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Abstract

The effect of CO; and H; on the activity and deactivation of Au/CeQ; catalysts in the low-temperature water—gas shift reaction was investigated
by combined kinetic and in situ IR spectroscopic measurements, going stepwise from idealized to realistic reaction atmospheres. The variation of
the reaction atmosphere results in considerable variations in the initial activity and deactivation behavior, with significantly lower activity in the
presence of Hy and more pronounced deactivation in CO;-rich gases. In situ DRIFTS measurements reveal a complex interaction of the different
components in the formation of adsorbed reaction intermediates and side products. The bidentate formate species (1588 and 2833 cm™~ 1), which
are dominant in H,-free atmospheres and act as reaction intermediates, are replaced by less reactive bidentate (1560 and 2858 em~ 1) and bridge-
bonded (2933 and 2961 cm™!) formates in Hj-rich atmospheres. Deactivation is related mainly to the formation of thermally stable monodentate
carbonates, which act as reaction-inhibiting spectator species. Their formation is enhanced by CO; in the reaction gas, whereas Hy leads to their

reactive removal by reaction to formates. Possible mechanisms for the deactivation process are discussed.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Recently there has been renewed interest in the water—gas
shift reaction because of its potential application in remov-
ing CO from CO-contaminated, Hp-rich feed gases for low-
temperature polymer electrolyte fuel cells (PEFCs) obtained
from, for example, the reforming of alcohols or fossil fuels
[1,2]. Typical reformates contain 8—10% CO, around 20% CO;,
about 15-20% H,0, and the balance mainly H,. For PEFC
applications, the CO content must be reduced to below 50—
100 ppm to avoid poisoning of the anode catalyst [3]. This
is commonly done by a combination of shift reactors (high-
temperature shift (HTS; 300-400 °C), low-temperature shift
(LTS; 200-260°C)) [4] and selective CO oxidation (PROX),
the latter of which removes the remaining CO to levels in the
ppm regime. Currently, Cu/ZnO/Al,O3 is used as the standard
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LTS catalyst, but SiO;-, MgO-, and CryO3-supported copper
catalysts also have been applied [4]. Recent studies of the WGS
reaction have shown also that supported gold catalysts, such as
Au/ZrO,, Au/TiO, and recently Au/CeO; [5], are surprisingly
active catalysts for this reaction. However, most earlier stud-
ies were performed in idealized reaction gas mixtures, mainly
in dilute water—gas (CO, H,O, and Nj); the reaction in realis-
tic reformate has been investigated only in a limited number of
studies [6-8].

In this paper we report on the effect of CO, and H; and
of more realistic, higher CO and H>O concentrations on the
activity and, in particular, the deactivation of Au/CeQO, cata-
lysts, going stepwise from an idealized reaction gas mixture
(dilute water—gas) via addition of Hy and CO, (H-rich ide-
alized reformate, CO»-containing idealized reformate, and H;
+ COs-rich idealized reformate) and increasing CO and H,O
content finally to realistic reformate (1/4 realistic reformate,
1/2 realistic reformate, realistic reformate, and H-free realis-
tic reformate). These latter mixtures, which differ in terms of
the total amounts of CO, CO,, Hp, and H,O but maintain a
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Table 1

Reaction rates over a 4.5 wt% Au/CeO, catalyst at 180 °C in different idealized and realistic reformate gas mixtures

Reaction gas mixture Gas composition (kPa) Catalyst Initial rate Rate after Relative rate
dilution (mol g;lll 5*1) 1000 min after
(mg catalyst (mol g;& s_l) 1000 min
+ mg Al,O3) (%)
Idealized reformate 1 CO, 99 N; (dry); +2 H,O 6.8 +68.3 4.5 % 1074 3.6 x 1074 79
Hj-rich idealized reformate 1 CO, 99 H; (dry); +2 H,O 48.14+47.2 22x 1073 1.7 %1073 77
CO,-containing ideal. reformate 1 CO, 1 CO3, 98 N (dry); +2 H,O 7.0+70.0 3.0x 1074 1.9x 1074 63
Hj + CO;-rich idealized reformate 1 CO, 1 COy, 98 H; (dry); +2 H,O 90.8+0 23 %107 13x 1073 56
1/4 realistic reformate 1CO,4.2C0O;, 752 N3, 19.6 Hp (dry); + SH,O  90.7+0 1.9%x 1073 8.8 x 1070 46
1/2 realistic reformate 2 CO, 8.4 CO,, 50.5 N», 39.1 Hy (dry); + 10 H,O 91940 59x%x 1072 23%x107° 38
H,-free realistic reformate 4CO, 16.8 CO», 79.2 N (dry); +20 H,O 84240 3.5%x 1074 13x 1074 36
Realistic reformate 4 CO, 16.8 COy, 1 Np, 78.2 Hj (dry); +20 H,O 99.340 9.4 %1073 2.8 x 1073 30

fixed CO:CO,:H,:H>O ratio (see Table 1 for reaction gas mix-
tures), were included to stepwise proceed to the rather high
CO, CO,, and H,O concentrations in realistic reformate. This
work is part of a comprehensive study of the WGS reaction
on these Au/CeQO, catalysts. Recently reported results on the
kinetics, the mechanism of the reaction, and the effects of cat-
alyst loading for the reaction in idealized gas mixtures show
that the reaction proceeds via formation and decomposition of
surface formates, with decomposition of these formates being
the rate-limiting step, and that it includes a dynamic equilib-
rium between formates adsorbed on the ceria support and for-
mate species located on active sites for formate formation and
decomposition [5]. The nature of these centers is not clear; pos-
sible candidates are sites at the perimeters of Au nanoparticles
(“adlineation sites”), small Au clusters, or ionic Au®T sites. The
pronounced decay of the Au-mass normalized activity with in-
creasing Au loading for practically constant Au particle size
(mean diameter ca. 2 nm) and ionic Au®t content (10%) was
explained by contributions of CO adsorption on the ceria sub-
strate within a given radius (“capture zone”), with subsequent
reverse spillover to the Au nanoparticles and active sites.

Previous studies on the origin and mechanism of the deacti-
vation of metal/ceria catalysts reached widely differing conclu-
sions. On the one hand, several groups reported a more or less
substantial deactivation of supported noble metal/ceria catalysts
during the WGS reaction [6,7,9—12], which was attributed to
overreduction of the support by Hy [9], sintering of the noble
metal particles [10,11], or partial blocking of the ceria support
surface by surface carbonates and/or formates [6,12]. These re-
ports are contrasted by a recent study of Andreeva et al. [13],
who found no deactivation of Au/CeO; catalysts during the
WGS reaction in idealized reformate at 140-350 °C over three
weeks. But the widely differing results and reaction conditions
in these studies do not provide a comprehensive understanding
of the reaction process, particularly the roles of the individual
components in realistic gas mixtures. The same is true for the
deactivation behavior of these catalysts. These aspects are the
topic of the present study.

In what follows, we will, after a brief account of the experi-
mental setup and procedures, focus on the activity and deactiva-
tion of the WGS reaction in the different reaction atmospheres
described below (Section 3.1). In the second part, we present in

situ IR (diffuse reflectance FTIR spectroscopy—DRIFTS) data
measured under the same conditions and in the same reaction
atmospheres, providing insight into the build-up of adsorbed re-
action intermediates and side products (Section 3.2). The effect
of CO, and H>O on the stability and decomposition behav-
ior of the adsorbate layer present under steady-state conditions
was further evaluated in transient DRIFTS experiments, fol-
lowing the variation in the adsorbate layer on sudden changes
in the reaction atmosphere (Section 3.3). In the next two sec-
tions, we evaluate the influence of Hy, and CO; on the WGS
reaction characteristics in more detail, first by determining the
reaction order for these components (and also for CO and H;O)
in realistic reformate (Section 3.4) and then by characterizing
the change in the adlayer during CO adsorption from a CO/N»
mixture and during the WGS reaction in idealized reformate
with stepwise increased H, content (Section 3.5). Finally, for
characterizing the results of direct interaction of Hp and CO»
with the catalyst, we followed the build-up of the adlayer dur-
ing the reverse water—gas shift (RWGS) reaction by DRIFTS
(Section 3.6). The results are summarized in a comprehensive
picture of the role of the different components on the deactiva-
tion process (Section 4).

2. Experimental
2.1. Catalyst preparation

The catalyst was prepared by deposition—precipitation as de-
scribed previously [14,15]. In brief, the CeO, powder (HSA 15
from Rhodia, annealed in air at 400 °C for 2 h) was suspended
in water at 60 °C at a pH of 6.5-7. To this suspension, tetra-
chloro auric acid (HAuCls-4H;0) was added under vigorous
stirring while keeping the pH constant by adding Na;CO3 so-
Iution. After an additional 30 min of stirring, the precipitate
was cooled to room temperature and filtered. The filtrate was
suspended twice in warm water to reduce sodium and chloride
contamination. After that, the precipitate was dried overnight
at room temperature under vacuum. The Au metal loading
(2.7 and 4.5 wt% Au) was determined by inductively coupled
plasma atom emission spectroscopy (ICP-AES). The BET sur-
face area of the catalysts was 188 m? g~!. Before the experi-
ments, the samples were conditioned in situ by first heating the
raw catalyst to 230 °C (200 °C for the 2.7 wt% Au/CeO3) in a
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N, stream and keeping it there for 30 min, followed by a re-
duction in 10% H;/N, at the same temperature for 45 min and
a final N; treatment under similar conditions. Afterward, the
sample was cooled down in N to the reaction temperature.

2.2. Activity measurements

Activity measurements were carried out at atmospheric pres-
sure in a quartz tube microreactor under differential reaction
conditions, with typically 75-100 mg dilute catalyst powder.
To limit the conversion to values typically between 5 and 20%,
the catalyst was diluted with «-Al,O3, which is not active for
the WGS reaction under the present conditions (for dilutions,
see Table 1). The experiments were carried out with a gas flow
of 80 Nmlmin~! at 180°C in the different gas mixtures spec-
ified above (for compositions, see Table 1). The gas mixtures
were prepared by mass flow controllers (Hastings HFC-202).
Defined amounts of water were added to the gas stream by pass-
ing it through a thermostatted water bath. Incoming and effluent
gases were analyzed by on-line gas chromatography (Dani GC
86.10HT), using Hj as carrier gas. High-purity reaction gases
(CO 4.7, O2 5.0, Hy 5.0, N3 6.0, and CO, 5.0; Westphalen)
were used. The reaction rates were determined from the CO
partial pressure; for further information on the measurements
see Ref. [16]. Evaluation of the Weisz criterion showed the ab-
sence of mass transport-related problems [17].

2.3. Infrared measurements

In situ IR measurements were performed by DRIFTS using a
commercial in situ reaction cell unit (Harricks, HV-DR2) [18].
The spectra were recorded in a Magna 560 spectrometer (Nico-
let) equipped with a MCT narrow-band detector. Gas mixtures
were prepared as described above, and similar gas flows were
used (80 Nml min~1!). Between 40 and 50 mg of undiluted cata-
lyst was used as a catalyst bed. Typically, 600 scans (acquisition
time, 4.5 min; 400 scans for the 2.7 wt% Au/CeO; catalyst)
were co-added for one spectrum. The intensities were evalu-
ated in Kubelka—Munk units, which are linearly related to the
adsorbate concentration [19]. Background subtraction and nor-
malization of the spectra was performed by subtracting spectra
recorded in a flow of N at the reaction temperature directly
after catalyst conditioning. To remove changes in the reflec-
tivity (Figs. 2b and 7, and Supplementary material, Fig. S1b),
the spectra were scaled to similar intensities aside the respec-
tive peaks. For evaluation of formate and CO, intensities, the
spectra were adjusted to similar intensities at 2000 cm™!; for
evaluation of the carbonate region, the intensity at 950 cm™!
was used for calibration.

3. Results
3.1. Activity and deactivation measurements
3.1.1. Idealized reformates

In the first step, we investigated the influence of H, and CO»
on the long-term stability of a 4.5 wt% Au/CeO; catalyst at
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Fig. 1. Normalized reaction rate (r/rg), where rg denotes the initial reaction
rate, over a 4.5 wt% Au/CeO; catalyst at 180°C as a function of reaction
time, up to 1000 min in different reaction gas atmospheres (gas composi-
tions see Table 1). Idealized reformate ((J), Hp-rich idealized reformate (V),
CO;-containing idealized reformate (A), Hy 4+ CO;-rich idealized reformate
(), 1/4 realistic reformate (M), 1/2 realistic reformate (), Hp-free realistic
reformate (A), realistic reformate (@) (gas flow: 80 Nml sfl).

180 °C, comparing the decay in activity over 1000 min in the
different gas mixtures, from dilute water—gas to Hy + CO»-rich
idealized reformate (see Table 1). The resulting reaction rate—
time relations are plotted in Fig. 1 as empty symbols. For better
comparison, all curves were normalized to the respective initial
activities (rg); the absolute activities are listed in Table 1. In the
idealized reaction mixtures, the activity drops nearly exponen-
tially, whereas in the realistic reformate mixtures (1/4 realistic,
1/2 realistic, Hp-free realistic, and realistic reformate), the loss
of activity is more pronounced in the later stages, after about
100 min (see below). The degree of deactivation differs signif-
icantly for the different gas mixtures. For reaction in idealized
reformate, in dilute water—gas (1 kPa CO and 99 kPa N; (dry)
+ 2 kPa H,O; Fig. 1, curve 0J), the catalyst exhibits a high
initial activity for the WGS reaction (4.5 x 10~* mol g;; s~
Table 1) and deactivates to about 79% of its initial activity over
1000 min. The deactivation behavior is strictly exponential. For
reaction in Hj-rich idealized reformate (1 kPa CO and 99 kPa
H> (dry) + 2 kPa H,O; Fig. 1, curve V), we found a sig-
nificantly lower initial reaction rate (2.2 x 10~ mol g;; s7h;
Table 1), whereas the deactivation behavior did not change sig-
nificantly (exponential decay, 77% activity after 1000 min). In
contrast to Hp, adding 1 kPa CO; has a much more pronounced
effect on the deactivation, resulting in a loss of activity to about
63% of the initial rate (exponential decay; Fig. 1, curve A and
Table 1). On the other hand, the effect on the absolute initial ac-
tivity is much weaker (3.0 x 10~% mol gXL]l s~!: Table 1).If CO,
and H, are added simultaneously to the idealized reformate,
then deactivation is even more pronounced, and the activity de-
creases, in an exponential decay, to 56% of the initial activity
(see Fig. 1, curve <> and Table 1). Hence, in the presence of
1 kPa CO; in the reaction gas, H, has a marked effect on the
deactivation behavior, whereas in the absence of CO», in di-
lute water—gas, the addition of Hj has little effect. The absolute
initial activity in CO + Hp-rich idealized reformate is signif-
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Table 2
Reaction conditions and reaction atmosphere from previous studies on the deactivation of supported metal/CeO; catalysts during the WGS reaction
Catalyst Reaction gas, partial pressures in kPa ~ Tempe- Time Deacti- Remarks Reference
rature (h) vation
(°0) (%)
Au/CeO;  CO: 2, H,0: 20, rest He 360 48 83 Catalyst pretreatment: calcination in air at 500 °C for 5 h [11]
Au/CeO,  CO: 10, H>O: 22, Hy: 43, CO»: 6, 240 12 65 Catalyst pretreatment: reduction in 4 kPa H, for 4 h [6]
rest Np
Au/CeO, CO:7,CO,: 11, Hy0: 38, Hy: 40, 300 120 None [21]
rest He
Au/CeO, CO:5,H0: 15, Hj: 35, rest He 250 100 20 [7]
Au/CeO; CO:5,H,0: 31.1, rest Ar 140-350 504 None Catalyst pretreatment in 1 kPa Hp in Ar at 100°C, 1 h [13]
Pt/CeO, CO: 40, CO;y: 12, Hp: 60, HyO: 250 70 35 Deactivation rates independent of temperature, catalyst [9]
120, Nj: 60 pretreatment: calcinations at 500 °C for 4 h
Pt/CeO, CO: 3,COy: 15, Hp: 48, Ny: 34 150-350 70 Little Decrease of CO conversion under shutdown/startup [12]
(dry); + HyO: 26 cyclical condition
Pd/CeOy CO: 3.3, HO: 3.3, rest He 250 12 Slow Aging test, loss of the metal surface area, catalyst [10]

pretreatment: calcination in air at 650 °C

icantly lower than in CO;-containing idealized reformate and
comparable to that in Hj-rich idealized reformate; that is, the
addition of 1 kPa CO; has little effect on the absolute initial
activity. The negative effect of adding H, to the reaction at-
mosphere on the activity agrees well with the negative reaction
order of Hy (reaction order —0.5) in an idealized reaction at-
mosphere under similar conditions as reported by Leppelt et
al. [5]. In contrast, the negligible effect of CO; on the initial
activity does not correlate with the reaction order of —0.5 [5].
Here it should be kept in mind, however, that the reaction orders
were measured under steady-state conditions, and thus the sig-
nificant deactivation in the presence of CO, must be included.
Comparing the activities after 1000 min shows that the presence
of CO; also has a negative effect on WGS activity.

3.1.2. Realistic reformates

We investigated the activity and long-term stability of 4.5
wt% Au/CeO, at 180 °C in different realistic gas mixtures from
1/4 realistic to realistic reformate (see Table 1). The result-
ing reaction rate—time relations are plotted in Fig. 1 as filled
symbols. The initial activities in realistic reformates follow
the trends in idealized reformates, with a significant decay of
the initial rate in the presence of Hj. Apparently, the much
higher concentrations of CO and H,O compared with those
of the idealized reformates cannot suppress this effect, despite
the positive reaction orders reported for these components [5].
Deactivation in the different realistic reformates is generally
more pronounced and deviates from an exponential decay, with
a stronger loss of activity after the initial phase (after about
100 min). The extent of deactivation increases with higher CO,
concentration; 1/4, 1/2, and fully realistic reformate reduce
the rate after 1000 min to about 46%, 38%, and 30% of the
initial rate, respectively (Table 1). In Hp-free realistic refor-
mate (Fig. 1, curve A), the deactivation is comparable to that
in 1/2 realistic reformate (36% of the initial activity after 1000
min). Comparing the realistic reformate with and without H»
shows an additional H»-induced activity loss of 6%, which is
of similar magnitude as the additional, H»-induced activity loss
in CO;-containing idealized reformate (7% additional deactiva-
tion). The general observation that the presence of H; has little

effect on deactivation seems to contradict the proposed overre-
duced ceria support as origin for the deactivation [9]. But it does
not rule out a significant effect of support reduction on the WGS
activity; in the present measurements, support reduction already
occurs during the reductive conditioning procedure [5].

The deactivation behavior observed in the present exper-
iments can be compared with that reported by Andreeva et
al. [13], who found no deactivation of the Au/CeQO, cata-
lyst during the WGS reaction in idealized reformate (Table 2)
over a wide temperature range (140-350°C), and by Lueng-
naruemitchai et al. [11], who determined a pronounced deacti-
vation by about 83% of the initial rate for a Au/CeO; catalyst
for reaction at 360 °C in pure water—gas over a reaction time of
48 h. (After 1000 min of reaction, the deactivation was about
60%.) The apparent discrepancy between these results can be
resolved when considering that in [13], the catalyst was pre-
treated at rather low temperatures (pretreatment in 1 kPa Hj in
Arat 100 °C, 1 h), which likely cannot fully reduce the catalyst.
In that case, continuing reduction of the catalyst during the re-
action will counteract, and at least partly compensate for, deac-
tivation of the catalyst. Furthermore, the high reaction temper-
ature in [11] results in measurable growth of the Au particles,
from 4 to 5.5 nm, which is responsible for at least part of the de-
activation. (The still rather slow Au particle growth despite the
high reaction temperature can be understood based on the pre-
treatment procedure, which involved calcination in air at 500 °C
for 5 h.) Based on XPS and in situ DRIFTS measurements, Kim
and Thompson reported the formation of carbonates and/or for-
mates during the reaction (XPS) or during exposure of a H,/CO
mixture (DRIFTS) and proposed this as the source of the cata-
lyst deactivation seen during reaction on Au/CeO; at 240°C
in realistic reformate (catalyst deactivation by ca. 65% over
12 h) [6]. Fu et al. reported a slight deactivation during 120 h
of reaction at 300 °C on Au/CeO; catalysts with rather large Au
particles (initial diameter, 4.8 nm) in realistic reformate [20,21].
They also observed growth of the Au particles from 5 nm to
about 7 nm. However, according to the mechanistic model put
forward by these authors, in which Au® acts only as a specta-
tor [7,22], Au particle growth should not be responsible for the
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Fig. 2. Selected spectra from a series of DRIFT spectra recorded during the WGS reaction on an Au/CeO, catalyst at 180 °C in (a) idealized reformate and (b)
Hj-rich idealized reformate (gas flow 80 Nml min~! ,40-50 mg 4.5 wt% Au/CeO, catalyst, reaction times: 15, 30, 60, 120, 240, 360, 480, 600, 780, and 1020 min).
Each panel shows the complete spectrum (bottom panel) as well as details of the O—H (top left panel; background: dotted curve) and C—H region (top right panel).

rather low catalyst deactivation (10-20% deactivation during
the first 1000 min of reaction in CO,-free reformate) [7]. Their
results more closely agree with a carbonate/formate-based de-
activation mechanism: due to the increased decomposition of
these species at higher reaction temperatures, the deactivation
should be less pronounced under these conditions than at lower
reaction temperatures (see below). In total, the differences be-
tween our data and previous results can be readily explained by
the different reaction conditions.

3.2. Deactivation—DRIFTS measurements

To characterize the build-up of the adsorbate layer under
different reaction conditions, we performed in situ DRIFTS
measurements under the same conditions as in the activity ex-
periments, following the reaction until steady state was reached.
The amount of catalyst used for the IR experiments is of the
same order of magnitude as that used for the activity mea-
surements, expect for those in idealized reformate and in CO;-
containing idealized reformate. For these conditions, a previous
study found similar deactivation and activity behavior in the IR
cell and in the microreactor [5]. Therefore, we can assume the
same for the present study as well, allowing us to directly com-
pare the IR measurements and the activity measurements in the
microreactor. Sequences of representative IR spectra are dis-
played in Figs. 2a and 2b (idealized reformates) and Figs. 3a
and 3b (realistic reformates). Both figures show the full spectra
in the bottom panel and details of the spectral regions charac-
teristic for O—H and C-H vibrations in the upper left and right
panels, respectively. (Note that the figures show raw data for
the O-H region to avoid artifacts caused by the pronounced
changes in the background in this region.) The assignment of

the different vibrational features follows those in previous stud-
ies, which are summarized in Table 3.

3.2.1. Idealized reformates

For reaction in idealized reformate (dilute water—gas), we
find a rapid build-up of vibrational features associated with
(gas phase) CO» (2363 and 2332 cm™ 1), formates adsorbed on
the ceria support with C—H vibrations at 2945 cm™! (bridged
formates) and 2833 cm~! (bidentate formates), both antisym-
metric and symmetric OCO bending vibrations, v,s(OCO)
and v,(0CO), at 1588 and 1374 cm~! (shoulder) [23-25].
Well-separated peaks at 1420 and at 1291 cm™! are related
to monodentate and bidentate carbonates adsorbed on the ce-
ria support, respectively [24,26], and peaks at 1291, 1051,
and 850 cm™! are attributed to the v,s(OCO), vs(OCO), and
vs (OCO) vibrations of bidentate carbonates [24,26-28]. The
v(C=0) vibration of these species are expected at 1562-
1610 cm™! [25,27]; however, it is covered by the dominant
formate peak at 1588 cm™!. The other bands at 1420, 1334
(shoulder), and 1089 cm~ L, along with the band at 850 cm~L,
are related to monodentate carbonate species adsorbed on ceria
or bulk carbonates [24,26,27,29]. Because we have no indica-
tion of a build-up of bulk carbonates, we have assigned these
peaks to monodentate carbonates. The formation of bridged
carbonates on the support, which should exhibit a characteris-
tic vibration in the 17001750 cm™! region [27], can be ruled
out. Absorption features at 3647 cm™! had been assigned to
bridged OH,qg groups [24,30]. Finally, we also observed a peak
at 3588 cm™!, both in idealized and in realistic reformates, in
agreement with observations reported by Leppelt at al. [5] for
the WGS reaction in idealized reformate on a 2.6 wt% Au/CeQO,
catalyst, the exact origin of which has not yet been clarified.
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Fig. 3. Selected spectra from a series of DRIFT spectra recorded during the WGS reaction on an Au/CeO; catalyst at 180 °C in (a) Hp-free realistic reformate and
(b) realistic reformate (gas flow 80 Nml min~! ,40-50 mg 4.5 wt% Au/CeO; catalyst, reaction times: 15, 30, 60, 120, 240, 360, 480, 600, 780, and 1020 min). Each
panel shows the complete spectrum (bottom panel) as well as details of the O—H (top left panel; background: dotted curve) and C—H region (top right panel).

Table 3
Peak positions reported of surface carbonate and formate species on CeO, and metal/CeO, catalysts
Species Catalyst Wave numbers (cm 1) Reference
Monodentate carbonate CeO» 1454, 1348, 1062, 854 [26]
CeO» 1460, 1370, 1044 [24]
CeO, 1504, 1351 [28]
CeO» 1480-1460, 1380-1360, 1070, 850 [27]
Rh/CeO; 1460, 1390, 1060 [25]
Bidentate carbonate CeO» 1562, 1286, 1028, 854 [26]
CeOy 1570, 1286, 1028 [24]
CeO» 1567, 1289, 1014 [28]
CeO, 1610-1580, 1310-1250, 1030, 860-830 [27]
Rh/CeO, 1575, 1290, 1032 [25]
Bridged carbonate CeO» 1728, 1396, 1219, 1132 [26]
CeO» 1736, 1135 [28]
CeOy 1750-1700, 1180 [27]
Bulk carbonate CeO» 1462, 1353, 1066 [28]
CeO» 1480-1420, 1400-1350, 1060, 880 [27]
Formate species CeO» 2945, 2852, 1558, 1587, 1369, 1329 (two kinds of species) [26]
CeO» 2840, 1585, 1563, 1358 (two kinds of species adsorbed on Ce3+) [44]
CeO» 2840, 1550, 1358 (adsorbed on Ce4+) [44]
Bidentate formate CeO» 2845, 1547, 1358 [24]
Rh/CeO, 2861, 1555, 1358 [25]
Pt/CeO, 2845, 1585, 1375 [30]
Bridged formate CeO» 2933, 1569, 1358 [24]
Pt/CeO, 2950, 1585, 1375 [30]

The formation and decomposition of the different adsorbate (1420 cm™', A) and bidentate carbonates (1291 cm™!, A), the
species during exposure to the reaction gas atmosphere can be  bidentate formate related C—H signal at 2833 cm~! (0), and
illustrated by plotting the temporal evolution of the peak inten- the CO; related signal at 2363 cm™! (O). We also included
sities together with the normalized reaction rate (r/rg) (Fig. 4a). the reaction rate (@) normalized to an initial value of 1. At the
For these plots, we evaluated the intensities of the most sig- beginning of the reaction (after 15 min), the intensities of ad-
nificant peaks in the OCO region for monodentate carbonates sorbed bidentate formats and bidentate carbonates, as well as
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Fig. 4. Time development of the intensities of the characteristic peaks at 2833-2846 cm™! (bidentate formate, (1), 2363 em™! (CO,, O), 1420 em™! (monodentate
carbonates, A), and 1287-1291 cem™! (bidentate carbonates, A) as well as the normalized reaction rate (r/rqy) (@) during the WGS reaction on Au/CeO; over
1000 min in (a) idealized reformate, (b) Hp-rich idealized reformate, (c) Hp-free realistic reformate, and (d) realistic reformate (gas composition and spectra see

Table 1 and Figs. 2 and 3).

the CO;-related intensity, increase steeply, pass through a max-
imum, and then decrease slightly. The intensity of the CO; peak
decays to 71% of the initial intensity during 1000 min of reac-
tion time, closely fitting the deactivation observed in idealized
reformate (decay to 79% of the initial rate; see Fig. 1 and Ta-
ble 1). The intensities of the bidentate formate- and bidentate
carbonate-related signals were reduced to about 86% and 89%
of the initial value, respectively, after 1000 min of reaction. It
should be noted that the steady-state coverage of adsorbed for-
mates in idealized reformate (under similar reaction conditions)
was found to be around 0.3 mL (relative to the total oxide sur-
face area) [5]. Moreover, the decay of the bidentate formate, the
CO; intensity, and the reaction rate show similar characteristics,
in agreement with findings by Leppelt et al. [S5]. Monodentate
carbonates are formed during the reaction and steadily increase
in intensity (Fig. 4a, peak increase by 32% during 1000 min
of reaction). We later (Section 3.3) show that these surface car-
bonates are rather stable and that deactivation of the catalyst is
correlated with the build-up of monodentate carbonates, which
apparently can block active sites and thus inhibit the reaction of
COyq with OH groups to formate.

In Hp-rich idealized reformate (Fig. 2b), the general appear-
ance of the spectra is quite similar to that in (Hp-free) ideal-
ized reformate (Fig. 2a): at the beginning of the reaction (after
15 min) formate formation is indicated by peaks at 2944, 2835,
1588, and 1373 cm~! (weak), similar to the trend in idealized
reformate. After 60 min of reaction, these peaks decrease in in-
tensity, and new peaks at 2960, 2933, 2861, and 1558 cm™!

emerge. After 1000 min of reaction time, the latter features
dominate the spectrum. Following previous reports, we have as-
signed the peaks at 2861 and 1558 cm™! to bidentate formate
species [24,25,30]. The shift in wavenumber is attributed to the
change in surface oxidation state, providing different surface
species (e.g., Ce3* instead of Ce*t). The signals at 2960 and
2933 cm™!, which appear only in Hy-rich atmosphere, where
Ce** can be reduced to Ce3*, are attributed to bridged formate
species, possibly on Ce3t and Ce3*/Ce** sites. The formation
of monodentate formates can be excluded from the absence of
the characteristic peak at 1620 cm™! for the v(C=0) vibra-
tion [28]. Furthermore, we also observed bidentate (1291 cm™!)
and monodentate (1420 cm™~!) carbonates. Interestingly, the in-
tensity of the bidentate carbonates decreases to 66% during
1000 min of reaction, whereas that of the monodentate species
increases to 217% (see Section 3.3). The intensity of the CO»
peak decays to 73% of the initial value during 1000 min of
reaction, which is in the same range as expected from the ac-
tivation, is similar to that in idealized reformate (Fig. 1 and
Table 1), the decrease in CO; intensity should be, and is, in the
same range as that in idealized reformate. On the other hand,
the intensity loss of the bidentate formate-related signal, which
decreases to about 50% of the initial value after 1000 min of re-
action, is much stronger than in idealized reformate. We assume
that this discrepancy originates from a modification of the ceria
substrate surface, which affects the relation between bidentate
formate coverage and CO, formation rate. Finally, catalyst de-
activation is accompanied by an increase in the monodentate
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carbonate species, again pointing to a reaction-inhibiting role
of this species (see above).

The spectra and their characteristic features of CO»-con-
taining idealized reformate (see Supplementary material, Figs.
Sla and S3a) generally resemble those in idealized reformate,
with a small shift in the bidentate formate-related peak in the
C-H region, which now appears at 2838 cm™'. The changes in
the peak intensities during the reaction are more pronounced
(Table 4) than in idealized reformate, with the formate- and
bidentate carbonate-related signals decreasing to about 80%
and 87% of their initial value, respectively, during 1000 min
of reaction. Due to the high gas-phase CO, concentration, we
could not plot the CO; intensity. The monodentate carbonate
increases by 51% during 1000 min of reaction. These carbon-
ates are a suggested origin for catalyst deactivation, which we
discuss in more detail in Section 3.3

In an Hy 4 CO;-rich atmosphere (see Supplementary mater-
ial, Figs. S1b and S3b), the spectra seem to be dominated by the
presence of Hy and are largely similar to those in Hj-rich ide-
alized reformate (Fig. 2b), with formate peaks at 2946, 2841,
1590, and 1374 cm~! (weak) at the beginning of the reaction.
After 60 min of reaction time, additional formate species build
up, with peaks at 2961 (shoulder), 2933, 2855, and 1559 cm™!
(shoulder). The latter features increase and dominate the spec-
trum after 1000 min of reaction. The intensities of the bidentate
formate-related signals were reduced to about 34% of the ini-
tial value after 1000 min of reaction. The intensity of bidentate
carbonates decreased to about 43% and that of monodentate
species increased by about 117% during the reaction (Table 4).
Thus, the increase of monodentate carbonate-related intensity
is significantly higher (about twice as high) than in the absence
of Hy in CO;-rich idealized reformate.

Comparison of the activity measurements with the DRIFTS
data leads to the following conclusions:

1. In H,-free atmosphere, the deactivation correlates with an
increasing build-up of the monodentate carbonate.

2. In CO;-containing atmosphere, the increase in monoden-
tate carbonate and decrease in bidentate formate are more
pronounced than that in dilute water—gas. More monoden-
tate carbonates are built up when CO» is present, which
also occurs in realistic reformates (see below). It seems
that part of the monodentate carbonates adsorbs on active
sites, which can inhibit the reaction of CO,4 and OH groups
to formate or block adsorption sites for CO adsorption on
the support (decrease in the capture zone for CO adsorp-
tion [5]). This results in a stronger decrease of the formate
species on the catalyst, as well as in stronger deactivation.

3. In an Hj-rich atmosphere, the amount of deactivation is
the same as in idealized water—gas, although the cover-
age decrease of the bidentate formate species is much more
pronounced. In addition, the formate peak shifts to higher
wavenumbers during the reaction, reflecting a stronger
C-H bond. On the other hand, there is also a pronounced
increase in the bridged formate intensity, contrasting the
behavior in an idealized reformate in which the coverage
of this species remains virtually constant. A possible rea-

son for the partial conversion of the formate species on
Au/CeO; during the water—gas shift reaction in Hp-rich
idealized atmosphere could be an increasing reduction of
the support from Ce** to Ce?*. Together with a lower for-
mation of coadsorbed OH,gq, this leads to changes in the
chemical properties and hence the adsorption behavior of
the ceria surface. If formate decomposition is rate-limiting,
than the bridged formates must be less active or more sta-
ble for CO; formation than the bidentate formates, but still
reasonably active to explain the present results.

4. In COy + Hj-rich reformate, we observed a similar con-
version from bidentate to bridged formates as in Hy-rich
atmosphere, but a much more pronounced deactivation.
This trend supports a mechanistic interpretation in which
the monodentate carbonate species, which are formed in
both CO;-containing and Hy 4+ CO»-rich atmospheres, are
mainly responsible for the deactivation, rather than the for-
mate species. This is the topic of Section 3.3.

3.2.2. Realistic reformates

Similar in situ DRIFTS experiments as described above were
performed in the realistic reformate mixtures (Figs. 3a and 3b)
and presented in the same way (full spectra in the bottom panel;
details of the O—H and of the C—H region in the top left and top
right panels, respectively). The related integrated intensities are
plotted in Figs. 4c and 4d. Because of the high CO; contents
in the reaction gas, variations in CO» intensity could not be
evaluated and were not plotted.

In realistic reformate (Figs. 3b and 4d), the general charac-
teristics of the spectra are similar to those in idealized reformate
(Fig. 2a), with the following changes:

(i) The bidentate formate peak is shifted to 2850 cm™! (ide-
alized reformate at 2833 cm_l), but, in contrast to the
reaction in Hy-rich idealized reformate, a peak shift did
not occur during the reaction. Apparently, the reduction of
the support is partly compensated by water.

(i) The build-up of bridged formates during the reaction,
which we also found in Hj-rich idealized reformate, is
found in all reaction atmospheres.

(iii) OH intensities are generally higher in the realistic ref-
ormates than in the idealized reformate (Fig. 2a), due
to the higher water concentration. As expected from the
tendencies in Hp-rich and CO;-rich gases, the changes
in peak intensities during deactivation increase further
(Fig. 4d and Table 4) compared with those in idealized and
CO;-containing idealized reformate. The intensities of the
bidentate formate- and bidentate carbonate-related signals
decrease to about 60% and 67% of the initial value, respec-
tively, after 1000 min of reaction. Finally, based on the
IR intensities, the total amount of the reactive bidentate
formates is of similar order of magnitude as in idealized
reformate (0.3 mL; see Section 3.2.1 and [5]). The inten-
sity of the bridged formate is lower than in Hj-rich or
Hj + CO»-rich idealized reformate. Most importantly, the
increase in monodentate carbonate peak intensity is much
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Change of the peak intensities/integrated intensities/integrated intensities (peak fit) over 1000 min WGS reaction in various idealized and realistic reformates

Reaction gas mixture CO; con- Bidentate Monodentate Bidentate COy Activity (GC)
centration formate carbonate carbonate (2363 cm™ 1) after 1000 min
(kPa) (2833-2846 cm™ 1) (1419-1421 cm™1) (1287-1291 cm™ 1) (%) (%)

(%) (%) (%)

Idealized reformate 0 86 134 89 71 79

Hj-rich ideal. reformate 0 50 217 66 73 77

CO»-cont. ideal. reformate 1 80 151 87 - 63

Hj + CO;-rich ideal. reformate 1 34 217 43 - 56

1/4 realistic reformate 42 77 199 74 - 46

1/2 realistic reformate 8.4 74 239 71 - 38

Hj-free realistic reformate 16.8 42 235 67 - 36

Realistic reformate 16.8 60 268 67 - 30

Note. The activity/intensity after 15 min reaction is set to 100%. The values given describe the remaining intensity after 1000 min on stream.

stronger than in idealized reformates, by about twofold
during 1000 min of reaction.

In the 1/4 realistic and 1/2 realistic reformate (see Supple-
mentary material, Fig. S2 (a and b) and Fig. S3 (c and d)), the
trends are similar, but the changes are less pronounced due to
the lower partial pressure of CO, CO3, Hj, and H,O. The biden-
tate formate peaks appear at slightly lower frequencies (2842
and 2846 cm™!, respectively), instead of 2850 cm~! in realis-
tic reformate. In addition, fewer bridged formates are built up
at the lower partial pressures. The decrease in bidentate for-
mate and increase in monodentate carbonate coverage are less
pronounced than in realistic reformate, but stronger than in ide-
alized reformates. This agrees well with the increasing catalyst
deactivation compared with that in idealized reformate (Fig. 1),
and supports our proposal that the catalyst deactivation is due
mainly to the presence of monodentate carbonates. In contrast
to the Hy-free gas mixtures, the amount of bidentate carbonates
is much lower in realistic reformates, and monodentate carbon-
ates are the main carbonate species on the support.

The general characteristics of the spectra in Hy-free realis-
tic reformate (Figs. 3a and 4c) are similar to those in idealized
and CO»-containing idealized reformate. Only the bidentate
formate is shifted to 2845 cm~!. The intensities of bidentate
formate and bidentate carbonate decrease to 42% and 67%, re-
spectively, whereas that of monodentate carbonate increases
to 235%. This increase is much more pronounced than that
in COz-containing idealized reformate. The greater increase
in monodentate carbonates, which results in a correspondingly
increased site blocking on the support, agrees well with the ob-
served stronger deactivation.

To better illustrate the correlation between formate/car-
bonate deposits and deactivation, we have summarized the
change in the relative intensities of monodentate and bidentate
carbonates, bidentate formats, and kinetic deactivation (GC)
after 1000 min of reaction, as well as the CO, concentra-
tion in the respective gas mixtures in Table 4. The data show
a clear correlation between increasing deactivation and in-
creasing monodentate carbonate formation and decreasing CO»
concentration in the reaction gas. Furthermore, the adsorbed
carbonates seem to reduce the amount of bidentate formates.
On the other hand, bridged formates are built up in reaction gas

mixtures with high H; partial pressure (pn, > 78 kPa), most
likely related to an increasing reduction of the support due to
the higher Hj partial pressure compared with the reductive pre-
treatment [5]. Similar to the behavior in idealized reformates,
we tentatively conclude that the bridged formats (the cover-
age of which increases significantly during the reaction) do
not influence the deactivation behavior (see Section 3.3). As
mentioned earlier, the bridged formates must be active for CO»
formation as well, but less active than the 2833 cm™! bidentate
formates.

3.3. Transient DRIFTS measurements

The stability of the steady-state adlayer on changes in the re-
action atmosphere and the resulting modification of the adlayer
were investigated in transient experiments after the changes
in the adlayer by continuous DRIFTS measurements. In the
first experiment, we investigated the effect of CO; on the ad-
layer and on the reaction characteristics, in particular of the
formate species formed in idealized reformate when changing
from (CO,-free) idealized reformate to CO,-containing ideal-
ized reformate (Fig. 5). To achieve steady-state conditions, the
catalyst was first exposed to idealized reformate at 180 °C for
1225 min. This first part of the experiment is identical to the
sequence shown in Fig. 2a. Subsequently, 1 kPa of CO; was
added to the reaction gas. The first spectrum was recorded dur-
ing the first 5 min after adding CO,. Representative spectra and
details recorded during this experiment are collected in Fig. Sa.
Intensity—time profiles of the characteristic vibrational peaks at
2363 and 2332 cm™~! (CO»), 2833 cm™~! (bidentate formate),
1420 cm~! (monodentate carbonate), and 1291 cm™! (biden-
tate carbonate) are plotted together with the normalized CO,
formation rate in Fig. 5b.

Adding CO, to the gas mixture does not produce any sig-
nificant changes in the peak positions, but does do so in the
peak intensities (see Fig. 5b). The amount of surface formates
(2833 cm™!) decreases, and the peaks related to surface car-
bonates (1291 and 1420 cm™!) grow in intensity. The increase
in bidentate carbonate is attributed to a higher formation rate
of these species, caused by the higher partial pressure of CO,.
With addition of CO», the intensities of formate (Fig. 5b, [J)
and bidentate carbonate (Fig. 5b, A) decreased by about 8%
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Fig. 5. (a) Selected spectra from a series of DRIFT spectra recorded during WGS reaction on a 4.5 wt% Au/CeO; catalyst at 180 °C upon changing from idealized
reformate to a 1 kPa CO, containing gas mixture (CO,-containing idealized reformate) over 600 min reaction (1230-1830 min; fine lines: 1230, 1260, 1290,
1350, 1470, 1590, 1710, and 1830 min). Prior to this reaction steady state in idealized reformate was obtained by reaction over 1225 min (0-1225 min; bold curve:
1200 min) under similar conditions. Bottom panel: complete spectra; top left panel: detail spectra of the O—H region (dotted line: background); top right panel: detail
spectra of the C—H stretch region. (b) Temporal evolution of the integrated peak intensities at 2833 cm™! (bidentate formate, (), 2363 cm™! (CO,, O), 1420 em™!
(monodentate carbonate, A), 1291 em™! (bidentate carbonate, A), and normalized reaction rate (r/r() (@) during the reaction.

and 4% of the initial values, respectively, after 510 min. Here
the first spectrum after CO; addition (at 1230 min in Fig. 5b)
was taken as the initial value. This intensity increase contrasts
with the trend seen during deactivation in idealized reformate,
with formate and bidentate carbonate intensity decreases of
about 4% and 2%, respectively, of the intensity after 690 min
(510 min before the change in reaction gas). (Here we com-
pare the deactivation behavior during 510 min before and after
the change from idealized reformate to CO;-containing ideal-
ized reformate, because for a similar deactivation behavior in
both atmospheres, deactivation before the change would be ex-
pected to be greater than after that change.) On the one hand,
the deactivation behavior after change fits well with the en-
hanced deactivation caused by CO; in the reaction gas, where
the reaction rate decreases twice as much in CO;-containing
idealized reformate as in idealized reformate, by 12% of the
value at + = 1230 min over 510 min, compared with 4% dur-
ing the last 510 min in idealized reformate. On the other hand,
the carbonate intensity increases twice as fast in the presence of
1 kPa CO, (CO»-containing idealized reformate) as in the ab-
sence of CO; (idealized reformate), from a 6% increase in the
last 510 min before CO, addition to 12% over 510 min after
CO, addition. This observation of stronger carbonate accumu-
lation and decay in bidentate formate coverage in the presence
of CO» in combination with a more pronounced deactivation,
agrees well with our previous proposal that under present reac-
tion conditions, the formation of surface carbonates is responsi-
ble for catalyst deactivation due to site blocking on the support
surface. In this way, carbonate formation results in a simulta-
neous decay of the bidentate formate coverage. Overall, these
observations also agree with our previous proposal that biden-
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Fig. 6. Selected spectra from a sequence of DRIFTS spectra recorded during
reaction of a surface carbonate saturated 4.5 wt% Au/CeO, catalyst with Hy at
180 °C (fine lines: 0, 15, 30, 60, 120, 240, 360, 480, 600, 780, and 1020 min).
Bottom panel: complete spectrum, top left panel: detail spectra of the O—H re-
gion (dotted line: background), top right panel: detail spectra of the C—H region.
Carbonate saturation was obtained by preceding reaction in idealized reformate
(bold curve) and subsequent 60 min flushing with N, at 180 °C (dashed curve).

tate formate decomposition is the rate-limiting step of the WGS
reaction [5].

In a second transient experiment, we investigated the possi-
bility of a reaction between Hy and surface carbonates. This was
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Fig. 7. (a) Selected spectra from a sequence of DRIFT spectra recorded during WGS reaction on Au/CeO; at 180 °C in Hp-rich idealized reformate (0-1225 min,
bold curve: 1200 min) and subsequent change to 2 kPa H>O in Ny (1230-2250 min, fine curves: 1230, 1260, 1290, 1350, 1470, 1590, 1710, 1830, 2010, and
2250 min). Bottom panel: complete spectra; top left panel: detail spectra of the C—H stretch region; top right panel: detail spectra of the OCO bending region.
(b) Temporal evolution of the intensities of the characteristic peaks at 2833 cm™! (bidentate formate, [7), 2861 em™! (bidentate formate, H), 2363 em™! (CO,, O),
1420 cm™! (monodentate carbonate, A), 1291 cm™! (bidentate carbonate, A), and normalized reaction rate (r/rp) (@) during the reaction.

done by first preparing a carbonate-saturated catalyst surface
by reaction in idealized reformate (see Fig. 2a) and subsequent
flushing with N, (60 min, 180 °C) to remove the reaction gas
and to decompose the adsorbed formate species, followed by
exposure to a Hy stream (Fig. 6). After N flushing, the sur-
face contained only mono- and bidentate carbonates and OHyg
groups. On exposure to Hy, bidentate formate species reap-
peared, with a C—H frequency (2822 cm™") slightly lower than
that of similar species created during reaction in idealized ref-
ormate. On further H, exposure, bidentate formate species at
28642877 cm ™! and bridged formates at 2934 and 2961 cm™!
appear, and the initial formate species (2822 cm™') decays in
intensity. Because of the absence of CO and CO; in the gas
phase, these new formate species must result from reduction
of the bidentate carbonates, which decrease in intensity during
reaction with Hy. In contrast, the intensity of monodentate car-
bonates remains about constant. These results provide a simple
explanation of our earlier observation of low bidentate carbon-
ate coverage and a lower tendency for deactivation in Hj-rich
reaction gases (see Section 3.2).

In a third transient experiment, we investigated the stabil-
ity and reactivity of bridged formates. For this experiment, the
surface was first saturated with these species by reaction in
Hj-rich idealized reformate (formate build-up, 0-1200 min).
The adsorbates, including the bridged formates, were then
(partly) decomposed in a CO-free 2 kPa HyO/N, gas mix-
ture (formate decomposition, 1200-2200 min) (see Fig. 7). As
discussed in Section 3.2, the initially produced bidentate for-
mate (2833 and 1588 cm™ ) decayed after 60 min, and differ-
ent bidentate (2861 cm™!) and bridged formate species (2933
and 2960 cm™!) were built up. Changing to the CO-free at-

mosphere, the 2833 cm™! formate species indeed disappeared
quickly, completely vanishing after 30 min; in contrast, the de-
composition of the other formate species was much slower,
completed after 1200 min. A similar decay was observed for the
bidentate carbonates (1291 cm™). In contrast, the monodentate
carbonates (1420 cm_l) are more stable, with an intensity loss
of only about 50%. These results of different carbonate stabil-
ities agree closely with previous reports on the thermal stabil-
ity of carbonates on CeO; [26,28,31-34]. It should be noted
that the much faster decomposition of carbonates on a Pt/CeO»
catalyst in HyO-containing atmosphere reported by Hilaire et
al. [35] referred to measurements at 400 °C.

The latter experiment clearly demonstrates that the low-
frequency 2833 cm™! formate species are much less stable than
the other bidentate and bridged formate species, and that mon-
odentate carbonates are by far the most stable adsorbate on the
catalyst. The 2833 cm™! formate species is the same as that
observed during reaction in idealized reformate, the decompo-
sition of which had been identified as rate-limiting in the WGS
reaction under those conditions [5].

3.4. Reaction kinetics in realistic reformate

The influence of CO, and H, on the WGS reaction was fur-
ther investigated by determining the reaction orders for CO,
H,0, CO,, and H;. This was done by varying the partial pres-
sure of one component while keeping the other components
constant. The differences were compensated for with N;. The
measurements were performed on a 4.5 wt% Au/CeO; catalysts
(reductive conditioning; see Section 2.1), after running the re-
action over 1000 min in realistic reformate and waiting for at
least 60 min at each gas composition until quasi-steady-state
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Fig. 8. Determination of the reaction order of (a) CO (2-5 kPa CO) and CO; (5-20 kPa CO,); (b) HyO (5-20 kPa H,O) and H, (50-78 kPa Hj) on a 4.5 wt%
Au/CeO; catalyst at 180 °C in realistic reformate (4 kPa CO, 16.8 kPa CO,, 68.2 kPa H; (dry) + 20 kPa H,O, 80 Nml min~! ). Changes in the gas composition

were compensated by N».

conditions were reached. The results are presented in Fig. 8 and
Table 5. The reaction order for CO and H,O are both 1.0 £0.1
(Figs. 8a and 8b). For CO; and Hj, the reaction orders are
—0.5+0.1 and —0.7 £ 0.1 (see Figs. 8a and 8b), respectively
(for gas compositions, see Table 5).

To date, measurements of the WGS reaction orders on a
Au/CeO; catalyst in realistic reformate have not been reported.
Leppelt et al. [5] determined reaction orders of 0.5 for CO and
H>O in idealized reformate (only CO and H,O in N»j) over
Au/CeO; and found that the presence of the other components
in realistic reformate results in significantly enhanced effect of
CO and H,O partial pressures on the WGS reaction rates. From
measurements in CO;-containing and H»-rich idealized refor-
mate, these authors also determined reaction orders of —0.5 for
both CO; and Hy on Au/CeO, [5], identical to our present re-
sults. Apparently, the effect of these reactants on the reaction

rate is not modified by the varying composition of the reaction
gas mixtures in both experiments.

In comparisons with other ceria-supported noble metal cata-
lysts, Koryabkina et al. [36] reported reaction orders of 0.9 and
0.4 for CO and H,O in realistic reformate (for gas composition,
see Table 5) on an 8 wt% CuO/CeO; catalyst and of —0.6 for
CO, and Hj. Hilaire et al. [37] derived reaction orders of O for
CO, 0.5 for H,O, —0.5 for CO,, and —1 for H, in dilute water—
gas on Pd/CeO,. For reaction on ceria-supported Pd, Pt, and Rh
catalysts, Bunluesin et al. obtained reaction orders of 0 for CO
and 1 for H,O [38].

The high reaction order for CO on the Au catalysts, which
contrasts with the results on other supported noble metal cat-
alysts, can be explained by the weak interaction between CO
and Au. This leads to an increased steady-state CO,q cover-
age with increasing CO partial pressure on the Au catalysts.
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Table 5
Reaction orders for the WGS reaction on noble metal/CeO, catalysts and related reaction conditions
Catalyst Reaction gas (kPa) Temperature (°C) Reaction order Reference
Au/CeOy CO: 2-5, CO;y: 16.8, Hy: 68.2, rest Ny (dry); HyO: 20 180 1.0+0.1
CO: 4, CO,: 16.8, Hp: 68.2, rest Nj (dry); HyO: 5-20 1.0+0.1 This work
CO: 4, CO;y: 5-20, Hyp: 68.2, rest Ny (dry); HoO: 20 —-0.5+0.1 )
CO: 4, CO,: 16.8, Hy: 50-78, rest N; (dry); HpO: 20 —0.7+£0.1
Au/CeOy CO: 0.2-2, HyO: 2, rest Ny 180 0.5+0.1
CO: 1, Hy0: 0.7-10, rest Ny 0.5+0.1 (5]
CO: 1, Hy0: 2, COy: 1.2-3.4, rest Ny —-0.5+0.1
CO: 1, HyO: 2, Hy: 3.2-75, rest Np —0.5+£0.1
CuO/CeO, CO: 5-25, HyO: 22, Hy: 37; CO5: 8.5, rest Ar 240 0.9
CO: 7, HyO: 1046, Hy: 37; CO;y: 8.5, rest Ar 0.4 36]
CO: 7, H0: 22, Hy: 37; COy: 5-30, rest Ar —0.6
CO: 7, HyO: 22, Hy: 25-60; COy: 5-30, rest Ar —-0.6
Pd/Ce0O,, Pt/CeO,, Rh/CeO, CO: not mentioned, HyO: 2, rest Ny 300 0 (38]

CO: 2.7, HyO: not mentioned, rest Ny

1

For other noble metal catalysts, in contrast, the CO adlayer is
already close to saturation, so that a further increase in CO par-
tial pressure does not lead to an increase in reaction rate. The
higher CO reaction order in realistic reformate compared with
idealized reformate is tentatively attributed to co-adsorption of
hydrogen on Au [39]. Also, the high reaction order of H,O can
result from the competition between Hy and H,O for adsorption
sites (see Section 3.5).

The negative CO; reaction order can be explained by differ-
ent effects, most simply by the increasing reverse WGS reac-
tion, but also by an increasing blocking of ceria surface sites
and possibly also of active sites with surface carbonate. Within
the limits of these measurements, the Hy and CO, reaction or-
ders do not reveal significant differences between reaction in
realistic and idealized reformate [5]. Because in realistic ref-
ormate the reaction orders were determined in the presence of
the respective other component, whereas this was not the case
for the determination in idealized reformate (see Table 5), we
conclude that the reaction characteristics are not altered by the
presence of CO; and Hp, in contrast to their effect on the reac-
tion rate and deactivation behavior.

Overall, these measurements in realistic reformate show a
much more pronounced dependence of the activity on the re-
actant concentration than has been observed in idealized gas
mixtures, along with decreased activity for noble metal/ceria
systems if CO, and Hj are in the gas mixture.

3.5. Influence of Hy on CO adsorption and the WGS reaction

To further elucidate the influence of hydrogen on the adsorp-
tion and reaction behavior of CO on the Au/CeO; catalysts,
we investigated the CO adsorption behavior in gas mixtures
containing constant amounts of CO and increasing amounts
of Hy (0.5 kPa CO, 0-97 kPa H,, balance Ny) on a 2.7 wt%
Au/CeO; catalyst at 180 °C by DRIFTS. Spectra obtained un-
der steady-state conditions after at least 4 h adsorption are
shown in Fig. 9, left panel (bottom panel: full spectra; upper
left panel: detailed spectra of the C—H region; upper right panel:
detailed spectra of the CO region). CO adsorption in N; leads

to a peak at 2097 cm~!, which is commonly assigned to CO
adsorbed on the Au particles [40]. Raising the H, partial pres-
sure stepwise from 0 to 97 kPa shifts the CO band from 2097
to 2116 cm~!. (Note that for these experiments, a freshly con-
ditioned catalyst was used for each H, concentration.) It also
significantly reduces the intensity. We assume that the shift to
higher wavenumbers is caused by co-adsorption of hydrogen
on Au [39]. In addition to the CO,g-related signal, two peaks
at 2845 and 2950 cm™! appear in the C—H stretching region in
the absence of Hj, which are characteristic for bidentate for-
mates [5]. These formates are formed by reaction of COy4q and
OH,q [23,41], with the latter species remaining on the support
after the reductive pretreatment [42]. Further formation of OH,q
by reaction with hydrogen is not possible, because this would
cause further catalyst reduction beyond steady-state conditions.
In the presence of Hy (2 kPa H»), adsorption of CO leads to
more formates on the surface, which can be explained by the re-
action of H, and bidentate carbonates. Bidentate (1291 cm™)
and monodentate (1420 cm~!) carbonates were formed by reac-
tion of CO with the surface in all cases (see Section 3.3). During
CO adsorption under all conditions, with further increasing H»
partial pressure, the intensity of the formate-related peaks in-
creases and the signal shifts to lower wavenumbers, from 2845
to 2837 cm™!. This shift is likely related to formate—formate in-
teractions at increasing formate coverages. In addition, at a H»
partial pressure of 50 kPa, a new peak with maxima at 2936—
2961 cm~! emerges, which is attributed to bridged formates
(Table 3 or [24,30]) and has the greatest intensity at the highest
H, concentration.

Similar trends—in particular, a similar development of ad-
sorbed formates—were observed during the WGS reaction on
Au/CeO; at 180 °C under comparable conditions in idealized
reformate with increasing H, content. DRIFT spectra recorded
under steady-state conditions after 1000 min of reaction (Fig. 9,
right panel) show that up to a Hp partial pressure of 50 kPa
Hb, bidentate formates with a peak at 2833 cm~! dominate the
spectrum, and their intensity increases with higher H; partial
pressure. A drastic change in the C—H region signal was ob-
served at the highest H, partial pressure of 97 kPa. Under these
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Fig. 9. Left panel: selected spectra from a sequence of DRIFT spectra recorded during adsorption of CO (0.5 kPa CO) from CO/N; atmospheres with increasing Hy
partial pressures on a 2.7 wt% Au/CeO; catalyst at 180 °C (steady-state conditions): (a) 0 kPa, (b) 2 kPa, (c) 50 kPa, (d) 97 kPa H,, balance N,. Bottom panel: full
spectrum; top left panel: detail spectra of the C-H stretch region; top right panel: detail spectra of the CO,q region). Right panel: selected spectra from a sequence
of DRIFT spectra recorded during the WGS reaction at 180 °C on a 2.7 wt% Au/CeO; catalyst in idealized reformate (1 kPa CO, 2 kPa H;O, balance Ny) with
increasing Hj partial pressures (steady-state conditions): (a) 0 kPa, (b) 2 kPa, (c) 50 kPa, (d) 97 kPa H,, balance N;. Bottom panel: full spectra; top left panel: detail
spectra of the O—H stretch region; top right panel: detail spectra of the C—H stretch region.

conditions, the intensity of the bidentate formate at 2833 cm™!
is strongly reduced and the peak shifts to 2859 cm~!. Instead,
the peaks at 2933 and 2961 cm~!, indicative of bridged for-
mates, dominate this region. Together with the shift in the C-H
vibration of the bidentate formate, the corresponding OCO peak
at 1590 cm~! shifts to 1562 cm ™. Interestingly, the intensity of
the O-H signals (Fig. 9, right panel) decreases with increasing
H, partial pressure. Most likely, this change in O—H intensity
results from a reaction of the OH groups with hydrogen and its
removal as HyO (Hy — 2H,q, Hyg + OHyg — H3O4q, H2O4g
— H2Oy). This explanation is supported by the significantly
higher H>O reaction order in the Hs-rich realistic reformate
than in the Hj-free idealized reformate. For lower H,O partial
pressures, the removal of OH groups by reaction with hydrogen
overcompensates for the build-up of OH groups by reaction of
the surface with H,O, whereas at higher H, O pressures, this ef-
fect is less important. This explains the higher reaction order
for H>O observed in realistic reformate. Competitive adsorp-
tion between H>O and hydrogen on the same adsorption sites,
as proposed by Sakurai et al. [8], is considered less likely.

Overall, our results support the assumptions that CO,q and
Haq are coadsorbed on the Au particles and that hydrogen re-
moves surface OH groups through reaction to H>O. This ex-
plains the higher reaction orders for CO and H,O in realistic
reformate compared with idealized reformate [5].

3.6. Reverse WGS reaction

In this section, we focus on the question of how the presence
of CO; and H» can affect the reaction (particularly the adlayer
by direct reaction) through the reverse WGS (RWGS) reaction

and to what extent. The reaction and the build-up of the result-
ing adlayer were studied on a 4.5 wt% Au/CeO; catalyst in the
absence of CO and H,O (1 kPa CO,, 1 kPa H,, balance N,
at 180 °C), with the adsorbate intensities determined by time-
resolved DRIFTS measurements. The resulting reaction rates
of 6.5 x 107° molg;ﬁ ~1(90.3 mg of catalyst) after 17 min

and 4.4 x 107% mol g, s~! after 120 min (32% deactivation
over 100 min) are significantly lower than those of the WGS
reaction.

A sequence of selected DRIFT spectra recorded during the
reaction is shown in Fig. 10. Also under these conditions, for-
mates are formed (cf. [28,31-34] for Pt/CeO,), with character-
istic peaks at 2945 and 2845 cm™! in the beginning of the re-
action. The latter peak appears at higher frequencies compared
with the bidentate formate signal obtained during the forward
shift reaction in idealized reformate (2833 cm™!), but resem-
bles that observed during CO adsorption from CO/N, mixtures
on Au/CeO; (see Section 3.5). After 60 min of reaction, the
peak at 2845 cm™! starts shifting to 2863 cm™!, and the corre-
lated OCO peak at 1585 cm™! moves to lower wavenumbers
(1562 cm™!). At the same time, the peak at 2945 cm~ ! in-
creases significantly and splits into two new bands at 2963 and
2934 cm™!. The less reactive formates with characteristic peaks
at 2963, 2934, 2863, and 1562 cm™! (see Section 3.3) domi-
nate the spectrum after 1000 min of reaction time. Furthermore,
we see monodentate and bidentate carbonates in the OCO re-
gion, identical to the WGS reaction in the various gas mixtures
presented so far. Again, monodentate carbonates increase and
bidentate carbonates decrease during the reaction. The bridged
OH groups at 3647 cm™! that are present at the beginning of
the reaction disappear completely within 5 min of reaction.
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Fig. 10. Selected spectra from a sequence of DRIFT spectra recorded during
the RWGS reaction on an Au/CeO; catalyst at 180 °C in 1 kPa CO,, 1 kPa Hp,
rest N> (gas flow 80 Nml min~ !, 40-50 mg 4.5 wt% Au/CeO; catalyst, reaction
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full spectra; top left panel: detail spectra of the O-H stretch region; top right
panel: detail spectra of the C—H stretch region.

This finding correlates with the foregoing interpretation that hy-
drogen removes the OH groups through reaction to HyO (see
Section 3.5). Because the reactive atmosphere contains 99 kPa
H, and no H,O, no OH groups are produced, resulting in the
removal of these species (see Section 3.5).

Overall, the development of the adsorbed formate species
(in particular, the change from bidentate to bridged formates
and the shift of the bidentate formates to higher wavenumbers)
resembles that observed during the WGS reaction in Hy + CO»-
rich and (CO»-free) Hp-rich atmospheres. On the other hand,
the spectra differ significantly from those obtained during re-
action in idealized reformate; that is, the less reactive formates
(2963, 2934, 2863, and 1562 cm™!; see Section 3.3) are built
up in the former case only. This supports the assumption that
the reduction of the support by H, and subsequent modification
of the adsorption sites are essential for the build-up of these
less active formate species. Tabakova et al. [41] also studied the
RWGS reaction on an Au/CeO; catalyst and found no build-up
of additional formates. Most likely, this is explained by their
experimental procedure, which involved preadsorbing hydro-
gen before adding CO; for 15 min at different temperatures
(from room temperature up to 200 °C) rather than exposing the
catalyst to a reaction mixture. In addition, Goguet et al., who
studied the RWGS reaction on a Pt/CeO; catalyst with a Hp
concentration of 4% by DRIFTS, observed no additional for-
mate formation [31,43]. This agrees well with our observation
that Hp-induced catalyst reduction occurs at very high Hy par-
tial pressures.

Overall, our findings confirmed (see Sections 3.2 and 3.3)
reduction of the support under high H, partial pressures, re-
sulting in generation of new adsorption sites and, consequently,

buildup of the less reactive formate species characterized by vi-
brational bands at 2861 and 2969 cm~!.

4. Discussion

The data presented herein and in previous studies lead to the
following conclusions on the reaction mechanism and on the
deactivation of Au/CeO, catalysts in the low-temperature WGS
reaction:

1. Reaction in idealized reformates leads to the formation of
surface formates and surface carbonates, the latter likely re-
sulting from reaction with CO, produced during the WGS
reaction. Surface formates have been identified as reaction
intermediates on this catalyst [5]. Monodentate carbonates
act as reaction-inhibiting spectator species, reducing the
number of sites available for accommodating surface for-
mates or for CO adsorption. The area of the capture zone
for CO is reduced [5]. The data are compatible with our re-
cent mechanistic proposal, which involves (i) formate for-
mation and decomposition on active sites, most likely at
the interface between Au nanoparticles and support, (ii) re-
verse spillover of these formates on the support and vice
versa, and (iii) adsorption of CO directly on Au nanoparti-
cles or on the support, followed by reverse spillover on the
Au nanoparticles (CO adsorption with a capture zone) [5].

2. In the presence of CO» in the gas mixture, both monoden-
tate carbonate formation and deactivation increase with in-
creasing CO; content. This supports the assumption that in
idealized reformate, product CO; is involved in carbonate
formation. Furthermore, the lower deactivation during the
WGS reaction at higher reaction temperatures [20,21] can
easily be understood by the increasing thermal decompo-
sition and hence lower steady-state coverage of reaction-
inhibiting carbonate species.

3. The presence of Hy has little effect on the deactivation be-
havior, but significantly reduces the initial activity. This
can be explained by an increasing back-reaction (RWGS
reaction), as shown by the IR data. In H,-rich idealized ref-
ormate, more formates (2833 cm™!) are seen within the
first 15 min of the reaction compared with the amount in
idealized reformate, because these formates can be built up
via both the WGS and the RWGS. During further reaction,
less reactive bidentate and, in particular, bridged formate
species are formed, at the expense of the 2833 cm™~! biden-
tate formate species. This finding is tentatively explained
by the increasing reduction of the support surface. Because
deactivation is not affected by these changes, poisoning by
the additional (less reactive) formates can be excluded.

4. Bidentate carbonates are formed at the beginning of the
reaction in all reaction atmospheres. In contrast to the mon-
odentate carbonates, they decrease in amount during the
reaction, and thus they cannot be responsible for long-term
deactivation. Their temporal evolution resembles that of the
reactive bidentate formates (see Fig. 4 and Table 4). There-
fore, these species may be in a dynamic equilibrium with
the reactive bidentate formate species. This is also sup-



Y. Denkwitz et al. / Journal of Catalysis 246 (2007) 74-90 89

ported by the observation that their absolute intensity is
smaller under steady-state conditions in Hp-rich idealized
reformate than in idealized reformate, similar to the ab-
solute intensities of bidentate formates. From the results of
the transient experiment in Section 3.3, it is obvious that
bidentate and, in particular, bridged formates can be pro-
duced by reaction of bidentate carbonate with H.

5. The high reaction orders of 1.0 for CO and H,O in the
WGS reaction in realistic reformate reveal a significantly
greater influence of these two components on the reaction
rate compared with that seen in idealized reformate [5]. The
higher CO reaction order is related to the coadsorption of
CO and hydrogen on gold particles. The higher H>O reac-
tion order is explained by the decrease in OH groups on
the support by reaction with hydrogen. At low H,O par-
tial pressures, this OH removal overcompensates for their
build-up from the H,O present in the gas phase. In turn,
the OH group concentration determines the rate of formate
formation. For CO, and Hj, we obtained reaction orders of
—0.5 and —0.7, respectively, nearly identical to the values
obtained in idealized reaction reformate [5]. Apparently,
the increased presence of adsorbed hydrogen or CO; does
not cause significant modification of the reaction character-
istics, in contrast to their effect on the reaction rate and the
formation and stability of reaction side products.

6. The IR measurements during the WGS reaction in vari-
ous realistic reformates reveal the same intermediate and
side products as in idealized reformate, supporting the
previously stated conclusion that the reaction characteris-
tics are not significantly altered by the presence of CO;
or Hy. Most importantly, monodentate carbonates, which
are present with significantly higher concentrations in CO»-
containing atmosphere, increase deactivation by blocking
adsorption sites on the ceria support and possibly (to a
small extent of their total coverage) active sites as well. Fur-
thermore, similar to idealized reformate, higher H, concen-
trations cause a faster build-up of the less reactive bidentate
and bridged formate species.

7. For the RWGS reaction, the temporal evolution of all for-
mate species—the reactive bidentate formates as well as
of the less reactive formates—is similar to their temporal
evolution during the WGS reaction in Hp-rich atmosphere.
This further supports (see point 3) that the change in ad-
sorbed formate species is determined by the ongoing re-
duction of the ceria support in both cases.

Finally, for application in PEFC feed gas processing, for
CO removal from realistic reformate, these results indicate that
both the initial activity and long-term activity are significantly
lower in realistic reformate than in idealized reformate. There-
fore, studies on the WGS performance of Au/CeO; catalysts
performed in idealized reformate, as it is commonly done, will
result in data for the initial activity and the long-term stability
that are much better than what would be expected for operation
in realistic reformate. As shown earlier, high H> concentrations
lead to a significant drop in the initial activity, whereas CO; af-
fects deactivation behavior through an increasing tendency for

carbonate formation. The latter tendency can be decreased by
H; in the feed gas, which converts (reaction-inhibiting) carbon-
ates into (reactive) formates. However, at the high CO, concen-
trations present in realistic reformate, this latter reaction is not
fast enough and is overcompensated for by the rapid carbonate
formation due to reaction with CO».

These counteracting trends explain, in a straightforward
way, the significant discrepancies in previous data on the WGS
performance of the Au/CeQ; catalyst, with significant varia-
tions in the composition of the reaction gas mixtures. In ad-
dition, effects resulting from variation in catalyst synthesis
and conditioning and the specific reaction conditions (particu-
larly the reaction temperature) may further affect the reactivity.
Higher reaction temperatures are expected to improve the long-
term stability due to more rapid carbonate decomposition. At
excessively high temperatures, we would expect this effect to
be (over)compensated for by Au nanoparticle sintering.

Consequently, further optimization of supported Au cata-
lysts for PEFC feed gas processing will require distinct im-
provements in the sensitivity toward carbonate formation (deac-
tivation), the sensitivity toward high Hj partial pressure (initial
activity), and the stability of the catalyst toward sintering of Au
nanoparticles, which should be sufficient so that this process
can be excluded at temperatures sufficient to keep the steady-
state carbonate coverage at tolerable levels.

5. Conclusion

We have shown, by combined kinetic and in situ IR spec-
troscopic measurements in different reaction atmospheres, that
both the activity and stability of the Au/CeQO, catalyst in the
WGS reaction at 180°C are affected by the composition of
the reaction atmosphere and the presence of CO, and Hj. Ki-
netic measurements have revealed that H, significantly reduces
the initial reaction rate but has little effect on deactivation. In
contrast, the effect of CO; on the initial reaction rate is small
but results in a much more pronounced deactivation. This lat-
ter effect increases with increasing CO» content and is mainly
responsible for the enhanced deactivation in realistic reformate.

In situ DRIFTS measurements resolve a number of different
adsorbed reactants, reaction intermediates, side products, and
products, including OH groups, CO,q and CO;, bidentate and
bridged formats, and monodentate and bidentate carbonates.
The exact composition of the adlayer and its exact chemical
state are highly dependent on the reaction atmosphere and on
the oxidation state of the CeO, support surface. In all reaction
atmospheres, the decreased reaction rate during the reaction
occurs along with an increase in monodentate carbonate. To-
gether with other results, this implies that this species, which
is also thermally most stable, acts as rate-inhibiting spectator
species by blocking ceria surface sites for adsorbed formate
accommodation and/or decreasing the area available for CO ad-
sorption on the support and subsequent inverse spillover to the
Au nanoparticles (capture zone), and also possibly blocking ac-
tive sites as well. The data are consistent with an assignment
of bidentate formates as reaction intermediates, indicating that
the reaction pathway that we recently proposed for the WGS
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reaction in idealized reformate [5], via formation and decom-
position of bidentate formats, with formate decomposition as
the rate-limiting step, is dominant in realistic reformate as well.

The significant CO content in realistic reformate further
enhances deactivation, most likely by monodentate carbonate
formation through continuing formation of product CO,. For
practical applications, higher operating temperatures are bene-
ficial due to the increased decomposition of reaction-inhibiting
carbonate species, as long as the temperature is low enough to
exclude significant sintering of the Au nanoparticles.
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