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The water-gas shift reaction over Au-based, bimetallic catalysts. The
Au-M (M=Ag, Bi, Co, Cu, Mn, Ni, Pb, Ru, Sn, Tl) on Iron(III)
oxide system
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The bimetallic Au-M/Fe, 05 catalysts were prepared by deposition coprecipitation method with Au/M atomic ratio of 1. All the
catalysts were measured for WGS reaction and characterized by TPR/TPO studies. Ruthenium- and nickel-modified catalysts
showed higher WGS activities compared to the other systems including unmodified Au/Fe,O3 at low temperature (100 °C). At
higher temperature (240 °C), ruthenium-, nickel-, bismuth-, lead-, copper-, silver-, thallium- and tin-modified catalysts were more
active than unmodified Au/Fe,O3. Manganese- and cobalt-modified catalysts were less active than unmodified Au/Fe,03. TPR
analyses indicated a shift in reduction temperature in the bimetallic catalysts, suggesting a degree of interaction between gold and

the second metal.
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1. Introduction

Catalysis by gold continues to attract considerable
attention [1], and a major part of the effort expended to
date on the development and understanding of gold-
based catalysts has concerned catalyst systems with
potential application in various environmental applica-
tions [2]. The use of supported gold systems for CO
removal in the hydrogen feed to fuel cell applications for
the removal of carbon monoxide, as well as for the
synthesis of fine chemicals, is currently a topic of
considerable interest. The removal of carbon monoxide
by selective oxidation or by low-temperature water-gas
shift is the principal option that has been considered.
Despite much work being carried out on the behavior of
gold catalysts, there has been almost no report of the
action of promoters for gold or, in more general terms,
the action of bimetallic systems, in marked contrast to
the considerable body of research devoted to this topic
for other related metals, for example, the platinum
group elements. We have recently attempted to conduct
studies in this area, using the water-gas shift reaction
(WGSR) as a suitable test reaction that is also of
potential commercial interest.

Bimetallic gold catalysts were not much studied for
the low-temperature water-gas shift reaction. The low-
temperature water-gas shift activities of gold catalysts
mainly depend on the redox properties of the support
metal oxide used [1,2], and it has been found that
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reducible oxides such as ceria, titania and ferric oxide
are found to be attractive as support materials for Au
systems for the conversion of carbon monoxide by
means of the WGSR at low temperatures [1,2]. The
method of preparation (which is again dependent on the
pH, preparation temperature, precipitating agent and
type of the precursor used for the active component) of
supported Au catalysts has pronounced effect on the
activity behavior [3]. The low-temperature water-gas
shift activity of Au/Fe,0O3 has been reported [4].

In assessing the likely influence of a second metal,
consideration of those elements associated with water-
gas shift activity provides one starting point. For
example, in the early work of Grenoble er al. [5] on
alumina-supported metals, water-gas shift activity was
relatively high in the case of copper, rhenium, cobalt,
nickel and platinum. Ruthenium/iron oxide has recently
been examined as a water-gas shift system [6,7]. While
the work of Basinska et al. [6] suggests that this system is
active at relatively high temperatures (300-350°C),
work in our laboratories indicates that much lower
temperatures (100-120°C) can be used and, indeed, in
preliminary studies on mixed metal Au—Ru/iron oxide
catalysts, we suspect that ruthenium is the more active
component of the two metals [7]. Other elements
selected by us in the present study were chosen on the
basis of scouting studies and, anticipating our presently
reported results, include some rather surprising compo-
nents such as bismuth, lead, silver and thallium.
Au/Fe,03 incorporating these four elements are more
active than the unmodified Au/Fe,O; catalyst when
rates are compared at 240 °C.
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In this investigation, we have prepared the bimetallic
Au-M/Fe,05 catalysts, examined them for WGSR and
conducted some preliminary characterization work
using TPR/TPO methods. It should be mentioned here
that the pure a-Fe, O3 support did not show any water-
gas shift (WGS) activity under the reaction conditions
adopted, although at temperatures higher than those
used in the present work (100-240 °C), some activity has
been detected. Similarly, the iron oxide used did not
display any methanation activity under the conditions
employed here.

2. Experimental

All the bimetallic catalysts were prepared by deposi-
tion coprecipitation method using chloroauric acid,
HAuCly - xH,»O, ferric nitrate hexahydrate,
Fe(NOs3); - 6H,O and M = metal-nitrate solutions
except for ruthenium and thallium (for Au-Tl/Fe,03
and Au-Ru/Fe,0j3 catalysts, where thallium acetate, or
ruthenium trichloride, RuCl; - xH,O respectively were
used) modified catalysts. In a typical method, the ferric
nitrate was precipitated using dilute ammonium hydroxide
solution at a pH of 8.8-9.0. The gel was kept for
vigorous stirring for 3h, and on the preformed ferric
hydroxide gels in separate batches, the required amounts
of gold and second metal, M (M = Ru, Cu, Ag, Co, Ni,
Sn, TI, Mn, Pb, Bi) nitrate or chloride were deposited
simultaneously with the addition of ammonium hydroxide
solution. The total metal content, i.e., Au+M was
maintained constant at 5 mass%, and in all catalysts the
Au/M atomic ratio was 1 (see table 1). The pH of the
gels were maintained to be about ~8.8 for all the
samples. Preliminary tests were carried out in order to
check the precipitation of the modifying metal nitrate in
the pH range below 9.0. The gels were washed
thoroughly with hot distilled water until the pH reached
to about 7.0 and the cakes were filtered, dried at

120°C/16 h subsequently calcined in air at 400°C/3 h.
The TPR/TPO studies were analyzed under identical
conditions using a purpose-built microreactor using
5vol% hydrogen in argon for the TPR runs and 5vol%
oxygen in helium for the TPO runs. The microreactor
was heated at a standard rate of 8°C min~' and the
sample temperature recorded by means of a thermo-
couple placed in the sample bed. Thermal conductivity
was used to measure hydrogen or oxygen concentrations
in the exit stream relative to the inlet stream. The
quantitative analysis of hydrogen and oxygen uptakes
was obtained by calibration of the analysis system using
a standard silver oxide sample (Micromeritics) in place
of a catalyst sample for the TPR/TPO/TPR runs. The
calcined catalysts were used for the WGSR measure-
ments and for the TPR/TPO analyses as well. For
activity measurements, about ~0.5g of sample was
loaded in a tubular reactor in between the two plugs of
glass wool and pretreated in air at 400°C/30 min prior
to the reaction. All the samples were stabilized before
the activity measurements. In a typical experiment, the
catalyst samples were exposed to the reaction mixture
with a flow rate of carbon monoxide of
57.5cm® h™! (pco = 5.88kPa) and a flow rate of water
of 920cm*h~! (pmo =94.1kPa) up to a reaction
temperature of 380°C at a ramping rate of 1°C min~'
and maintained at this temperature for 1h. During this
stabilization period, the T, (temperature at which 50%
conversion of CO was observed) was noted. After
stabilization, the reactor temperature was reduced to
100°C and WGSR activities were recorded at various
reaction temperatures. The experimental errors in the
activity measurements were +2% unless otherwise
stated. The activity data are collected only after 3h of
continuous operation, and the activities were calculated
on the basis of the degree of conversion of CO per gram
of catalyst. The calculations of conversion were based
both on CO consumption and cross-checked with the
CO; production level. Our approach means that integral

Table 1

Composition of catalysts Au-M/Fe,O5 and calculated and experimental hydrogen consumptions expected for various reduction processes

M = Ru Ni Bi Pb Cu Ag TP Sn Mn Co
Au mass (%) 3.31 3.85 243 2.44 3.78 3.29 2.46 3.12 391 3.85
M mass (%) 1.69 1.15 2.57 2.56 2.12 1.71 2.54 1.88 1.09 1.15
H (due to Au)?* 252 293 185 186 288 251 187 238 298 293

H (due to M)® 250 196 184 124 334 79 186 317 199 195

H (total)© 502 489 369 310 622 330 373 555 497 488

H (TPR)¢ 585 593 609 n.m. 670 404 525 n.m. 435 565

H (excess)© 83 104 240 - 48 74 152 - —62 77
Percentage support reduction” 4.0 5.0 11.5 - 2.3 3.5 7.3 - - 3.7

*Hydrogen consumption in umol g~' expected for Au,O5 reduction to Au.
®Hydrogen consumption in umol g~! expected for M>O5 or MO reduction to M.
“Total hydrogen consumption expected.

4 Measured hydrogen consumption (see table 2).

€ Excess hydrogen consumption.

"Percentage reduction Fe,O5 — Fe;0, corresponding to excess hydrogen consumption.
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rates have been used. However, the highest conversion
levels observed at 100 °C (obtained with the Au-Ru/iron
oxide catalyst) correspond to about 10% conversion
and, therefore, all rates reported here for this reaction
temperature may be considered to have been obtained
under differential conditions.

3. Results
3.1. WGS activity measurements

We have tried to evaluate the influence of a second
metal on Au/Fe,O; catalyst for the water-gas shift
activities at different reaction temperatures (table 2).
With an increase in reaction temperature, the WGS rates
normally increased. Only in the case of the Au-Mn
sample did the WGS activity decrease with an increase
in reaction temperature above 360 °C. We attribute the
decrease in WGS activity to structural changes occur-
ring in this catalyst and the formation of Mn(COs3), [8].
Cobalt-modified catalysts exhibited relatively low activ-
ities at all temperatures studied. Au-Ru bimetallic
catalyst has shown high activity compared to the other
systems, though as stated in Venugopal et al. [7], much
of this activity can probably be attributed to the
separate contributions from ruthenium and gold, with
only a weak synergistic effect due to gold—ruthenium
interactions. The copper- and silver-modified Au/Fe,0;
catalysts also showed relatively low activities at low
temperature, but were more active than the unmodified
sample when comparison was carried out at high
reaction temperatures. At both low and high reaction
temperatures, the ruthenium- and nickel-modified cata-
lysts were more active than the unmodified sample. The
bismuth-modified sample was slightly less active than

the unmodified sample at low reaction temperature.
Continuing with the comparison of activities at
low temperature, lead- and tin-modified catalysts
were less active, with copper, silver, thallium and
manganese samples being still less active, relative to
the unmodified sample. At high reaction temper-
atures, ruthenium- and nickel-modified catalysts
exhibited higher activities than the unmodified sample,
but all other modified catalysts were also more
active, with the exception of the manganese- and
cobalt-containing samples. In summary, the WGS
activities were found to be, Au-Ru> Au-Ni > Au >
Au-Bi > Au-Sn > Au-Pb > Au-Mn > Au-Cu > Au-TI
> Au-Co > Au-Ag at 100°C, with the range of
activities spanning two orders of magnitude, and Au-
Ru > Au-Ni > Au-Bi > Au-Cu > Au-Pb > Au-Ag >
Au-Tl > Au-Sn > Au > Au-Mn > Au-Co at 240°C,
with activities spanning one order of magnitude.

It is noted that, although the gold contents of the
various catalysts are not completely identical (table 1),
the range of gold content is close to 1.6: 1 at most, and it
is, therefore, considered extremely unlikely that the
relative WGS activates observed are due to differences
in the gold contents of the various solids. In fact, there is
no correlation between WGS activity and gold content
at either low reaction temperature or high reaction
temperature. Promotion effects are considered to be
responsible for differences in activities, though we
cannot decide at this stage of our investigation on the
relative contributions that might arise from chemical
(electronic) effects and effects due to differences in gold
dispersion. What is clear is that components such as
bismuth, lead and thallium that often exert a poisoning
effect on catalysis by metals are, in fact, associated in
this work with an enhancement in the activity of gold.

Table 2
WGS rates over bimetallic Au-M/Fe,Oz (M = TI, Sn, Bi, Ag, Co, Mn, Cu, Ni, Pb, Ru) catalysts at various reaction temperatures

Catalyst Au-M/Fe,O3 M = T r00ec x 108 ® sugeex 108 Ty °C “H, uptake in TPR
Ru 14 125 175 585
Ni 10 103 208 593
Au! 8

Bi 2 65 225 609
Pb 0.65 59 270 n.m
Cu 0.24 63 262 670
Ag 0.18 53 275 404
Tl 0.22 49 292 525
Sn 0.79 41 326 n.m
Aud 35

Mn 0.55 20 345 435
Co 0.20 13 353 565

Note: r: rate measured on the basis of the degree of conversion of CO i.e., fractional conversion of CO multiplied by flow rate of CO per gram of

catalyst.
n.m: not measured.
*WGSR rates at a reaction temperature of 100°C in mol s™' g, ™"

" WGSR rates at a reaction temperature of 240 °C in mol s7! gcufl.

°Hydrogen consumptions are in umol ge,, ', measured by means of TPR analyses in the temperature range 30500 °C.

dRate data for Au/Fe,O; taken from reference [7].



4 A. Venugopal et al.| The water-gas reaction over Au-based bimetallic catalysts

The specific mechanism by which such an enhancement
occurs requires in-depth investigations, which are now
in progress.

The presented data must be taken as indicative of
relative activities, since no attempt has yet been made to
examine detailed kinetics. For example, it is not clear
whether the apparent promotional effects are due to
some form of direct interaction between gold and the
second element, or whether interactions between the
second element and the iron oxide support are involved.
However, at this stage, we can make the observation
that this is not the first time that some surprising effects
in gold catalysis have been observed. Thus, there is an
increasing awareness that gold catalysts tend to be far
less sensitive to poisoning relative to the platinum group
elements [9].

From the data presented in table 2, we note that
estimation of the activation energy of the WGSR, or
more correctly, the temperature coefficient of rate, since
we have not conducted detailed examination of reaction
kinetics, has the lowest value of ca. 17kJ mol™' for the
Au/Fe,0O5 catalyst. The highest value is 65kJ mol™
observed for the Au-Ag/Fe,O;. The interpretation of
these energy values must first await the securing of
detailed data on the kinetics of the reaction, but it is of
interest to note that the value found for the unmodified
gold catalyst is close to the values of 21kJ mol™!
reported in Venugopal et al. [7] and 26kJ mol™',
estimated from the data presented by Andreeva et al.
[4], for the water-gas shift reaction on Au/Fe oxide. A
further comparison with the data of Andreeva et al. [4]
concerns the absolute rates of reaction. A rate of
5.0 x 107> mol g, ' s~! at 120°C can be estimated
from the data presented in Andreeva ef al. [4], and this is
higher than our rate now reported
(8.0 x 1078 mol g, ~'s™' at 100°C) by a factor of
about 600. The Au:Fe atomic ratio in the catalyst [4]
is quoted as 1:22, which indicates a gold loading on the
iron oxide of close to 10mass% corresponding to
Au(Fe;03);,. In addition, the partial pressures of
carbon monoxide and water are higher [4] than those
employed by us by factors of about 8 and 3 respectively.
These differences may, at least in part, account for the
higher activity reported in Andreva et al. [4], but, since
detailed kinetics and information on activity as a
function of gold loading are not available, it is difficult
to draw firm conclusions at this stage.

Ruthenium- and nickel-modified catalysts, in particu-
lar, might have been expected to produce some methana-
tion. In all our work reported here, no methane was
detected in the exit stream under any conditions. The
analysis system was capable of detecting this product and
indeed we have seen such behavior in other ruthenium-
based systems. For example, methanation is seen with
ruthenium-hydroxyapatite systems, though not with
gold-hydroxyapatite [10]. With Ru-hydroxyapatite, how-
ever, the methanation activity was severely reduced at

higher H,O/CO feed ratios [10], and a similar inhibiting
effect of water may perhaps account for a lack of such
activity for this reaction in the present work. A further
reason may be that gold is perhaps able to inhibit the
reaction; this is a speculative suggestion since we have no
direct evidence that this may be the case.

3.2. TPR analysis

The bimetallic Au catalysts have not been well
explored for the low-temperature WGS reaction. In
the present study, an attempt has been made to
understand some aspects of the surface structure of
Au-M/Fe,05 catalysts by means of TPR analyses. The
TPR studies of the Au-M/Fe,O; bimetallic catalysts
involved analysis up to 500°C at a ramping rate of
8°C/min. All samples were calcined in air at 400°C
before the analyses were conducted. The TPR profiles
are shown in figure 1. We have reported that bulk
Au,O,, prepared by precipitation from a solution of
chloroauric acid with sodium carbonate or sodium
hydroxide, showed a low-temperature reduction signal
at 195°C and a shoulder at 146°C, along with a sharp
signal at 232°C [11]. Bulk a-Fe,O3; showed two distinct
reduction profiles, one at 413 °C and a high-temperature
peak at 666°C. On the other hand, the Au/Fe,O;
showed four reduction signals at 223, 375, 658 and
755°C [11]. It was inferred that the presence of gold
tends to catalyze the reduction of some of the iron
present in the ferric oxide support. It is evident that the
presence of reduction peak centered at 350°C is
observed in the TPR profiles of all the bimetallic
catalysts. Such a peak may be attributed to the
reduction of bare «a-Fe,O3 species indicating no
influence of either Au or M (M=Ru, Ni, Bi, Cu, Ag,
TI, Mn, Co) on the reduction peak at 350 °C. None of
the bimetallic catalysts showed any reduction signals
below 200 °C except the ruthenium- and cobalt-modified
samples. However, our carlier studies on the bulk gold
oxide showed a low-temperature reduction signal at
130°C [11]. The low-temperature peaks centered at
105°C and at 170°C are observed over Au-Ru/Fe,0;
catalyst. Similarly, copper-modified catalyst showed two
thermo-reduction peaks at 130°C and at 175°C.
Whereas the Au-Ni/Fe,O3 catalyst has shown a small
broad feature centered at 150°C, the sharp signals
shifted toward high temperatures, i.e. 210 °C. This sharp
reduction signal at 210°C appeared in the nickel- and
silver-modified catalysts, and in the case of bismuth-,
cobalt- and manganese-modified Au/Fe,O3 catalysts, it
is found as a shoulder. It is also observed that the sharp
reduction signal in Au-Tl/Fe,O3 shifted toward high
temperatures, i.e. 275°C.

The low-temperature peaks (in the temperature range
105-300°C) may be attributed to (1) the reduction of
gold oxidic species, (2) the reduction of oxidic species of
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Figure 1. TPR profiles of various Au-M/Fe,O; samples. Catalysts
were subjected to calcination at 400°C prior to the TPR runs being
conducted.

the second metal and (3) partial reduction of the iron
cations present in the support. It is not easy to
distinguish which reduction processes correspond to
these different processes, and it may well be that all
three types of reductions take place concurrently to a
greater or lesser extent, depending on the nature of the
modifier metal, M. Comparison of the total hydrogen
consumption (table 2) with the calculated consumption
levels (table 1) based on stoichiometric reduction of

Au,03 to Au and reduction of M,O3 or MO (depending
on the nature of M) to M reveals that the TPR data is
consistent with a full reduction of the Au and M oxidic
components, and the excess consumption would then be
attributed to a partial reduction of the ferric oxide
support, with the extent of this partial reduction being in
the range 2.3-11.5% for conversion of ferric oxide to
magnetite. Only in the case of the manganese-modified
sample is the TPR hydrogen consumption insufficient to
account for full reduction of the gold and manganese
oxides. In fact, reduction of some of M species is not
likely to occur at such low temperatures. This is true, for
example, for M=Bi, Pb, Sn and TI. Overall, the TPR
data suggest that the Au and M components may well be
interacting since there is no consistent peak or peaks
that can be attributed to the reduction of gold oxide.
However, the picture is not clear, and the absence of
peaks clearly attributable to gold oxide may be partly
explained if the gold is, in fact, already in a substantially
reduced state, even after calcination at 400 °C. The work
of Wang et al. [12] suggests that on Au/Fe oxide
catalysts, prepared in a manner similar to our own
samples, calcination at temperatures in excess of 300°C
result in a considerable fraction of the gold being in the
zero valent state. Their TPR data then indicate an
absence of peaks in the 100-200°C region, which are
otherwise clearly present. It is also apparent from other
work performed in our laboratories [7] that the
reduction of ferric oxide to magnetite in gold and
gold—ruthenium catalysts during water-gas shift condi-
tions is substantial enough to be readily detectable by
means of XRD. The fact that in all our samples the TPR
peak in the approximate range 200-300°C is roughly
similar in shape but displaced as far as temperature is
concerned suggests that a common process is involved.
The two common factors relating to all our samples are
(1) the presence of gold and (2) the presence of iron
oxide. At this stage, it is not easy to decide whether the
major TPR peak lying in the range 200-300°C is
attributable to the reduction of gold oxide species or to a
partial reduction of the iron oxide lattice, catalyzed by
the presence of gold [13], but especially in view of the
data reported by Wang et al. [12], we believe that a
significant part of the hydrogen consumption seen at
temperatures in the 100-200°C range is due to the
reduction of gold species. Further investigations are now
in progress in order to secure a more definitive
interpretation of the TPR studies on the variously
modified catalysts.

4. Conclusions

The temperature-programmed reduction and oxida-
tion studies suggest that a direct interaction between
gold centers and the modifier could take place in these
solids. Ruthenium- and nickel-modified Au/Fe,0;
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catalysts showed higher WGS activities at both 100°C
and 240 °C compared to the other systems. In addition,
although all remaining catalysts were less active than
Au/Fe,O3 at 100°C, they were more active than
Au/Fe,03 at 240°C with the exception of manganese-
and cobalt-modified samples, which had lower activities
than that of Au/Fe,O; at both 100 and 240°C. The
sample reduction behavior is dependent on the nature of
the modifier metal, and the extent of reduction (of the
iron oxide to magnetite) lies between 19 and 32%. From
TPR studies, it is likely that at least partial reduction of
the catalyst will take place under conditions of the
water-gas shift reaction, especially at higher reaction
temperatures.

Surprisingly, modifier elements bismuth, lead and
thallium are found not to act as poisons for gold in the
WGSR at 240°C. In fact, a degree of promoter action is
indicated at this reaction temperature. Whether these
elements are able to promote gold catalysis in a more
general sense must await the outcome of further investiga-
tions now in progress. Gold-ruthenium catalysts are the
most active at all temperatures studied and, in line with our
previously reported results, it is likely that ruthenium
components in these catalysts dominate any contribution
from the gold present. A similar dominating contribution
might well arise in the case of nickel at high reaction
temperatures, though a promotional effect cannot be ruled
out for the WGSR run at low temperatures.
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