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Abstract: Supported precious metal catalysts, containing either mono
or bimetallic Au and Pt nanoparticles, anchored on a hierarchical
porous UVM-7 silica structure, were prepared, and evaluated for the
removal of volatile organic pollutants by oxidation. The catalysts were
investigated for the simultaneous total oxidation of three model
compounds: propene, toluene, and CO, commonly associated with
‘cold start pollutants’ in automotive exhausts. Only Au showed low
catalytic activity, whilst Pt nanoparticles were active, with greater
concentration of accessible Pt nanoparticles corresponding with
increased catalytic activity. Interestingly, having both metals present
on the same catalyst together was preferential for producing higher
activity in the total oxidation of CO, propene, and toluene. The
loadings of Pt nanoparticles on the catalyst surface, as well as the
synthesis method were important controlling factors. The order of
metal loading deposition was influential, depositing Au and Pt
sequentially resulted in surface enrichment of the latter deposited
metal, leading to enhanced catalytic performance. When Au and Pt

were loaded simultaneously, alloy formation occurred and the surface
Pt enrichment was more moderate, but still maintaining better catalytic
performance compared with the pure Pt catalyst.

Introduction

Volatile organic compounds (VOCs) are a large category of the
organic compounds emitted from natural or anthropogenic
sources that enter the environment. Many studies have shown
that anthropogenic VOCs are major contributors to air pollution,
with the ability to react with NOy species, forming photochemical
smog, and as precursors to the formation of secondary aerosols.
(+.21 Furthermore, VOCs promote adverse effects on human health
and the environment. Bl The definition of a VOC is broad and
encompasses a variety of compounds, with key examples being
aliphatic and aromatic hydrocarbons. Automotive exhaust
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emissions and industrial processes are major sources of
anthropogenic VOC emissions. B4 Regarding automotive
exhaust emissions, a significant issue is the effect of cold start
conditions. This can be defined by the engine and catalytic
converter not yet operating at regular optimal temperature,
resulting in higher rates of incomplete combustion. ® These
conditions can account for around 70 % of emissions during
vehicle testing, and lead to greater VOC output due to exhaust
catalysts not reaching light-off temperatures quick enough to
remove the pollutants. ©71 Of the prominent VOCs emitted from
combustion engines, propene and toluene are of great concern
due to their high Photochemical Ozone Creativity Potential
(POCP). 8 Furthermore, aromatic VOCs, such as toluene and
benzene, are also known to be highly toxic, ! highlighting the
importance of limiting VOC emissions. In addition to VOCs,
carbon monoxide (CO) is also a common product emitted from
combustion processes % and is known to be hazardous to human
health under prolonged exposure. 4

The utilisation of VOC and CO mixtures is therefore an effective
model when studying abatement methods of these emissions
from vehicle exhausts. The removal of mixtures containing
chemically varying compounds, can prove challenging due to the
complex nature of the system. Recovery methods tend to be less
effective approaches of abatement for these types of emission
sources, owing to the relatively low concentrations of pollutants
emitted. 2 In contrast, catalytic oxidation is recognised as an
efficient method for controlling and removing low concentrations
of pollutant mixtures. Catalytic oxidation has the advantage of
being less energy intensive compared with standard thermal
oxidation, whilst also producing more environmentally benign
products by minimising partial oxidation reactions. [l

Supported precious metal catalysts are amongst the most
effective catalysts for VOC oxidation. 418l Notably, supported Pt
catalysts have been extensively studied for VOC total oxidation,
presenting significant activity for aliphatic and aromatic
hydrocarbons. 1%-21 Alternatively, supported catalysts containing
Au have shown considerable activity for CO oxidation. 1922 More
recently, studies have reported improved catalytic activity for total
oxidation reactions when using bimetallic metal systems. 23281 |t
is reported that bimetallic systems can manipulate factors such as
metal particle size and distribution, improve stability, and form

new active alloyed structures, which can enhance catalytic activity.

[24.27-291 The use of mesoporous structures as supports for these
catalysts can provide accessible pore networks for better diffusion
of organic pollutants, as well as increasing nanoparticle
dispersion and improve catalyst stability due to confinement
effects. B% However, these interactions are sometimes not
enough to inhibit particle agglomeration. The addition of metal
oxide promoters has been shown to enhance the stability of
nanoparticles from sintering as discussed in previous literature.
(31 Work prior to this publication screened different metal oxide
supports over UVM-7 material and found ZrO, to be a suitable
candidate. The addition of ZrO, to catalyst systems is well
regarded for its ability to enhance thermal stability, with the most
commonly known example being the three-way catalyst for VOC
oxidation. As Pt based catalysts are known to be efficient for VOC
total oxidation, the enhancement of these catalysts, by
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incorporating another metal onto the support, is an important
focus of this research area. Previous work from the authors have
demonstrated Au nanoparticles, anchored on metal oxides which
are supported on a UVM-7 structure, were active and stable for
the total oxidation of single pollutants: CO, propane and toluene.
(30,3233 |t is therefore postulated that synergistic effects between
the addition of Pt nanoparticles to a similar system could produce
highly active catalysts for the simultaneous removal of both VOCs
and CO.

Directives such as EURO 7 and The Paris Agreement provide
increasing regulation of vehicle emissions, to reduce the number
of pollutants emitted. With increased monitoring of pollutant
concentrations, more practical assessment of catalytic abatement
technology is required. Many studies use single organic
compounds to model VOC abatement by catalytic oxidation.
However, removing a combination of VOCs, with different
chemical characteristics simultaneously, has grown in interest
due to the correlation with real world conditions. B4 It is shown in
the literature that mixtures of different pollutants can inhibit the
removal of VOCs at low temperature, 38 requiring more active
catalysts that are efficient at removing a combination of pollutants.
In this work, a range of mono and bimetallic supported Pt-Au
catalysts, prepared by colloidal deposition on the hierarchical
porous UVM-7 silica support modified with ZrO,, were evaluated
for the simultaneous total oxidation of toluene, propene, and CO
under oxygen lean conditions. The gas mixture was used as an
appropriate model to simulate cold start in vehicle engines, with
propene and toluene VOCs used as a model for short chain
alkene and aromatic compounds, respectively.

Results and Discussion

Catalyst Characterisation

zro, (111)
Au (111) #0;(220)

Aufe00) |
h

!

I
.

i
| ; !

I
) . 210,/UVM-T 1% Pt + 1% Au
:
] ! |

i
: I

i

Zr0,/UVM -7 2% Au-Pt

2r0,/UVM-7 2% Pt
i N

Intensity / a.u.
i 4 3
€
$
&
z
z

85UB017 SUOWWOD SAIE81D 8|qeoljdde ay) Ag peusencb a1e sojoile VO ‘8sn Jo SajnJ Joj AkeiqiTaulju A1 UO (SUOLPUOO-pUE-SWBIAL00 A |1 A e gl U Uo//:Sdny) SUonIpuoD pue swisl 8y} 8ss *[620z/20/.T) uo ARidqiTauljuo A8]IM 1eLiueA0D Ajquessy UsPM Aq Z9PTOrZ0Z 9109/200T 0T/I0p/wod A8 im Areiqijpuluoadoine-Ansiweyo//sdny Wwolj pepeojumod ‘el ‘668£298T

Zr0,/UVM-7 2% Au
T S " vv-r-r-‘v.
20,/ UV M-7

"

T T T T T T T T T T T T T T 1
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

20/°
Figure 1: PXRD patterns of the calcined catalysts.

An amorphous SiO, structure, expected from the UVM-7 support,
B was predominantly shown in the Powder X-ray diffraction
(PXRD) patterns of the catalysts (Figure 1). No reflections
associated to Pt-containing crystalline phases were observed.
Some crystalline tetragonal ZrO, species were identified, primarily
around 30.3°and 50.0° (20) representing the (111) and (220)
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lattice planes, respectively. 1“9 Catalysts containing Au also
exhibited a reflection around 38.9°, with a weaker reflection
around 44.8°, which was ascribed to the Au (111) and (200)
lattice planes respectively. 44

TPR analysis (Figure 2) displayed similar reduction profiles for
each supported metal catalyst. The ZrO,/UVM-7 catalyst
presented two weak reduction peaks, one at high temperature
around 615 °C, and another broad low temperature peak around
330 °C. These peaks can be attributed to the reduction of
coordinatively unsaturated Zr** surface species and bulk zr#*
species, for the low temperature and high temperature peaks
respectively. ¥2 For the supported metal catalysts, two reduction
peaks were also identified, an intense peak centred around
520 °C and a small broad peak centred around 200°C. The
presence of these peaks shifting upon addition of Au or Pt metal
nanoparticles to the support is in good agreement with previous
literature, -5 where surface and bulk reduction of the zZr#
species is enhanced by the supported metal nanoparticles.
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Figure 2: TPR profiles of the calcined catalysts.

Table 1: Summary of TPR data showing H2 Consumption per gram of catalyst for both high temperature and low temperature peaks.

Catalyst Low Temperature High Temperature Low Temperature High Temperature
Peak Position / °C Peak Position / °C H2 Consumption / H2 Consumption /
umol g* umol g*

ZrO,/UVM-7 329 619 4.25 2.33
ZrO,/UVM-7 2% Au 236 525 5.35 28.05
ZrO,/UVM-7 2% Pt 200 520 2.43 38.83
ZrO,/UVM-7 2% Au-Pt 205 517 2.29 33.91
ZrO2/UVM-7 1% Au + 1% Pt 204 514 1.16 29.25
ZrO,/UVM-7 1% Pt + 1% Au 207 522 2.02 38.28

Table 1 shows the H, consumption per catalyst mass for both the
low temperature and high temperature reduction features of ZrO,.
The addition of metal nanoparticles to the ZrO,/UVM-7 catalyst
increased the H, consumption for the high temperature peak,
suggesting that addition of the metal nanoparticles facilitated the
reduction of bulk Zr** species. In contrast, only the ZrO,/UVM-7
2% Au catalyst showed improved reduction of surface Zr#
species, with all other catalysts presenting decreased H,
consumption for the low temperature reduction peak.

CO-DRIFTS analysis (Figure 3) was used to identify the types of
metal nanoparticles present on the catalyst surface. Catalysts
ZrO,/UVM-7 2% Au-Pt and ZrO,/UVM-7 1% Au + 1% Pt displayed
a distinctive band at 2075 cm. This band was attributed to CO
linearly adsorbed on Pt surface sites as suggested in previous
literature. “5471 |t can be deduced from the presence of this band,
that both these catalysts had accessible Pt surface species, which
could participate in the oxidation reaction. Moreover, the absence
of this band from ZrO,/UVM-7 2% Pt and ZrO,/UVM-7 1% Pt +
1% Au implies limited Pt surface species available on the
catalysts. Bands related to the adsorption of CO on Au species,
expected between 2110-2176 cm?, 481 were not present, possibly
suggesting weak bonding due to limited available Au surface
species. 9 A small residual band was identified at 1626 cm for
the support and monometallic catalysts, which has previously
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Figure 3: CO-DRIFTS spectra of the calcined catalysts.

been linked to the formation of mono and bicarbonate species on
the support surface. 5%

XPS analysis (Figure 4) was used to determine species on the
catalyst surface. All Au containing catalysts exhibited a metallic
state indicated by the spin-orbit split peaks at 84.3 eV and 87.9
eV. BU Further analysis of the Au peaks for the ZrO,/UVM-7 2%
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Au-Pt catalyst revealed a Au species toward higher binding
energy (4f7, 85.2 eV) typical of Au'. 52 Previous work has stated
the presence of Au' in AuPt/SiO, catalysts corresponded to
interaction of the Pt and Au nanoparticles, by altering the
electronic properties of the Au nanoparticles. 2 Therefore, a
strong interaction of the Pt and Au nanoparticles for the
ZrO,/UVM-7 2% Au-Pt catalyst can be inferred, suggesting the
possibility of alloy formation in this catalyst. However, it has been
previously reported that Au species in this region can also be

Zr0, UVI-7 2% Au

,  Zr0,/UVM-7 2% Pt

Zr0, UVIV-7 2% AuPt

Counts

. W ZrO,/UVIMHT 1% Au+ 1% Pt

ZrO, /JUVI-T 1% PE+ 1% Au

95 90 85 80 75 70 65 60

Binding Energy / eV

Figure 4: XPS spectra of the Au 4f and Pt 4f regions for the supported metal
catalysts containing Au and Pt nanoparticles. Green curves represent the
fitting of Au species. Purple, red, and blue curves represent the fitting of Pt°,
Pt and PtV species, respectively.

assigned as small Au nanoparticles or clusters. 5%

The Pt4f region exhibits a broad structure for all Pt containing
catalysts. For the ZrO,/UVM-7 2% Pt, ZrO,/UVM-7 2% Au-Pt and
ZrO,/UVM-7 1% Au + 1% Pt catalysts, the Pt spectral envelope
could be fitted to Pt° (71.5 eV), Pt" (73.1 eV) and PtV (75 eV)
species. 54581 For the ZrO,/UVM-7 1% Pt + 1% Au catalyst, the
data could only be fitted to two Pt species, Pt° and PtV. An
observed shift to lower binding energies for the Pt species was
noticed in the bimetallic catalysts, with an average shift of -0.5 eV
for ZrO/lUVM-7 2% Au-Pt, -0.7 eV for ZrO,/UVM-7 1% Au + 1%
Pt and -1.3 eV for ZrO,/UVM-7 1% Pt + 1% Au. This shift to lower
binding energies is proposed to occur as a result of the charge
transfer from the interaction of Pt with Au nanoparticles, as shown
in previous literature. ®%571 These data also suggest intimate
contact of the different metal nanoparticles for the bimetallic
catalysts, with stronger electron interaction implying the possibility
of alloy formation.

10.1002/cctc.202401462
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Table 2: Surface species of Pt nanoparticles on Pt containing catalysts,
identified by XPS analysis.

Catalyst Pt°/%  Pt"/% PtV /%
ZrO,/UVM-7 2% Pt 42.3 37.9 19.8
ZrO2/UVM-7 2% Au-Pt 42.7 42.8 14.5
ZrO2/lUVM-7 1% Au + 1% 42.4 39.6 18.0
Pt
ZrO2/lUVM-7 1% Pt + 1% 67.9 - 321
Au

Quantification of the Pt speciation (Table 2) indicated little
difference in the relative concentrations of Pt species. Catalysts
ZrO,/lUVM-7 2% Pt, ZrO,/UVM-7 2% Au-Pt and ZrO,/UVM-7 1%
Au + 1% Pt showed similar concentrations of metallic Pt® but had
slight variations in Pt" and PtV concentrations. However, the
ZrO,/JUVM-7 1% Pt + 1% Au catalyst showed considerable
differences in Pt surface species, which was highlighted due to
the absence of Pt", resulting in a much larger concentration of
both Pt® and Pt" species.

Table 3: Catalyst surface composition, determined by XPS analysis.

Catalyst Zr/ Pt/ Au/ Si/ o/ Cc/
At. At. At. At. At. At
% % % % % %

ZrOy/UVM-7 2.0 - - 30.8 62.7 45
ZrO,/UVM-7 2.6 - 1.0 281 620 6.3
2% Au

ZrO2/UVM-7 2.2 0.1 - 294 615 6.8
2% Pt

ZrO2/UVM-7 2.2 0.7 0.7 265 588 11.
2% Au-Pt 0
ZrO2/UVM-7 24 0.5 0.2 286 616 6.7
1% Au + 1% Pt

ZrO2/UVM-7 24 0.1 0.9 28.2 617 6.7

1% Pt +1% Au

All catalysts had a similar surface composition of Zr, when
analysed by XPS, with concentrations ranging from 2-2.6 At.%,
indicating strong interaction with the UVM-7 support (Table 3).
However, the surface concentrations of supported metal
nanoparticles varied for all catalysts. For the monometallic
catalysts, increased surface loading of Au was identified for
ZrO,/UVM-7 2% Au, compared with the Pt loading on the
ZrO,/JUVM-7 2% Pt catalyst. When analysing the bimetallic
catalysts, ZrO,/JUVM-7 2% Au-Pt displayed modest surface
concentrations of both Pt and Au, with a near 1:1 ratio, which was
in good agreement with the theoretical ratio expected. In contrast,
this 1:1 surface ratio was not seen in the catalysts with differing
orders of metal loading. The ZrO,/UVM-7 1% Au + 1% Pt catalyst
showed lower concentrations of surface Au and Pt; however, Pt
enrichment was noted, with an Au-Pt ratio of 1:2. Whereas, the
ZrO,/UVM-7 1% Pt + 1% Au catalyst presented a 10:1 Au-Pt ratio,
with a much higher surface concentration of Au.

These data demonstrate the importance of the order of metal
loading on relative surface concentration. It is suggested that
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during sequential synthesis the second metal is deposited
preferentially on the first metal, resulting in a surface enrichment
of the latter metal. Previous studies have shown that preparation
of bimetallic catalysts with a different metal deposition order
exhibited little difference in the surface elemental composition,
which is in contrast to XPS data shown in this work. 23581 However,
this could be a result of the different preparation methods used.

100 nm

e)

Figure 5: Low magnification Cs-corrected STEM-HAADF images of the calcined catalysts. a) ZrO2/UVM-7 b Zrz/UVM—? 2% Au c)A
ZrO2/UVM-7 2% Pt d) ZrO2/UVM-7 2% Au-Pt €) ZrO2/UVM-7 1% Au + 1% Pt f) ZrO2/UVM-7 1% Pt + 1% Au.

Cs-corrected STEM-HAADF images (Figures 5a-f) indicated
heterogeneously distributed Au and Pt metal nanoparticles on the
ZrO,/UVM-7 material for all the catalysts. However, a
homogeneous distribution of ZrO, was observed by EDX analysis
for all the catalysts, which is in good agreement with conclusions
drawn from XPS analysis. Both EDX and XPS techniques suggest
a strong interaction between the ZrO, and UVM-7 material, which
could suggest confinement of the ZrO, as shown previously for
TiO,. B4 Cs-corrected STEM-EDX analysis identified Au and Pt
nanoparticles for each of the monometallic catalysts, respectively.
The ZrO,/UVM-7 2% Au catalyst (Figure 6a) had a large quantity
of Au nanoparticles, with a size distribution between 2-10 nm and
mean particle size of 4.7 nm + 1.6 nm. More Pt nanoparticles were

10.1002/cctc.202401462
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Colloidal deposition methods disconnect nanoparticle formation
from the deposition step, carefully controlling influences of
nanoparticle dispersion and particle size when preparing
supported metal catalysts. ®° The use of this method in the
current work emphasises the order of metal loading as an
influential factor for the XPS surface concentrations identified.

e

e

identified on the ZrO,/UVM-7 2% Pt catalyst, compared with Au
nanoparticles on the monometallic Au catalyst, which was in
contrast with the surface composition identified by XPS analysis.
Furthermore, both small and larger clusters of Pt nanoparticles
were identified (Figure 6b), resulting in a broader particle size
distribution (2-20 nm), with a mean particle size of 6.0 nm + 5.7
nm. The slight difference in the surface and bulk nanoparticles
identified by both XPS and EDX could suggest migration to the
internal porosity of the UVM-7 structure, as very large particles
were not identified. It can also be seen from the EDX images in
Figure 6 that Au and Pt nanoparticles were preferentially bound
to the ZrO, support.
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Figure 6: Cs-corrected STEM-HAADF with corresponding EDX images and particle size histograms of a) ZrO2/UVM-7 2% Au and b) ZrO2/UVM-7 2% Pt catalysts.

Both Au and Pt nanoparticles were identified by Cs-corrected
STEM-EDX analysis for all bimetallic catalysts. The bimetallic
catalysts showed co-located Au and Pt (Figure 7a-c), which
suggests strong Au-Pt nanoparticle interaction. This was self-
consistent with conclusions drawn from XPS analysis, suggesting
the strong metal nanoparticle interaction resulted in the Pt species
shifting to lower binding energies. Alloyed metal nanoparticles
were observed in the ZrO,/UVM-7 2% Au-Pt catalyst, with a large
size distribution range of 3-100 nm and mean patrticle size of 6.5
nm £ 6 nm. The presence of alloy formation may help to explain
the appearance of Au' species in the XPS data, reinforcing the
suggestion of a strong electronic interaction of the Au-Pt species
identified for this catalyst. It is also unlikely the shift in binding
energy for the Au species in the XPS data was related to
nanoparticle size, as little difference in average particle size is
observed for the bimetallic catalysts. A heterogeneous particle

size distribution was observed for the ZrO,/UVM-7 1% Au + 1%
Pt catalyst, with a mean particle size of 5.9 nm + 5 nm. Both Au
and Pt nanoparticles of >10 nm were formed, however, smaller
nanoparticles (<5 nm), that were Pt rich, were also identified. The
particle size distribution of the ZrO,/UVM-7 1% Pt + 1% Au
catalyst was comparable to the ZrO,/UVM-7 1% Au + 1% Pt
catalyst, but the smaller nanoparticles (<5 nm) were Au rich, and
the mean particle size was slightly larger at 7.3 nm + 4.1 nm.
There was little significant difference in the average metal
nanoparticle size across the range of catalysts, which was
expected for the colloidal preparation method employed. The size
distribution was larger for the bimetallic catalysts; however, this is
likely to occur from the possible agglomeration of nanoparticles
during the two-stage calcination process for the sequential
preparation method and formation of alloy nanopatrticles for the
simultaneous preparation method.
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Figure 7: Cs-corrected STEM-HAADF images with corresponding EDX images and particle size histograms for the bimetallic catalyst: a) ZrO2/UVM-7 2% Au-Pt b)
ZrO2/UVM-7 1% Au + 1% Pt c) ZrO2/UVM-7 1% Pt + 1% Au.
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Figure 8: CO2 yield acquired for the simultaneous total oxidation of toluene,
propene, and CO gas mix. Conditions: 100 ppm toluene, 1000 ppm propene,
1000 ppm CO, 6% O2/N2, WHSV = 60000 mL g* h’. Legend refers to
catalysts used.

Catalytic performance for the simultaneous total oxidation of
propene, toluene and CO is displayed in Figure 8 for all catalysts.
CO; yield from the mixture was used to assess the overall

catalytic activity for the combined total oxidation. The only product
identified by FTIR analysis was CO», with all catalysts obtaining a
carbon balance >94 % and in the 98-102% range at conversions
higher than 15%. The ZrO,/UVM-7 1% Au + 1% Pt catalyst
presented the highest catalytic activity, with all reactant
compounds oxidised at 250°C. Appreciable catalytic activity was
also identified for the ZrO,/UVM-7 2% Au-Pt catalyst, also
reaching full conversion at 250°C. However, this catalyst showed
a lower CO; yield at temperatures under 250°C, which could
inhibit the effectiveness when considering the application for
emissions during the cold start period. The catalytic activity for the
ZrO,/JUVM-7 2% Au catalyst was of particular interest as the
addition of Au to the support resulted in poorer activity when
compared to the ZrO,/UVM-7 support material.

The total oxidation of individual components in the gas mixture
are shown in Figure 9. The general trend of catalyst activity for
each component is similar to the overall CO, yield presented, with
the ZrO,/UVM-7 1% Au + 1% Pt catalyst being the most active for
all compounds. Only a slight deviation from the trend was
observed for the oxidation of CO and toluene, where the
ZrO,/UVM-7 2% Au catalyst showed slightly improved conversion
at low temperatures for CO oxidation and the ZrO,/UVM-7 1% Pt
+ 1% Au catalyst presented lower conversion than the support at
300°C for toluene oxidation.
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Figure 9: Breakdown of the catalytic activity for the total oxidation of individual pollutants in the mixed gas feed. Propene (Left), toluene (Middle) and CO (Right).
Conditions: 100 ppm toluene, 1000 ppm propene, 1000 ppm CO, 6% O2/N2, WHSV = 60000 mL g* h%.

Previous literature has shown that the addition of a metal oxide
onto a non-reducible support, such as Al,O3 or SiO,, can improve
the catalytic activity of supported metal catalysts for CO and VOC
oxidation. [156061 The metal oxide provides the beneficial role of
supplying active oxygen species on the catalyst surface, which
then enhances catalytic activity of the metal nanoparticles. 62
The promotion of active oxygen species has often been linked
with surface reducibility of the catalyst, relating to the facile
mobility of oxygen species. 16485 |n this work, no significant
trend was distinguished between catalyst surface reducibility and
catalytic activity. In fact, TPR analysis showed that the ZrO,/UVM-
7 2% Au catalyst, with the highest surface H, consumption, was
the least active catalyst, implying other factors were important for
controlling the activity. Therefore, the influence of metal
nanoparticle loading had the largest impact on the overall catalytic
activity.

The role of metal nanoparticles in supported precious metal
catalysts are widely reported as an important factor for VOC and
CO oxidation. [?6:3466.671 From the testing data in this work (Figure
8), catalysts containing high concentrations of Au nanoparticles,
determined by XPS, showed poorer catalytic activity. Similar
conclusions have been reported in previous studies for the
individual total oxidation of toluene and propene, where supported
Au catalysts presented lower VOC conversion compared with Pt
or Pd counterparts. 1445681 The lower catalytic activity was
proposed to occur as a result of the differing intrinsic dissociative
chemisorption energies of oxygen, which is related to the role of
oxygen adsorption in the oxidation mechanism. ! However,
supported Au catalysts have been reported as effective catalysts
for CO oxidation. %79 The prevalence for effective CO oxidation
is presented by the ZrO,/UVM-7 2% Au catalyst, as it showed
improved performance at low temperatures (Figure 9). Previous
literature discussing the simultaneous removal of VOCs and CO,
highlighted that VOCs competitively bind to the catalyst surface,
blocking active sites, negatively impacting on the rate of CO
oxidation. 3*71 Therefore, the efficiency of supported Au catalysts
for CO oxidation were decreased under the reaction conditions
used.

From the previous discussion, it can be inferred that Pt was the
most active species for the simultaneous total oxidation of CO,
propene, and toluene. This hypothesis also fits well with surface
compositions determined by XPS analysis, when related to the
catalytic activity. A structure sensitive relationship has been
determined for toluene and propene oxidation using supported Pt
catalysts. 192072731 |t has been shown that increased Pt particle

size results in adsorbed oxygen on Pt with a lower bond strength,
facilitating improved catalytic activity for toluene oxidation. ™ This
differs to propene oxidation, where this affect is slightly less direct
and can also be somewhat related to higher concentrations of
metallic Pt° species. 2 Little significant difference in nanoparticle
size was determined by Cs-corrected STEM-EDX analysis,
suggesting this factor did not play an important role in determining
the catalytic activity.

Little direct correlation between catalytic activity and the types of
Pt surface species could be identified for these catalysts. There
was negligible difference in Pt° concentration and little significant
difference in Pt" and PtV concentrations for the most active
catalysts from the XPS data. Furthermore, a structure sensitive
relationship was not exhibited by these catalysts, as the
ZrO,/UVM-7 1% Au + 1% Pt catalyst contained a higher quantity
of smaller Pt nanoparticles (<5 nm), determined by STEM
analysis, compared with the ZrO,/UVM-7 2% Pt catalyst, which
showed lower catalytic activity. Therefore, the controlling factor
determining catalytic activity was suggested to be the relative
concentration of Pt on the catalyst surface, in comparison to the
guantity of the less active Au nanoparticles. This trend is
highlighted in Figure 10 by the direct correlation between
decreasing temperature required to obtain 50% conversion (Ts)
and increasing relative Pt concentration. CO-DRIFTS analysis
further highlights the importance of surface Pt species, as the data
indicated accessible surface Pt species for the ZrO,/UVM-7 2%
Au-Pt and ZrO,/UVM-7 1% Au + 1% Pt catalysts only, which were
concurrent with the improved activity of these catalysts. In
contrast, an absence of Pt bands was displayed for the
ZrO,/UVM-7 2% Pt catalyst, possibly as a result of the low surface
Pt loading, measured by XPS analysis.
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Figure 10: Relative Pt surface concentrations, identified by XPS analysis,
compared with Tso values for the bimetallic Au-Pt catalysts.

The ZrO,/UVM-7 2% Au-Pt and ZrO,/UVM-7 1% Au + 1% Pt
catalysts, with higher surface Pt concentrations, presented higher
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performance of these bimetallic catalysts implies the addition of
Au into the preparation method enhanced surface loading of Pt
nanoparticles. Previous literature has suggested that Pt surface
enrichment can occur in AuPt systems, due to the stronger affinity
for adsorbates, forming stable oxides on the surface. " XPS data
correlates well with this idea as the ZrO,/UVM-7 1% Pt + 1% Au
catalyst presented a larger quantity of Pt° species, with less stable
Pt oxide species formed, resulting in little surface migration.

The order of metal loading also significantly affected Pt loading
on the catalyst surface. Depositing the metals sequentially
caused a drastic change in catalytic activity, predominantly as a
result of the improved surface concentration of Pt when it was
deposited last (ZrO./UVM-7 1% Au + 1% Pt). However, depositing
Au and Pt simultaneously led to both metal nanoparticles being
evenly distributed on the surface, as demonstrated by the
formation of alloyed nanoparticles in the Cs-corrected STEM-EDX
analyses. The formation of alloyed nanoparticles resulted in a 1:1
surface ratio of Au-Pt, which led to slightly lower activity compared
with the Pt rich 1:2 Au-Pt surface ratio obtained for the ZrO,/UVM-
7 1% Au + 1% Pt catalyst. This further highlights the negative
impact caused by the increased amount of less active Au
nanoparticles for the simultaneous oxidation of CO, propene, and

activity than the monometallic Pt catalyst. The

improved

toluene in this system.

Table 4: Comparison of the total oxidation of VOC mixtures reported in the literature.

Catalyst

WHSV

Reaction Conditions

Tse? / °C

Reference

ZrO/UVM-7 1% Au + 1% Pt

60000 mL g ht

1000 ppm propene, 1000 ppm
CO, 100 ppm toluene, 6% O,

215 (Propene),
221 (Toluene),

This work

166 (CO)
Au/Co-UVM-7 40000 mL gt h?t 1000 ppm toluene, 20% O, 255 Previous work
30]
3% Au/CeO; 25000 mL g*h* 1000 ppm propene, 1000 ppm 210 (Propene), 7l
CO, 100 ppm toluene, 6% O, 160 (Toluene),

119 (CO)

Pt-Co/Al,O3 60000 mL g h* 10000 ppm CO, 1000 ppm 168 (CO), 182 (34
toluene, 20% O, (Toluene)

Pt/CeO, 60000 mLg-th™* 10000 ppm CO, 1000 ppm 174 (CO), 180 (36l
toluene, 20% O (Toluene)

CoAICeO 60000 mL g* ht 1000 ppm toluene, 1000 ppm 248 (Toluene) (7

CO, 20% O

Pd(shell)-Au(core)/TiO,

60000 mL gt ht

1000 ppm toluene, 3000 ppm
propene, 20% O,

~225 (Toluene),
~230 (Propene)

[23]

Mn304

30000 mL gt ht

1000 ppm VOC:s (ethylene,
propylene, toluene), 20% O,

231 (Conversion
to CO,)

The catalysts discussed in this work show promise as effective
catalysts for low temperature simultaneous oxidation of VOCs
and CO. Specifically the ZrO,/JUVM-7 1% Au + 1% Pt catalyst
showed key improvements from previous work by the authors for
the total oxidation of toluene (Table 4). The ZrO,/UVM-7 1% Au +
1% Pt catalyst displayed a lower Tso compared with the Au/Co-
UVM-7 catalyst, with the current work including the influence of

a Tso — Temperature at which 50 % conversion is obtained.

other VOCs in the gas feed. It is difficult to directly compare the
catalysts in this work with those shown in Table 4, due to the
varying reaction conditions used. However, the catalysts in this
work exhibited comparable, if not improved, Tso values with most
of those displayed in Table 4. Furthermore, the conditions in the
present work are generally closer to those applicable to
automotive emissions, where oxygen concentrations are between
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5-10%. [ It should be highlighted that the “mixture effect”, where
multiple pollutants are present in a gas stream, has limited
understanding on the inhibitor and promotional effects for different
combinations of VOCs. % Therefore, further research is required
in this area to provide clarity for different systems.

Interestingly, the work published on the 3% Au/CeO. catalyst by
Eaimsumang et al. [’® presented slightly improved Tso values
compared with the ZrO,/UVM-7 1% Au + 1% Pt catalyst, however,
a much lower WHSV was used. The contrast in activity for Au
between the two studies shows the importance of the support.
Additionally, CeO; is active for the total oxidation of toluene, 8482
which will contribute to the efficient oxidation of this compound in
the mixture. However, a significant limitation of CeO, based
materials is the poor thermal stability, making them susceptible to
sintering and deactivation. [

Catalyst Stability

Catalyst stability is an important factor that needs to be
considered. Previously, modified UVM-7 catalysts have displayed
good thermal stability towards Au sintering. This was a result of
the confinement architecture of the silica structure and strong
anchoring onto the supported metal oxides that were
homogeneously dispersed within the structure. 84 Catalytic cycle
tests were carried out on the most active catalyst, to assess the
stability. The ZrO,/JUVM-7 1% Au + 1% Pt catalyst remained
active with consistent performance for the total oxidation of
toluene, propene, and CO after three consecutive cycles (Figure
11). This cyclic stability was also observed when the temperature
was increased up to higher temperatures (600°C or even 700°C)
for 10 minutes.

The considerable stability of this material highlights the UVM-7
structure as a suitable candidate for further modification when
designing effective catalysts for the simultaneous total oxidation
of VOCs and CO.

100 H » & » ] " -
90 -
80 -

70

co, Yield / %

—B—=20,/UVM-7 1% Au + 1% Pt - Cycle 1
—.—/r(l..,’lNM 7 1% Au + 1% Pt - Cycle 2
- A p’rll.,fllVM 7 1% Au + 1% Pt - Cycle 3

T T T T T T T T
100 150 200 250 300 350 400 450 500

Temperature / °C

Figure 11: Consecutive cycle tests for the simultaneous total oxidation of
toluene, propene and CO using the ZrO2/UVM-7 1% Au + 1% Pt catalyst.
Conditions: 100 ppm toluene, 1000 ppm propene, 1000 ppm CO, 6% O2/N2,
WHSV = 60000 mL g* h't. Legend refers to catalyst cycle.

Conclusion
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Mono and bimetallic Au-Pt catalysts, prepared using a novel
ZrO,/UVM-7 support, were assessed for the simultaneous total
oxidation of toluene, propene, and CO under oxygen lean
conditions. The gas mixture was used as a model as it represents
significant emissions present during cold start in automotive
engines. The ZrO,/UVM-7 1% Au + 1% Pt catalyst in which Au is
firstly deposited and then Pt, was the most active for the
simultaneous total oxidation of all three compounds, attaining full
conversion by 250°C. The enhanced activity of this catalyst
corresponded with the high relative surface concentration of Pt
nanoparticles, which were identified as the active component for
the reaction. For the bimetallic catalysts, the order of metal
nanoparticle deposition was an important factor for controlling
catalytic activity. Sequential loading of Pt and Au nanoparticles
resulted in higher surface concentrations of active Pt
nanoparticles and less active Au nanoparticles on the catalyst
surface. In contrast, simultaneous addition of the metal
nanoparticles formed alloyed nanoparticles with a 1:1 ratio on the
catalyst surface. The alloyed nanoparticles displayed slightly
lower catalytic activity likely due to the increased surface
concentration of Au. Finally, the optimal catalyst demonstrated to
be completely stable in the simultaneous CO, propene, and
toluene removal after three catalytic cycles.

Experimental
Catalyst Synthesis

Preparation of the UVM-7 support was synthesised by a method
based on the atrane route, ¥ with a molar composition of
2S|(OC2H5)47(HOCH2CH2)3NHCl052CH3(CH2)15N(BI’)(CH3)31
80H.0. In a standard synthesis, corresponding amounts of
Si(OCzHs); and (HOCH,CH2)sN.HClI were mixed under
continuous stirring at 140°C, forming a homogeneous dispersion.
The temperature was then set to 120°C and
CHs3(CH2)1sN(Br)(CHzs)s was incorporated. The resulting gel was
then cooled to 80°C, followed by the addition of deionised water.
The mixture was stirred and aged at room temperature for 16 h.
The mesostructured powder was separated by filtration and
washed extensively with deionised water and ethanol. Finally, the
powder was dried for 16 h at 60°C. To prepare the final porous
material, the template was removed by calcination at 550°C for 6
h under static air, with a ramp rate of 5°C min* from ambient.

Preparation of the 40 wt% ZrO,/UVM-7 support was achieved
using a wet impregnation method. ZrO(NO3),.xH,0O (1.48 g) was
dissolved in 30 mL of deionized water under vigorous stirring. The
UVM-7 material (0.6 g) was added to the nitrate solution, followed
by stirring the sample for 13 h. The mixture was then dried
overnight at 110°C and the resulting material was calcined in air
at 550°C for 4 h, with a ramp rate of 1°C min-! from ambient.

A 40 wt%ZrO,/UVM-7 support was selected as previous work
showed poor catalytic activity for Au-Pt based catalysts deposited
on pure ZrO; and pure siliceous UVM-7 compared with
ZrO,/UVM-7. Different ZrO, loadings were tested and found that

This article is protected by copyright. All rights reserved.

85UB017 SUOWWOD SAIE81D 8|qeoljdde ay) Ag peusencb a1e sojoile VO ‘8sn Jo SajnJ Joj AkeiqiTaulju A1 UO (SUOLPUOO-pUE-SWBIAL00 A |1 A e gl U Uo//:Sdny) SUonIpuoD pue swisl 8y} 8ss *[620z/20/.T) uo ARidqiTauljuo A8]IM 1eLiueA0D Ajquessy UsPM Aq Z9PTOrZ0Z 9109/200T 0T/I0p/wod A8 im Areiqijpuluoadoine-Ansiweyo//sdny Wwolj pepeojumod ‘el ‘668£298T



ChemCatChem

40 wt.%ZrO, was optimal. A comparison of metal oxide supports
was also carried out and found the ZrO, was the most active
support. Examples of these preliminary tests are shown as
supporting information (Figs S1 & S2).

Mono and bimetallic Pt/Au supported catalysts were synthesised
by a colloidal deposition method. To synthesise the Au/Pt colloids,
fresh aqueous solutions of (HOCH,)4PCI (0.0675 M) and NaOH
(0.2 M) were prepared by adding 1.5 mL of NaOH and 1 mL of
(HOCHy)4PCI to 45.5 mL of deionized water. An appropriate
amount of aqueous Au or Pt precursor solution (KAuCl, or PtCly)
was then added under vigorous stirring at 60°C. The hydrosols
were stirred for 30 minutes, followed by the addition of the desired
amount of 40 wt% ZrO,/UVM-7 (acidified to pH 2 by H,SO,) to
obtain the required metal loading. The slurry was stirred for 2 h,
collected by filtration and then washed thoroughly with deionised
water and dried at 120°C for 16 h in static air. The final material
was calcined in air at 400°C for 2 h, heating from ambient with a
ramp rate of 5°C min. For the bimetallic catalysts, the required
amounts of aqueous KAuClI,/PtCl, solutions were added
simultaneously. However, for the catalysts prepared by different
orders of loading, the aqueous KAuCI,/PtCl, solutions were
added consecutively with the drying and calcination processes
occurring between each metal loading.

Catalyst Characterisation

Powder X-ray diffraction (XRD) was performed using a
Panalytical X'Pert diffractometer, equipped with a Cu X-ray
source. Operating conditions for the diffractometer were 40 kV
and 40 mA, with analysis carried out between 26 values of 5-80°.
Phase identification was performed by matching patterns against
the ICDD standard database. Application of the Scherrer equation
was used to estimate crystallite size.

Temperature programmed reduction (TPR) was performed using
a Quantachrome ChemBET. Catalysts underwent pre-treatment
for 1 h at 120°C in a flow of He before analysis. Reduction profiles
were obtained by analysing powdered catalysts (50 mg) under a
flow of 10% H/Ar (50 mL min'), over the temperature range 50-
700°C, with a heating rate of 10°C min~t. H, consumption was
calculated by calibration against a CuO standard.

X-ray photoelectron spectroscopy (XPS) was performed on a
Thermo Fisher Scientific K-alpha+ spectrometer. Samples were
analysed using a micro-focused monochromatic Al x-ray source
(72 W) using the “400-micron spot” mode, which provides an
analysis defining elliptical x-ray spot of ca. 400 x 600 microns.
Data was recorded at pass energies of 150 eV for survey scans
and 50 eV for high resolution scans with step sizes of 1 eV and
0.1 eV respectively, the dwell time was 50 ms and 10 ms in each
case. As the samples were insulating charge compensation was
achieved using a combination of both low energy electrons and
argon ions.

Data analysis was performed in CasaXPS v2.3.26 B8 after
calibrating the data to the lowest C(1s) component taken to have
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a value of 284.8 eV. Quantification was made using a Shirley type
background and Scofield cross sections, with an electron energy
dependence based on the TPP-2M relationship. ¥ Peak fitting
was performed using the CasaXPS LA line shape which is Voigt-
like. All parameters for LA shape were derived from standard
reference materials where possible.

CO-Diffuse  Reflectance Infrared Fourier  Transformed
Spectroscopy (DRIFTS) measurements were obtained using a
Bruker Tensor 27 spectrometer, fitted with a Hg-Cd-Te detector
and ZnSe windows. Powder samples were loaded into the
Praying Mantis high temperature (HVC-DRP-4) in situ cell,
followed by a pre-treatment with flowing N, (50 mL min?). A
background was obtained using KBr and measurements were
recorded every minute at room temperature. 1% CO/N. was
flowed over the sample at 50 mL mint until CO adsorption bands
were maintained constant. Once CO bands were constant, the
gas feed was changed to purge with N2, and measurements were
made until no change in subsequent spectra were observed.

Electron microscopy analyses were carried out in a FEI XFEG
Titan transmission electron microscope operated at 300 kV. The
column was fitted with a CEOS spherical aberration corrector (Cs-
corrected) for the electron probe assuring a spatial resolution of
0.8 A (prior each analysis, the aberrations were reduced a gold
standard sample). The microscope was also equipped with an
Oxford Ultim X-MaxN 100TLE X-EDS detector and a Gatan
Tridiem Energy Filter (GIF) for electron energy loss spectroscopic
(EELS) measurements. The samples were prepared by
dispersing a small amount of the powder in ethanol; few drops of
the suspension were placed onto holey carbon grids. All
measurements were performed in Scanning mode (STEM) using
a high angle annular dark field detector (HAADF).

Catalyst Testing

The simultaneous total oxidation of propene, toluene and CO was
performed using a fixed bed flow microreactor. Powder catalysts
(50 mg) were packed between plugs of quartz wool in a ¥ inch
guartz tube. Catalysts were pre-treated for 1 h at 100°C, under a
flow of N, at 50 mL min. Following pre-treatment, the reaction
mixture of 1000 ppm propene, 1000 ppm CO and 100 ppm
toluene in 6% O, with N, balance was passed through the bypass
loop until stabilised, to acquire a background measurement. The
reaction gas mixture was then passed through the catalyst bed at
50 mL min* to achieve a WHSV of 60000 mL g h. Catalyst
activity was measured over the temperature range 100-500°C at
50°C intervals (allowing time to reach steady state), with a K-type
thermocouple placed in the catalyst bed to monitor the reaction
temperature. The effluent analysis was recorded by a quantitative
on-line Gasmet DX-4000 FT-IR process spectrometer, with
measurements taken every second, Calcmet software was used
to convert measured response to quantitative concentrations
using a library of calibration files. An average of 10 measurements
was recorded at each temperature interval once steady state had
been achieved. CO, yield was used to define the conversion of
propene, toluene, and CO to CO,. The recorded concentration of
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CO; was compared to the sum of all compound concentrations,
using carbon equivalents. Catalyst testing errors were calculated
using the standard deviation when testing a standard catalyst
three times under the stated reaction conditions. For CO;, yield,
the error was + 3%.
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ZrO,/UVM-7 catalysts supported with Au and Pt nanopatrticles were assessed for the simultaneous total oxidation of a mixture of
volatile organic pollutants, representative of automotive emissions during cold-start conditions. The loadings of Pt nanoparticles on

the catalyst surface, as well as the synthesis method, were controlling factors for catalytic activity.
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