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ABSTRACT: A novel synthetic strategy for the design of metal nanoparticles by extrusion of anionic chloride precursors 
from a porous copper chlorophosphate framework has been devised for the sustainable aerobic oxidation of vanillyl alco-
hol (4-hydroxy-3-methoxybenzyl alcohol) to vanillin (4-hydroxy-3-methoxybenzaldehyde) using a one-step, base-free 
method. The precise nature of the Au, Pt and Pd species has been elucidated for the as-synthesized and thermally-
activated analogues, which exhibit fascinating catalytic properties when subjected to diverse activation environments. By 20 

employing a combination of structural and spectroscopic characterization tools, it has been shown that analogous heat 
treatments have differing effects on extrusion of a particular metal species. The most active catalyst in this series of mate-
rials were the extruded Pt nanoparticles that were generated by reduction in H2, which exhibit enhanced catalytic behav-
ior, when compared to its Au or Pd counterparts, for industrially-significant, aerobic oxidation reactions.  
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INTRODUCTION 

Design of versatile metal nanoparticle (NP) catalysts has 
been a progressive area of research within the field of het-
erogeneous catalysis in recent years, due to their signifi-
cant potential in a variety of chemical transformations, 30 

including industrially-desirable selective aerobic oxida-
tions. Monometallic (Au, Pt, Pd) and bimetallic NPs have 
been successfully employed in the selective oxidation of 
alcohols1 including glycerol,2 cinnamyl alcohol,3 crotyl 
alcohol4,5 and benzyl alcohol,6,7 to name but a few.  Prodi-35 

gious design of bimetallic equivalents has recently 
demonstrated their propensity for C-H activation, par-
ticularly in the oxidation of aromatics.8,9 In addition to 
bulk chemical applications, heterogenized Pd NPs have 
also found a niche for cross-coupling reactions, alongside 40 

their ubiquitous homogeneous counterparts.10 The key to 
engineering catalytically active NPs reproducibly appears 
to be contingent on the development of robust design 
strategies that can control the size and shape of the parti-
cles at the nanoscale, which still proves to be a challenge.11 45 

Figure 1. Representative crystal structure of the [PtCl4]2- 
supported Rb9Cu6(P2O7)4Cl2 framework (Pt – grey spheres, Cl 
– green spheres, Rb – pink spheres, Cu – green polyhedra, P – 
orange polyhedra, oxygen omitted for clarity) 
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A variety of preparation methods for generating NPs on 
solid supports have been previously studied with specific 
focus on control of the nanoparticle size and shape.11-14 
These include wet impregnation,15 deposition-
precipitation16 and sol-immobilization techniques,17,18 with 5 

the latter showing a greater propensity for the generation 
of smaller particle sizes, but  often  resulting  in  polymer-
capped particulates and hence a reduction in accessible 
surface area. More importantly, these research efforts 
have clearly illustrated that changes in size, ranging from 10 

average diameters of less than 1 nm up to 10 nm, can have 
a substantial effect on catalytic activity,11-12,19 with smaller 
particle sizes affording superior conversion rates in most 
cases. In fact, studies involving cluster-based nanoparticle 
catalysts even highlighted the integral importance of site-15 

isolation as well as particle size in enhancing efficiency of 
catalytic oxidations and hydrogenations.20-25 The nature of 
support materials has ranged from metal oxides26 and 
carbonaceous materials,27 to microporous alternatives 
such as zeolites28,29 or metal-organic frameworks 20 

(MOFs),30,31 and mesoporous silica-derived hosts32 such as 
MCM-41 or SBA-15. Nanoporous materials have been ex-
tensively explored for their intrinsic catalytic properties,33 
however isolated single-sites in the form of doped frame-
works34-36 or supported nanoparticles have proved to be 25 

superior.   The latter have afforded a better understanding 
of the nature of the active site at the molecular level, 
which has resulted in the development of heterogenized 
NP catalysts with unprecedented activity.21-24 

We have recently demonstrated a novel strategy for gen-30 

erating uniform sized, small NPs (ca. 5 nm) by extrusion 
of MClx precursor complex anions (M = Au, Pt or Pd) 
from a crystalline microporous copper chlorophosphate 
framework (Figure 1).7 The framework is of Cu-2 topolo-
gy37 and has flexible anion-exchange properties.38 In this 35 

article, we rationalize and demonstrate the efficacy of our 
design strategy for the in situ generation of nanoparticles 
within a microporous host architecture, wherein the po-
rous framework can be employed synergistically as an 
active species, and not just as a heterogeneous support, 40 

thereby affording exciting prospects for bifunctional ca-
talysis. We have meticulously probed the nature of the 
active site using a combination of x-ray absorption spec-
troscopy (XAS), x-ray photoelectron spectroscopy (XPS) 
and transmission electron microscopy (TEM), for afford-45 

ing structure-property correlations, which highlight the 
efficacy of catalyst activation protocols on metal (NP) 
extrusion and ensuing catalytic activity. These findings 
further confirmed the structural and compositional integ-
rity of the active sites, that subsequently led to the design 50 

and creation of well-defined and isolated heterogeneous 
NP catalysts for the aerobic oxidation of vanillyl alcohol 
(Scheme 1), using a one-step, base free method. 

The production of vanillin is significant in the fine chemi-
cals industry, as its primary use in vanilla flavorings and 55 

fragrances make it the single-most highly produced addi-
tive in this field.39 Demand for food-grade vanillin has led 
to a production rate of approximately 12,000 tons per an-
num, of which natural vanilla extracts contribute only 20 

tons.40 It is also used in other industries, including as an 60 

intermediate towards pharmaceuticals such as L-3,4-
dihydroxy-phenylalanine (L-DOPA), a key therapeutic 
agent used to combat Parkinson’s disease. Current syn-
thetic methods employ one of three routes: (i) an estab-
lished method that utilizes the degradation of lignins, 65 

which is a solvent intensive process involving multiple 

 

 

Scheme 1. Aerobic oxidation of vanillyl alcohol to 
vanillin and vanillic acid 70 

 

 

Scheme 2. Industrial synthetic procedure for synthe-
sis of vanillin (2) from guaiacol (1) via glyoxylic acid.40 

 75 

 

Scheme 3. Industrial synthetic procedure for synthe-
sis of vanillin from guaiacol via formaldehyde (see 
SI).41 

extraction and distillation steps;40 (ii) a cheaper synthetic 80 

pathway from guaiacol (Scheme 2 and 3), but which in-
volves the use of mineral acids and heavy-metal promot-
ers such as Pb, Bi and/or Cd,40,41 or (iii) a biosynthetic 
pathway, which involves high production costs.42,43 
Scheme 2 and 3 represent the processes mostly employed 85 

in industry today, both of which are comprised of the 
same principles: firstly, a condensation reaction with ei-
ther glyoxylic acid (Scheme 2) or formaldehyde (Scheme 
3), followed by an oxidation step and subsequent decar-
boxylation.  The route via glyoxylic acid requires the de-90 
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carboxylation step to form the desired product, vanillin. 
The formaldehyde route, however, produces small quanti-
ties of vanillin (16 %) after the oxidation step, with the 
decarboxylation converting some of the over-oxidation 
products back to vanillin, in order to obtain an overall 5 

yield of 61 %41 (detailed scheme in Figure S1.1). It is to be 
noted that both methods involve multi-step processes to 
achieve these yields.  

The catalytic activation of molecular oxygen is therefore 
of significant interest and poses a substantial challenge 10 

for the fine-chemicals industry; especially in selective 
oxidations, with the selective oxidation of vanillyl alcohol 
to vanillin being a compelling example. Due to the benign 
nature of molecular oxygen, its utilization as a potential 
oxidant44 can help mitigate the use of hazardous reagents, 15 

which lead to the generation of  greenhouse gases and 
wasteful by-products (schemes 2 and 3).45  From an aca-
demic and industrial standpoint, the concomitant use of a 
heterogeneous catalyst with molecular oxygen affords 
many advantages from a socio-economic and environ-20 

mental perspective, as it offers a viable  alternative to 
homogeneous processes that currently generate stoichi-
ometric quantities of toxic inorganic waste,46 thereby im-
peding the atom-efficient synthesis of fine-chemicals and 
pharmaceuticals.   25 

 

EXPERIMENTAL 

Chemicals for synthesis and catalytic tests were pur-
chased from Sigma Aldrich, Fisher Scientific or Acros Or-
ganics and used without further purification. 30 

Material Synthesis. Copper(II) fluoride (0.1168 g, 1.150 
mmol), 85 wt.% orthophosphoric acid (0.2 mL, 2.922 
mmol), 50 wt.% RbOH (0.24 mL, 2.037 mmol), RbCl (0.28 
g; 2.316 mmol) and a source of MClx; HAuCl4 (0.0489 g, 
0.144 mmol), K2PtCl4 (0.0515 g, 0.124 mmol) or K2PdCl4 35 

(0.0405 g, 0.124 mmol) were mixed in the Teflon® liner of 
a custom-made 23 mL hydrothermal vessel. The vessel 
was sealed and heated to 448 K for 2 days.  

Products formed as brilliant green cuboid crystals for 
both the Au and Pt material, and as light brown crystals 40 

for the Pd material. Materials were further activated ei-
ther by calcination (air, 773 K, 2 hours) or reduction (5 % 
H2/N2, 473 K, 2 hours) to generate the active nanoparticle 
catalysts. After calcination, the Au and Pd materials ap-
peared unchanged in color, but the Pt catalyst changed to 45 

a darker khaki-green. After reduction, the Au material 
appeared unchanged, the Pt material appeared a more 
dark green color than the calcined equivalent and the Pd 
material appeared black in color.  

X-Ray Photoelectron Spectroscopy. XPS analysis was 50 

performed using a Thermo Scientific Theta Probe instru-
ment equipped with monochromated Al Kα source in 
NEXUS, University of Newcastle. A flood gun was used for 
charge compensation. A pass energy of 200 eV and a step 
size of 1.0 eV was employed for all survey spectra while a 55 

pass energy of 40 eV and a step size of 0.1 eV was used for 
high-resolution spectra of the elements of interest. All 
XPS spectra were calibrated against the carbon and/or 

oxygen 1s peaks, and high resolution spectra were fitted 
with Shirley backgrounds before peak analysis using the 60 

CasaXPS software.47 

X-Ray Absorption Spectroscopy. Pd, Pt, and Au XAFS 
studies were carried out on the B18 beam-line at the Dia-
mond Light Source, Didcot, UK. Measurements were per-
formed using a QEXAFS set-up with a fast-scanning Si 65 

(111) or Si (311) double crystal monochromator. The nor-
mal time resolution of the spectra reported herein was 1 
min/spectrum (kmax = 16); on average six scans were ac-
quired to improve the signal to noise level of the data. All 
samples were diluted with cellulose and pressed into pel-70 

lets to optimize the effective edge-step of the XAFS data 
and measured in transmission mode using ion chamber 
detectors. All transmission XAFS spectra were acquired 
concurrently with the appropriate reference foil placed 
between It and Iref. XAS data processing and EXAFS analy-75 

sis were performed using IFEFFIT48 with the Horae pack-
age49 (Athena and Artemis). The amplitude reduction 
factor, so

2, was derived from EXAFS data analysis of 
known compounds, and used as a fixed input parameter. 

Transmission Electron Microscopy. TEM analysis was 80 

performed on a Jeol 2100 Electron Microscope at an oper-
ating voltage of 200 kV. The catalyst framework was 
prone to damage by the electron beam.  Therefore, to 
minimize sample degradation the TEM images were col-
lected quickly to mitigate the above. 85 

Catalysis. Catalytic reactions were carried out in a 75 mL 
PTFE lined, stainless-steel, high-pressure batch reactor. 
The reactor was charged with vanillyl alcohol (1 g), di-
ethylene glycol dimethyl ether (0.85 g) as an internal 
standard, tert-butanol (30 mL) as a solvent and catalyst 90 

(50 mg). The reactor was pressurized with ≈20 bar of dry 
air, stirred and heated for the required amount of time. 
Small aliquots of the reaction mixture were taken careful-
ly periodically for GC analysis.  Samples were analyzed by 
GC (PerkinElmer, Clarus 480) using an Elite-5 column 95 

equipped with a flame ionization detector (FID). Products 
were identified against authenticated standards and 
quantified by calibration to obtain response factors (RF) 
against the known internal standard. 

 100 

RESULTS AND DISCUSSION 

Figure 2 shows the non phase-corrected Fourier transform 
(both magnitude and imaginary component) of the k3 
weighted EXAFS data for the reduced Pd, Pt, and Au cata-
lyst materials, with the fitting parameters generated de-105 

tailed in Table 1. The EXAFS data of the reduced Pt sam-
ple is consistent with that expected for Pt nanoparticles. 
The long-range structure in the radial distribution func-
tion is indicative of metallic particles and EXAFS data can 
be modelled by including the contribution from the near-110 

est three Pt-Pt distances and a multiple scattering Pt-Pt 
path from the primary Pt coordination shell. The coordi-
nation number for the primary Pt coordination shell is 
smaller (8.4) than that expected for a bulk Pt structure 
(12), indicating the nanoparticulate nature of the Pt sam-115 

ple (Table 1). In addition, by using an analogous EXAFS 
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Figure 2. Magnitude and imaginary component of the k3 weighted Fourier transform for the EXAFS data of the reduced Pd (bot-
tom), Pt (middle), and Au (top) samples. Associated scattering paths are included for the imaginary component. 

 

analysis, which was previously employed50 for the calcula-5 

tion of particle sizes from CNs of the first shell of a face-
cented cubic (fcc) system, we have estimated that our Pt 
NPs possess average diameters of 1.4 nm. The EXAFS data 
of the reduced Pd sample is similar to the initial Pd pre-
cursor used for the preparation of the materials, with the 10 

largest contribution in the Fourier transform resulting 
from the primary Pd-Cl coordination shell. However, the 
EXAFS data also suggests the presence of Pd nanoparti-
cles as indicated by a second feature in the imaginary part 

of the Fourier transform, which is consistent with a Pd-Pd 15 

scattering distance. The weak Pd-Pd contribution is evi-
dence that only a small fraction of Pd sites are present as 
metallic species, with the majority of Pd sites consistent 
with the initial catalyst precursor. The radial distribution 
plot for the reduced Au sample is dominated by one com-20 

ponent, which can be assigned to an Au-Cl scattering 
path. There is a good degree of correlation between the 
EXAFS data of the reduced Au sample and the KAuCl4 
precursor, indicating that the significant component in  
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Table 1. EXAFS fitting parameters for the reduced Pd, Pt and Au samples 

Sample Abs Sc N R / Å 2σ2 / Å2 Ef / eV R factor 

Reduced Au 
sample 

Au -Cl 3.7 (2) 2.29 (1) 0.002 (1) 10 (1) 0.005 

       

Reduced Pd 
sample 

Pd - Cl 3.3 (3) 2.35 (1) 0.003 (1) 10 (2) 0.004 

Pd - Pd 1.3 (5) 2.77 (2) 0.004 (2)   

       

Reduced Pt 
sample 

Pt – Pt 8.4 (5) 2.76 (1) 0.005 (1) 7 (2) 0.007 

Pt – Pt 3 (1) 3.91 (2) 0.005 (1)   

 Pt – Pt 10 (3) 4.79 (2) 0.007 (1)   

 Pt – Pt (ms) 13 (3) 5.65 (2) 0.011 (2)   

Fitting parameters: (Au sample) S0
2 = 0.75 as deduced by KAuCl4 standard; Fit range 3.5<k<12.5, 1.1<R<3; # of independent 

points = 10; (Pd sample) S0
2 = 0.82 as deduced by PdCl2 standard; Fit range 3<k<11.5, 1<R<3; # of independent points = 11; (Pt sam-

ple) S0
2 = 0.91 as deduced by Pt foil standard; Fit range 3.5<k<14, 1<R<6; # of independent points = 32 
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Figure 3. XPS Spectra of metallic Au (blue circles) and 
KAuCl4 (purple circles) standards, and as-synthesized (red 
circles), calcined (green circles) and reduced (orange circles) 
Au materials. (Black lines indicate background and compo-10 

nent peaks) 

this reduced sample is the [AuCl4]- anion. Whilst there is 
no observable metallic contribution from the EXAFS data, 
some NP formation is clearly observed (see XPS and TEM 
data) and is present at least in a minor fraction. It is also 15 

noteworthy that the EXAFS data for the calcined material 
shows evidence of metallic Au (Figure S2.1), however the 
similarity with the Au reference foil indicates mostly larg-
er nanoparticles with more bulk properties.  

XAS data was also obtained for the calcined Pt and Pd 20 

materials (Figures S2.2, S2.3); however for the most part,  

 

Figure 4. XPS spectra of metallic Pt standard (blue circles) 
K2PtCl4 standard (purple circles), and as-synthesized (red 
circles), calcined (green circles) and reduced (orange circles) 25 

Pt materials. (Black lines indicate background and compo-
nent peaks) 

due to XAS being a bulk analysis technique, the data for 
the Pt and Pd matched quite closely with the standards 
collected for the respective precursor chloride materials. 30 

This highlights the fact that, only a small quantity of the 
chlorometallate anions have been extruded, in compari-
son with the reduced samples, to form nanoparticles. It is 
well known that [AuCl4]- can be reduced thermally in the 
presence of any gas,51 which explains the presence of me-35 

tallic species for the calcined Au material.  However the 
Pt and Pd materials require much more specific reducing  
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Figure 5. XPS spectra of K2PdCl4 standard (blue circles), and 
as-synthesized (red circles), calcined (green circles) and re-
duced (orange circles) Pd materials. (Black lines indicate 
background and component peaks) 5 

conditions, as outlined in the experimental section, for 
the generation of nanoparticles.   

High resolution XPS data were also acquired in order to 
further probe the nature of the metallic species, and to 
contrast these findings with the XAS studies. As can be 10 

seen in the XPS spectra for the Au samples (Figure 3), a 
signal for Au(0) is present, not only in the reduced sam-
ple, but also in the calcined and as-synthesized materials. 
It is highly likely that these are generated from small 
amounts of larger crystalline gold impurities in the syn-15 

thesis procedure, before the actual formation of the crys-
talline framework. This is apparent from the observation 
that the Au(0) 4f7/2 signal has a binding energy  that is 
typical of bulk gold at 84.1 eV. It was further noted  in the 
calcined sample that the presence of the Au(0) signal in-20 

creases relative to that of the Au(III) 4f7/2 signal at 86.8 
eV, but a slight shift to lower binding energy for the Au(0) 
4f7/2 to 83.9 eV was observed. Furthermore, for the re-
duced sample, almost complete conversion of Au(III) to 
Au(0) was observed, with a greater shift in the Au(0) 4f7/2 25 

peak to a lower binding energy of 83.6 eV. This shift to a 
lower binding energy for the Au(0) peaks has been ob-
served, as a notable characteristic, for the formation of 
nanoparticulate gold.52-53 Miller et al.52 attribute this phe-
nomenon to a change in the local electronic structure 30 

close to the Fermi level of the small nanoparticles, in 
comparison with bulk gold.  

  

Figure 6. TEM images of reduced (a) Au, (b) Pt and (c)-35 

(d) Pd catalysts, with magnified images of individual Au 
(e), Pt (f) and Pd (g) nanoparticles (scale bars in (e)-(g) 
are 2 nm). 

In stark contrast with XAS, XPS is a surface sensitive 
technique and thus it is interesting to note the presence 40 

of metallic Au NPs in the XPS, even though a larger pro-
portion of the Au present was shown to manifest as 
[AuCl4]- from the EXAFS measurements (Figure 2). Given  
that the sampling volume of XPS analysis has a depth less 
than 10 nm, and that the crystallite sizes are approximate-45 

ly 20 μm,7 these results indicate that our materials are 
composed of isolated fractions of surface NPs, and hence 
represent distinct, discrete regions of Au species.   

The large peak adjacent to the Au 4f peaks at lower bind-
ing energy (76-78 eV) in the XPS spectra (Figure 3) is as-50 

sociated with a Cu 3p signal originating from the frame-
work. Whilst this is clearly resolved from the Au peaks in 
Figure 3, there is some overlap with the Pt 4f peaks, as can 
be seen in Figure 4. For the sake of clarity, only peaks 
from the Pt have been displayed in Figure 4 (see Figure 55 

S3.1 for an exemplar fitting with Cu 3p assignments). 
From the Pt XPS data, we can observe a similar trend to 
the Au materials; namely calcination of the as-synthesized 
Pt sample results in the generation of a small quantities of 
Pt(0) that is apparent at 71.2 eV (compared with Pt(II) at 60 

72.4 eV). However, the most striking observation was 
noted for the reduced sample (Figure 4), where the al-
most complete reduction of the Pt(II) is apparent, with 
only peaks associated with the metallic Pt(0) dominatin 
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Figure 7. Kinetic plots outlining the catalytic activity for the Au (red triangles), Pt (blue squares) and Pd (green circles) reduced 
(a) and calcined catalysts (c). Corresponding selectivity profiles of Au (red), Pt (blue) and Pd (green) reduced (b) and calcined 
catalysts (d) towards vanillin (squares), 4-hydroxy-3-methoxybenzyl tert-butyl ether (triangles) and vanillic acid (circles). Reac-
tion conditions: vanillyl alcohol (1 g), tert-butanol (30 mL), diglyme (0.85 g), catalyst (50 mg), T = 170 °C, Pair (20 °C) = 20 bar. 5 

 

the spectra. These results, juxtaposed with observations 
from the EXAFS data (Figure 2 and Table 1), further cor-
roborate our findings relating to the complete reduction 
of the [PtCl4]2- species to metallic NPs. 10 

XPS data from the Pd 3d region of the spectra (Figure 5) 
clearly show a transition from a mixture of Pd(IV) and 
Pd(II) species in the as-synthesized material (binding 
energies of 338.9 and 337.6 eV respectively), to predomi-
nantly Pd(II) in the calcined analogues, with some indica-15 

tions for the presence of Pd(0) (335.0 eV), in the reduced 
samples. A clear contribution of Pd(IV) was noted in 
some of our samples.  A related study54 dealing with the 
location of supported Pt(II) species noted that, in close 
proximity, a mixed valence Pt(II)-Pt(IV) bonded dimer 20 

was formed, the presence of which was further substanti-
ated by DFT calculations. It is highly plausible that a simi-
lar mechanism is operating in our systems, where mixed-
valence dimers are formed as precursors to cluster for-
mation, prior to nucleation and eventual nanoparticle 25 

growth. This, in conjunction with the EXAFS data, clearly 
shows that, although the reduction process seems to be 
much better for extruding nanoparticles than calcination, 
the presence of metallic Pd(0) is still minor, in compari-

son with Pd(II) species. We can also conclude that the 30 

EXAFS data provide no evidence of any significant PdOx 
phase, with the major contribution in the Fourier trans-
form associated with the characteristic scattering of Pd-Cl 
(Figure 2). EXAFS data was also acquired for a PdO stand-
ard (Figure S2.4), which illustrates two distinct shells (Pd-35 

O and Pd-Pd scattering paths) in the Fourier transform, 
that are not present in the data obtained for our Pd mate-
rials. This supports our assertion that Pd oxide particles 
are not produced during the synthesis procedure and that 
the Pd(II) species are predominantly associated with the 40 

abundant chlorometallate precursor anions, as in the as-
synthesized materials. 

It is interesting to note that, although identical conditions 
were used for thermally activating the analogous metal-
chloride supported frameworks, the Pt material appears 45 

much more readily amenable and susceptible to nanopar-
ticle formation by extrusion, than the Au or Pd. This 
could be attributed to the differing strength of interac-
tions between the discrete chlorometallate anions within 
the framework channels and the framework matrix.  Fur-50 

ther work is currently in progress to study the calcination 
and reduction protocols in greater detail using in situ x-
ray absorption spectroscopy coupled with high-resolution 
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electron microscopy (using high-angle annular dark-field 
imaging and tomography).     

TEM analysis of the reduced catalysts are shown in Figure 
6, which reveal that the Au, Pt and Pd catalyst frame-
works are composed of co-existing crystalline and amor-5 

phous phases. The presence of crystalline embedded na-
noparticles, with typical diameters of 2-6 nm, can be seen 
in Figure 6 (b).  High-resolution TEM analysis, shown in 
Figures 6 (e) and (f), display particles with measured 
fringe spacings of 0.2 nm and 0.23 nm, which can be at-10 

tributed to Au(200) and Pt(111), respectively.55 The mean 
diameter of the Pt NPs estimated from TEM is 2.6 nm 
(std. dev. = 0.7) (Figure S4.1), which is slightly higher than 
that estimated by analysis of the EXAFS data, but certain-
ly in agreement with overall particle sizes, which are less 15 

than 3 nm across the bulk of the material. The sizes are 
smaller than that previously reported for NPs extruded by 
calcination in air at 500 oC,7 with both the lower tempera-
ture and reducing conditions favouring smaller NP for-
mation. It should be noted however, that a thorough 20 

high-resolution TEM study was hindered by the beam 
sensitivity of the catalysts. The morphology of the re-
duced Pd catalysts shows some differences compared to 
the Au and Pt catalysts, with the  

 25 

 

Figure 8. Comparison of catalytic turnover for Au (red), Pt 
(blue) and Pd (green) reduced (solid) and calcined (pat-
terned) catalysts.  See Figure 7 for reaction conditions. 

presence of larger particles (20-50 nm) embedded in an 30 

amorphous matrix, as shown in Figure 6 (c). Due to sensi-
tivity (dynamic changes in crystal orientation) of the 
sample under the electron beam,56 the atomic resolution 
crystallinity of these particles could not be probed in 
greater detail. However, there is evidence of some Pd na-35 

noparticle formation, as seen in Figure 6 (g), displaying 
lattice fringes of 0.22 nm, characteristic of Pd(111).55 The 
Pd nanoparticles are innately located at the edges of the 
composite material. 

All three catalysts (calcined and reduced under identical 40 

conditions, as outlined in the experimental section) were 
probed for their catalytic potential, with a view to estab-

lishing some initial trends that could be rationalized, not 
only on the basis of the shape and size of the nanoparti-
cles, but more importantly on their propensity to readily 45 

extrude from their crystalline microporous framework.   
The aerobic oxidation of vanillyl alcohol to vanillin, an 
intermediate step in the industrial process to form vanil-
lin from guaiacol (Scheme 2 and 3), was used as a model 
probe reaction, given its importance from a technological 50 

perspective. Interestingly, as reported in Figure 7 (a), all 
three reduced catalysts displayed high activities for this 
aerobic oxidation, with the reduced Pt-analogue affording 
close to 100 % conversion and selectivities for vanillin in 
excess of 80%, for this one-step process that we have de-55 

vised (in contrast with the multi-step processes that are 
currently employed). Given the challenging aspects of this 
aerobic oxidation, turnover numbers (TONs) obtained 
with the Au and Pd catalysts were modest.  However, the 
performance of the corresponding Pt-analogue far ex-60 

ceeded that of its Au and Pd counterparts, with the re-
duced Pt catalyst, to the best of our knowledge, yielding 
unprecedented turnover values for this aerobic oxidation 
at moderate reaction conditions  (Figure 8). This clearly 
highlights the superior role of the Pt NP catalyst, in this 65 

series of materials, for aerobic oxidation reactions. From 
the XPS and EXAFS data, the high activity of the Pt mate-
rial can be attributed to the complete extrusion of the 
[PtCl4]2- precursor, to yield stabilized discrete nanoparti-
cles that are amenable for catalysis, in stark contrast with 70 

the Au and Pd materials (Figures 2 and 4). 

The catalytic oxidation is composed of three main steps; 
namely i) the adsorption of the alcohol on the surface 
with the formation of a metal-alcoholate species, ii) the β-
hydride elimination that results in the formation of the 75 

metal-hydride intermediate and the carbonyl compound, 
which subsequently desorbs, and iii) the oxidation of the 
metal hydride intermediate with concomitant formation 
of water and subsequent regeneration of the metallic ac-
tive site, which is now available for further catalytic turn-80 

over.1,19,57 The resulting product selectivity from the cata-
lytic reaction is outlined in Figure 7 (b), from where it is 
possible to distinguish different trends, in relation to the 
specific examined catalyst. The reduced Pt catalyst affords 
the highest vanillin selectivity (> 80 %), which is relatively 85 

consistent, except for the formation of a small quantities 
of vanillic acid after prolonged contact times. The vanillin 
selectivity for the reduced Pd material increases steadily 
over time, but the corresponding reduced Au catalyst dis-
plays a distinctly different behavior compared to the oth-90 

ers, with the selectivity towards vanillin decreasing mono-
tonically with reaction time. The formation of the by-
product 4-hydroxy-3-methoxybenzyl tert-butyl ether was 
confirmed using GC-MS analysis, and it was noted that 
the selectivity for this particular product increases over 95 

time for the Au catalyst. The origin of the 4-hydroxy-3-
methoxybenzyl tert-butyl ether can be readily rational-
ized on the basis of the generation of a hydride species,57-

58 that induces local acidity in the nanoparticle, thus facil-
itating the etherification between the stabilized vanillyl 100 

alcoholate and the adsorbed tert-butanol solvent mole-
cules (Scheme 4). It is well-known that  
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Table 2. Kinetic data for the aerobic oxidation of 
vanillyl alcohol at 150 °C 

 

Metal 

 

Time 

(h) 

Conv. 

(%) 

Selectivity (%) 

TONc 

Vanillin Ethera  Acidb  

Pt 
8 14.35 74.15 25.85 0 133 

10 32.25 76.00 24.00 0 298 

       

Au 
8 35.79 54.06 45.94 0 140 

10 42.03 55.61 44.39 0 164 

       

Pd 
8 24.11 51.41 48.59 0 99 

10 32.38 52.83 47.17 0 133 

For reaction conditions (excluding temperature), see Fig-
ure 7. a4-hydroxy-3-methoxybenzyl tert-butyl ether, bvanillic 
acid, cTON based on conversion of vanillyl alcohol. 5 

 

 

Scheme 4. Etherification of vanillin with t-butanol to 
form by-product 

p-hydroxybenzylic alcohols can undergo an etherification 10 

reaction in presence of another alcohol under acidic or 
harsh oxidative conditions.59 Although this is known for 
Au systems,57-58 is highly likely that similar mechanisms 
are also facilitating the formation of this product (4-
hydroxy-3-methoxybenzyl tert-butyl ether) for the Pt and 15 

Pd catalysts, though with varying kinetics of hydride for-
mation, which accounts for the different selectivities ob-
served with these catalysts, when compared to the Au 
analogue.  Detailed kinetic analyses are currently ongoing 
and these will be published separately. 20 

In order to investigate the effect of temperature on the 
catalytic activity of the materials, analogous reactions 
were performed at 150 °C. In line with our expectations, 
the lower temperatures afforded reduced activity; but 
more importantly resulted in a comparatively higher se-25 

lectivity towards the ether product (Table 2).  It was in-
deed revealing that lower reaction temperatures facilitat-
ed the stabilization of the metal-alcoholate complex, 
thereby inducing a higher propensity for etherification. In 
addition to this, the adsorption stability of the formed 30 

aldehyde was higher at lower reaction temperatures, lead-
ing to longer induction periods in the catalysis. However, 
the reduced Pt catalyst again affords the highest selectivi-
ty towards the target product (vanillin), when compared 
to the Au and Pd analogues, despite its activity being 35 

drastically inferior when compared to the catalytic tests at  
170 °C (Figure 7a). Thus, in order to maximize both con-

versions and selectivities to the desirable vanillin, higher 
reaction temperatures must be employed in this particu-
lar system. 40 

Analogous reactions were also carried out with the cal-
cined catalysts, in order to make reactivity/selectivity 
comparisons with those of the reduced counterparts de-
scribed in Figure 7 (a) and (b). As can be seen from Figure 
7 (c) and (d), there is very little difference in the reactivity 45 

and selectivity profiles for all three catalysts.  It is howev-
er significant that the latter (calcined catalysts) are mark-
edly inferior in catalytic performance when compared 
with their reduced analogues, which further indicates the 
superior performance of the reduced materials, and in 50 

particular the Pt catalyst. The catalytic performance of 
these materials can indeed be rationalized from the XPS 
data (Figure 4), which reveals an enhancement in the me-
tallic character of the reduced Pt catalyst, which are clear-
ly the desired active sites for this aerobic oxidation reac-55 

tion. Consistent with the above, the pronounced increase 
in activity for the reduced Au catalyst, when compared 
with its calcined analogue, can also be corroborated from 
the detection of higher quantities of nanoparticulate gold, 
as confirmed from the shift in the binding energies in the 60 

XPS spectra (Figure 3). It was therefore unsurprising to 
note that only a marginal difference was observed in the 
catalytic activity of the reduced Pd catalyst, when com-
pared with its calcined counterpart, as only a very small 
proportion of metallic Pd was detected by XPS (and 65 

TEM), with the EXAFS analysis predominantly revealing 
the presence of the precursor ([PdCl4]2-) species, post-
reduction. 

There are very few reports on the use of NP catalysts for 
the aerobic oxidation of vanillyl alcohol to vanillin.  How-70 

ever, the use of Pt/MOF-560 and Pt/C61 were recently 
shown to have some activity, but with low TOFs of 4.9 h-1 
and 19 h-1 respectively, in comparison with 93 h-1 achieved 
with our reduced Pt/CuClP material. Other recent studies 
have explored the use of Co catalysts to catalyze the aero-75 

bic oxidation of vanillyl alcohol,62-63 although the use of a 
base was mandatory in these systems. In these studies,62-63 
conversion and selectivity towards vanillin appear prom-
ising, however the low substrate to catalyst ratios em-
ployed result in inferior TONs at complete conversion. 80 

The superior TONs displayed by these extruded catalysts, 
and in particular the reduced Pt nanoparticles (Figure 8), 
which afford TON/TOFs that are at least 4 times higher 
than existing Pt NP catalysts, and almost two-orders of 
magnitude greater than other transition metal systems (to 85 

the best of our knowledge), offers adequate scope for the 
industrial implementation of these catalysts for the pro-
duction of vanillin, through benign, aerobic oxidation 
routes. 

 90 

SUMMARY AND FUTURE PROSPECTS 

It has been shown that the [PtCl4]2- supported porous 
copper chlorophosphate framework is highly susceptible 
to complete extrusion by reduction, forming isolated, 
discrete nanoparticles, which are the loci for aerobic oxi-95 

dation reactions.  The propensity of the Pt NPs to readily 
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extrude from within the porous architecture offers a 
unique strategy for the design of single-site heterogene-
ous catalysts, where the nature of the active site can be 
dexterously manipulated and controlled through judi-
cious activation procedures.  The design approach has 5 

also facilitated the structural (XRD, EXAFS, TEM) and 
spectroscopic (XPS, XAS) characterization of the active 
sites at a molecular level, which have proved invaluable in 
facilitating structure-property correlations for under-
standing the implications of the superior activity afforded 10 

by reduced Pt particles for the aerobic oxidation of vanil-
lyl alcohol to vanillin.  

The study has further established that analogous precur-
sors for generating Au and Pd nanoparticles are sensitive 
to the thermal activation procedures that are employed, 15 

which in turn has a critical influence on the ensuing ca-
talysis. It has been found that reduction procedures under 
H2 are more effective than calcinations for extruding the 
chlorometallate precursors in all three catalysts, but with 
distinct and varying influences, that directly affect the 20 

catalytic turnover.  Whilst we have identified an efficient 
route for generating Pt NPs by this route, further studies 
(currently in progress) will pinpoint activation methodol-
ogies that favor complete extrusion of the analogous Au 
and Pd catalysts. 25 

It is envisaged that this initial investigation will pave the 
way for further exploring and exploiting the potential of 
this novel extrusion strategy for generating new nanopar-
ticle catalysts. By using  a combination of in situ and op-
erando tools for directly probing the nature of the active 30 

site during the activation procedure will afford a greater 
understanding of how each metal within the framework 
responds to thermal treatments.  This would help estab-
lish a detailed understanding of size/shape distributions, 
compositional integrity, but more importantly precise 35 

location of the extruded nanoparticles, which could, in 
turn, facilitate a design-application approach for the con-
trolled engineering of superior catalysts for a wider-range 
of industrially significant catalytic transformations.   

 40 
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1.  Industrial Production of Vanillin via Formaldehyde 

 

Figure S1.1. Industrial preparation of vanillin (5) from guaiacol (1) using formaldehyde. Produced from “Example 1” in 

column 13 of SI Reference 1.  

Key: (1) Guaiacol, (2) 4-(hydroxymethyl)-2-methoxyphenol (vanillyl alcohol), (3) 4,6-di(hydroxymethyl) guaiacol, (4) p-

hydroxymethyl guaiacol, (5) 4-hydroxy-3-methoxybenzaldehyde (vanillin), (6) 4-hydroxy-3-methoxybenzoic acid (vanillic 

acid), (7) 4,6-(diformyl) guaiacol, (8) ortho-carboxyvanillin, (9) 4,6-(dicarboxy) guaiacol, (10) ortho-vanillin, (11) ortho-

vanillic acid. 

  

Step 2 

Step 1 

Step 3 



2. EXAFS Spectra 

 

Figure S2.1. Non-fitted EXAFS spectra of calcined Au material (blue lines) and metallic Au standard (red lines) including k2 

weighted k-space plot (a) and fourier transform of EXAFS (b). 

 

 

Figure S2.2. Non-fitted EXAFS spectra of calcined Pt material (red lines), metallic Pt standard (dotted green lines) and 

K2PtCl4 standard (blue lines) including k2 weighted k-space plot (a) and fourier transform of EXAFS (b). 

 

 

Figure S2.3. Non-fitted EXAFS spectra of calcined Pd material (red lines), metallic Pd standard (dotted green lines) and 

K2PdCl4 standard (blue lines) including k2 weighted k-space plot (a) and fourier transform of EXAFS (b). 

 



 

Figure S2.4. Non-fitted EXAFS spectra of PdO including k3 weighted k-space plot (a) and fourier transform of EXAFS (b). 

 

  



3. XPS Spectra 

 

Figure S3.1. XPS spectra of reduced Pt catalyst: example fitting of high resolution Pt XPS spectra including assignment of Cu 

3p peaks.  

 

Figure S3.2. Example Survey scan of reduced Au material   



4. TEM Particle Size Analysis 

 

Figure S4.1. Particle size distribution of Pt NPs from analysis of TEM micrographs on 98 particles 

 

5. SI References 

[1] Metivier, P. Method for preparing a 4-hydroxybenzaldehyde and derivatives. U.S. Patent 

6,184,421 B1, February 6, 2001. 
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