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Low-temperature water-gas shift reaction on Au/CeO, catalysts — the
influence of catalyst pre-treatment on the activity and deactivation
in idealized reformate
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The effect of the pre-treatment temperature and atmosphere on the surface composition and on the activity and stability of well
defined Au/CeO, catalysts in the low-temperature water-gas shift reaction in dilute water gas was investigated by X-ray
photoelectron spectroscopy, kinetic measurements and in-situ IR spectroscopic (DRIFTS) measurements, comparing different
reductive and oxidative conditioning procedures. Reductive conditioning at 200 °C yields the most active catalyst. Physical origin
and consequences of the resulting differences in the reaction behavior are discussed.
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1. Introduction

In the recent decades oxide supported gold catalysts
have attracted increasing interest as highly active cata-
lysts for a number of oxidation and reduction reactions,
including also the water-gas shift (WGS) reaction [1-4].
The latter reaction is particularly attractive due to its
possible application for CO removal from CO contam-
inated H,-rich feed gases for Polymer Electrolyte Fuel
Cells (PEFCs), as they are produced by partial oxidation
and/or steam reforming of fossil fuels or biomass
derived fuels [5,6]. High WGS activities reaction have
been reported for Au/ZrO; [7], Au/Cos04 [8], Au/TiO,
[9,10], Au/Fe,O3 [11-14] and Au/CeO, [3,14-20] cata-
lysts, with the activity decreasing in the order Au/
Fe,03=Au/TiO>=Au/ZrO, > Au/Coz04 [3]. It is
tempting and plausible to assume a similar reaction
mechanism for these catalysts; a comprehensive and
more quantitative understanding of the reaction on
these catalysts is hindered, however, by the widely
varying procedures and parameters for catalysts syn-
thesis and catalyst pre-treatment (‘activation’), and also
by the very different reaction conditions.

This is topic of the present paper, where we report on
the effect of the catalyst pre-treatment, specifically the
procedure and parameters of the activation process, on
the activity, deactivation and reaction/deactivation
behavior of Au/CeO, catalysts in the WGS reaction. We
will apply different oxidative, reductive or thermal
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activation procedures on the same raw catalyst precur-
sor. This report is part of an extensive study on the
WGS reaction on Au/CeO, catalysts, which were pre-
pared by a deposition-precipitation method [21,22].
First results on the kinetics and mechanism of the
reaction and on the effects of catalyst loading for reac-
tion in idealized gas mixtures have been reported
recently in ref. [23], results on the effect of increasing
CO, and H, contents and on the influence of the surface
area of the support on the activity and in particular on
the deactivation behavior were presented in refs. [24]
and [25], respectively.

In previous studies three different general procedures
have been applied for the activation of Au/CeO, cata-
lysts: reductive pre-treatment, calcination or thermal
treatment in an inert atmosphere. In most cases reduc-
tive pre-treatment in H, (1-10% H, in inert gas as
balance at different temperatures) was used to activate
Au/CeO, catalysts for the WGS reaction [18,26-28].
Reductive pre-treatment with CO was also investigated
[27]. Since we wanted to avoid a possible blocking of
active sites with carbonates and formates, whose gen-
eration could be observed in the presence of CO with
DRIFTS [24], we did not test CO as reducing agent.
Another possible conditioning procedure is calcination,
which has also been reported for Au/CeO, catalysts
[12,14,15,19,28]. It should be noted that in some cases
the measurement temperatures exceeded the condition-
ing temperatures [14,26,28], which can lead to further
catalyst modification during the reaction. Thermal
treatment in inert atmosphere was chosen as one con-
ditioning procedure, since several groups reported a
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higher activity of Au/a-Fe,Oj catalysts for the room
temperature CO oxidation, if the precipitate was not
treated at higher temperatures [29-31]. Since in our
measurements the WGS reaction is performed at
180 °C, the samples had to be conditioned at higher
temperature in order to reduce activation effects induced
by the reaction. Therefore, we investigated the effect of
reductive, thermal and oxidative treatment in the tem-
perature range between 200 and 400 °C, measuring the
initial activity and following the subsequent deactivation
in idealized reformate (dilute water gas). These kinetic
measurements were complemented by in-situ IR spec-
troscopic measurements performed in a diffuse reflec-
tance FTIR spectroscopy (DRIFTS) set-up, which
allowed us to characterize the initial state of the cata-
lysts after conditioning and the further accumulation of
adsorbed reaction intermediates and side products dur-
ing reaction in idealized reformate under similar condi-
tions as in the kinetic measurements. In addition, we
characterized the catalyst surface composition at dif-
ferent stages by X-ray photoelectron spectroscopy
(XPS) and by thermal desorption spectroscopy (TPD).

2. Experimental
2.1. Catalyst preparation

The catalysts were prepared by a deposition-precipi-
tation procedure, using commercial CeO2 powder as
support (HSA 15 from Rhodia, calcined in air at
400 °C) and HAuCl,-4H,0 for deposition of Au. Fur-
ther details are given in refs. [21,22]. The Au metal
content was determined via inductively coupled plasma
atom emission spectroscopy (ICP-AES). All measure-
ments were performed with catalysts having a BET
surface of 188 m? g~! and 2.7 wt.% Au loading. Details
of the conditioning procedures are described in section
3.1

2.2. Catalyst characterization

The chemical composition of the catalysts was char-
acterized by X-ray photoelectron spectroscopy (XPS,
PHI 5800 ESCA system), using monochromatized AlK,,
radiation. The survey spectra were measured in the
range between 0 and 1400 ¢V binding energy (BE).
Detail spectra of gold (Au(4f)) and ceria (Ce(3d)) were
measured in the range from 75 to 100 eV and from 875
to 925 eV (0.125 eV and 20 ms per step), respectively. In
order to remove surface charging effects, the BEs were
calibrated using the Ce*"(3d'%4f °V") (u”) signal at
916.6 ¢V as reference [23,32]. The intensity scales of the
Au(4f) and O(ls) detail spectra were normalized to
constant Ce(3d) intensity. Fits of the Au(4f) peaks were
performed based on the following assumptions: (i) the
difference between Au(4f;,) and Au(4fs,) was fixed at
3.7 eV, (ii) the integral intensity of the Au(4fs),) peak is

3/4 of that of the Au(4f;,) peak, and (iii) the peak
widths (FWHM) for both peaks are equal [33]. Fur-
thermore, the Lorenz—Gauss ratio for each Au species
was kept constant. The Ce(3d) region consist of five
Ce(3d) peaks (three peaks resulting from CeO, and two
peaks resulting from Ce,0O3), and the fits are based on
the following assumption: (i) the difference between
Ce(3d3) and Ce(3dsp) is 18.5eV, (i) the integral
intensity of the Ce(3ds,) signal is 2/3; of the Ce(3ds)»)
signal, (iii) the peak widths (FWHM) for both signals of
one peak are equal, (iv) the peak widths of the v(Ce*"),
v (Ce* ") and vo(Ce’ ") peaks are equal, (v) the peak
width of v/(Ce® ") is 1.56 of that of the v peak and (vi)
the width of the v/(Ce*") is 1.71 of that of the v peak
(see [23] and references therein). The Ce®" concentra-
tion in ceria is determined via the following equation
[32,34]:

I(vo) + I1(V) + I(°) + I(u)
> (1) + 1(v7))

1

CCeH =

For XPS measurements, catalyst conditioning was
performed ex-situ.

2.3. Activity measurements

Activity measurements were performed in a quartz
tube micro reactor (i.d. 4 mm) located in a ceramic tube
oven with typically 75 mg powder (catalyst:o-
Al,O3 = 1:20). The reaction was carried out in idealized
reformate (dilute water gas, 1 kPa CO, balance N, (dry)
2 kPa H,0, 60 N ml min~"). In order to obtain differ-
ential conversions, the catalyst samples were diluted
with «-Al,O3 which is not active for the reaction in the
studied temperature range (reaction temperature
180 °C). Water was added to the gas stream using a
saturation unit. The influent and effluent gas was ana-
lyzed by on-line gas chromatography (DANI, GC 86.10)
with H, as carrier gas. High purity gases from West-
phalen (CO 4.7, N, 6.0, H> 5.0) were used. Evaluation
of the Weisz criterion showed the absence of mass-
transport-related problems [35]. More details on the
kinetic measurements are given elsewhere [36].

2.4. Infrared investigations

In-situ IR investigations were performed in a
DRIFTS (diffuse reflectance infrared Fourier transform
spectroscopy) configuration with a Magna 560 spec-
trometer form Nicolet, equipped with a liquid N, cooled
MCT narrow band detector and a commercial in-situ
reaction cell unit from Harricks (HV-DR?2). This set-up
allows measurement in a continuous flow of gas mix-
tures, equal to those used in the activity measurements,
and at elevated temperatures. Typically, 400 scans
(acquisition time 3 min) at a nominal resolution of
8 cm™! were added for one spectrum. The IR data were
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evaluated as Kubelka-Munk units, which are linearly
related to the adsorbate concentration [37]. To analyze
the product gas flow, a gas chromatograph (Chrompack
CP 9001) was connected to the exhaust of the DRIFTS
cell. For further details see ref. [38].

3. Results and discussion

3.1. Effect of the catalyst pre-treatment on the catalyst
composition

The surface composition of the untreated, raw Au/
CeO, catalyst as well as that of differently pre-treated
samples, after calcination at 200 °C (sample code
‘0200°) or 400 °C (‘0400’), or after reductive condi-
tioning at the respective temperatures (‘H200°, ‘H400’),
or after drying in inert atmosphere (N,) (‘N200’), was
characterized by XPS, DRIFTS and TPD. For condi-
tioning, the catalyst was first heated in N, to the
respective temperature, then kept at that temperature
for 30 min in an N, flow, and subsequently exposed to
the respective conditioning atmosphere for 45 min
(reductive and inert conditioning) or 30 min (oxidative
conditioning), respectively. Afterwards it was kept for
another 30 min at the conditioning temperature in an
N, stream and then cooled down to the reaction tem-
perature in N».

3.1.1. XPS results

The main XPS results are listed in table 1, Au(4f)
detail spectra are shown in figure 1 (upper left panel).
The spectrum of the untreated catalyst (figure 1a) shows
a broad peak with a maximum at about 84.8 eV, i.e., it is
shifted to higher BEs compared to metallic gold
(84.0 eV [39,40]). This behavior agrees closely with
previous reports on untreated Au/CeO, catalysts pre-
pared via deposition-precipitation [23,28]. A formal
evaluation of the Au® content, assuming a BE of 84.0 eV
and a FWHM of ~2 eV (see section 2), would result in
value of 40.2%. Considering, however, that final-state
relaxation effects can lead to a considerable shift of the
Au(4f) BE to higher energies for the very small particles
expected for this catalyst, the above value for the Au’
content has to be used as lower limit.

After calcination at 200 °C, the spectrum exhibits a
wide peak with two weak maxima at about 84.6 and
87.9 eV (figure 1, curve b). The lower (Ce(3d) normal-
ized) intensity of this and the following spectra com-

pared to that in curve a is explained by the decreasing
absorption of Ce(3d) intensity due to the more pro-
nounced formation of Au particles. The onset at low
BEs is slightly lower than 82 eV, it ends at about 92 eV.
As shown in the fit to this curve, the absence of a distinct
minimum can be explained by a higher contribution
from Au’" (85.8 eV [41]). Also in this case, particle size
effects cannot be fully excluded, and therefore the for-
mal Au’ content of 47% should be used as a lower limit.
After calcination at 400 °C (figure 1, curve c), the
increasing Au particle size allows a more reliable fit of
the Au(4f) peak by contributions of Au” and Au’", as
described in section 2.2. (Note that the Au® particle sizes
are still below the resolution limit of XRD.) Now the
content of metallic gold amounts to ~76%. Similar
observations of largely metallic Au species after calci-
nation of a Au/CeQO, catalyst at 400 °C (calcination in
air, 10 h) were reported also by Fu et al. [42].

Reductive conditioning in 10% H,/N, leads to sig-
nificantly stronger reduction and Au’ formation than
calcination. Reductive treatment at 200 °C (figure 1,
curve d) and 400 °C (figure 1, curve ¢) results in Au(4f)
peaks with a clear maximum at 83.9 eV. Fitting with
Au’ and Au’ " signals yields Au® contents of 80.3% and
90.3%, respectively. Similar to calcination, the higher
conditioning temperature leads to a stronger reduction
(oxide decomposition).

In total, reductive conditioning is more efficient in
obtaining metallic Au species than calcination under
otherwise similar conditions because of the combination
of chemical reduction and thermal composition in H,
containing atmosphere, while in oxidative atmosphere
these effects are counteracting. The incomplete reduc-
tion after the H400 pre-treatment may be related to
diffusion of Au”" into the ceria support during the
heating step in the preparation process, as had been
suggested by Fu er al. [19], or it results from Au""
species at the interface between Au and support [2].

XPS data of the Ce(3d) region of the untreated Au/
CeO; catalyst and of the differently pre-treated samples
(0200, 0400, H200, and H400) are presented in the
bottom panel in figure 1; the resulting Ce*" /Ce ratios
and the Jaywun/lce) intensity ratios are collected in
table 1. As described in the experimental part and in ref.
[23], the Ce(3d) region includes a number of peaks,
which result from different electronic states of Ce* and
Ce’ ™. The relative intensity of the Ce*" related peaks,
normalized to the total Ce(3d) intensity, increased upon

Table 1
Surface composition of a 2.7 wt.% Au/CeQ, catalyst after different conditioning procedures as described in the text

Pre-treatment RT H200 H400 0200 0400
Au"" /Au (%) 59.8 19.7 9.7 53.5 24.3
Ce* " /Ce (%) 18.0 20.9 29.6 14.0 20.4
Tnuan/Iceaa 0.21 0.096 0.096 0.15 0.11
BE(Au’(4f;))) (eV) 84.3 83.9 83.9 84.1 84.0
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Figure 1. XP spectra of the Au(4f) region (left upper panel) of the Ce(3d) region (bottom panel) and of the O(1s) region (right upper panel) of an
(a) untreated Au/CeO, (2.7 wt.% Au) pre-catalyst and after conditioning in (b) 10% O,/N, at 200 °C, (c) 10% O,/N, at 400 °C, (d) 10% H,/N,

at 200 °C and (e) 10% H,/N, at 400 °C (parameters see text).

reductive treatment and with increasing temperature
compared to the untreated Au/CeO, sample. In con-
trast, oxidative pre-treatment results in a decrease of the
Ce’* amount after 200 °C calcination. After 400 °C
calcination it increased slightly compared to the
untreated sample, reaching values comparable to that of
the H200 sample.

Qualitatively, these results for Ce agree with our
expectations and with trends observed for Au. For
heating in H,, thermal decomposition of CeO,, and
chemical reduction both work in the same direction,
whereas for calcination these two processes (decompo-
sition and chemical oxidation) are counteracting.
Comparison with previous data also shows good
agreement. Tabakova et al. [28] evaluated the Ce®"
content of a Au/CeQO, catalyst prepared via a modified
deposition-precipitation procedure to 16% and 21%
before and after reductive treatment at 150 °C in 1%

H,/Ar, respectively. Using a slightly different catalyst
prepared via deposition-precipitation, they find no Ce* "
on the ‘as prepared’ catalyst, but ~30% after reductive
treatment in H,/Ar at 100 °C. For a similar type catalyst
as used in the present study (2.7 wt.% Au/CeO,) Lep-
pelt et al. [23] reported a Ce*" concentration of 10%
before reductive conditioning and ~22% after H200
reductive treatment (table 1), and comparable amounts
of Ce*" were reported also in ref. [25] for an almost
identical catalyst after similar treatment. Jacobs et al.
[43] showed an increase of the Ce* ™ amount to 19.2% in
a 1 wt.% Au/CeO, catalyst during reductive treatment
in Hy/He (200 °C) using in-situ XANES (1 wt.% Au/
CeO,, 200 ccm H», 300 ccm He, 45 min), compared to
about 23% Ce*>" in a 1 wt.% Pt/CeO, catalyst after
reduction at 250-350 °C. Romeo ef al. [32] reported
17% Ce** for their Pd/CeO, catalyst (2 wt.% Pd) after
reduction at 400 °C. In total, reductive treatment of
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noble metal/ceria catalysts at 200—400 °C results in
Ce*" contents of 15-25%, with the exact value
depending on the ceria particle size as well as respective
reduction conditions.

Next, we used the /auun/Iceay intensity ratio for an
estimate of the trends in the Au particle size develop-
ment, exploiting that for constant loading this value will
decrease with increasing Au particle size because of the
increasing Au(4f) absorption and the decreasing Ce(3d)
absorption by the Au particles [44]. Clearly, this gains
only qualitative information, but since the oxidative
treatment results in particle sizes below the XRD
detection limit, this at least gives qualitative informa-
tion. The Tayun/Ice3q) intensity ratio decays in the order
RT > 0200 > 0400 > H200 = H400 (table 1). This
sequence follows the same order as that found for the
Au’ content, i.e., an increasing Au’ content goes along
with larger particle sizes. The increasing Au’ content
when going from the H200 to the H400 sample agrees
also with the XRD observation of an increasing mean
particle size for these samples (H200: 1.4 £ 0.4 nm, and
H400: 2.6 £ 0.5 nm). In general, the presence of oxygen
during the pre-treatment prevents the formation of lar-
ger Au" particles on ceria compared to reductive treat-
ment.

XP spectra of the O(1s) region of differently treated
Au/CeO, catalysts are presented in the right panel in
figure 1 . For the untreated Au/CeO, catalyst we find a
broad peak with a maximum between 529.0 and
529.6 eV and a small shoulder at 531.3 eV. These fea-
tures are assigned to lattice oxygen and OH,4 groups,
respectively [39,45-49]. The area in the main peak at
about 529.3 eV is about similar for all pre-treatment
procedures (deviation < £10%). The small variation
can be explained by partial conversion of surface oxygen
to OH groups, without significant variations in the total
oxygen content. Calcination at 200 and 400 °C has no
significant effect on the shape of the O(ls) signal. A
small shift of the low energy ‘lattice oxygen’ peak
maximum upon calcination can be explained as a result
of (i) thermal decomposition of gold oxide [4], or (ii)
decomposition of OH and carbonate species [18]. After
reductive treatment at 200 and 400 °C, two additional
peaks appear between 532 and 534 eV, which we attri-
bute to OH groups and molecularly adsorbed water on
the ceria support. This assignment, which follows
interpretations of previous studies [47,49,50], agrees well
with our DRIFTS results described below. They show a
higher content of OH groups and chemisorbed water on
the reduced catalysts compared to the calcined samples.

3.1.2. DRIFTS measurements

DRIFT spectra recorded on the untreated catalyst
and after the different activation treatments at 180 °C
(figure 2) reveal significant differences between the dif-
ferent catalysts. Most obvious are the differences in the
OH-region. After reductive treatment (figure 2a, b) the
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Figure 2. DRIFTS raw data of Au/CeO, after treatment in (a) 10%
H,/N, at 200 °C, (b) 10% H,/N, at 400 °C, (c) 10% O,/N, at 200 °C,
(d) in 10% O,/N, at 400 °C, (e) in N, at 200 °C (parameters see text).

spectra exhibit two peaks at 3649 and 3675 cm™', which
are commonly assigned to bridged OH groups
[43,51,52]. In addition, we find a broad peak at 3300—
3500 cm™!, characteristic for molecularly adsorbed
water or hydrogen bonded OH groups on ceria
[18,53,54]. After oxidative pre-treatment (figure 2c, d) as
well as after drying in N, (figure 2e) these bridged OH
groups are not observed, instead we find vibrational
features at 3520, 3710 and 3655 cm™'. Such signals had
been attributed to linearly adsorbed (monodentate) and
tridentate OH groups on ceria [46]. The broad ‘water
peak at 3300-3500 cm ™' is not observed after these pre-
treatments. In total, the DRIFT spectra confirm the
XPS based conclusion of a strongly enhanced presence
of molecularly adsorbed water after reductive treatment
compared to calcination or drying in inert atmosphere.
A similar correlation for the OH groups between both
methods is not possible, since the strongly different
background of the DRIFTS spectra renders a quanti-
tative evaluation of the OH concentration impossible.

A peak at 2126 cm™', in the CO region, observed after
reductive treatment is attributed to an electronic tran-
sition from donor levels located near the conduction
band such as Ce®>" or oxygen vacancies [53,55,56].

Independent of the conditioning procedure, carbon-
ate species were clearly observed. After reductive pre-
treatment of the Au/CeO, catalyst at 200 and 400 °C,
three major peaks in the OCO-bending vibration region
at 1511, 1462, 1367 cm ™! (figure 2), respectively, provide
unambiguous evidence for carbonates adsorbed on the
ceria surface [57]. The first two peaks are observed also
upon oxidation in O at 200 and 400 °C, while the peak
at 1367 cm™" is lower and split into two peaks at 1390
and 1310 cm™'. Evidently, carbonates formed on the
catalyst prior to the conditioning procedure are not
destroyed during the pre-treatment. This interpretation
agrees well with previous reports that temperatures up
to 1000 °C are required to fully decompose carbonate
species on ceria [58,59].
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3.1.3. TPD measurements

Additional information on the presence of OH,q
species and adsorbed water can be obtained by TPD
experiments. Using the reduced H200 catalyst as
example, we investigated the presence of these species
and their interaction with the catalyst by O, and H,O-
TPD. The spectra were recorded in a N, stream over
pure ceria and over the Au/CeO, catalyst, after reduc-
tive pre-treatment in H, at 200 °C (figure 3). O,
desorption from pure ceria (126 umol) occurs in a peak
centered at about 450 °C (upper panel, curve a). In
contrast, on the Au/CeO, catalyst, O, desorption was
essentially absent (upper panel, curve b). Apparently,
the presence of gold drastically increases the efficiency of
the reductive treatment for removing weakly bond
oxygen from the ceria support. This was tested in H,O-
TPD experiments on similarly treated CeO, and Au/
CeO, samples (figure 3, lower panel). The spectrum
shows a sudden onset of H,O desorption at 270 °C,
followed by a shoulder at 335 °C and two peaks with
maxima at 425 and 565 °C, respectively for desorption
from pure ceria (lower panel, curve a). These peaks can
result either from desorption of molecularly adsorbed
water or from recombination of adsorbed or bulk OH
groups. For the Au/CeO, catalyst, H,O desorption is
indeed much less pronounced, as expected from the
higher tendency for O, desorption, which supports our
above explanation. This result agrees well with obser-
vations of several authors, who showed an increasing
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Figure 3. O,-TPD (top panel) and H,O-TPD (bottom panel) of (a)
pure ceria and (b) a Au/CeO, catalyst after reductive pre-treatment at
200 °C, recorded in a N, stream (12 N ml min~', 5 °C min_l).

tendency for ceria reduction at low temperature, in the
presence of Au [26,43,60].

In total, these different spectroscopic measurements
have clearly shown that

(1) the reductively treated samples have more OH
groups than oxidatively treated Au/CeO, catalysts;
(i) Ce’" defect sites are only created by reductive pre-
treatment, while during oxidative treatment they
are, depending on the temperature, more or less
efficiently removed;
the presence of Au particles results in an enhanced
reduction of CeO, during the reductive pre-treat-
ment, equivalent to a more efficient removal of
weakly bound oxygen;
pre-treatment in the temperature range between 200
and 400 °C does not fully remove carbon contain-
ing species such as carbonates from the Au/CeO,
catalyst surface;
(v) reductive pre-treatment leads to larger particle sizes
compared to oxidative pre-treatment.

(iii)

(iv)

3.2. Activity and stability of the Au/CeO; catalysts after

different conditioning procedures

The evolution of the WGS reaction rate with time
during reaction in idealized reformate on the differently
pre-treated catalysts is illustrated in figure 4. Using the
reaction rates after 1000 min for comparison, it is
obvious from figure 4, that pre-treatment at 200 °C (a)
H200, (b) 0200, (c) N200 results in significantly higher
activities than conditioning at higher temperatures
(curves (d—g) in figure 4). In contrast to the conditioning
temperature, the effect of the conditioning atmosphere is
less clear. While after conditioning at 200 and 300 °C,
respectively, slightly higher reaction rates are obtained
after reduction than after calcination, the rate is 2 times
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Figure 4. Initial activity and deactivation of differently pre-treated
Au/CeO, catalysts in the WGS reaction in idealized reformate (1 kPa
CO, 2 kPa H,0, rest N,) at 180 °C. Pre-treatment: (a) 200 °C in 10%
H,/N,, (b) 200 °C in 10% O,/N,, (c) 200 °C in N,, (d) 300 °C in 10%
H,/N», (e) 300 °C in 10% O,/N,, (f) 400 °C in 10% O,/N, and (g)
400 °C in 10% H,/N, (other parameters see text).
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higher after calcination at 400 °C than after reduction at
this temperature. The highest activity after 1000 min of
reaction is obtained for the H200 sample, after reductive
pre-treatment at 200 °C.

Comparing these results with previously reported
findings is almost impossible, since comparative studies
on the effect of the conditioning process do not exist. In
addition to varying the conditioning procedure or at least
the conditioning parameters, also the procedure for cat-
alyst preparation was changed, rendering quantitative
conclusions on the effect of the conditioning procedure
impossible. For instance, Tabakova et al. [28] compared
two Au/CeO, catalysts with identical gold contents
(3 wt.%), which were synthesized via deposition-precip-
itation (AuCeDP) and via a modified deposition-precip-
itation procedure (AuCeMDP). The samples were
reduced in a 1% H,/Ar atmosphere at different temper-
atures: the AuCeDP catalysts was reduced at 100 °C and
the AuCeMDP sample at 150 °C. After these pre-treat-
ments, the AuCeDP catalyst was by about a factor of five
more active for reaction in a dilute CO/H,O mixture in Ar
at 180 °C than the AuCeMDP sample. Hence, similar to
our results reductive conditioning at lower temperatures
results in a higher activity, but a preparation effect cannot
be excluded, since the authors found a higher gold dis-
persion on the AuCeDP sample. Luengnaruemitchai
et al.[14] reported a lower activity fora 1 wt.% Au/CeO,
catalyst (preparation: coprecipitation) after oxidative
treatment at 110 °C for 2 hours in O, than that deter-
mined by Andreeva et al. [26] for a similar loading cata-
lyst  (preparation: deposition-precipitation) after
reduction at 100 °Cin 1% H,/Ar. A similar trend results
also from measurements by Tabakova et al. [28] and Fu
et al.[15] for 3 wt.% (2.6 at.%) and 4.5 at.% (5.1 wt.%)
Au/CeQ, catalysts, respectively.

Comparing the activities of the Au/CeO, catalysts
obtained after the different conditioning procedures
with previously reported activities of Au/MeO, and in
particular Au/CeO, catalysts (see compilation of reac-
tion data in table 2) shows that for comparable reaction

conditions the catalysts prepared and investigated in this
work are extremely active. They are clearly more active
than the 400 °C calcined catalysts described by Fu et al.
[15]. Sakurai et al. [9] studied the WGS reaction on
various Au/Me,O,, catalysts and reported the following
range of activity (see also table 2): Au/TiO, (3.4 at.%,
DP) > Au/Fe,0O; (5 at.%, CP)> Au/Al; (5 at.%,
CP) > Au/ZnO (5 at.%, CP). The reaction rate of the
most active catalyst, Au/TiO,, was 11 times lower than
that of the Au/CeO, catalyst described in this study,
after reductive pre-treatment. The apparently very high
reaction rates reported in ref. [11] can be explained by
the much higher CO and H,O contents; for a similar gas
mixture we would obtain a rate of 135x 107¢ mol g-
cat | 7!, using the reaction orders of 0.5 determined for
both reactants in dilute water gas previously [23].

The stability of the Au/CeO, catalysts, as measured
by the deactivation over 1000 min on-stream, also
depends on the conditioning procedures (see figure 4
and table 3). Thermal treatment in inert atmosphere at
200 °C (N200) leads to the highest deactivation, while
for reductive and oxidative conditioning at 200 and
300 °C, respectively, the deactivation is rather similar
and significantly lower than for the N200 sample. For
conditioning at 400 °C, oxidative treatment (0400)
results in a more stable catalyst; the deactivation is
significantly lower than for all other samples, while
reductive conditioning results in deactivation effects
comparable to those at lower temperatures. Neverthe-
less, the absolute activity of the 0400 catalysts is sig-
nificantly lower than that resulting after the other
conditioning procedures.

Comparison of the present stability data with com-
parable data published previously shows a rather
divergent situation. Luengnaruemitchai et al. [14]
reported a dramatic decrease in conversion of their Au/
CeO, (1 wt.% Au, BET 124.1 m?/g) to approximately
37% of the initial activity in the course of 1000 min of
reaction (2% CO, 20% H,O0, balance helium). Previous
measurements in our group on Au/CeO, catalysts with

Table 2
Catalytic activity of supported gold catalysts for the WGS reaction

Catalyst and metal Catalyst BET (m® g ") Reaction Reaction atmosphere Rate x 10° Reference
loading (at.%) preparation temp. (°C) (mol geo ' 57N

3.8% Au/CeO, CP 71.8 175 1% CO, 2% H,0 in N, 2.2 [15]
4.5% Au/CeO, DP 155.8 175 1% CO, 2% H,0 in N, 3.4 [15]
4.7% Au/CeO, DP 82.7 175 1% CO, 2% H,0 in N, 1.4 [15]
2.3% Au/CeO, (2.7 wt.%) DP 188 180 1% CO, 2% H,0 in N, 11 [23]
2.4% Au/CeO, (2.7 wt.%) DP 188 180 1% CO, 2% H,0 in N, 16 Here
3.4% Au/TiO, DP 180 1% CO, 2% H,0 in He 1.4 [9]
5% Au/ZnO CP 180 1% CO, 2% H,0 in He 0.06 [9]
5% Au/Al,O4 CP 180 1% CO, 2% H,0 in He 0.13 [9]
5% Au/Fe,04 CP 180 1% CO, 2% H,0 in He 0.43 [9]
4.3% Au/Fe,03 CP 20 180 4.88% CO, 29.3% H,O 178 [11]
3% Au/Fe,04 DP 240 5.9% CO, 94.1% H,O 0.35 [61,62]

DP — Deposition-precipitation; CP — coprecipitation; UGC — urea gelation/coprecipitation.
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Table 3
Deactivation of a 2.7 wt.% Au/CeO, catalyst during 1000 min WGS
reaction in dilute water gas at 180 °C after different conditioning
procedures (details see text)

Pre-treatment temperature (°C) 200 300 400

Reductive pre-treatment H200 H300 H400
Deactivation (%) 26.3 24.6 23.3
Oxidative pre-treatment 0200 0300 0400
Deactivation (%) 27.6 27.6 14.1

Thermal pre-treatment N200

Deactivation (%) 36.2 - -

gold contents between 0.8 and 12.6 wt.% led to results
comparable to those of the present study (reductive
conditioning, deactivation by 20 £ 5% of the initial
activity over 1000 min) [23]. Andreeva et al. [26], on the
other hand, reported about very stable Au/CeO, cata-
lysts (content 3 wt.% of gold), whose final activity
exceeded the initial conversion after 3 weeks of opera-
tion. Furthermore they also observed a decreasing Au
particle size, from initially rather large particles (5.5 nm
diameter) towards smaller ones.

In total, the reaction measurements clearly demon-
strate that reductive conditioning (reduction at 200 °C,
H200) represents the optimum conditioning procedure
for the deposition-precipitation prepared Au/CeO, cat-
alysts investigated in this study.

3.3. Influence of the conditioning procedure on the
adlayer evolution during reaction in idealized
reformate (DRIFTS)

The accumulation of adsorbed reaction intermediates
and side products on the differentially conditioned cat-
alysts was followed by in-situ IR spectroscopy
(DRIFTS) measurements. Sequences of spectra recor-
ded during 1000 min on-stream, under similar condi-
tions as applied for the kinetic measurements, are
displayed in figure 5. Full spectra are shown in the
bottom panel, expanded representations of the O-H
region, of the C—H region and of the CO,/CO region are
presented in the upper left and upper right panel,
respectively, for each catalyst. On all four catalysts three
formate peaks at 1587, 1372 and 2836 cm™' develop.
The first two peaks are related to asymmetric and
symmetric O—-C-O modes of bidentate formate species
[18,56,63]. The band at 2836 cm™! can be assigned to the
C-H vibration stretching mode of bidentate formate
species [51,52,64]. The other peak in the C-H region,
located at 2949 cm™!, results from bridged formate
[18,51,64] on ceria. For all catalysts we find the char-
acteristic 1420 cm™' band of monodentate carbonate
increasing with time. In a previous study we had iden-
tified this species as mainly responsible for the deacti-
vation of the catalysts during the WGS reaction [24].
After oxidative conditioning we find an additional
‘carbonate’ species characterized by a peak at 1372 cm™

[51-55,57], which can be distinguished from bidentate
formate species by the fact that the time dependent
variation of the related C—H vibration (2836 cm™) is
much less pronounced.

The two peaks at 2336 and 2362 cm™! result from gas
phase CO,, which is produced by the WGS reaction on
Au/CeO,. They decay with time, both the decay with
time as well as the initial and final intensity depend on
the conditioning procedure. Comparison of the intensi-
ties of the CO, signals and their variation with time with
the CO, formation rates after the different conditioning
procedures (figure 4) yields qualitative agreement
between these quantities, both for the absolute intensi-
ties and for the decay with time.

Also for the OH groups we see distinct differences
and changes with time, where the main changes occurred
during the first few minutes. For the reduced catalysts,
the “water” peak at 3300-3500 cm™' disappeared. The
intensity of the bridged OH group at 3649 cm™
[23,52,65] decreased strongly, and a new peak at
3630 cm™! appeared. A peak at 3600 cm™' (see ref. [23])
shifted to 3590 cm™'. Only small changes occurred for
the second type of bridged OH groups (3675 cm™'). On
the oxidized Au/CeQO, catalyst, where after the pre-
treatment the OH groups differed significantly from
those observed on reduced catalysts (see section 3.1), the
same OH group related signals developed during the
reaction. Already after 10 min WGS reaction, no dif-
ference in the OH groups is observed between reduced
or oxidized Au/CeQO, catalysts. This finding leads to the
suggestion that the initially different catalyst surfaces
develop towards the same surface composition, at least
with respect to the different types of surface sites.
Quantitatively, however, there are still distinct differ-
ences. In the case of the reductively conditioned Au/
CeO, catalyst more bridged bond OH groups at
3649 cm™" are present after conditioning and also after
1000 min on stream, although after that reaction time
the difference to the oxidatively conditioned catalyst is
less strong. Obviously, 1000 min reaction time is not
sufficient to reach similar steady-state surface composi-
tion for the differently pre-treated catalysts.

The IR-data presented above are compatible with the
mechanism we had recently proposed for the WGS
reaction on Au/CeQO, catalysts, for the dominant reac-
tion pathway [23], which involves the reaction of CO,q
with OH groups to form adsorbates formates, which can
migrate on the ceria substrate and return to the active
sites to decompose into CO, and H,. For present reac-
tion conditions, decomposition of bidentate formates
was determined as rate limiting step, although under
steady-state conditions, formate formation must be
equally fast as formate decomposition. In that mecha-
nism, the ceria surface acts as buffer for adsorbed for-
mate species, which can be considered as stable reaction
intermediates. Independent of the pre-treatment, we
found the same type of bidentate formates on all
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Figure 5. Series of DRIFT spectra obtained during the WGS reaction in idealized reformate (dilute water gas, 0.5 kPa CO, 1 kPa H,O, the rest
N,) over 1000 min on Au/CeO, catalysts pre-treated at 200 °C in (a) 10% H,/N, and (b) 10% O,/N, and at 400 °C in (c) 10% H,/N, and (d)
10% O,/N,. Bottom: full spectrum, top left: detail spectra of the O—H region (raw data), top right detail spectra of the C—H region; from bottom
to top after 23 s, 35 s, 47 s, 2 min, 4 min, 10 min, 30 min, 60 min, 240 min, 1000 min.

catalysts, indicating that the general reaction mechanism
is not altered by the different pre-treatment procedure.
The highest formate content is observed for the H400
pre-treated sample, it is lower for 0400 and 0200 cat-
alysts, and lowest on the H200 catalyst. This trend is
opposite to the change of the CO, production rate with
pre-treatment. Apparently, on the H200 catalyst the
formate decomposition rate, which is identical to the
CO, formation rate, is highest. This results in the lowest
steady-state content of active, bidentate formates.

On the other hand, under steady-state conditions the
higher rate for formate decomposition must be sup-
ported also by a higher rate for formate formation.
Differences in the formate formation rate seem to be
correlated with the abundance of bridged OH groups on
the surface, which is highest on the reductively pre-
treated H200 catalyst, slightly lower for the H400 and
significantly lower for the oxidatively pre-treated cata-
lysts.

In that way, the pre-treatment is important since it
affects both the bidentate formate decomposition rate
and the formate formation rate as rate limiting steps in
the WGS reaction [23]. The physical origin for the dif-
ferent rates for formate formation and decomposition
must lie in the different Ce®" and the Au”" contents
and in the different Au® particle sizes. (The influence of a
varying CeQO, particle size, which was kept constant in
the present study, was investigated in ref. [25].) How-
ever, there is no clear trend which would identify one of
these properties as the only decisive one.

Comparing the variation of the Au’ amounts in the
differently conditioned samples (see table 1) with that in
the activity measurements, there is no clear correlation
between these two properties. On the other hand, also the
Au’" content is not directly correlated with the activity,
since the H200 and 0400 catalysts have about the same
Au’" content, while the reaction rate was about twice as
high for the H200 catalysts as for the 0400 sample. This
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result appears to be in contrast to the conclusion by Fu
et al. [15,19], who proposed that the WGS activity is
dominated by Au™ species and that Au® only acts as a
spectator. One should keep in mind, however, that their
studies were performed on 400 °C calcined catalysts,
which based on the present findings are considerably less
active than the reductively pre-treated catalysts, and that
they proposed a Au' * species as active species (XPS BE:
Au' " (4f): 84.6 eV, Au’ " (4f): 85.9 eV), while the Au""
species in the present study mainly refer to the Au®"
species characterized by a Au(4f7,) BE of 85.8 V. The
variation in the Au particle size does follow the trend of
the activity for the reductively pre-treated catalysts, but
not when comparing with the oxidatively pre-treated
catalysts. Also the Ce®" content shows no clear correla-
tion with the measured WGS activity, although previous
reports demonstrated a significant role of the Ce*" con-
tent in the WGS reaction [28,48,60,66]. The H400 sample,
which has the lowest activity by far, has a significantly
higher amount of Ce* ", compared to the other samples,
while on the other hand the most active H200 sample has a
significantly higher Ce®" content than the (less active)
oxidatively pre-treated catalysts. Comparison of the
H200 and 0200 catalysts shows little difference in activity,
but significant differences in the Ce® " content (14% ver-
sus 21%)

Based on these data we conclude that there is not a
single effect or quantity determining the WGS activity of
Au/CeO, catalysts, but that this results from an inter-
play of different quantities such as the abundance of
jonic Ce®" and Au"" species as well as the Au’ and
ceria particle sizes and that these will affect the con-
centration of active reactants such as bridged OH
groups as well as that of stable reaction intermediates
such as bidentate formate. This result is not at all
astonishing, since under steady-state conditions both
formate formation as well as formate decomposition are
equally important for the WGS activity, and the above
quantities will affect the rates for these two reactions in a
different way. In that sense, the most active catalyst is
characterized by a high activity for formate formation
and a high activity for formate decomposition, where the
former seems to be correlated to a high abundance of
bridged OH groups and the latter rate is dominated by
the activity and abundance of active sites for formate
decomposition and by the transport to these sites (see
ref. [23]). These rates are likely to rely in different ways
on the surface composition characterized by the content
of Au"" and Ce’* and the respective particle of sizes,
i.e., they are affected by different properties of the cat-
alyst surface. The interplay between these two rates
determines the amount of active (bidentate) formate
species stored on the ceria surface. In that sense, the
overall surface composition of the reductively pre-trea-
ted H200 catalyst seems to be optimal for achieving high
rates for formate formation and formate decomposition
at the same time.

4. Conclusion

We have investigated the influence of the condition-
ing procedure on the surface composition, activity and
stability of 2.7 wt.% Au/CeO, catalysts prepared by a
deposition-precipitation procedure, comparing condi-
tioning in inert, oxidative and reductive atmosphere at
temperatures between 200 and 400 °C. Based on ex-situ
(XPS) and in-situ (DRIFTS) spectroscopic and on
kinetic measurements we could demonstrate that the
conditioning procedure has significant influence on the
surface composition, activity and stability of these cat-
alysts. Comparing activities after 1000 min on stream,
the optimum conditioning procedure involves reduction
in 10% H,/N, at 200 °C (45 min). The resulting cata-
lysts are highly active also in comparison with data
reported previously.

The catalyst activity drops with increasing pre-treat-
ment temperature. The comparison of reductive and
oxidative pre-treatments shows a higher activity for the
reductively conditioned catalysts, except for the high
temperature (400 °C) conditioned H400 catalysts, which
turned out to have the lowest activity. The tendency for
deactivation drops slightly with increasing conditioning
temperature, except for the O400 catalyst, which shows
a pronounced decay in deactivation, from about 25—
26% at 200 and 300 °C to 14% after 400 °C calcination.

The spectroscopic measurements show that the
activity is correlated with the abundance of bridged OH
groups, which can react with CO to form adsorbed
formates, and inversely correlated with the concentra-
tion of bidentate formate species, supporting our pre-
vious proposal that on these catalysts the WGS reaction
proceeds via the formation and decomposition of
adsorbed formates and that the ceria surface acts as
storage for adsorbed formates. The fact that there is no
clear correlation between any of the three properties
Au’" content, Ce*" content and Au® particle size and
the WGS activity is interpreted in a way that none of
these properties is solely decisive for the WGS activity,
but that they affect in different ways the activities (rates)
for formate formation and formate decomposition.
Under steady-state conditions the two rates together
determine the measured WGS rate and, via the ratio of
the respective rate constants, the steady-state coverage
of the bidentate formate intermediate. Accordingly, the
most active H200 catalyst is characterized by a combi-
nation of these properties which is optimal for enhanc-
ing both formate formation and formate decomposition.
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