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Since the pioneering finding by Haruta et al. that small gold nanoparticles on reducible supports can be

highly active for low-temperature CO oxidation, the synthesis, characterization, and application of supported
gold catalysts have attracted much attention. The water—gas shift reaction (WGSR: CO + H,0 = CO, + H,) is
important for removing CO and upgrading the purity of H, for fuel cell applications, ammonia synthesis, and
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selective hydrogenation processes. In recent years, much attention has been paid to exploration the possibility
of using supported gold nanocatalysts for WGSR and understanding the fundamental aspects related to
catalyst deactivation mechanisms, nature of active sites, and reaction mechanisms. Here we summarize recent

advances in the development of supported gold catalysts for this reaction and fundamental insights that can

www.rsc.org/pccp

1. Introduction

CO and H, mixtures with different compositions are commonly
produced by steam reforming (CH, + H,O = CO + 3H,), partial
oxidation (CH, + 1/20, = CO + 2H,), and coal gasification (C + H,O =
CO + H,) in the chemical industry.' The CO/H, ratios in the
CO + H, mixtures can be tuned via the water-gas shift reaction
(WGSR: CO + H,0 = CO, + H,) or reversed water-gas shift
(CO, + H, = CO + H,0).* The CO + H, mixtures with suitable
compositions can be used in the catalytic production of liquid
fuels (via Fischer-Tropsch synthesis) or methanol (i.e., methanol
synthesis). Alternatively, most of the CO in the CO + H, mixture
can be removed via WGSR,>® followed by preferential oxidation
of CO in the presence of H,, therefore enhancing the purity of H,
for fuel cell applications,””® ammonia synthesis, and hydrogena-
tion of organic substrates. The upgrading of H, is important,
because the presence of a small amount of CO in H, may poison
the catalysts. WGSR is also involved in automobile emission
control: it not only removes some CO in the emission, but also
generates H, that can reduce NO,.

In industries, the CO + H, mixture exiting the reactor is hot,
so a high-temperature shift catalyst (Fe,O;-Cr,0;) is operated at
300-450 °C, and a low-temperature shift catalyst (Cu-ZnO/Al,O3)
is then used when the mixture cools to 200-300 °C. These metal
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be gained, and furnish our assessment on the status of research progress.

oxide catalysts, although less expensive, need careful pretreat-
ment before operation and are sensitive to the exposure to air.
In addition, because the WGSR is an exothermic reaction (AH =
—41.4 KJ mol™"), its equilibrium constant decreases with the
reaction temperature,’ meaning that high temperature is not
favorable for achieving high CO conversion from a thermo-
dynamic point of view. In recent years, new catalysts active for
WGSR at low temperature have been in active pursuit.

Gold was initially regarded as inert in chemistry and useless
in catalysis. In the 1980s, Haruta and co-workers found that gold
catalysts prepared using appropriate methods on reducible supports
have finely divided gold nanoparticles on supports and high
activities in CO oxidation.”'® Goodman and co-workers demon-
strated that the activities of Au/TiO, model catalysts in CO
oxidation depend critically on the size of gold nanoparticles.'*
These findings have led to numerous studies on different aspects
of gold catalysis, including various preparation methods and
details, designs of new gold catalysts, applications of gold catalysts
in environmental catalysis and organic synthesis, nature of
active sites, and reaction mechanisms.'*>*°

Since some supported gold catalysts can catalyze CO oxidation,
one logical extension is to use gold catalysts for WGSR, considering
that H,O can also be an oxygen supplier. However, WGSR is more
demanding than CO oxidation on gold catalysts, taking place at
much higher temperatures. Although the majority of papers on
gold catalysis deal with CO oxidation, still a significant number of
papers are about gold-catalyzed WGSR. In the initial phase of
research, the main objective was to explore gold catalyst systems
for WGSR (i.e., to demonstrate that certain gold catalysts are active
for this reaction) and to compare the performance of gold catalysts
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with other catalysts. Next, modified catalysts were prepared and
tested, and the influences of preparation details and reaction
conditions were examined. These two stages follow the traditional
path of catalyst development, but question arises as to what can be
learned other than the technical aspects. Then, many in-depth
studies on the nature of active sites, reaction mechanisms, and
deactivation mechanisms appeared, although a universal picture
cannot be obtained due to different catalysts, reaction conditions,
and research approaches adopted in different studies. These studies
did deepen our understanding of this important reaction on gold
catalysts. Here we reviewed the recent advances in fundamental
studies of WGSR catalysis on supported gold catalysts.

2. Examples on typical and usually simple
catalysts

Gold catalysts are often prepared by loading gold on solid
supports such as TiO,, ZrO,, CeO,, Fe,03, Al,0s3, and SiO,, and
these catalysts are usually tested in CO oxidation. Therefore, initial
research on gold-catalyzed WGSR used some of these catalysts,
especially the catalysts with reducible metal oxide supports since
gold catalysts based on these supports are often more active
than those based on non-reducible supports.

Andreeva et al. demonstrated the application of Au/Fe,O; in
WGSR.*"** Au/o-Fe,0; and Au/Al,O; were prepared via coprecipita-
tion by mixing an aqueous solution of HAuCl,, Fe(NO;); or
Al(NO3);, and Na,CO; solution at pH 8. Au/o-Fe,O; showed higher
catalytic activity than CuO/ZnO/Al,O; and o-Fe,O;, whereas Au/
Al,O3 was not active. The Au/a-Fe,O; collected after reaction testing
was composed of Au, Fe;0,, and Fe,0;, indicating some reduction
of the support by the reducing environment. A specific interaction
of gold nanoparticles and the support was responsible for
the activity."" Au/o-Fe,0; prepared using a modified deposition—
precipitation method had higher activity.**

Additional studies have followed. For instance, Sakurai and
co-workers found that Au/TiO, prepared using deposition—
precipitation showed higher activity than Au/TiO,, Au/Fe,0;,
Au/AlLO;, and Au/ZnO catalysts prepared using coprecipitation.**
Flytzani-Stephanopoulos and co-workers prepared Au/Ce(4%La)O,
catalysts via coprecipitation or deposition—precipitation and found
that the catalytic rates were comparable to that on Cu/CeO, and
better than that on Au/TiO, reported previously.*> Andreeva
and co-workers studied the influences of various parameters
(i.e., gold loading, contact time, and the H,O/CO ratio) on the
catalytic activity of Au/CeO, in WGSR.*®

As summarized above, Au/Fe,03, Au/TiO,, and Au/CeO, were
identified as active WGS catalysts in the initial phase of research.
Other active catalysts include Au/ZrO,,”*® Au/Co;0,,*® Au/ThO,,*
and Au/Fe;0,.>° The supports of these catalysts can usually be
partially reduced, forming oxygen vacancies that may help with the
catalytic reaction. On the other hand, SiO, and Al,O; that cannot be
reduced are not suitable for making active WGS catalysts.””> Fig. 1
compares the catalytic activities of Au/TiO,, Au/CeO,, Au/Al,O3,
and Au/SiO, in WGSR under the same reaction condition,”
highlighting the support effect in WGSR. Carbon-supported gold

This journal is © the Owner Societies 2013

View Article Online

—u—8AU/TIO,
20 { —e—8Au/CeO, A
—a—8AU/ALO, 4
—v—8AUISIO, / :

*— 4AUITIO, *7

<—4Au/Ce0, n «

-
(&)
1

n P '
/ '/
2 / / )
| / N e it
0 - ¢ v v—V A
5I0 1 CliO 1 E;O 2(;0 25lO 3(;0
Temperature (°C)

(molCO.molAu™ h)x10
o S
1 1

Fig. 1 Catalytic activities of Au/TiO,, Au/CeO,, Au/Al,03, and Au/SiO, in WGSR
as a function of reaction temperature.>' Reproduced with permission of Elsevier
from A. Sandoval, A. Gomez-Cortés, R. Zanella, G. Diaz and J. M. Saniger, J. Mol.
Catal. A: Chem., 2007, 278, 200.

catalysts are often not quite active, unless the carbon support is
modified by TiO, and gold is supported afterwards to create
active Au-TiO, interfaces.”™>®

The question now arises as to whether gold catalysts based
on non-reducible supports are always not active for WGSR.
Scurrell and co-workers loaded gold onto hydroxyapatite
(Cay0(PO,4)s(OH),) using deposition-precipitation and demonstrated
the high activity of Au/hydroxyapatite in WGSR.>® Interestingly,
although some gold catalysts based on metal phosphate supports
(most of these supports are non-reducible) were active for CO
oxidation,’”®® none of them were active in WGSR.®® One
possible reason is that WGSR takes place at much higher
temperatures than CO oxidation on gold catalysts. Another
reason may be that the site requirements and/or mechanisms
for these two reactions are different. Additional work is still
needed to better understand the difference.

3. Development of new WGS catalysts

Based on relatively simple catalyst systems, there are generally
two lines of research. One is to study the influence of preparation
procedures or details,®”*® and the other is to develop new gold
catalysts, often with more complex structures, compositions, or
interesting morphologies. The preparation procedures or details
are known to influence the physicochemical properties and
catalytic behaviors in many ways. Although the preparation
and modification is a trivial task, understanding the correlations
and fundamental reasons for activity difference is not trivial. For
instance, Hardacre and co-workers investigated the influence of
gold deposition methods, type of the gold precursor, nature of
the washing solution, drying methods, as well as the Ce/Zr ratio
and sulfation of the CeZrO, support on catalytic performance.”®
It was nicely shown that the catalytic activities of Au/CeZrO,
catalysts prepared differently correlated to the Au-CO band areas
detected by FT-IR (Fig. 2).”° In that work, CO was used as a
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Fig. 2 The correlation between CO conversions on several catalysts at 100 °C
under WGS conditions and Au-CO band areas for room temperature adsorption of
CO on these catalysts. Catalysts include: (a) 2% Au/CeZrQ, (prepared from HAuCl,)
washed with water, 0.1 M NH4OH or 0.1 M Na,COs; (b) 2% Au/CeZrO,4 prepared
from AuBr3 washed with water; (c) 1% Au/CeZrO, prepared from HAuCl, washed
with water; and (d) sulfated Au/CeZrO, catalysts (Au/CZS-l and Au/CZS-II).”°
Reproduced with permission of Elsevier from R. Pilasombat, H. Daly, A. Goguet,
J. P. Breen, R. Burch, C. Hardacre and D. Thompsett, Catal. Today, 2012, 180, 131.

probe for infrared characterization and the Au-CO band area
correlated to the number of surface gold sites.

To develop new gold catalysts for WGSR, one idea is to use
metal oxide supports with morphologies or structures different
from conventional ones. For instance, mesoporous TiO,,”"”* TiO,
nanotubes,”® mesoporous ZrO,,”* mesoporous CeO,,”*”>’° and
CeO, nanorods”’”’® were used as supports to load gold.
Although these gold catalysts all showed some activities in
WGSR, the focus in these publications was mainly on the
synthesis and characterization of catalytic materials.

Interestingly, Andreeva and co-workers showed that crystal-
line ZrO, and TiO, were better than amorphous ones in making
active gold catalysts for WGSR.**® Shen and co-workers studied
the influence of the crystal phase of the ZrO, support on catalytic
activity.”® The tetragonal ZrO, (13 nm, 96 m* g~ ') was prepared by
homogeneous precipitation and calcined at 450 °C, whereas the
monoclinic ZrO, (5 nm, 136 m> g~ ') was prepared using a reflex
method and calcined at 450 °C. The Au/monoclinic ZrO, showed
higher activity than Au/tetragonal ZrO, in WGSR. To rule out the
surface area effect, another monoclinic ZrO, support (91 m* g™ )
was prepared by calcination at 500 °C. The trend in activity
order was the same. The authors demonstrated, by CO-TPD
measurements, that Au/monoclinic ZrO, adsorbed more CO than
Au/tetragonal ZrO,, therefore explaining the activity difference.”

Shen and co-workers further investigated the influence of
particle sizes on the performance of Au/Zr0,.*° The size of the
monoclinic ZrO, support was adjusted by changing the calcina-
tion temperature (450-850 °C) of ZrO,, whereas the size of gold
nanoparticles was varied by changing the calcination temperature
(250-550 °C) of Au/ZrO, prepared by loading gold onto ZrO,
calcined at 550 °C. The CO conversion decreased greatly when
the size of the ZrO, support increased from 7 to 55 nm (at a fixed
gold particle size of 3 nm). On the other hand, the CO conversion
decreased greatly when the size of gold nanoparticles increased
from 2.9 to 6.2 nm (at a fixed ZrO, particle size of 30 nm).
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Au(OH),

Fig. 3 Scheme showing the two-step synthesis of Au on CeO, nanorods, nano-
cubes, and nanopolyhedra.”” First, CeO, supports with different morphologies were
prepared using a controlled hydrothermal technique. Second, gold was loaded onto
these supports by deposition—precipitation using HAuCl4 as a precursor. Reproduced
with permission of Wiley-VCH from R. Si and M. Flytzani-Stephanopoulos, Angew.
Chem., Int. Ed., 2008, 47, 2884.

These results, coupled with IR data, showed the importance of
the Au-ZrO, interface for WGSR. Apparently, there will be more
Au-ZrO, contact boundaries if the sizes of gold nanoparticles
and the ZrO, support are decreased.

Flytzani-Stephanopoulos and co-workers performed very
interesting studies on the influence of crystal planes of CeO,
on the supported gold catalysts.”” CeO, nanorods (with {110}
and {100} planes), nanocubes (with {100} planes), and polyhedra
(with {111} and {100} planes) were prepared via a hydrothermal
method, and gold was loaded onto the supports via deposition-
precipitation (Fig. 3).”° The activities in WGSR followed the
sequence of Au/CeO, nanorods > Au/CeO, polyhedra > Au/
CeO, nanocubes, probably because of the presence of a much
higher fraction of strongly bound gold species on the former two
catalysts, as confirmed by others.®! In addition, a theoretical study
indicated that oxygen vacancies are easier to form on CeO, {110}
than {100} and {111} planes,* thus explaining the stabilization of
gold species on CeO, nanorods. A similar effect was established
for the methanol steam reforming on Au/CeO, catalysts,*® and the
shape effects on metal oxide supported gold catalysts in WGSR
were reported in Au/ZnO and Au/Fe;0, systems.®*

Another approach of catalyst development is to adjust the
chemical composition of the supported metal. Scurrell and
co-workers demonstrated the better performance of Au-Ru/
Fe,0; than Ru/Fe,O; and Au/Fe,O; in WGSR.** The authors
extended this idea to the preparation of Au-based “bimetallic”
catalysts Au-M/Fe,0;,%® where M stands for Ag, Bi, Co, Cu, Mn, Ni,
Pb, Ru, Sn, or Tl. These catalysts were prepared using the
deposition-coprecipitation method using HAuCl,, Fe(NO3)s;,
and metal salts (mostly metal nitrates), and were calcined in
air at 400 °C. It is not clear whether these additives are all
metallic before or during WGSR, considering that the thermal
decomposition of soluble metal nitrates usually leads to
the formation of metal oxides.’” Although some metal oxide
additives may be reduced during WGSR, the local structures of
the Au and M components and their interactions are not clear.
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In situ studies using ambient pressure electron spectroscopy
and environment electron microscopy may elucidate the
chemical state of M and its interaction with Au during catalysis.
Other supported bimetallic catalysts tested in WGSR include
Au-Pt/Ce0,,%8% Au-Pd/Ce0,,*® Au-Re/Ce0,,”® and Au-Pt/FSM-16."*
A synergistic effect was often claimed, but the nature of
promotion is not clear.

A third approach of catalyst development is to change the
composition of the support, either by preparing mixed oxide
supports or by loading another metal oxide onto a neat support.
Reported catalysts in the first category include Au/Fe,05-Zn0O,*’
Au/Fe,0;-710,,*”°*%% Au/Fe0,~CrO,,’* Au/Ce0,-Al,0;,”> %% Au/
Ce0,-Ga,03,”° Au/CeO,-Fe,03,'%%'! Au/Ce0,-Sn0,,"* Au/CeO,-
MnO,,"”" Au/CuMn,0,,'” Au/CeO,-TiO,,'” Au/Ce0,-Y,0;,'"*
Au/Ce0,-Sm,0;,°%1%  Au/Ce0,-Gd,03,'** Au/Ce0,-Yb,0;,'**
Au/Ce0,-La,0;,'** %7 and Au/Ce0,-Zr0,.”*?71°811% Although
some metal oxide dopants did not show any positive effect,”
others were found to be beneficial. For instance, the addition of
ZrO, to Fe,O; was shown to stabilize gold nanoparticles and
retard the reduction of Fe,0;.

Examples in the second category include Au/CeO,/
mesoporous  TiO,,'"""'?  Au/CeO,/mesoporous  ZrO,,'*?
Au/M,O,/TiO,,°V ™ Au/SO,>7/Zr0,," "> Au/C0304/Ce0,,"”
Au/Cu0/Ce0,,"*#'* and Au/TiO,/C.>*>> For example, Ma
et al. found that some Au/M,0,/TiO, catalysts showed higher
activities than Au/TiO, in CO oxidation and WGSR when these
catalysts were calcined at elevated temperatures.’™®” Fig. 4
shows the specific rates of Au/M,0,/TiO, catalysts in WGSR at
300 °C, highlighting the promotional effect of Al,0;, CaO, Y,0;,
Zr0,, and rare earth metal oxides.®' These metal oxide additives
may stabilize gold nanoparticles against thermal sintering
during calcination. Of course, the adjustment of the redox
properties of supports and creation of surface defects/oxygen
vacancies cannot be excluded. The latter aspect should be
studied in more detail in the future.
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Fig. 4 Effect of MO, modifiers on the catalytic performance (in terms of
specific rates at a reaction temperature of 300 °C) of Au/M,0Q,/TiO, catalysts in
WGSR.®" These catalysts were pretreated at 500 °C prior to reaction testing.
Reproduced with permission of Springer from Z. Ma, H. F. Yin and S. Dai, Catal.
Lett.,, 2010, 136, 83.
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4. Catalyst stability and deactivation

Catalyst stability is very important for practical operation. The
antonym of catalyst stability is catalyst deactivation. Catalyst
deactivation generally has many reasons, such as sintering of
supported metals, crystallization and structural collapse of porous
supports, poisoning by strong adsorbates such as sulfur and heavy
metals, and accumulation of reaction intermediates. In the initial
publications on WGSR over supported gold catalysts, the focus was
more on catalytic activity than on stability.*'** In recent years,
more and more attention has been paid to the stability of gold
catalysts in WGSR and their deactivation mechanisms.

Osuwan and co-workers compared the catalytic performance
of Pt/Ce0,, Au/Ce0,, and Au/Fe,0; in WGSR."*° While Pt/CeO,
was relatively stable on stream, the CO conversion on Au/CeO,
decreased from 60% to about 10% within 48 h at 360 °C. The
authors ascribed the catalyst deactivation to the agglomeration
of gold nanoparticles from 4 to 5.5 nm. Although the growth of
gold nanoparticles may be the case, the deactivation of gold
catalysts should not be solely ascribed to sintering. In addition,
care should be taken when using uncalcined catalysts directly
in high-temperature reactions without any pretreatment. Under
such conditions, the growth of metal nanoparticles during the
reaction is more likely.

Thompson and co-workers concluded, based on XPS and
infrared data, that the catalyst deactivation on Au/CeO, was
caused primarily by blockage of the active sites by carbonates
and/or formates.' The formation of these reaction intermediates
was promoted by oxygen deficient sites, and a used catalyst can be
recovered by calcining in air to decompose these reaction inter-
mediates. Fig. 5 highlights infrared evidence for the presence of
surface intermediates during reaction and the removal of surface
intermediates by thermal treatment in air.**" In this figure, infrared
peaks near 1300, 1500, 2800, and 2900 cm™* are ascribed to formate
species, and those at 1300 and 1400 cm '
carbonates. The regeneration of catalysts by thermal treatment
under oxidation ambient was observed with other catalysts including
Au/mesoporous ZrO,,”* and the deactivation mechanism was
demonstrated experimentally using Au/CeO,."**'** The deactivation
of course depends on reaction conditions, for instance becomes
more obvious in the presence of CO, due to the enhanced formation
of carbonates on catalyst surfaces.'**

Makkee and co-workers investigated the deactivation
mechanism of Au/Fe,O; in WGSR."** Although carbonate and
carbonyl species were formed during the reaction, they were
not regarded as the main cause of deactivation. Instead, the
support changed from Fe,O; to Fe;O, during WGSR, resulting
in a significant loss of surface area. The fast deactivation of
Au/Co30, catalysts during WGSR was also explained by the
reduction of the support.*® The presence of gold on catalyst
supports may promote the reduction of supports, as explained
by the activation of H, on gold and the spillover of the atomic
hydrogen to the support.*®'?®

Hardacre and co-workers, with the aid of EXAFS, XANES,
and DFT calculations, proposed another mechanism for the
deactivation of Au/CeZr0,.**° The deactivation was ascribed to
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Infrared spectra of the Au/CeO, catalyst following treatment in (a) the CO + H, mixture for 4 h at 240 °C; (b) air for 1 h at 240 °C; (c) air for 30 min at 400 °C;

and (d) re-exposure to the CO + H, mixture for 1 h at 240 °C.121 Reproduced with permission of Elsevier from C. H. Kim and L. T. Thompson, J. Catal., 2005, 230, 66.

the concentration of water that may dewet the gold atoms from
the support, i.e., the gold on the support progressively detached,
therefore weakening the metal-support interaction. They later
provided a further explanation for the deactivation of Au/CeZrO,,
considering that the rate of change in the Au’~CO infrared bands
correlated with the deactivation rate under all conditions whereas
the Au®"-CO species disappeared more rapidly on stream.'?’

It should be cautioned that the deactivation of gold catalysts
in WGSR depends critically on the nature of catalysts and
reaction conditions such as reaction temperatures and gas
compositions.””® The oxidative regeneration of gold catalysts
at elevated temperatures may not only be related to the removal
of intermediates or strong adsorbates, but also be likely due to
the re-dispersion of gold nanoparticles in the support and the
recovery of the surface oxygen amount, as is the case with the
Au/Ce(La)Oy catalyst.'*’

5. Nature of active sites

Understanding the nature of active sites is important for studying
reaction mechanisms. However, due to different preparation meth-
ods and testing conditions, and also due to varied investigation
approaches and the extent or depth of research approaches, the
nature of active sites is still being debated in the literature. For
instance, in the initial studies, Mohamed and co-workers loaded
AuCl; on zeolites without further reduction, and found IR evidence
for the dominance of Au" in WGSR at 50 °C."*° They therefore
proposed that cation gold is responsible for WGSR. Other
researchers, based on FTIR experiments, proposed that metallic
gold nanoparticles in close contact with Fe,03, TiO,, or CeO,
supports are responsible for high activity in WGSR."*""**
Flytzani-Stephanopoulos and co-workers obtained a very
interesting finding that cationic gold is responsible for WGSR."?

15264 | Phys. Chem. Chem. Phys., 2013, 15, 15260-15270

An aqueous NaCN was used to selectively leach metallic gold
from Au/La-CeO, and Au/Fe,O;, leaving behind cationic gold
species in close contact with the supports.”** The leached and
unleached catalysts showed the same activities in WGSR (Fig. 6),"**
whereas the leached catalysts were less active than their unleached
counterparts in CO oxidation, implying different site requirements
for these two reactions: cationic gold is responsible for WGSR,
whereas metallic gold is responsible for CO oxidation. This
finding is very interesting, because oxidizing gold usually
represents a small proportion of gold species on the catalyst
surface whereas they were shown to have high activities in
WGSR. The authors later studied the oxidation states of gold in
Au/Ce(La)O, and concluded that cationic gold species can be
reduced under WGS conditions, but the extent of reduction
depends on reaction temperature and gas composition."*® In
addition, a UV-irradiation technique was used to prepare Au/
TiO, catalysts with Au-(OH), surface species active for WGSR."**
Mildly oxidized gold atoms anchored on TiO, were proposed as
active sites in this study."** DFT calculations suggested that it is
possible for cationic gold in the vicinity of oxygen vacancies to
catalyze WGSR."® In addition, it was claimed that isolated
surface Au®* ions are active sites for selective hydrogenation of
1,3-butadiene on Au/ZrO,."*” Hensen and co-workers showed
that the cationic gold in leached Au/CeO, could be partially
reduced to metallic gold clusters active for hydrogenation of
1,3-butadiene, CO oxidation, and WGSR.53138

Rodriguez and co-workers studied Au/Ce(Gd)O, and Au/
CeO,/TiO, using in situ time-resolved X-ray absorption spectro-
scopy (TR-XAS)."'*'%° They also found the transformation of
cationic gold into metallic gold under WGS conditions. The
importance of metallic gold in WGSR catalyzed by Au/Al,05,"*"
AU/TiO,,"*? Au/Ce0,°*7*"* and Au/CeZrO,"*° was suggested.
In particular, Ribeiro and co-workers provided detailed evidence
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Fig. 6 WGS reaction light-off curves over Au/Ce(La)O, (denoted as AuCl) and
Au/Fe,05 (denoted as AuFe,03) catalysts before and after NaCN leaching.”*® The
NaCN leaching decreases the gold loading, leaving behind some cationic gold on
support surfaces. Reproduced with permission of Springer from W. L. Deng,
C. Carpenter, N.Yi and M. Flytzani-Stephanopoulos, Top. Catal., 2007, 44, 199.

for the importance of metallic corner atoms in gold clusters
supported on Ti0,.>>**!3

Based on these in situ and ex situ studies, probably both
metallic and cationic gold species exist during WGS catalysis.
This is understandable, because the reduction degree of gold
depends on various factors such as the nature of supports, the
preparation method, and the operation conditions. A real challenge
is to distinguish the role of metallic and the cationic gold species
since (1) both types of gold species likely coexist during WGSR
and (2) the fraction of cationic gold existing at the interface of
gold and oxide in a working Au/oxide catalyst is small. This
technical challenge in distinguishing the cationic gold, a small
fraction of all Au species during WGSR, from metallic Au atoms
prevents us from conclusively identifying the role of cationic and
metallic Au. In addition, the nature of active sites is critically
dependent on the nature of supports and even operation condi-
tions; the observation of one type of active site in one study does
not necessarily exclude the presence of another type of active site
in another study (using another catalyst or under another
operation condition). Thus, more studies are certainly necessary
before catalytic active sites of WGSR on Au/oxide catalysts could
be elucidated.

7. Reaction mechanisms

WGSR, no matter carried out using gold catalysts or other
catalysts, is generally considered to proceed via two mechan-
isms, a regenerative, redox mechanism and an associate
mechanism.**** In the redox mechanism, CO reacts with a
reducible oxide support to form CO,, leading to the partial
reduction of the support. Water then oxidizes the partially
reduced support by furnishing oxygen, releasing H,. Normally
the support is a reducible metal oxide, and the reaction takes
place at high temperatures. Fig. 7 shows a scheme for the
process.*® The associative mechanism involves the formation of
surface intermediates CH,O, (e.g., carbonates and formates)
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Fig. 7 A mechanism proposed for WGSR, involving the participation of the
support.®® In this case, CeO, support is used as a representative. Reproduced with
permission of Springer from D. Andreeva, Gold Bull., 2002, 35, 82.

and the decomposition of these intermediates to CO, and H,. It
is possible for the reduction and reoxidation of the support
in the associative mechanism. For instance, Andreeva and
co-workers initially proposed an associative mechanism in which
water dissociates on gold nanoparticles, followed by the spillover
of active hydroxyl groups onto adjacent sites of the Fe,O;
support.”” The formation and decomposition of intermediates
are accompanied by the redox transfer Fe** — Fe®" in Fe;0, and
the reoxidation of Fe*" during the dissociation of water.

Sakurai and co-workers, based on transient experiments
consisting of injecting CO and H,O pulses into H, and He
streams, proposed that WGSR on Au/CeO, proceeds at the
perimeter interfaces of small gold nanoparticles and a reduced
CeO, surface, via the formation of a reaction intermediate (e.g.,
formate) from CO and OH groups, followed by decomposition
of the intermediate."*® A similar associative mechanism involving
the decomposition of intermediates was proposed for WGSR on
Au/Ce0,'* %% and Au/ZrO,,”® based on the detection of such
intermediates by FT-IR.

Meunier and co-workers investigated the reactivity of the
Au/Ce(La)O, catalyst in WGSR using operando diffuse reflectance
Fourier transform spectroscopy (DRIFTS).">' The authors found
that the rate of formate decomposition on catalyst surfaces was
60-fold smaller than the rate of CO, formation (Fig. 8), indicating
the minority role of formates in the reaction mechanism. The
same approach was used to study WGSR on Au/CeZrO,4, and a
similar conclusion was made."** Although the authors ruled out
the significant contribution of the formate channel, they did not
suggest what the actual mechanism is in operation. On the other
hand, Makkee and co-workers conducted a study using mass
spectrometry (MS) coupled with DRIFTS, and concluded that the
redox mechanism was valid for WGSR on Au/Fe,O; although the
formate channel was also observed.'*®

It should be mentioned that the reaction mechanisms in
operation depend critically on the nature of catalysts, prepara-
tion methods and details, pretreatment conditions, reaction
temperatures, and reaction gas compositions. Therefore, it is
not surprising that different mechanisms have been proposed.
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Au/Ce(La)O, catalyst at three different temperatures under 2% CO + 7% H,0."*"
Reproduced with permission of Elsevier from F. C. Meunier, D. Reid, A. Goguet,
S. Shekhtman, C. Hardacre, R. Burch, W. Deng and M. Flytzani-Stephanopoulos,
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The WGS reaction mechanisms on gold catalysts have been
discussed in an excellent review by Burch.'** There, the author
proposed a ‘“‘universal” model to account for many experi-
mental observations, and the dominant surface intermediates
still depend on reaction conditions.

8. Surface science studies

Surface science studies are critical for understanding the funda-
mental aspects of catalysis. First, one may construct model catalyst
systems and vary the composition, structure, size, and the oxidation
state of the components in a controlled manner. Second, the well-
defined model catalysts can be characterized by surface-sensitive
instruments under various pretreatment and reaction conditions,
thus helping with the identification of reaction intermediates and
the correlation of kinetics data with active sites.>*"°

Rodriguez and co-workers performed pioneering surface science
studies on low-temperature WGS catalysts. They nicely studied gold
nanoclusters/nanoparticles supported on a well-defined CeO,(111)
or rough CeO, films as model catalysts."*’ The activity of reduced
AuO,/CeO, (actually Au/CeO, gg) was higher than that of reduced
Au/Ce0,(111) (actually Au/CeO; o4(111)), because the former catalyst
contained more surface defects and oxygen vacancies (Fig. 9)."*°
Besides, the activity of Au/CeO,(111) depended on the gold cover-
age, being the highest when the coverage was 0.4-0.5 ML. This
study indicated that the active phase may involve small gold
clusters (<2 nm) and oxygen vacancies."* The presence of gold
nanoparticles may facilitate the partial reduction of CeO, by CO or
the CO + H,O mixture, and the created oxygen vacancies may
dissociate H,0.">” The authors first designed Au/CeO,/TiO,(110)
reverse catalysts with even higher activities in WGSR due to the
special chemical properties of the supported Ce,O; dimers and
cooperative effects at Au-CeO, interfaces.'”®">

The importance of metal-support interfacial sites was nicely
shown in a surface science study using model catalysts, ie.,
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Fig. 9 Top panel: amounts of H, and CO, produced during WGSR on reduced
Au/Ce05(111) and AuO,/Ce0; (0a, ~ 0.15 ML) catalysts. Bottom panel: amounts
of H, and CO, produced during the WGS reaction on reduced Au/CeO5(111)
catalysts with different Au coverages.'® Reproduced with permission of Amer-
ican Institute of Physics from X. Wang, J. A. Rodriguez, J. C. Hanson, M. Pérez and
J. Evans, J. Chem. Phys., 2005, 123, 221101.

CeO, and TiO, nanoclusters grown on the Au(111) substrate."°
It was found that the WGS activities peaked when the surface
coverages of CeO, or TiO, were optimal (20-30%), and the CeO,
or TiO, had plenty of oxygen vacancies for dissociating water.
The Au(111) substrate remained metallic after WGSR, and some
formate and carbonate species were detected, implying the
potential role of the associative mechanism.'®>'®! Although
the reported “inverse” catalysts are not the same as regular
supported catalysts such as Au/CeO, and Au/TiO,, this work did
provide fundamental implications for the nature of active sites
and reaction mechanisms in the WGSR system. It should be
mentioned that Vannice and co-workers previously deposited
TiO, overlayers onto an inactive gold powder, and demonstrated
the high activity of this “inverse” catalyst in CO oxidation,"®*
therefore highlighting the importance of Au-TiO, interfacial
sites in CO oxidation.

9. Concluding remarks

Here we summarized recent progress in the development of gold
catalysts for WGSR and briefly reviewed efforts in fundamental
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studies toward elucidating the catalytic mechanism on Au/oxide
catalysts. It is known that Fe,O;, TiO,, ZrO,, CeO, and their
modified versions are often suitable for loading gold catalysts for
WGSR, whereas non-reducible SiO, and Al,O; are not suitable.
Attempts have been made to improve the synthesis procedures
of catalysts or to develop new WGS catalysts with more complex
compositions/structures.

From the examples highlighted above, we may conclude that
the deactivation mechanisms, nature of active sites, and reaction
mechanisms are still being debated. Different mechanisms were
proposed. For Au/oxide WGS catalysts, it is quite challenging to
apply the insights obtained from one system to rationalize the
catalytic performance of another catalyst since different experi-
mental conditions (e.g., different catalysts, preparation details,
and reaction conditions) could have been applied in studies of
different catalysts. For example, the gas compositions in differ-
ent studies were dramatically different, therefore influencing the
oxidation state and deactivation of gold catalysts subtly.

In the studies of deactivation mechanisms, nature of active
sites, and reaction mechanisms, interesting phenomena (i.e.,
certain change in particle size, change in structure, or the
presence of certain species in the deactivation study, the
detection of certain gold species) were reported. Such phenom-
ena may or may not be directly relevant to catalytic perfor-
mance; sometimes a phenomenon can solely be regarded as a
side effect, and a species can be regarded as a spectator that is
not related to catalysis. In addition, as is well known that
surface structure at the level of a single crystallite could be
quite dynamic, local surface chemistry and structure during
catalysis could be different from those characterized before
and/or after catalysis. From this point of view, it is necessary to
explore surface chemistry and structure of Au/oxide WGS
catalysts during catalysis by using different in situ techniques
to study the nature of active sites, deactivation mechanisms,
and reaction mechanisms, and correlation of physicochemical
changes with kinetics data is necessary to make a strong case.

Most of the research efforts we reviewed here adopted
idealized reaction conditions since they are fundamental stu-
dies of catalysis science. For industrial applications, it is
important to study WGS catalysis and catalysts under industrial
operation conditions such as using a mixture of gas of indus-
trial production in the process of shut-down/start-up."®*"'®* For
instance, commercial industrial WGS catalysts are usually
sensitive to the exposure to air and moisture and are sensitive
to sulfur-containing substances in the reaction mixture. How
Au/oxide catalysts in WGS could change under a realistic
industrial condition is important for potential applications of
Au/oxide catalysts in chemical industries. There are several
reports on the performance of Au/SO,>”/ZrO,," "¢ Au/SO,> "/
CeZr0O,,”° and Au/La,0,50,"® catalysts in WGSR, as well as the
surface chemistry of SO, on Au/CeQ, model catalysts,®® but the
influence of SO, or H,S impurity on the performance of gold
catalysts in WGSR was virtually not reported. The future pro-
gress is expected to not only lead to the development of
practical catalysts for fuel cell applications, but also help
understand more on the molecular aspects of catalysis.

This journal is © the Owner Societies 2013
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