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Abstract

The roles of cationic and nonionic Au species in the water—gas shift (WGS) reaction on Au/CeQO, catalysts were studied by comparing the
reaction behavior of a cyanide leached catalyst, after removal of the Au nanoparticles by cyanide leaching, with that of non-leached catalysts,
following the technique introduced by Q. Fu et al. [Science 301 (2003) 935]. Using rate measurements as well as in situ spectroscopic and
structure-sensitive techniques, we found that based on the Au mass balance, cyanide leaching removed all Au except for ionic Audt species, and
that leaching resulted in a pronounced decay of the catalyst mass normalized activity to 1-25% of that of a non-leached catalyst. The extent of
the activity loss strongly depended on the post-treatment of the leached catalyst. Both the catalyst treatment after leaching and, in particular, the
WGS reaction resulted in considerable reformation of Au® species by thermal decomposition of Au oxides (Au3t) and subsequent nucleation and
growth of very small Aud aggregates and metallic Au® nanoparticles, as indicated by Au(4f) signals at 85.9 eV (Au3t), 84.0-84.6 eV (up-shifted
signal of small Al aggregates), and 84.0 eV (metallic Au®). In this work, correlations between ionic and nonionic Au species and between total
WGS activity and activity for the formation/decomposition of bidentate formate species are evaluated, and the role of the respective Au species in
the WGS reaction on Au/CeQO, catalysts is discussed.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction cause under these conditions, the activity of pure ceria is or-
ders of magnitude lower than that of Au/CeQO; catalysts [2-5].
Based on elegant leaching experiment, in which Au nanoparti-
cles were removed from the catalyst by cyanide leaching and
the activity before and after leaching was compared, Fu et al.
[6-9] proposed ionic Au"™ species to represent the active cen-
ter in the WGS reaction, with Au® acting as spectator only. In
contrast to this proposal are the findings of Kim and Thomp-
son [10], who observed a significant reduction in WGS activity
on Au leaching when applying the same kind of leaching proce-
dure and thus concluded that nanocrystalline gold represents the
active site for the WGS reaction. For reaction at higher temper-
atures (above 250°C), small Au® clusters and O vacancy sites
on ceria were claimed to be the active centers of Au/CeO; cat-
alysts for the WGS reaction [11]. Cationic gold was considered
unstable under these conditions and thus was excluded as an ac-
* Corresponding author. tive center. Burch et al. [1] proposed small metallic gold clusters
E-mail address: juergen.behm@uni-ulm.de (R.J. Behm). in intimate contact with the oxide support as the active centers

Au/CeO; catalysts have been reported to be highly active
catalysts for the water—gas shift (WGS) reaction (see [1] and
references therein). Despite numerous studies, the exact origin
of the high reactivity and the underlying reaction mechanism re-
main under debate. The present study focused on two different
aspects: identification of the active center and the reaction inter-
mediates in the rate-limiting step, and description of the overall
reaction mechanism, including the different reaction steps and
possibly different reaction pathways.

The question of the active sites for CO removal in the WGS
reaction is controversial. The activity is clearly related to the
presence of Au, either as nanoparticles or as ionic species, be-
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in the WGS reaction based on X-ray absorption measurements
and density function theory (DFT) calculations [12], with the
latter showing that a single Au atom is more strongly adsorbed
on a Ce substitutional site in a CeQO, surface than in an O substi-
tutional site or on top of the surface, and that these Ce substitu-
tional Au atoms are positively charged. On the other hand, our
investigation of the effect of different pretreatment procedures
on WGS activity demonstrated no clear correlation between the
activity and the content of Au>* or Ce>* species [13]. The ceria
surface is generally considered to provide formate and carbon-
ate storage [5,14—18], to enable dissociation of water to OHyg
groups [15,19-21], and to stabilize metal particles [15,22-24].

The question of the reactive intermediate—more precisely,
of the reactive intermediate in the dominant reaction pathway
rate—also is under debate. Based on the appearance of formate
bands, Tabakova et al. [20] suggested that formate species act
as reaction intermediates on a Au/CeO; catalyst produced by
the reaction of CO adsorbed on Au’~ and OH groups located
on Ce* [20]. Our group previously proposed a rather simi-
lar mechanism, but through an adsorbed formate intermediate,
for the dominant reaction pathway [5,14]. This proposal was
substantiated by a quantitative evaluation of the formate de-
composition rate under reaction conditions, which was found
to be of similar magnitude as the WGS rate under those condi-
tions [5]. The rate-limiting character of formate decomposition
is also demonstrated by the pronounced accumulation of ad-
sorbed formate on the ceria surface. On the other hand, Meunier
and coworkers suggested that carbonate species act as interme-
diate species, with formate acting as a byproduct, for the RWGS
[25-27] and WGS [28,29] reaction on (La doped) Au/CeO,
[28,29] and Pt/CeO, [25-27] catalysts. It is likely that different
reaction pathways exist for these reactions [5,29], however, and
that depending on the reaction conditions, reaction atmosphere,
and catalyst pretreatment, the dominant reaction pathway, and
hence the reaction intermediate, may change [1].

Overall, the situation remains controversial. The proposed
role of the active sites was based mostly on indirect evidence,
and the leaching experiments (which can be considered the
most direct approach to determining the active site) led to diver-
gent results. Furthermore, it is likely that the dominant reaction
pathway for the WGS reaction on Au/CeO; catalysts depends
on the reaction conditions, which also would result in different
active sites for different reaction conditions [1,15].

In this work, we report results of a more extensive study on
the activity and deactivation behavior of leached Au/CeO, cat-
alyst, comparing the reaction behavior of two different types
of catalysts, which should differ distinctly in the chemical state
of the remaining Au species. In the type of catalyst vacuum-
dried after leaching, the remaining Au should be present as
ionic Au™* species. For the other type, which was calcined
at 400 °C after leaching, we expect that part of the ionic Au
species is reconverted into Au® nanoparticles. After leaching,
the remaining Au content was evaluated by inductively coupled
plasma atom emission spectroscopy (ICP-AES). The particle
size and the catalyst surface composition were determined by
transmission electron microscopy (TEM) and X-ray photoemis-
sion spectroscopy (XPS). The activity and deactivation of the

catalysts during the WGS reaction in dilute water gas (1 kPa
CO, 2 kPa H>O in Njy) were investigated in kinetic and spec-
troscopic measurements, including in situ IR measurements in
a diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) configuration.

2. Experimental
2.1. Catalyst preparation

The catalysts were prepared by a deposition—precipitation
procedure, using commercial CeO; as support (HSA 15, from
Rhodia) and HAuCls-4H,O for the deposition of Au. Fur-
ther details are given in Refs. [30,31]. For removal of the Au
nanoparticles, we used the same leaching procedure as de-
scribed previously [6,8,9], but applying it to an unconditioned
raw catalyst rather than to a calcined catalyst as in those previ-
ous studies. The initial and remaining Au metal contents were
determined by ICP-AES. All measurements were carried out
using catalysts with ca. 2.7 wt% (78 m?>g~') and 2.8 wt%
(188 m? g~) Au loading. Conditioning of the raw catalysts was
performed by first heating them in a Nj stream to 200 °C, then
keeping them at this temperature for 30 min, and finally treat-
ing them in a reductive atmosphere (10% Hy/N», H200) for
45 min. Subsequently, they were kept for another 30 min at the
conditioning temperature in an N, stream, and then cooled to
the reaction temperature in N> [13]. The leached catalysts were
treated either by drying in vacuum (overnight at room tempera-
ture, LO25) or by vacuum drying and subsequent calcination in
air (for 2 h at 400 °C, LC400). After calcination, the catalysts
were cooled in air. Before the WGS measurements, all catalysts
except those pretreated in Hy were heated in N» to 200 °C and
kept at this temperature for 90 min. Then they were cooled in
Nj to reaction temperature, after which the gas was changed to
the reaction gas mixture.

2.2. Catalyst characterization

The chemical composition of the catalysts was characterized
by XPS (PHI 5800 ESCA), using monochromatized AlK, radi-
ation. Survey spectra were measured at binding energies (BEs)
of 0—-1400 eV. Detail spectra of the Au(4f) region were recorded
in the range of 75-100 eV (0.125 eV and 20 ms per step). To
remove surface-charging effects, the BEs were calibrated using
the Ce**(3d'94fOV") (1) signal at 916.6 eV as a reference [5,
32]. XPS peak fitting was performed using a public XPS peak
fit program (XPSPEAK4.1 by R. Kwok). The Au peaks were
fitted by assuming three peaks at 84.0, 84.6, and 85.9 eV (see
Section 3.1). The complex fitting of the Ce(3d) peaks followed
a procedure described earlier [5,13]. For XPS measurements,
catalyst conditioning was performed ex situ. TEM images were
obtained on a CM20 (Phillips) electron microscope, operated at
200 kV (point-to-point resolution, 0.24 nm).

2.3. Activity measurements

The activity measurements were performed in a quartz tube
microreactor (4 mm i.d., typically 75 mg of catalyst powder)
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placed into a ceramic tube oven. To obtain differential conver-
sions, the catalyst samples were diluted with @-Al>,O3, which is
not active for the reaction in the temperature range of this study
(reaction temperature 180 °C). Dilute water gas (1 kPa CO, bal-
ance N [dry]+2 kPa H,O, 180 °C, 60 Nml min’l) was used as
a reaction mixture. Water was added to the gas stream in a sat-
uration unit. The influent and effluent gases were analyzed by
online gas chromatography (DANI, GC 86.10) with H; as a car-
rier gas. High-purity gases from Westphalen (CO 4.7, N> 6.0)
were used without further purification. Mass and heat transport
problems were negligible, with rates <1075 mols~! cm™3 [33].
Further details on the kinetic measurements are given else-
where [34].

2.4. Infrared investigations

In situ IR investigations were performed in a DRIFTS con-
figuration with a Nicolet Magna 560 spectrometer, equipped
with a liquid N»-cooled MCT narrow-band detector and a com-
mercial in situ reaction cell unit from Harricks (HV-DR2). This
setup allows measurement in a continuous gas flow and at el-
evated temperatures. The reaction mixture was similar to that
used in the activity measurements. Typically, 400 scans (acqui-
sition time 3 min, nominal resolution 8 cm_l) were co-added
for one spectrum. The infrared data were evaluated in Kubelka—
Munk units, which are linearly related to the adsorbate concen-
tration [35] (for deviations from a linear relation, see Ref. [36]).
The background spectra were measured in pure N». A gas chro-
matograph (Chrompack CP 9001) connected to the exhaust of
the DRIFTS cell was used to analyze the product gas stream;
for further details, see Ref. [37].

3. Results
3.1. Catalyst surface characterization (TEM, XPS)

Based on ICP-AES measurements, ~85% of the initial Au
content was removed by the leaching procedure, resulting in
Au loadings of 0.4 and 0.5 wt% on the Au/CeO; catalysts with
188 and 78 m?> g~!, respectively (2.8 and 2.7 wt% Au before
leaching).

The presence of Au nanoparticles before and after leach-
ing, along with the Au particle size distribution on the non-
leached catalysts, were tested and determined by TEM. After
reductive pretreatment at 200 °C, the non-leached catalysts ex-
hibited a homogeneous distribution of Au nanoparticles with
a mean diameter of about 2 nm (supplementary information,
Fig. Sla), in agreement with earlier findings [5,15,24]. After
leaching, we found no Au nanoparticles independent of the
subsequent treatment [vacuum drying (L025) or calcination at
400°C (LC400)] (see supplementary information, Fig. S1b).
Thus, the Au nanoparticles were completely removed during
the leaching step, in agreement with findings of other groups
[6,8—10,38]. A small Au (111) signal in the XRD measurements
on the LC400 sample indicates that some Au® particles were
formed during calcination (~2 nm diameter based on the XRD
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Fig. 1. XP spectra of the Au(4f) region recorded on (A) the leached + vacuum
dried L025 Au/CeO; catalyst and (B) on the leached + calcined LC400 catalyst
(0.4 wt% Au, 188 m? g_l). (C): (B) + 1000 min WGS reaction in dilute water
gas (1 kPa CO, 2 kPa H>,O in Nj) at 180 °C.

measurements). This is also supported by a small Au® contribu-
tion in the Au(4f) peak.

XP survey spectra of the Au/CeO, catalyst recorded after
leaching and vacuum drying (Fig. S2) do not show any addi-
tional signals compared to the original catalyst. In particular,
no new signals related to nitrogen or carbon containing species
can be resolved. Based on these results and the DRIFTS back-
ground spectra (not shown), surface poising of the leached cata-
lyst by adsorption of CN™ or other nitrogen-containing species
remaining from the leaching procedure can be ruled out.

The oxidation state of the Au species gold remaining after
leaching was determined from higher-resolution scans of the
Au(4f) region (Fig. 1). For quantitative evaluation, we used a
formal description by three different Au states, with Au(4f)
BEs of 84.0, 84.6, and 85.9 eV, respectively [6,8,39,40]. The
first and last peaks can be attributed to (bulk) metallic Au® and
Aut (Aup03) species [39-42]. A peak at 84.6 eV was assigned
to Aut species (difference between Au’ and Au™ of 0.6 eV)
[6,8,9]. This is also supported by results on gold—organic com-
pounds, where, depending on the respective ligands, BEs of
84.6-85.9 eV were obtained for Au™ species [43-46]. On the
other hand, BE shifts of 0.5-0.9 eV relative to the bulk Au®
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Table 1

Fraction of different Au states in the total amount of Au in the non-leached and leached catalysts after different treatments as indicated and after subsequent water

gas shift reaction

Catalyst treatment LO25 L025 + 1000 min LC400 LC400 + 60 min LC400 + 1000 min Non-leached Non-leached-H200
Au amount (Wt%) 0.4 0.4 0.4 2.8 2.8

A3t (%) 33 15 25 9 14 19 19

AuY (%) 67 42 68 9 9 58 26

A0 (%) 0 43 7 82 77 23 55

Iaucaf)/Ice(3d) 0.01 0.01 0.01 0.01 0.01 0.21 0.05

value were obtained as final state effects in small Au clusters
[47,48]. Thus this peak can be equally attributed to a final state-
shifted Au” state at BEs > 84.0 eV [49]. This indeed is favored
by us, as discussed in more detail below. In what follows, this
state is denoted as a Au” state, but it should be kept in mind
that the BE of the related Au(4f) peak was found to be similar
to that of the Au™ state in previous work [6,8,9].

XP spectra were recorded after leaching and drying over-
night in vacuum (L025) (Fig. 1A), after subsequent calcination
at 400 °C (LC400) in air (Fig. 1B), and after reaction of the
L025 (not shown) and LC400 catalysts for 1000 min in di-
lute water gas (1 kPa CO, 2 kPa H>O in N») (Fig. 1C). The
main XPS results are listed in Table 1. For comparison, we
also include the respective values obtained on a comparable
non-leached Au/CeO; catalyst (H200 conditioning) [15]. As
expected from the ICP-AES data, the Tayuf)/Ice3d) Tatio de-
creased to about 20% relative to the non-leached catalyst (Ta-
ble 1). This decrease in Au content agrees well with the Au’+
content of 19% on the non-leached catalyst (Table 1), support-
ing the assumption that only these ionic species are not removed
by the leaching process.

Using the above fitting procedure, we found no metallic Au
signal on the leached and dried L025 Au/CeO, samples, in close
agreement with previously published data [6,8,9,38]. After cal-
cination at 400 °C, the Au(4f) signal extended to lower BEs,
and ~7% metallic Au (of the residual Au amount) was found.
The formation of metallic Au® can be explained by thermal
decomposition of cationic gold species under these conditions
[13,47,50,51]. After 1000 min of WGS reaction on the leached
and calcined LC400 catalyst, about 75% of the Au species ex-
hibited metallic character, and the amount of Au” and Au3t
species was reduced accordingly. Spectra recorded after 60 min
of reaction showed a similar composition as those obtained after
1000 min of reaction, demonstrating that the reaction-induced
reduction of the catalyst is rather fast and fully completed after
1 h. Similar measurements performed on the vacuum-dried and
leached L0O25 catalyst, showed a significantly lower metallic
Au’ content after 1000 min reaction. The much slower reduc-
tion kinetics can be explained most simply by an autocatalytic
reduction process, with metallic Au® species acting as catalyst
for further reduction. The strong change in the Au oxidation
state correlates well with our earlier results of a pronounced
reduction of the “Au”*” species on non-leached Au/CeO; cat-
alysts during the WGS reaction [24].

As mentioned above, the pronounced up-shift of the Au(4f)
peak after leaching can be explained not only by a cationic
Au species, but also by a particle size-induced final state ef-

fect [48,49,52]. Such effects were responsible for an 0.6-0.9 eV
up-shift of the Au(4f) peak relative to bulk metallic Au on non-
conditioned Au/TiO, catalysts [51,53], and similar shifts also
were reported for small Au clusters deposited on diamond or
Si0; substrate [48,54]. With increasing particle size, the Au(4f)
peak would shift back to the metallic Au® position. This is ex-
actly the behavior that would be expected for the present case,
with very small Au® aggregates after leaching and increasing
Au particle sizes on calcination or (even more pronounced)
long-term reduction during reaction. In fact, the very small Au
particles noted in the combined TEM and ICP-AES results nec-
essarily require a final state shift of the Au(4f) peaks on the
leached catalysts. As a result, we favor an interpretation of the
broad, low BE Au(4f) peak at 84.0-84.6 eV, which was related
to very small, possibly slightly charged Au particles rather than
to a mixture of larger, metallic AU nanoparticles and cationic
Au™ species. With increasing Au particle size, a mixture of dif-
ferent particle sizes led to a superposition of peaks at different
positions, and the entire peak broadened and shifted to lower
BE. (It also should be noted that charging effects related to a
charge transfer from the ceria surface to the Au particle would
decrease with Au particle size, similar to the final state effect.)
The resulting peak broadening agrees well with the observation
for the L0O25 and LC400 samples. This interpretation appears
to be a physically more plausible explanation for the low BE
Au(4f) intensity at 84.0-84.6 eV than the formal description by
two peaks. However, the latter explanation does have the advan-
tage of providing a semiquantitative measure of the growth of
very small Au particles. Therefore, we still used the three-peak
fitting procedure to describe the Au(4f) signal. Consequences
of this reassignment of the Au” peak at 84.6 eV on the reaction
mechanism are discussed below.

3.2. Activity and stability of the Au/CeQ; catalysts after
different conditioning procedures

The evolution of the WGS reaction rates on Au/CeO»
(188 m? g~ ") during the reaction in dilute water gas on the
before (2.8 wt% Au) and after leaching (0.4 wt% Au) is illus-
trated in Fig. 2. The resulting activities are collected in Table 2.
Comparing the rates after 1000 min of reaction shows that
the catalyst mass normalized activity was significantly lower
(by ~2 orders of magnitude) after leaching (L025) than be-
fore leaching, using the H200 pretreated non-leached Au/CeO,
catalyst as a reference (H200: 2.0 x 107> mol gc_a{ s™1, L025:
2.0 x 1077 mol gc_a% s~1). Using the Au mass-normalized activ-
ity, the differences in activity were significantly smaller (H200:
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Fig. 2. Activity of the Au/CeO; catalysts in dilute water gas (1 kPa CO,
2 kPa H>O in N») at 180 °C. (H) Non-leached Au/CeO; (2.8 wt% Au, H200),
() leached + vacuum dried L025 Au/CeO, (0.4 wt% Au), (O) leached +
calcined LC400 Au/CeO; (0.4 wt% Au), (V) leached + calcined + H» treated
LC400/H200 Au/CeO5 (188 m? g~ 1), (@) leached + vacuum dried +H, treated
L025/H200 Au/CeO5 (188 m2 g~ 1), (A) non-leached Au/CeO, (141 m2 g~ 1,
0.2 wt% Au, H200).

Table 2
Catalytic activity of Au/CeO, catalysts for the WGS reaction after different
pre-/post-treatment procedures

Au/CeO; catalyst Reaction rate Reaction rate

(mol ggg s_l) (mol g;il s_l)
Non-leached H200 72x107% 2.0x 107
L025 5.1x 1074 2.0x 1077
L025/H200 7.5 x 107% 3.0 x 1077
LC400 13x 1073 5.0 % 1070
LC400/H200 9.8 x 1074 3.8x 1070

7.2 x 107 molg;& s7!, L025: 5.1 x 107 molg;& s~1). The
activity of the leached catalysts depended significantly on the
catalyst treatment after leaching, as evidenced by the much
higher activity of the leached and calcined LC400 catalyst
(curve O, 5 x 107° mol gc_a{ s~ ). Further processing of the
L025/LC400 catalysts at 200°C in Hy (H200), in contrast,
had little effect on the WGS activities. The resulting activi-
ties (LO25/H200, curve @, 3 x 10~ mol g} s~'; LC400/H200,
curve ¥, 3.8 x 1076 mol gc_a% s~1) differed little from those of
the respective leached catalysts before additional H200 treat-
ment. Because the treatment after leaching did not affect the Au
loading, the trends described for the catalyst mass-normalized
activities are also valid for the Au mass-normalized activity.
For comparison with non-leached catalysts, the loss of Au dur-
ing leaching must be considered. This leads to an increase in
the Au mass-normalized activity by a factor of ~2 for the
leached and calcined catalysts (LC400, 1.3 x 1073 mol g} s=1)
compared with the standard non-leached H200 catalyst (7.2 x
10~* mol g;d s™h.

These results agree completely with data of Kim and
Thompson [10], who found a decrease in the catalyst mass nor-
malized activity to about 1/16 of the original value after leach-

ing and subsequent reductive treatment (4% Hy/Nj, 200 °C).
The Au mass-related activity decreased to about 40% of the ini-
tial value. In contrast, these results differ distinctly from the pre-
vious findings of the group of Flytzani-Stephanopoulos [6,8,9],
who found no change in the catalyst mass-normalized reac-
tion rates (depending on the catalyst 1-3 x 10~ mol gc_a% s7!
in 1 kPa CO, 2 kPa H;O in Nj, 175°C [2]) after removal of
the Au nanoparticles (remaining Au content ~10% of the ini-
tial value). Possible explanations for the discrepancy between
the results of Flytzani-Stephanopoulos and coworkers and those
of Kim and Thompson and the present study may be linked to
the presence of additional 10% La or Gd in the ceria support
or, more likely, the very different activities of the non-leached
catalysts used for comparison [6,8,9,38].

The activity of the non-leached H200-conditioned Au/CeO,
catalysts used as a standard in the present study was about 10
times higher than that of the catalyst used by Fu et al. [2].
Among other reasons, this may be related to the very differ-
ent mean Au particle sizes of ~2 nm in the present study [5,15,
24], whereas for the Au/CeQO; catalysts used by the Flytzani-
Stephanopoulos group, the Au particle size was around 5 nm
(in some cases up to 36 nm) [2,6,8,55]. After leaching this cal-
cined catalyst (Au removal ~90%), the catalyst was calcined
in air at 400 °C. This procedure was identical to that used for
the LC400 catalyst, and should result in a very active catalyst.
Therefore, the small change in reaction rate observed by Fu et
al. on leaching can be tentatively explained by a combination of
low activity of the non-leached catalyst and high activity of the
resulting leached and calcined catalyst. In contrast, in the leach-
ing experiments reported by Kim and Thompson, the activity
of the non-leached catalyst used for comparison is very high
(18 x 107 mols~! g;), and, accordingly, the loss of activity
on leaching is much more pronounced. (Note that the WGS ac-
tivity measurements were performed in realistic reformate in
the work by Kim and Thompson [8,10], whereas the present ki-
netic data and those of Fu et al. [2,6] were measured in idealized
and realistic reformate.)

Based on the absence of Au nanoparticles in their TEM and
XRD measurements, Fu et al. concluded that on the leached
catalyst, Au is present as cationic Au’t species only. Conse-
quently, this was identified as an active species for the WGS
reaction [6]. Kim and Thompson, on the other hand, came to
the opposite conclusions, suggesting nanocrystalline Au parti-
cles as active species [10]. Our activity data seem to support
their point of view in so far as removal of the Au nanoparti-
cles resulted in a pronounced loss of activity; that is, the Au
nanoparticles contributed significantly to the overall WGS ac-
tivity under our reaction conditions.

Further information on the reaction behavior over the
leached catalysts was obtained by comparison with the reaction
behavior of non-leached Au/CeO; catalysts of similar Au load-
ings, comparison of the deactivation behavior of leached and
non-leached catalysts, and the activation energies determined
for the different catalysts. First, we compared the activity of the
catalyst after leaching and calcination (LC400, 0.4 wt% Au)
with that of a non-leached Au/CeO; catalyst with a similarly
low Au loading (0.2 wt% Au, 141 m? g~!, conditioned by H,
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Fig. 3. Arrhenius plot of the temperature-dependent WGS reaction
rates (mol g;d s~1) over non-leached, H200 pretreated Au/CeO, catalysts
(&) 78 m2 g1, 2.7 wt% and (A) 188 m2 g~ !, 2.8 wt% Au), over leached +
calcined Au/CeO, catalysts ((®) LC400/N200, 188 m?g~1, 0.4 wt% Au;
() LC400/H200, 188 m% g~!, 0.4 wt% Au; (V) LC400/N200 78 m2 g~ !,
0.5 wt% Au). The rates were measured after 1000 min reaction to reach
steady-state conditions and at least 60 min equilibration time per data point.

treatment, H200, Fig. 2, curve A). The Au content of the latter
catalyst was about half, and the activity was only 1/4 to 1/3,
of that of the LC400 Au/CeO, catalyst. These findings agree
rather well with the above finding that the Au mass-normalized
activity after leaching and calcination was about double of that
of the non-leached, H200 treated catalyst. Therefore, the high
Au mass-normalized activity of the leached catalyst was not ex-
ceptionally high, but was in the range of activities obtained for
catalysts with comparable Au loadings [5].

The deactivation behavior of the non-leached and leached
catalysts (see Fig. 2) was largely similar, with about 26% de-
activation over 1000 min in idealized reformate [5,14,15,24].
Therefore, there is little difference between leached and non-
leached catalysts in this respect as well.

Finally, the apparent activation energy for the reaction in
dilute water gas was determined on two different Au/CeO; cat-
alysts with 78 and 188 m? g~! BET surface area for both the
non-leached catalysts and after leaching and calcination. The
measurements were performed in the temperature range of 100—
180 °C. Before the activity measurements, the leached catalysts
were pretreated in Hy (LC400/H200) or in inert atmosphere
(LC400/N200) at 200 °C, and then exposed for 1000 min to the
reaction atmosphere to reach quasi-steady-state conditions and
exclude further deactivation during the temperature-dependent
measurements. For each temperature, the reaction rate was fol-
lowed for at least 1 h. The results are summarized in Fig. 3
and Table 3. We found virtually no differences in the appar-
ent activation energies before and after leaching, with activa-
tion energies of 4245 kJ mol~! on the Au/CeO, catalyst with
188 m? g~ ! surface area and slightly lower values on the sam-
ple with 78 m>g~! (39 kImol~!). These results agree well
with the results of previous leaching studies, which also showed
no change in the activation energy on leaching [6,8—10]. This

Table 3

Apparent activation energy of the WGS reaction in dilute water gas on
leached + calcined Au/CeO; catalysts after different post-treatments (1 kPa
CO, 2 kPa HyO in Np)

Surface area (m2g~1)  188% 1882 1882 78b 78b
Leaching - + + - +

Au amount (Wt%) 2.8 0.4 0.4 2.7 0.4
Calcination - + + - +
Pre-treatment H200  LC400/  LC400/  H200  LC400/
(after calcination) H200 N200 N200
Eqet (KT mol™1) 44.5 41.7 43.5 38.9 39.0

was considered evidence of a similar reaction mechanism in
both cases. The data also agree with our earlier findings of
an increasing activation energy with increasing BET surface
area [15] and a constant activation energy of 40 & 2 kJmol ™'
for Au/CeO; catalysts with 0.8—-12.6 wt% Au at a constant sur-
face area (188 m? g_l) [5].

In total, the kinetic measurements lead to the following con-
clusion on the nature of the active site/species: If only cationic
gold species would act as active centers in the WGS reaction, as
proposed previously [6,8,9,38], we would expect a much more
pronounced decay of the reaction rate during the activity mea-
surement on the leached catalysts than on the non-leached cat-
alyst. In this measurement, the “normal” deactivation observed
on non-leached Au/CeO; catalysts under similar reaction con-
ditions [5,14,24], would be enhanced on the leached catalyst
due to the reaction-induced formation of metallic Au nanopar-
ticles (see Section 3.1). Such an effect was not observed, how-
ever. Instead, we found similar deactivation behavior for both
the non-leached and leached and calcined catalysts. On the
other hand, if only metallic Au® nanoparticles were the active
center, as proposed previously [10—12], then the activity of Au/
CeO; catalysts should decrease less or even increase during re-
action, because the “normal” deactivation is counteracted by the
reaction-induced increase in metallic Au® nanoparticles. This
was not observed (see above). Although other reaction models
are also conceivable, the simplest explanation for the combined
observations is a reaction mechanism in which both ionic Au
species and Au® nanoparticles contribute to the reactivity.

3.3. Surface composition (DRIFTS)

The influence of removing the Au nanoparticles on the ad-
sorption of reactants and on the production of adsorbed byprod-
ucts during the WGS reaction in dilute water gas was investi-
gated by in situ DRIFTS measurements. In these measurements,
we followed the reaction over 1000 min on leached Au/CeO,
catalysts (188 m? g~! BET surface area) after drying in vac-
uum (LCO025) and after subsequent calcination in air at 400 °C
(LC400) (Figs. 4c, 4d and 5). For comparison, similar mea-
surements were performed on pure ceria (188 m? g~!) under
identical reaction conditions (Figs. 4a and 4b).

For the pure ceria support, three main peaks at 1588, 1369,
and 1292-1302 cm ™! were observed in the frequency range of
the OCO-bending vibrations (Fig. 4a). The first peak is assigned
to bidentate formate [20,56,57]; the other two peaks are related
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Fig. 4. Series of DRIFT spectra obtained during the WGS reaction in dilute water gas (1 kPa CO, 2 kPa H>O in N3) over 1000 min on pure ceria (a, b) and on the
leached + dried Au/CeO, L025 catalyst (c, d). (a) Detail spectra of the OCO region, (b) detail spectra of the C—H region on pure ceria (from bottom to top after 34 s,
10 min, 30 min, 150 min, 210 min, 390 min, 850 min). (c) Detail spectra of the OCO region, (d) detail spectra of the C—H region on the leached + dried Au/CeO,
L025 catalyst (from bottom to top after 23 s, 1 min, 4 min, 10 min, 30 min, 240 min, 1000 min). (¢) Temporal evolution of the bidentate formate intensity (peak at
2831 cm_l) on pure ceria (V) and on the leached Au/CeO; catalysts, L025 ((J) and LC400 (@) (data Fig. 5) upon reaction in dilute water gas. Inset: fast DRIFTS
measurement of the initial formate formation (catalysts/conditions as in main figure). Full spectra are available as supplementary material, Fig. S3.

to carbonate species (see [14,15] and references therein). In the
C-H region (Fig. 4b), the peaks at 2831 and 2944 cm™! are
related to bidentate and bridged formate species, respectively
[56,58—60]. During the first 30-min reaction, mainly carbon-
ate species and molecularly adsorbed water (1618 cm™!) [20,
61,62] are built up. In addition, the intensity of the bidentate
and bridged formate-related signals grows slowly (Fig. 4b).
The low formate formation rate can be related to the slow for-
mation of OH,q species on pure ceria compared with that on
Me/CeO,-supported catalysts (Me = Au, Pt, Ni, Co, Fe). The
formation of OH groups by reaction of HyO with ceria is known
to be strongly enhanced by Ce3* cations [15,20,21], which are
formed much more easily on Au/CeO;-supported catalysts than
on pure ceria [4,13,18,19,22,63].

On the leached Au/CeO; catalysts, we find the same ad-
sorbed (by)-products as on pure ceria, both after leaching and
subsequent vacuum drying (L025; Figs. 4c and 4d) or after
leaching and subsequent calcination (LC400; Fig. 5). In addi-
tion, the spectra resolve a feature at around 2126 cm~! and an
even weaker shoulder at around 2150 cm™! related to adsorbed
CO. Signals in these frequency ranges were previously related
to CO,q on Au®t (2123 em™!) [64-69] and on Au’t species
(2152 cm_l) sites/species [64,68,70,71], and to a forbidden
electronic transition on partly reduced ceria (2126 cm™!) [13,
29,57,72]. Considering the foregoing discussion of the XPS re-
sults, where we proposed the existence of very small, possibly
slightly charged Au particles as origin of the up-shifted low BE
Au(4f) state at 84.6 eV (see Section 3.1), it is important to note
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Fig. 5. Series of DRIFT spectra recorded during the WGS reaction in dilute
water gas (1 kPa CO, 2 kPa H,O in Nj) over 1000 min on a leached 4 calcined
LC400 Au/CeO, catalysts. (a) Detail spectra of the OCO-stretching vibration,
(b) detail spectra of the C—H region, (c) detail spectra of the OH region (raw
data), (d) detail spectra of the CO region (from bottom to top after 23 s, 35 s,
47 s, 1 min, 2 min, 4 min, 10 min, 30 min, 60 min, 240 min, 540 min, 1000 min).

that C-O stretch vibrations at similar and higher wavenum-
bers were previously reported for CO adsorbed on very small
Au particles [73]. Based on these data, we assume that the
observed peak at 2126 cm™! contains contributions from the
Ce3*-related electronic transition and from CO adsorption on
the small Au” particles.

The most important difference between pure ceria and the
Au-containing catalysts is the significantly higher formate for-
mation rate on the leached Au/CeO; catalysts (both L025 and
LC400) compared with on the pure ceria support. This is il-
lustrated by the much faster increase in the formate intensity
with time on the leached catalysts shown in Fig. 4e. Biden-
tate formate species (peak at 2831 cm~!), which were proposed
as the dominant reaction intermediates under present reaction
conditions [5], appeared already at the very beginning of the
WGS reaction (within the first 30 s) on the leached and dried
Au/CeO, catalyst (L025; Figs. 4c and 4d). Their intensity in-
creased rapidly, leveled off after about 30 min, and reached
a steady-state value after about 90 min the behavior on the
leached and calcined catalyst (LC400) was very similar. But
additional fast DRIFTS measurements (see Fig. 4e) revealed
that the initial formate formation was significantly faster on
L025 than on LC400. In contrast, the final intensity of the
formate signals under steady-state conditions was almost iden-
tical on all three samples. Because after leaching and drying,
only cationic Au** and small Au clusters were present on the
Au/CeO; catalyst (see above), and because bidentate formate
formation occurs at a high rate during the initial phase of the
reaction (Fig. 5), these species must be able to accelerate the
formation of bidentate formates. A similarly rapid increase in

the formate signals, along with a comparable steady-state in-
tensity, were also observed on non-leached catalysts under these
reaction conditions [15]. The comparable steady-state formate
intensity obtained on the different samples (non-leached and
leached catalysts, as well as pure ceria) indicates that the final
formate coverage under these conditions was limited by the ce-
ria surface, not by the amount or state of the Au.

Based on the XPS results, we would expect that during the
reaction, the intensity of the signal for CO adsorbed on Au’
nanoparticles, which is typically 2096-2100 cm ™! for Au/CeO,
(1.5 kPa CO), increases considerably, paralleling the increasing
intensity of the Au(4f) signal related to metallic Au nanopar-
ticles. This is not the case, however. Whereas the peak cen-
tered at 2126 cm™! was broad enough to include intensity at
~2100 cm™!, the present data gave no indication of a change
with time during the reaction. Both the total intensity and the
shape of the CO,q absorption peak remained virtually constant
during the reaction. On the other hand, on the non-leached
Au/CeO; catalyst, the CO,q intensity decreased significantly
during the reaction, in parallel with increasing carbonate inten-
sity and decreasing CO; intensity and CO, formation rate. The
constant CO,q intensity is most simply explained by a compen-
sation of two counteracting effects, deactivation (intensity de-
crease) and formation of Au® nanoparticles (intensity increase).
Again, however, it should be noted that the peak at 2126 cm™!
is related to an electronic excitation (see above). Therefore, the
remaining contribution from COg,q adsorption may simply be
too small to resolve reaction-induced changes.

Finally, in the spectral range typical for OHyq-related bands
(3200-3800 cm’l), we found vibrational features at 3520,
3710, and 3655 cm~! on both the leached and vacuum-dried
L025 (not shown) and the leached and calcined LC400 cata-
lysts. These features were attributed to linearly adsorbed (mon-
odentate) and tridentate OH,q groups on ceria ([13] and ref-
erences therein). On exposure to the reaction gas mixture, the
main changes in the OH,q-related signals occurred during the
first few minutes of the reaction. During that time, the above
peaks disappeared, and new peaks appeared at 3590, 3630,
3675, and 3649 cm~!. The latter peak is related to the “active”
bridged OH,qg group [18,59,60]. Similar changes also were ob-
served in our previous studies on non-leached catalysts [5,13—
15]; thus, these data also provide no evidence for a change in
the reaction mechanism due to partial removal of the nanocrys-
talline Au by leaching.

In a final experiment, we studied the influence of the Au
nanoparticles on the decomposition of formate species, which
we had proposed to represent the rate-limiting step for the WGS
reaction on Au/CeO; catalysts under present reaction condi-
tions [5]. We investigated this by following the decomposition
of the accumulated bidentate formate species on the leached
catalysts on changing from the reaction mixture (1 kPa CO,
2 kPa H>0O in Nj) to dilute water vapor (2 kPa H,O in N»)
at 180 °C. Measurements were performed on both the leached
and dried LO25 catalyst and the leached and calcined LC400
catalyst. Sequences of IR spectra recorded during a 2 h reac-
tion for reaching quasi-steady-state conditions and subsequent
decomposition are shown in Fig. 6. During the first 15 min of
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Fig. 6. Series of DRIFT spectra recorded during formate decomposition on reaction of formate pre-covered, leached Au/CeO, catalysts (after 120 min WGS reaction
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decomposition on the (i) LO25 and the (ii) LC400 leached Au/CeO, catalyst.

formate decomposition in water vapor, the bidentate formate
intensity on the leached and dried Au/CeO, catalyst remained
about constant (Figs. 6a and 6¢). Over longer exposure times,
the intensity decayed slowly, and after 2 h, the intensity of
the bidentate formates decreased to about 20% of the initial
value. In contrast, on the leached and calcined LC400 catalyst,
the bidentate formate intensity decayed rapidly (to 20% after
<15 min) and completely disappeared after 30 min of reaction
with water vapor (Figs. 6b and 6c). Thus, the decomposition
of the reaction intermediate [5] was much faster on the leached
and calcined LC400 catalyst than on the leached and dried L025
catalyst. Most simply, this difference is related to the higher
content of metallic Au species in the LC400 catalyst compared
with the L025 catalyst after 120 min on stream when switch-
ing to 2 kPa water vapor. On the latter catalyst, the steady-state
level of ~80% metallic Au” species was obtained already after
60 min (see Table 1), whereas on the latter catalyst, even after
1000 min, <50% of the Au content was converted into metallic
AW species. On a non-leached, H200-conditioned catalyst, the

decomposition was again significantly faster (time for 50% de-
composition, 80 s, compared with 300 s in the present case) [5],
which is attributed to the much higher Au loading on that cata-
lyst (2.6 wt%).

4. Discussion

The results presented above, in combination with previously
reported results, lead to the following conclusions on the leach-
ing process, on the nature of the Au species remaining after
leaching and on the role of the different Au species in the WGS
reaction:

1. Based on the good agreement between the initial amount
of Aut species and the total amount of Au remaining after CN
leaching, only the Aut species are stable against the leaching
procedure. Both metallic Au® nanoparticles and the small Au”
aggregates associated with the Au(4f) signal at 84.0-84.6 eV
(see item 2) were dissolved. This agrees well with the Au mass
balance in the data of Fu et al. [6,8].
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2. After leaching and post-treatment by drying in vacuum
or by calcination in air, most of the (original) Au’t was con-
verted into a state characterized by Au(4f) intensity in the BE
range 84.0-84.6 eV. We attribute this Au(4f) intensity to very
small, possibly slightly charged Au® aggregates (Au""), with an
Au(4f) signal slightly up-shifted compared with the BE of bulk
Au (84.0 eV), due to particle size effects. The different sizes of
the aggregates resulted in a sequence of up-shifted peaks in this
energy range. The reassignment of the up-shift of the Au(4f)
peaks to a particle size “final state” effect rather than to the for-
mation of ionic Au™ species (initial state effect) [6] fits well
with recent observations on unconditioned Au/TiO; catalysts,
where Au particles 1.3 nm and smaller resulted in similarly up-
shifted Au(4f) signals [51,53].

3. The relative abundance of different Au species changed
significantly during post-treatment after leaching and during
the WGS reaction, with decreasing contents of Au>T species
and increasing content of Au’ nanoparticles. These trends can
be qualitatively explained by two different effects: thermal de-
composition of Au oxide (Au>T species) and thermally induced
formation of very small Au” aggregates and their growth into
Au® nanoparticles. These steps, particularly the first one, are
enhanced or hindered by the presence of a reductive (WGS re-
action) or oxidative atmosphere (LC400). In none of these post-
treatments was the Au’™ content found to increase again. The
pronounced formation of Au’ nanoparticles during the WGS
reaction must be considered when interpreting the activity of
the leached Au/CeO; catalysts and comparing it with XPS data
taken before/without exposure to the reaction gas mixture.

4. Removal of the nanocrystalline Au® and of the very small
Au” aggregates led to a significant loss in (catalyst mass-
normalized) WGS activity (to about 1%) when comparing a
highly active non-leached catalyst (H; pretreated) with a simi-
larly treated, leached L025/H200 Au/CeO; catalyst. From these
results, we conclude that metallic Au® nanoparticles and Au”
aggregates, with 55 and 26% abundance on the non-leached cat-
alyst, respectively, played a significant role in the WGS reaction
under the present reaction conditions rather than representing
inactive spectator species. Therefore, “cationic gold species”
cannot be identified as sole active species in the WGS reac-
tion on Au/CeQ; catalysts. Our findings and interpretation are
in full agreement with the results of Kim and Thompson [10]. In
contrast, Fu et al. found comparable (catalyst mass-normalized)
reaction rates before and after leaching and thus proposed ionic
Au species as the only active sites for the WGS shift reac-
tion [6,8,9]. The different experimental observations can be
explained at least partly by the rather low activity of the non-
leached catalyst used as a reference by those authors (10% of
the activity of the H200-conditioned catalyst used in this study).
In contrast, the leached catalyst was calcined subsequently, and
thus was in a very active state (comparable to that of the leached
and calcined LC400 catalyst). It should be noted that our data
do not exclude the possibility that Au’t species are active as
well, but they are certainly not dominant for the activity.

5. The important role of nonionic Au species for the WGS
activity is also emphasized by the strong effects induced by
post-treatment of the leached Au/CeO, catalysts. Calcination

of the leached catalyst (LC400) resulted in a much higher activ-
ity (by a factor of ~25) than that obtained for a vacuum-dried
(L025) catalyst with its much smaller content of Au® and Au”
species.

6. In contrast to the pronounced loss in catalyst mass-
normalized activity on leaching, the decrease in Au mass nor-
malized activity was much lower (L025: to ~10%) or even
increased by a factor of 2 for the LC400 catalyst. On the other
hand, the high Au mass-normalized activity of the leached and
calcined catalyst was of similar magnitude as that of a non-
leached and Hj-pretreated catalyst (H200) of comparable Au
loading; they differed by a factor of 2. Therefore, the activity
of the leached and calcined catalyst was high, but not excep-
tionally so. Accordingly, leaching did not result in a new, more
active state of Au than would be accessible by conventional cat-
alyst preparation.

7. Based on the much faster formate decomposition process
on the LC400 sample compared with that on the LO25 sample,
we conclude that metallic Au® nanoparticles were more active
for formate decomposition than Au>t species and/or the very
small Au” aggregates. Here, it must be considered that in both
cases, Au’ particles were formed during the preceding WGS
reaction (120 min), which was required for the build-up of for-
mate species. However, this process was much more efficient on
the LC400 catalyst than on the L025 catalyst. Formate forma-
tion, on the other hand, was strongly enhanced by Au species in
general and was rapid from the very beginning. Because, based
on the XPS measurements, there were no Aud nanoparticles on
the L025 sample at the beginning of the reaction, whereas for-
mate formation was fastest on that sample, we conclude that
Au’T species and/or the very small Au” particles associated
with the Au(4f) peak at 84.0-84.6 eV were highly active for
formate formation.

8. The comparable amount of formate species present un-
der steady-state conditions on the vacuum-dried and the cal-
cined leached catalyst, despite the very different (initial) for-
mate decomposition activities, can be explained by two dif-
ferent schemes. Either it resulted from an inherently higher
formate formation rate on the LC400 catalyst, which can com-
pensate for the higher decomposition rate on that catalyst, or,
more plausibly, formate formation was limited by the similar
formate storage capacity of the CeO, surface on both cata-
lysts [15]. The latter explanation, which calls for a pronounced
decay of the formate formation rate at coverages close to sat-
uration, fits well with the observation that formate formation
at lower coverages was much faster than formate decomposi-
tion at steady-state coverage on both L025 and LC400 under the
present reaction conditions. (Under steady-state conditions, the
rates for formate formation and decomposition must be iden-
tical.) It also is supported by the similar steady-state formate
coverage obtained on the non-leached Au/CeO; catalyst.

9. The higher formate decomposition rate on the leached
and calcined LC400 catalyst with the much higher Au® content
compared with the vacuum-dried L025 catalyst, together with
the much faster (initial) rate for formate formation than for for-
mate decomposition, fit well with a mechanism for the WGS
reaction that we had proposed earlier [5,14]. In that mecha-
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nism, formate formation and decomposition represent the dom-
inant reaction pathway under present reaction conditions, and,
accordingly, we would expect higher WGS activity for a cat-
alyst with a higher formate decomposition activity. It should
be noted, however, that the dominant reaction pathway of the
WGS reaction may vary with reaction conditions [1,24,29] and
that other reaction pathways (e.g., through carbonate forma-
tion/decomposition) also have been proposed [1,29].

10. The similar deactivation behavior of leached and non-
leached Au/CeQO; catalysts, typically with a 26% loss of activity
over 1000 min, points to a similar deactivation mechanism for
both types of catalysts, which is not significantly affected by
the nature of the Au species present on the catalyst and their
abundance. For a mechanism in which Au® and Au” parti-
cles/aggregates provide the active site, this would mean that
these were equally affected. Furthermore, the similar correla-
tion between decreasing reaction activity and increasing inten-
sity of the monodentate carbonate-related signal (1415 cm™")
with increasing reaction time on the leached and non-leached
catalysts [14,15,24] indicates that these carbonate species were
responsible for catalyst deactivation on the leached catalysts as
well.

In summary, using the selective leaching process introduced
by Fu et al. [6,8], these measurements can provide detailed in-
formation on the mechanism of the WGS reaction on Au/CeQO,
catalysts, on the nature and abundance of different Au species
present on the leached and non-leached catalysts after different
pretreatments and post-treatments, and on the role of the these
different species in the reaction process. But the results are not
as simple to interpret as perhaps was hoped after earlier exper-
iments, because of the significant conversion of the Au species
during catalyst treatments after the leaching process, such as
drying, calcination, or even heating up to reaction temperature
in inert gas, particularly during the WGS reaction itself. These
processes make a simple mechanistic interpretation based on
comparison of the catalytic activity before and after leaching
impossible. Instead (and also for the seemingly simple leaching
approach), extensive multitechnique measurements are required
as the basis for mechanistic conclusions.

5. Conclusion

Using spectroscopic and structure-sensitive techniques for
(in situ) catalyst characterization, we have shown that cyanide
leaching of Au/CeO; catalysts, although selectively removing
nonionic Au species, did not result in catalysts containing ionic
Au’T species only. Instead, post-treatment of the catalyst af-
ter leaching, such as drying or calcination, and in particular the
WGS reaction itself, led to distinct changes in the nature and
amount of Au species present on the catalyst—specifically, the
formation of small Au” aggregates and metallic Au® nanopar-
ticles. The abundance of the different species depends strongly
on the post-treatment of the leached catalyst, with higher tem-
peratures and a reductive atmosphere favoring reduction of
Au’t species and formation of small Au” aggregates and
metallic Au® nanoparticles. Leaching led to a significant loss in
catalyst mass-normalized activity, to 1% of the original activity

when comparing catalysts treated in the same way after synthe-
sis and after leaching, respectively. Therefore, Au” species, in-
cluding both small aggregates and metallic nanoparticles, con-
tribute significantly, if not predominately, to the WGS activity
and cannot be considered (inert) spectator species. Based on in
situ DRIFTS measurements, these species are particularly ac-
tive for the decomposition of bidentate formate species.

Based on the very rapid formation of these formate species
in the beginning of the WGS reaction, in combination with the
comparable steady-state formate intensity and coverage on the
leached and non-leached catalysts (for all post-treatments), we
suggest that at coverages below saturation, formate coverage is
determined mainly by formate decomposition, whereas formate
formation is fast. Under steady-state conditions, both rates must
be equal, which points to a pronounced decay of the formate
formation rate at high coverages, close to saturation. This fits
well with our previous proposal of bidentate formates acting as
reaction intermediates in the dominant reaction pathway under
these reaction conditions.
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