1)

DCE 0.23(1) 10.69(12) 8.33(10)

solvent. The values obtained are comparable with those pre-
viously reported in the literature under the same or similar
conditions for DCM,?*** TFT,*»** oDCB>** and DCE.****

In the solvents where both salts are soluble, [N"Bu,|[BF,]
imparts greater conductivity than does [N"Bu,]Cl. This can be
rationalized in less polar solvents since the larger [BF,]™ anion
has a lower charge density than ClI™ and, consequently is
expected to be less strongly ion paired.*® The increased size
of the anion does reduce mobility but this is compensated by
the increase in free ions. The ratio of conductivity, A1
(IN"Bu,|[BF,])/Amn ([N"Buy]Cl) is similar for DCM, oDCB and
DCE with values of 1.3, 1.6 and 1.4 respectively; indicating that
the relative strength of the electrolyte remains the same. Such
effects have been previously observed in DCM and TFT by
Geiger et al.”* When measuring the conductivity of various
tetrabutylammonium salts, they found that the conductivity
was increased and K, the association constant, lowered for
larger anions.

It is also interesting to note that although many of the solvents
have similar dielectric constants, the measured conductivities are
not similar. The experimental order of A, is pFT < CB < TFT <
oDCB < DCM < DCE, however that predicted by ¢, is CB < pFT
< DCM = TFT < oDCB < DCE (Fig S2, ESIt). The conductivities
for TFT and oDCB solutions appear to be significantly lower than
those for DCM and DCE with similar dielectric constants. This
suggests that the isodielectric rule, which states that for a given
electrolyte salt the ion pair association constant should be the
same in solvents of the same electrolyte,>” breaks down here due
to short range specific interactions in these aromatic solvents.>®
The formation of ion pairs is ultimately a competition between
solvent and counter ion for interaction with the ion. Such an effect
has been observed in water where ion pairing increases with size
since larger ions disrupt the H bonding network of water and so
are forced into ion pairs to preserve it.*® One measure of the
structure of a solvent is the Kirkwood correlation parameter,
gk, which gives information on the orientation of the solvent
molecule’s dipole.”® For a solvent with no alignment: 0.7 < gx <
1.3 and it is considered unstructured. When gx > 1.3, the dipoles
are oriented parallel to each other. gx < 0.7 corresponds to

This journal is © the Owner Societies 2022
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neighbouring dipoles oriented in an antiparallel fashion. Values
for the present solvents can be taken from the literature (ref. 29) or
calculated, giving values for DCM, TFT, oDCB and DCE of 1.04,
0.56, 0.68 and 1.17 respectively. This would suggest DCM and
DCE are unstructured, but in TFT and oDCB some of the solvent
molecules are oriented in an antiparallel manner and this
arrangement is preferred to ion solvation, causing a greater degree
of ion pairing. There is no direct evidence of such structures in
TFT or oDCB but dielectric measurements of bromobenzene and
benzonitrile, two solvents with gx < 0.7, have shown them to
form stable antiparallel dimers.>® Furthermore, crystal structures
of TFT and oDCB showed TFT molecules arranged in a head to tail
fashion, and favourable CI-Cl interactions leading to a ‘zig-zag’
structure in oDCB,*** suggesting that associations of this type
are energetically favourable in solution.

Double-layer structure

Fig. 2 shows differential capacitance curves for 100 mM
[N"Bu,][BF,] at a Pt electrode. A simple model of the electrical
double layer (EDL) describes the total capacitance, Cpy, as the
sum of two capacitors in series

L1
Cp. Cu Op

where Cy is the capacitance of the Helmholtz layer and Cy, is the
capacitance of the diffuse layer.** At high electrolyte concentrations
such as that in Fig. 2, Cp, becomes large enough so that it no longer
contributes to Cp;, which is then primarily determined by Cy.** Cy
can be described as a parallel plate capacitor, such that

CH _ &i&o

A4 d

where A is the area of the electrode, ¢; is the dielectric constant
of the inner layer, ¢, is the permittivity of free space and d is the

[ 2
-

20 1

Cp./ WF cm™

-1.8 -0.9 0.0 0.9

E vs. DMFc"* / V

Fig. 2 Differential capacitance curves for 100 mM [N"Bu,l[BF4] at a
r = 0.25 mm Pt electrode, scanning in the anodic direction. Black: DCM,
red: TFT, blue: oDCB, green: pFT, brown: CB, purple: DCE.
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distance between the two plates. This model predicts capaci-
tance to be independent of potential, which is clearly not the
case here. Instead, generally, a decrease in Cp;, with potential is
observed, before plateauing at the most negative potentials.
Curves measured by scanning in the opposite direction showed
no changes (see Fig. S3, ESIt). This appears to be in agreement
with the work of Fawcett at the Hg/propylene carbonate inter-
face with 100 mM [N"Buy][ClO,]. As the potential decreases,
solvent molecules are replaced by [N"Bu,]" on the electrode and
¢; decreases. Taking a value of 6.5 pF cm ™ for the capacitance
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of the plateau, and assuming a dielectric constant of the inner
layer of 3.2,* gives a thickness of 0.44 nm. This is comparable
to 0.41 nm, the crystallographic radius of the [N"Bu,]" cation,®
indicating that the inner layer is populated by [N"Buy]|’ at
negative potentials. Although, since the size reported here is
larger than the crystallographic radius, this might suggest that
the dielectric constant of the inner layer is less than 3.2. Abbott
reported a value of 2.6 in DCE for example.*”

The exception to this rule appears to be CB, where
two humps are observed. This was also observed by Abbott

4 B T T T T T L T L i
a) b)
8 2 .
g
Q
< 4
S _— —
— i
-+— 7 -—
-2 B 1 1 1 1 1 " 1 " T
I . ]
2119 ) 1
'E 14+ -
(&} 4
<
E 0.7 -
— . . |
0.0
= 7 -— _
'07 C 1 1 1 1 1 i 1 L 7
2.4 B
e) f) |
1.6 L
E 0.8 R
™ 0.0
. 7 -— —
-0.8 | -
-1.2 -0.6 0.0 -1.2 -0.6 0.0

E vs. DMFc* / V

E vs. DMFc* J V

Fig. 3 Representative microdisc voltammograms for 1 mM DMFc and 0.5 mM CcPFg at various electrode materials with 100 mM (a, ¢ and f): [N"Bu,4]Cl
and (b, d and e) [N"Bu4l[BF4]. Scan swept from —0.3 V vs. DMFc at (a, b and d—f): 5 mV s7%, (c) 2 mV s* in the direction indicated by the arrows. CE: Pt
mesh, RE: (a, ¢ and f): Ag/AgCl, (b, d and e): Pt PRE. (a) DCM, (b) TFT, (c) oDCB, (d) pFT, (e) CB, (f) DCE. Black: r = 5 um, red: 12.5 um, blue: 25 pm.
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for 300 mM [N"Bu,][BF,] in DCE at a Pt surface.”” These humps
were demonstrated to be caused by adsorption of ions or ion
aggregates onto the electrode surface. Although it is not clear
why it is only observed in CB.

Fawcett also investigated the structure of the double layer
with a dropping mercury electrode (DME) in tetrahydrofuran
(THF), a solvent of similar polarity to those studied here.*® In
their work diffuse layer effects were observed in the form of a
capacitance minimum, caused by a decrease in effective ionic
strength due to ion pairing. Ion pairing is undoubtedly present
in the studied solvents but it does not appear to be observable
here. It could point to the advantage of using a DME for EDL
studies, where the history of the electrode is not a factor.

Electrochemistry of decamethylferrocene and cobaltocenium
hexafluorophosphate

Decamethylferrocene (DMFc) and cobaltocenium hexafluoro-
phosphate (CcPFg) were used as model redox probes to inves-
tigate the nature of electrochemistry in the candidate solvents.
Metallocene electron transfer is an outer sphere, mechanistically
simple electron transfer process with a low inner and outer
sphere reorganisation energy. They are characterised by fast,
stable electrochemistry and as such are regularly used for the
characterisation of unknown solvents. For example, metallo-
cenes have been used to understand behaviour in novel media
such as ionic liquids.*® It was also imprtant to understand
the behaviour of DMFc since it was to be used as a solvent
independent internal reference; DMFc has been shown to be a
superior internal reference to the commonly used ferrocene.*’

Fig. 3 shows voltammograms for DMFc and CcPF, at three
different sizes of microelectrode in the selected solvents. One
major advantage of microelectrodes is that their smaller size
results in smaller currents and therefore minimisation of distor-
tions associated with iR drop. This feature becomes particularly
important in low polarity solvents such as those studied here, and
was exploited to achieve artefact free, quantitative analysis of
voltammograms.

Starting from —0.3 V vs. DMFc”*, one oxidation process can be
observed, corresponding to the oxidation of decamethylferrocene
to decamethylferricenium

[(MesCp),Fe(I1)] — [(MesCp),Fe(II]* + ¢~

where Cp is the cyclopentadienyl anion. On the reverse sweep,
a cathodic process occurs, associated with the reduction of
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cobaltocenium to cobaltocene
[(Cp),Co(IIM)]* + e~ — [(Cp),Co(I)]

As can be seen, a limiting current plateau forms for both DMFc
and CcPFg at all electrode sizes in all solvents, indicative of a
diffusion limited process. This is also supported by the observa-
tion of linear Randles-Sevcik plots at larger electrodes (Fig. S4,
ESIt). The behaviour was investigated at different electrode
materials, with voltammograms recorded at Au and glassy carbon
(GC) macroelectrodes, shown in Fig. S5 (ESIt). No changes are
observed, as would be expected for an outer-sphere electron
transfer.

Thermodynamics. Mass transport corrected Tafel plots were
used to obtain the half wave potential, E,,, for DMFc and CcPF¢

RT . (i
E=E;+ (%
2t E n<i )

where R is the gas constant, T absolute temperate, n the
number of electrons transferred, F the Faraday and i, the
limiting current. Therefore, plots of E vs. In(i1/i — 1) should
be linear with an intercept of E;,. Such plots are shown in
Fig. S5 (ESIf) and the obtained values vs. Ag/AgCl and DMFc”",
averaged over three electrode sizes and three repeats are shown
in Table 4. No relationship between E;,, and electrode size was
observed, demonstrating the absence of any iR drop effects.
Some shifts in the redox potential of DMFc vs. Ag/AgCl are
evident, we attribute these to solvent shifts in the Ag/AgCl
reference electrode potential. It is then possible to reference
E;,,(CcPFg) against DMFc, so now all changes in the CcPFq
redox potential can be attributed to the effect of the solvent.
According to the Born equation for the electrostatic solvation
energy of an ion, E;;, should be proportional to 1/e.*" With
DMFc as an internal reference it is possible to examine this
relationship for CcPFs. Based upon the solvent descriptors
above, it should be expected that there are minimal specific
interactions between solvent and solute, and the primary form is
electrostatic in nature. Consequently, simplistically the Born
equation might be expected to be a reasonable descriptor of
solvent solute interactions. Fig. 4a shows such a plot for
the selected solvents. A weak linear relationship is observed
(R* = 0.65), with redox potential decreasing with solvent
polarity. Clearly in this case the Born equation is not a good
descriptor; previous attempts at correlation in the literature have
been similarly unsuccessful."’ Also shown in Fig. 4b is the

Table 4 Thermodynamic, kinetic and mass transport parameters of 1 mM DMFc and 0.5 mM CcPFg in various solvents at 25 °C using microelectrodes.
Obtained with 100 mM [N"Bu4lClin DCM, oDCB and DCE and 100 mM [N"Bug4l[BF,4] in TFT, pFT and CB. Values are the average of three repeats with the

error the standard deviation

DMFc CcPFy

Solvent Ey;, vs. Ag/ACIV |Es;~Eyyu|/mV b/mV  D/107° cm? s™ Eyj, vs. Ag/AgCI/V Eyj, vs. DMFC”*/V |E3;4~Eys)/ mV b/mV  D/107° cm? s

DCM  0.438(10) 58(1) 26.6(3) 1.68(2) —0.350(10) —0.788(1) 56(1) 25.4(3) 1.35(1)
TFT  0.192(4) 63(2) 28.6(6) 1.18(3) —0.637(2) —0.830(1) 57(1) 26.0(1) 0.38(2)
oDCB  0.499(20) 59(1) 26.8(1) 0.52(1) —0.323(20) —0.822(1) 55(2) 24.8(8) 0.24(1)
pFT 0.198(7) 62(1) 28.9(8) 1.10(11) —0.678(7) —0.875(2) 57(1) 26.2(1) 0.31(3)
CB 0.145(1) 62(2) 28.2(8) 0.87(3) —0.692(1) —0.840(4) 58(1) 26.3(9) 0.32(3)
DCE  0.376(1) 57(1) 26.1(2) 0.88(3) —0.418(1) —0.795(2) 55(1) 25.0(1) 0.61(3)
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relationship with n*, where the correlation is improved, R> =
0.77. Suggesting that n* is the superior descriptor of solvent
polarity. Correlations of redox potential with n* have previously
proved successful.*?

The direction of the correlation is, however, opposite to what
is expected. For a cation that is reduced to a neutral species,
more polar solvents would more strongly solvate the cation and
decrease the redox potential. One effect that potentially could
cause a reversal of this trend is ion pairing. If the Cc' ion was
paired with [BF,]” or Cl™ then this could stabilise the cation,
thus decreasing the redox potential. As the polarity of the
solvent decreases, the degree of ion pairing is greater and so
is the stabilisation. The presence of ion pairing effects on
voltammetry has been reported in DCM for ferrocene and
DMFc.****
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Fig. 4 Solvent dependence of Ej;»(CcPFe) with solvent polarity. (a)
Dielectric constant and (b) KT polarity descriptor. Obtained from micro-

electrode voltammograms for 0.5 mM CcPFg with 100 mM [N"Bu4ICl in
DCM, oDCB and DCE, and 100 mM [N"Bugl[BF,] in TFT, pFT and CB.
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Kinetics. Steady-state voltammograms can also be used to
investigate the kinetics of electron transfer. For an electro-
chemically reversible one electron redox couple at 25 °C the
difference between the third and first quartile potential, E;,,
and E;,, respectively, should be 56 mV. Additionally, the slope
of a mass transport corrected Tafel plot, b, is equal to RT/nF,
corresponding to 25.7 mV for a one electron transfer at 25 °C.
Values for each method are given in Table 4 for DMFc and
CcPFg. Tafel plots can be found in the ESI} (Fig. S6). As can be
seen, both redox couples are reversible, or near reversible, in all
of the solvents. This is in agreement with previous observations
in the literature for DMFc.***>"*

Mass transport. The limiting current at a microelectrode is
given by

iL = 4nFDca

i, /nA

0 N 1 N 1 N
0 5 10 15 20 25
a/pm
Fig. 5 Representative plots of i vs. a for (@) 1 mM DMFc and (b) 0.5 mM

CcPFe at electrodes of r = 5 um, 12.5 pm and 25 pm at 25 °C. Black: DCM,
red: TFT, blue: oDCB, green: pFT, brown: CB, purple: DCE.
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where D is the diffusion coefficient, ¢ is the concentration of
electroactive species in the bulk and a is the radius of the
microelectrode. Consequently, plots of ij, vs. a for different sizes
of microelectrode should be linear and D can be obtained from
the slope. Fig. 5 shows such plots for DMFc and CcPFe.
Uncertainty in the concentration was alleviated by performing
a potential step at a microelectrode. The resulting transient was
fitted to the Shoup-Szabo equation, giving c.*® The average
value for all three electrode sizes was taken and used as ¢ in
calculating D. The resulting D values are shown in Table 4.
Diffusion coefficients obtained from potential steps at a micro-
electrode corroborate the results here and are shown in Table
S2 (ESIt). Where available, the values here agree with those
in the literature. In DCM Weaver obtained a value of 1.30 X
10> ¢cm® s ! for DMFc using DC polarography at 23 °C.*

D/10°m?s?
()
N

(]
DCE
x @ .
e CBprr T
oDCB
00—
0.0 0.8 1.6 2.4

nt/103pals?

Fig. 6 Stokes—Einstein plots of (a) DMFc and (b) CcPFg at 25 °C. D
obtained from microelectrode voltammograms. Values are the average
of three repeats and the error bars the standard deviation.
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Matsumoto and Swaddle reported a mean value of 1.07 x
107° em® s~ using peak currents of voltammograms at 25 °C.*®
Branch obtained a value for DMFc of 1.48 x 10 ° cm* s~ ' from a
microelectrode voltammogram and a mean value of 7.95 x
107° em® s from macrodisc voltammograms at 25 °C.*
Tsierkezos reported a value of 1.35 x 10™> em® s~ * for the neutral
Cc species in DCM, similar to the value obtained here.*” There
appears to be no literature data of measurements for DMFc nor
CcPF, in the remaining solvents.

Diffusion coefficients are often interpreted using the Stokes—
Einstein (SE) equation

D kgT
6mnrs

where kg is Boltzmann’s constant, n the solvent viscosity and
rs the Stokes radius, the size of the diffusing particle. The
Stokes-Einstein equation assumes that the diffusing particle is
spherical and travelling through a continuum. Therefore, a plot
of D vs. 1/n should be linear with an intercept at the origin.
Fig. 6 shows such plots for DMFc and CcPFg.

In Fig. 6a for DMFc it can be seen that the plot is linear
(R? = 0.98) with an intercept close to the origin, demonstrating
that DMFc obeys the Stokes Einstein equation. For the charged
Cc' in Fig. 6b the situation is markedly different. Assuming that
the choice of redox couples does not significantly affect the
solution viscosity, the most likely explanation for this lack of
correlation is the presence of ion pairing increasing the size of
the diffusing particle, rs. This has been observed before for
diffusion coefficients of DMFc' in DCM by Goldfarb and
Corti.** The interpretation of diffusion coefficients in weakly
coordinating solvents is complicated and will be discussed
further in a subsequent publication.

Conclusions

The aim of this study was to improve the understanding of
electrochemistry in weakly coordinating solvents and identify
alternative solvents to DCM that might be useful for electro-
deposition. To this end, Kamlet and Taft solvent descriptors
were employed to identify solvents with similar properties to
DCM. As a part of this method it was established that other
solvents commonly used in electrochemistry were not suitable
and would not be useful. The selected solvents were subjected
to thorough characterisation, comprised of measurements of
potential window, conductivity, double-layer capacitance and
behaviour of model redox couples. Earlier, a prediction was
made that all solvents would behave similarly except for those
properties determined by polarity and this appears partially
true. Whilst the advantage of solvent descriptors and Kamlet
Taft parameters for choosing a solvent has been demonstrated,
it was also shown that they do not tell the whole story which
leaves an element of uncertainty. Increasing the number of
descriptors considered would be a solution but this greatly
increases the complexity of the selection process and it is not
plausible to identify them all a priori. The most profitable
approach would seem to be to choose 2-4 key descriptors and
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use those to identify several candidate solvents for investigation,
then choosing the optimum solvent(s). This may be more
resource intensive but allows for the possibility of unforeseen
behaviours.

In a general sense, all solvents investigated appear to be
useful as weakly coordinating solvents for electrochemistry.
However due to the low polarity of some, they are unlikely to
be useful for electrodeposition. The ability to dissolve and
dissociate salts in reasonable quantities is a key requirement
for a useful plating bath. Therefore, oDCB and DCE as the most
polar solvents appear the most promising for application to
electrodeposition. This will be the subject of future research.

Finally, in solvents with a low polarity such as those studied
here, ion pairing is clearly an important factor in determining
the electrochemical response. The consequences of ion pairing
were observed in measurements of conductivity, redox
potential and diffusion coefficient and must be considered
when interpreting electrochemical data in solvents of inter-
mediate or low polarity. Furthermore, charged species are likely
to exist in a combination of forms including free ions, ion pairs
and potentially triple ions. Meaning the experimental response
is an average of the species’ behaviour in all its arrangements.
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Weakly coordinating solvents are of interest for the electrodeposition of p-block semiconductors for application
in electronic devices. p-block complexes typically have weakly coordinated ligands that are easily displaced,
making them incompatible with strongly Lewis basic solvents. In this work we use electrochemical measurements
at microelectrodes to study diffusion in weakly coordinating solvents. Diffusion coefficients of the metallocenes
decamethylferrocene, decamethylferrocenium hexafluorophosphate, cobaltocenium hexafluorophosphate, and
the electrodeposition precursors tetrachloroantimonate(III) and tetrachlorobismuthate(III) were measured. The
values are analyzed using the modified Stokes-Einstein equation and compared with the theoretical upper, Dyay,
and lower, Dy,n, bounds of the diffusion coefficients. This approach allows the interpretation of D values, whilst
avoiding dealing with some of the uncertainties associated with molecular size in the Stokes-Einstein equation.
The neutral decamethylferrocene was found to obey the Stokes-Einstein equation whereas the charged metal-
locene species had values which were less than the theoretical minimum, which was attributed to a larger than
expected particle size caused by ion pairing. The importance of considering the modifications of the Stokes-

Einstein equation is also highlighted.

1. Introduction

Weakly coordinating solvents are a category of solvent where the
molecules are weakly Lewis basic [1]. This means that they are poor
ligands and are unlikely to coordinate to a metal cation in a complex.
Dichloromethane is one such solvent and its properties as a weakly
coordinating solvent have been exploited recently to electrodeposit
p-block semiconductors [2-4]. p-block element electrodeposition pre-
cursors tend to be labile and hence their ligands are easily displaced,
meaning it is important that the solvent will not coordinate to dissolved
metal ions. Additional weakly coordinating solvents have also been
identified, in order to further the understanding of the nature of elec-
trochemistry in weakly coordinating solvents and to identify alternative
solvents to the volatle DCM [1]. The solvents were:
a,o,0-trifluorotoluene  (TFT), o-dichlorobenzene (0oDCB), p-fluo-
rotoluene (pFT), chlorobenzene (CB) and 1,2-dichloroethane (DCE) and
these were electrochemically characterised in a recent study.

The diffusion coefficient, D, is a constant of proportionality between
the flux and the concentration gradient of a diffusing species, and rep-
resents the rate of translational movement of a particle. It has a partic-
ular importance in electrochemistry since the current response depends
on the flux of the electroactive species to the electrode surface.

* Corresponding author.
E-mail address: P.N.Bartlett@soton.ac.uk (P.N. Bartlett).
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Quantitative descriptions of the current at an electrode require knowl-
edge of the diffusion coefficient and its experimental calculation rep-
resents an essential component of the characterisation of a redox couple.

In the present work, the diffusion of neutral and charged species is
investigated in the six weakly coordinating solvents: DCM, TFT, oDCB,
pFT, CB and DCE in order to improve the understanding of diffusion in
this category of solvent. Diffusion coefficients are reported for the
neutral  decamethylferrocene  (DMFc), the cationic deca-
methylferrocenium hexafluorophosphate (DMFcPF¢) and cobaltoce-
nium hexafluorophosphate (CcPFg), and the electrodeposition salts
[N"Buy][SbCly] and [N"Bu4]l[BiCls]. [SbCl4]~ and [BiCls]™ are pre-
cursors for the electrodeposition of Sb and Bi that have been used in the
electrodeposition of various materials from DCM [3,5,6]. Additionally,
oDCB and DCE were recently identified as promising weakly coordi-
nating solvents for semiconductor electrodeposition [1]. Diffusion to the
electrode surface is an important factor in the electrodeposition process
and it is therefore interesting to study this in greater detail in DCM,
oDCB and DCE. Another significant motivation for this work was the
desire to be able to predict the diffusion coefficients for new electro-
deposition precursors from structural data. The results are examined in
the context of the Stokes-Einstein equation, and they are used to un-
derstand the nature of diffusion in these solvents. The importance of
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considering the modifications of the Stokes-Einstein equation when
interpreting diffusion coefficients is also discussed.

1.1. The Stokes-Einstein equation

An accessible approach to the interpretation of diffusion coefficients
is with classical hydrodynamic theory and the Stokes-Einstein equation
[71

_ kB T
f{O[

(€8]

where kg is Boltzmann’s constant, T is the absolute temperature and fiot
is the total friction factor. The term kgT represents the thermal energy
driving force for particle motion, and fi, the friction that impedes it. fiot
is then given by

flol = 6”’7”5 (2)

where 1) is the solvent viscosity and rs is the Stokes radius, the radius of
the diffusing species.

However, the Stokes-Einstein equation in its form above carries with
it several assumptions that are not always fully appreciated. Firstly, the
equation assumes infinite dilution i.e. that there are no interactions
between diffusing particles. It is also assumed that the solvent is a
continuum described only by its viscosity, and finally that the diffusing
species is a hard sphere. The Stokes-Einstein equation has proven
remarkably effective for large particles, e.g. colloids or proteins, but as
the size of the particle decreases, theory and experiment begin to
diverge, and for molecules of a similar size to the solvent, such as those
encountered in electrochemistry, the equation performs poorly [8].

This has resulted in the development of corrections to the Stokes-
Einstein equation to improve its description of small molecules. Infin-
ite dilution can be approximated by using low concentrations of analyte.
The constant 6 in Eq. (2) can be replaced by the variable g, which de-
scribes the nature of the movement of the diffusing particle past solvent
molecules and is proportional to the ratio of the radii of the solvent and
solute molecules.  decreases as the ratio increases, to the lower limit of
4, such that 4 < g < 6, therefore accounting for non-continuum effects.
The motion when = 4 is commonly referred to as ‘slipping’, and when
B = 6 as ‘sticking’. Expressions for its exact estimation have been pro-
vided by Gierer and Wirtz, and Chen and Chen [9]. Corrections for a
diffusing species that is non-spherical can also be found. Perrin provided
corrections for ellipsoids of revolution, a more common shape in elec-
trochemistry [10]. fior then becomes

Jiot = fusfe 3

where fs is the hard-sphere friction factor, equal to canrs, and fp is the
Perrin correction.

There is also the question of how best to estimate the radius of the
particle in solution. There are several radii that can be found in the
literature for polyatomic molecules, obtained using different methods
and it is not clear which most accurately describes their size in solution
[11]. Furthermore, molecules can be uneven and irregular, creating a
non-uniform surface and variations in their radius across it. From ex-
periments, Macchioni et al. concluded that the upper and lower limits of
rg are the crystallographic radius, res, and the van der Waals radius,
rvaw, respectively [12]. rs is obtained from X-ray crystal structure
measurements, the calculated unit cell volume can be converted into a
radius by assuming sphericity [12]. r¢;s describes the space occupied by
the molecule plus void spaces between molecules due to repulsive
forces. ryqw is taken from the van der Waals volume, Vyqw, which is the
sum of the spheres occupied by the constituent atoms, after accounting
for bonding. Vyqw is obtained from computational calculations, or from
correlation with other radii [11].

Another common approach to correlating diffusion coefficients is
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with the Wilke-Chang equation [13]. This is an empirical modification
of the Stokes-Einstein equation, obtained from data for a range of
(typically organic) solutes and solvents. Here, D is proportional to

(Mr)l/ 2 /yv06, where M, is the relative molecular mass of the diffusing
species, and V is its molal volume. The Wilke-Chang equation is often
used in electrochemistry, as an alternative to the Stokes-Einstein equa-
tion, to predict and analyze experimental diffusion coefficients, as in
Refs. [14-16] for example. The Wilke-Chang equation also requires a
‘solvent association parameter’, which describes the strength of in-
teractions between solvent molecules e.g. hydrogen bonding [13,17].
This property must be determined experimentally, and so makes it
difficult to apply the equation to solvents for which little data is avail-
able. The molecular mass approach has also been extended to allow
diffusion coefficients to be directly correlated with M;, using a method
developed by Valencia and Gonzalez which was based upon electro-
chemical measurements of various organic molecules in acetonitrile,
dimethylsulfoxide and N,N-dimethylformamide [18,19].

Approaches based on correlation with M; assume that, for a given
solvent, the density remains constant across the measured dataset. This
is likely to be true for organic molecules, as evidenced by the success of
the Wilke-Chang equation for such compounds, however in this work
where organometallic complexes and p-block halometallate complexes
are studied, it cannot be known with any certainty that this is the case.
Furthermore, Zaccaria et al. measured the diffusion of multiple organ-
ometallic complexes with approximately the same size and shape, but
differing metal centres and so different molecular masses [20]. It was
found that the size of the molecule, rather than weight, was the deter-
mining factor in their diffusion properties. As such, correlations based
on molecular mass are not considered appropriate for the compounds
under investigation here, and the more general Stokes-Einstein equation
is preferred.

2. Experimental
2.1. Chemicals

Dichloromethane, CH3Cl, (95%, Sigma-Aldrich), o, o, a-tri-
fluorotoluene, CyHsF3 (>99%, Sigma-Aldrich), o-dichlorobenzene,
CeH4Cly (>99%, Sigma-Aldrich), p-fluorotoluene, C;H7F (97%, Sigma-
Aldrich), chlorobenzene, CHsCl (>99%, Sigma-Aldrich) and 1,2-dichlo-
roethane, HyCICCH,Cl (>99%, Sigma-Aldrich) were dried and degassed
by refluxing with CaHy under a dinitrogen atmosphere followed by
distillation, and were stored in an inert atmosphere of No. The water
content in the solvents was measured with Karl-Fischer titration (KF 899
Coulometer, Metrohm, UK). There was less than 35 ppm of water in all
solvents. Tetrabutylammonium chloride, [N"Buy]Cl (Sigma-Aldrich,
>99%) and tetrabutylammonium tetrafluoroborate, [N"Buy][BF4]
(Sigma-Aldrich, >99%) were dried by heating at 100 °C under vacuum
for several hours. Decamethylferrocene, [{Cs5(CHs)s}oFe]l (Sigma-
Aldrich, 97%) and cobaltocenium hexafluorophosphate, [(CsHs)2Col
[PFe] (Sigma-Aldrich, 98%) were purified by sublimation. Deca-
methylferrocenium hexafluorophosphate, [{Cs(CHgs)s}2Fe][PFg], was
synthesised according to a procedure by Duggan and Hendrickson [21].
Tetrabutylammonium tetrachloroantimonate(III), [N"Buy][SbCly] and
tetrabutylammonium tetrachlorobismuthate(III), [N"Bu4][BiCl4] were
prepared using methods previously described in the literature [22]. All
solvents and reagents were stored in a dry, N3 purged glovebox.

2.2. Electrodes

Working electrodes used were inlaid Pt microdiscs of radii 5, 12.5
and 25 pm, sealed in glass. The working electrodes were polished
sequentially with 5, 1 and 0.3 um alumina pastes on a microcloth pol-
ishing pad (Buehler, USA). Microelectrodes were calibrated using SEM
(Philips XL30 ESEM). A Pt grid was used as a counter electrode, the
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reference electrode was Ag/AgCl immersed in a storage solution of 100
mM [N"Bu4]Cl for dichloromethane, o-dichlorobenzene and 1,2-dichlo-
roethane, separated from the electrolyte by a porous glass frit, and a Pt
wire pseudo reference for o, o, a-trifluorotoluene, p-fluorotoluene and
chlorobenzene.

2.3. Electrochemical measurements

All glassware was cleaned by soaking in Decon 90 (Decon Labora-
tories Ltd., UK) for at least 24 h, followed by rinsing with ultrapure
water, 0.055 puS cm ™" and then dried in an oven for a further 24 h. All
experiments were performed with a standard pear-shaped cell in a glo-
vebox (Belle Technology, UK) under an inert atmosphere of N5 in the
presence of <5 ppm O and HyO. Measurements were performed with a
PGSTAT plll (Metrohm Autolab, UK) potentiostat. Data was recorded
with NOVA 1.11 (Metrohm Autolab, UK). The ambient temperature in
the glovebox was monitored using a digital thermometer to an accuracy
of £0.05 °C (Hama, UK).

3. Results

Diffusion coefficients of DMFc and CcPF¢ have been reported pre-
viously in the studied weakly coordinating solvents and were taken from
Ref. [1], with their values given in Table 1. Voltammograms of DMFc™,
[SbCl4] ™ and [BiCl4]~ were collected at Pt microelectrodes of radii 5,
12.5 and 25 um. Representative microelectrode voltammograms for
DMFcPFg can be found in Fig. 1. As can be seen, a limiting current
plateau is present for the voltammograms at every size of electrode in
every solvent, indicating a mass transport limited redox reaction. Vol-
tammograms for [SbCl4] ™ and [BiCl4] ™ can be found in Fig. S1. Diffusion
coefficients were then obtained from the slope of a plot of limiting
current vs. microelectrode radius for three different sizes of microelec-
trode, since

iy, = 4nFDca “4)

where i, is the limiting current, n is the number of electrons transferred,
F is the Faraday, c is concentration of electroactive species and a is the
radius of the electrode. n was taken as 1 for DMFcPFg, and 3 for [SbCl,] ™
and [BiCl4] . Representative plots of i, vs. a are shown in Fig. 2 for
DMFcPFg, clearly the plots are linear with intercepts close to the origin
demonstrating the validity of Eq. (4). Plots for [SbCl4] ~ and [BiCl4]  are
then given in Fig. S2. The microelectrode radii were calibrated using

Table 1

Selected physical properties and experimental diffusion coefficients at 25 °C of
redox couples in weakly coordinating solvents. Diffusion coefficients obtained
from the limiting current at a microelectrode. Each value is the average of three
repeats and the error the standard deviation.

Solvent & n/ D/10° em?s7!
mPa s
DMFc!  DMFc™ Gt [SbCl4]~  [BiCl,]™
DCM 89  0.41° 1.68(2) 1.21 1.35 0.83(7)  0.73(3)
3 (€9)]
TFT 9.2 047" 1.18(3) 0.76 038 - -
(€5 2)
oDCB 99  1.32° 0.52(1) 0.35 0.24 0.18(1)  0.19(1)
(€9)] (€]
PFT 59  0.62° 1.10 0.47 0.31 - -
[€8)) @) 3)
CB 56  0.76" 0.87(3)  0.46 032 - -
(€5 2)
DCE 10.4  0.78° 0.88(3)  0.53 0.61 0.43(1)  0.37(2)
@ 3
2 Ref. [26].
b Ref. [27].
¢ Ref. [28].
d Ref. [1].
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SEM to give the effective geometric radius of the microelectrode, and the
effective concentration in solution was obtained from a potential step at
a microelectrode and fitting to the Shoup-Szabo equation [23]. The
average of the concentration at each microelectrode was then used as c.
Calculating diffusion coefficients in this way improves the accuracy of
the resulting value because it can smooth out any individual errors
associated with i, ¢ or a. Potential steps were not performed for
[SbCl4] ™ and [BiCl4] ™ and so the weighed concentration was used.

Measured diffusion coefficients, along with some relevant physical
properties for the solvents can be found in Table 1. D was also calculated
from potential step data for DMFcPFg, and corroborates the values in
Table 1 (see Table S1). Work has shown previously that CVs and po-
tential steps at a microelectrode are two of the most accurate and precise
methods for measuring diffusion coefficients [24]. Microelectrodes are
also particularly useful in solvents of relatively low polarity, such as
those studied here. The small current response minimises distortions
associated with iR drop.

The measured diffusion coefficients are in agreement with those
reported in the literature, Goldfarb and Corti also reported a value of
1.07 x 107> cm? s! for DMFcPFg in DCM at 25 °C [25]. Reeves et al.
found D for [N"Bu,][SbCl4] in DCM at 25 °C to be 9.2 x 10 % em? s~ .
[5].

4. Discussion

The first step towards analysing diffusion coefficients in multiple
solvents with the Stokes Einstein equation is to make a plot of D vs. 7.
If the plot is linear with an intercept close to the origin, the equation can
be considered valid and insight can be gained into the size of the
diffusing species from the slope of the plot. However, addition of elec-
trolyte to a solvent increases the viscosity of the solution relative to the
pure solvent and this must be taken into account. The increase in solvent
viscosity with electrolyte addition is described by the Jones-Dole
equation [29]. This was used to estimate the relative viscosity, nyel,
where data was available, for the electrolyte solutions studied here.
Further details and values can be found in Section S4 of the SI. The ratio
of electrolyte to solvent viscosity is taken as 1.102 for all solvents and
electrolytes.

Calculation of the Perrin correction for non-sphericity, fp, requires
knowledge of the dimensions of the molecules. These were obtained
from crystal structure data using visualisation software. The resulting
values for fp were 1.002 and 1.004 for DMFc and Cc', respectively,
indicating that the molecules are essentially spherical and the Perrin
correction can be ignored. Details of the calculation of fp are given in SI
Section S3. The size of DMFc does not change significantly upon
oxidation and so DMFc™ can also be considered spherical. Moments of
inertia measurements additionally suggest that DMFc™ is spherical [30].
Reeves et al. used bond lengths and the geometry of the [SbCl4] ™ anion
to calculate fp and concluded that the ion was spherical and that no
correction was required [5], and this is also assumed to be true in the
present work. Spectroscopic measurements indicate that [BiCl4] ™~ has a
similar geometry to [SbCl4] ™ and so is not expected to need correcting
either [31].

Beginning with the neutral DMFc, a Stokes-Einstein plot of Deyj, vs.
n’l, where Dey, is the experimental diffusion coefficient, is shown in
Fig. 3 in black, using the corrected viscosity values. As can be seen, the
plot is linear with an intercept close to zero and so it can be concluded
that DMFc obeys the Stokes-Einstein equation in these weakly coordi-
nating solvents.

As described above: 4 < < 6 and ryqw < rs < r¢s. Therefore, the
experimental diffusion coefficient can be expected to lie within the
upper bound, Dp,,x, when g = 4, r = rygw and the lower bound, Dp;,
when g = 6 and r = r'ers. Diin and Doy Were calculated for DMFc in the
studied solvents and the results are also plotted on Fig. 3. Further details
of the methods to obtain the molecular radii and the resulting diffusion
coefficients can be found in Sections S5 and S6 of the SI, respectively. As
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Fig. 1. Representative microelectrode voltammograms for 1 mM DMFcPFg with 100 mM [N"Buy4]Cl at a Pt WE. Potential scanned in the direction of the arrows at a
sweep rate of 5 mV s~ 1. CE: Pt grid, DCM, oDCB, DCE: Ag/AgCl RE, TFT, pFT, CB: Pt QRE. Black: r = 5 um, red: r = 12.5 um, blue: r = 25 um.

can be seen, Deyp(DMFc) matches closely with Dyay, suggesting that for
DMFc, f# ~ 4 and rs = rygw. This can readily be rationalised since f ap-
proaches four as the radius of the solvent molecule and the diffusing
particle become similar in size. Taking the radius of DCM as 2.5 A for
example [5], this is similar to the vDW radius for DMFc of 4.2 A (see SI).
Additionally, rs is typically found to be close to ryqw for small, compact
molecules [12].

This approach to analysing the diffusion coefficient makes no as-
sumptions about p or r and so avoids any of the uncertainties associated
with these values, whilst also giving insight into the size of the particle in
solution and its interaction with the solvent. It also emphasises the
importance of considering modifications to the Stokes-Einstein equation
when analysing diffusion coefficients. Often, rs is calculated from the
slope of the Stokes-Einstein plot, if § was taken as six then this would
lead to a misleading value of rs for DMFc.

To prove that the approach outlined above is a useful method of
analysis rather than simply fortuitous agreement for the solvents studied
here, diffusion coefficients of DMFc in different solvents were compiled

from the literature and plotted along with their Dy, and Dy, in Fig. 4.
The values are tabulated in Table S7. As can be seen, excepting a few
outliers, all the reported values for the diffusion coefficient of DMFc lie
within Dy, and Dpax. The three data points with the largest discrepancy,
one for THF and two from DCM, are all from the same source, Ref. [32],
suggesting there may have been a systematic difference in the mea-
surement of D.

It is noteworthy that where there are multiple data points for the
same solvent that, even for DMFc a relatively simple system, a large
variation in D is observed in the literature values determined electro-
chemically. This emphasises the importance of careful attention to de-
tails including temperature control, accurate measurement of electrode
dimensions and solute concentration. It is also worth pointing out that
the use of microelectrodes, as opposed to macrodisc cyclic voltammetry,
avoids problems of iR drop and gives currents that are proportional to D
rather than to D'/2,

It is also interesting to investigate the diffusion of charged species to
study any changes in behavior as a result of ion formation. The cationic
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Fig. 2. Limiting currents for 1 mM DMFcPFg at Pt microelectrodes of radii r =
5 um, 12.5 ym and 25 pm. Black: DCM, red: TFT, blue: oDCB, green: pFT,
brown: CB, purple: DCE.
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Fig. 3. Stokes-Einstein plot of experimental diffusion coefficients for DMFc in
weakly coordinating solvents at 25 °C along with simulated Dmin and Dpax.
Black: Dexp, red: Dyin, blue: Dyay.

metallocenes, decamethylferrocenium hexafluorophosphate (DMFcPFg)
and cobaltocenium hexafluorophosphate (CcPFg) were initially used for
this purpose. Stokes-Einstein plots for both, along with Dy, and Dyax
are shown in Fig. 5. For DMFc™" the same Dy, and Dy, as DMFc was
used, and details for Cc™ can be found in the SI. Clearly, the situation is
different for charged species, and linear Stokes-Einstein behavior is no
longer observed for DMFc ' nor Cc™. The measured diffusion coefficients
for both redox couples are now lower than their minimum theoretical
value of Dpax. A dramatic increase in viscosity as a result of the addition
of the redox couples at these concentrations (100 mM) is not plausible.
Therefore, it appears that the radius of the diffusing species, rs, is larger
than that predicted by theory.

There are no major changes to the structure of DMFc and Cc upon
oxidation, except for the fact that they are now charged. Therefore, the
most plausible explanation for rg to be greater than expected is the
presence of ion pairing. If DMFc" and Ce ' were associating with the C1~
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Fig. 4. Stokes-Einstein plot of experimental DMFc diffusion coefficients nor-
malised with respect to temperature compiled from the literature together with
calculated Dy, and Dy,x values. See text for details of Dy, and Dp,.y, and SI for
compilation. Black: Dexp, red: Dpin, blue: Dyax.

or [BF4]™ ion then this would form a larger diffusing particle. This is
reasonable when considering the low polarity of the solvents, where the
degree of ion pairing is expected to be high. DMFc™ was found to have a
lower diffusion coefficient than DMFc in DCM by Goldfarb and Corti, in
agreement with the results presented here [25]. Conductivity mea-
surements in the literature also indicate the presence of ion pairing in
these solvents. The association constant, K, describes the position of the
equilibrium between free ions and ion pairs. The greater Kj is above 1,
the more that ion pairs are favoured in the electrolyte. Table S9 shows a
compilation of relevant association constants from the literature. Ky is
significantly greater than 1 for all the electrolytes where data is avail-
able, therefore clearly showing that a significant fraction of ions can be
expected to be paired in the solvents studied here.

The presence of triple ions is also possible. Fuoss [33] provided a rule
of thumb for the maximum concentration, cy,y, at which only ion pairs
are expected for a symmetrical electrolyte, and above which triple ions
could be expected to be observed:

Cnax = 1.2x107%(&,T)° 5)

taking the largest dielectric constant of 10.4 for DCE at 298 K gives ciax
of 0.4 mM. This is of a similar order to the concentrations used here,
meaning the presence of triple ions in these solvents is probable. The
measured diffusion coefficients can then be considered as a weighted
average of the diffusion coefficient of all forms of the electroactive
species in solution.

The presence of any ion pairs or triplets can be explored by calcu-
lating rg from the diffusion coefficients of DMFc" and Cc'. This was
achieved by taking $ as 4 (a reasonable assumption considering the data
for DMFc above) and results are given in Table 2. These values represent
an upper bound for rg, since  would increase above 4 if it was estimated
using the radii of the diffusing particle and the solvent. Using 0.48 nm as
a value of (DMFc™) and r(Cc™) as 0.38 nm (see SI), and also r(Cl™) as
0.18 nm and r([BF4] ) as 0.23 nm (Ref. [34]), the approximate size of an
ion pair can be estimated (Table 2). The experimental rg can then be
compared with the radii of the bare ions and also the ion pair. For
DMFc*' and Cc' in DCM, rg is in between the free ion and the estimate for
the ion pair, suggesting that here the ions exist as a mixture of both
forms. For DMFc™ in oDCB, and also both species in DCE, rg is similar to
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Table 2
The Stokes radii, rs, of DMFc" and Cc", determined from diffusion coefficients,
and an estimate of the size of an ion pair for each species.

Solvent  rg(DMFc™) / rg(Ce™) / Estimated radius

nm nm
DCM 0.60 0.54 r(DMFc ") 0.48 nm r(Cc™) 0.38 nm
oDCB 0.65 0.94 r(DMFc" + Cl") r(Cc™ +CIM)
DCE 0.72 0.63 0.66 nm 0.56 nm
TFT 0.77 1.54 r(DMFc™) 0.48 nm r(Cc™) 0.38 nm
pFT 1.02 1.52 r(DMFc" + [BF4]17)  r(Cc™ + [BF417)
CB 0.85 1.22 0.71 nm 0.61 nm

the estimate for the size of the ion pair so these are probably mostly
present in the form of ion pairs. rg is then greater than the ion pair radius
in the remaining electrolytes, which could point to the presence of triple
ions. It is noticeable that rg for Cc* is larger than that for DMFc" in
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oDCB, CB, TFT and pFT consistent with greater ion association for the
smaller, and therefore higher charge density, Cc' ion. It must also be
noted that interpretation of Stokes radii in this way must be done with
caution and care must be taken not to over interpret the data [35].

Fig. 6 shows Stokes-Einstein plots for [SbCl4]™ and [BiCl4] ™ in the
three solvents. Also shown are their simulated Dy, and D, values.
ryaw and res were not available for either metal complex so the McGo-
wan radius, ryicg, from the McGowan volume was used instead [26]. This
is an intrinsic volume based upon the additive volumes of the constit-
uent atoms and is intermediate between ryqw and re [26]. The simu-
lated Dpax and Dy, are given in Table S6.

The plots in Fig. 6 appear linear, however the intercept is much less
than zero, suggesting that the precursors are not behaving according to
the Stokes-Einstein equation. Furthermore, as was the case for the
cationic species above, Dey;, of these anionic complexes is lower than the
simulated Dy, indicating that rg is greater than expected. This can be
attributed to the presence of ion pairing once again, where now the
anions are paired with the [N"Buy]™ cation. The formation of chloride
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Fig. 6. Experimental Stokes-Einstein plots for (a) [N"Buy4] [SbCl4] and (b) [N"Buy4][BiCl,4] in DCM, oDCB and DCE at 25 °C along with simulated Dpax and Dyin. Black:

Dexp, 1€d: Dyip and blue: Dpay.
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bridged dimers and higher oligomers of the metal complexes in solution
is also possible [36], and has been observed previously in crystal
structures of the chlorometallate salts [37,38]. These would be in
equilibrium with the monomer and could also cause a larger than pre-
dicted diffusing species, similar to ion pairing. Although the two effects
are likely to be indistinguishable from each other with diffusion coef-
ficient measurements.

5. Conclusion

This work used electrochemical methods to measure the diffusion
coefficients of neutral, cationic and anionic redox couples in weakly
coordinating solvents. The resulting values were then analyzed using the
Stokes-Einstein equation, and plots of D vs. n_l. For the neutral DMFc, a
linear plot was observed, indicating that the Stokes-Einstein equation
was obeyed. The theoretical upper and lower bounds, Dyax and D,
respectively, were also calculated and compared to the experimental
values. The experimental measurements were similar to Dp,x and it was
possible to conclude that rs(DMFc) was close to rygqw in these solvents,
and that the particles moved through the solvent with ‘slipping’ motion.
This approach allows analysis of diffusion coefficients, and the com-
parison of theory with experiment, whilst avoiding the assignment of
definite values to the radii of the solvent or particle in solution, which
can often be uncertain.

The cationic DMFc™ and Cc™, and the anionic [SbCl4]™ and [BiCl4]™
were also studied. In contrast with neutral DMFc, these charged species
had diffusion coefficients that were less than their theoretical lower
bound. Due to the low polarity of the weakly coordinating solvents, this
was attributed to a larger than expected rs caused by ion pairing with the
anions or cations of the supporting electrolyte.

When interpreting diffusion coefficients with the Stokes-Einstein
equation, it is clearly essential to consider its modifications in order to
properly understand diffusion behavior and draw robust conclusions.
Improper consideration of them has the potential to lead to the calcu-
lation of erroneous values for rg, which can lead to misinterpretation of
the size of the diffusing species in solution. It is also important for the
calculation of accurate diffusion coefficients to ensure that the electrode
size and solute concentration are properly measured.

Conceptually, radii taken from the partial molar volume, Vp, ;, would
appear to be the most accurate measure of the size of a species, since this
is its volume contribution measured at exactly the same electrolyte
composition as that used to measure the diffusion coefficient [39].
Knowledge of this would negate the approach using ryqw and res and
would improve the accuracy of diffusion coefficient predictions. How-
ever, Vpi is an experimentally derived parameter that is difficult to
measure and also to predict. Furthermore, ideally an exact value for $
would be calculated, however finding a consistent method of measuring
the sizes of organic molecules, metal complexes and salts is not a simple
task. Meaning it is difficult to obtain uniform values of the radius of the
solvent as well as the electroactive species. Some of the solvent mole-
cules are also aromatic, and so disc shaped rather than spherical. Their
size would most accurately be described by two axes, and it is currently
not possible to incorporate this into the available methods of estimating
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