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ABSTRACT: The activity and deactivation of Au/CeO2 catalysts in the PROX reaction were measured during long-term
experiments (TOS = 160 h) by in situ DRS-UV−vis spectroscopy. During the reaction, the support showed a decrease in band
gap energy. The activity and selectivity to CO2 were closely linked to the reduction of Aun+ species, the sintering of the reduced
Au species, and to changes in the Ce3+/Ce4+ ratio. This ratio increased during long-term PROX experiments, showing a
decrement of surface oxygen atoms from the CeO2 phase which participated in the reaction, after which the total oxygen fed to
the reaction was wholly consumed. Also, almost all of the Au3+ species initially present in the catalysts were reduced to Au+ and
Au0. Results suggest that the activity loss is connected to the fast reduction of Au species and is also linked to changes in the
redox properties of ceria, breaking the cycle that provides oxygen to the reaction. Sintering of the Au nanoparticles occurs in a
longer time scale. On the other hand, in the case of fresh Au/CeO2 catalysts, the Au

n+/Au0 ratio decreased with increasing Au
content. This initial ratio affects CO2 selectivity as a function of temperature.
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1. INTRODUCTION
Given that H2 management (storage and distribution) is very
complex, the use of on-site reforming1−5 to produce H2 for fuel
cells appears to be a logical alternative, albeit research is still
needed to implement these options. The problem is to remove
CO from H2-rich streams, and to solve it a catalytic route is
generally considered. This route consists in the selective
oxidation inside a guard reactor of CO in an H2-rich stream also
containing H2O and CO2. A further constraint is that the
reaction temperature during fuel cell operation should be close
to 80 °C. So far, this reaction is possible with a limited number
of noble metals, in particular, Pt, Pd, and Au.
Supported gold nanoparticles have received much attention

after the group of Haruta6,7 reported that they are extremely
active in CO oxidation at low temperature. Since then, several
reports have extensively reviewed the topic and suggested that
the type of support, the pretreatment conditions, the catalyst
preparation method, and the reaction conditions strongly
influence catalyst activity and selectivity.8−13 Catalysts are

typically more active when gold particles are well dispersed on
reducible metal oxides than on nonreducible metal oxides. This
observation14−16 has led some authors to conclude that the
interaction between gold and the support is the determinant for
catalytic activity, because a “synergic effect” occurs between the
gold particles and the reducible metal oxides at the gold−
support interface. This effect may involve redox processes, in
which gold particles favor the reduction of the metal oxide, thus
allowing lattice oxygen atoms from the support to become
activated species available for the oxidation reactions.14−16

Gold catalysts must be highly active as well as resistant to
deactivation during preferential CO oxidation (PROX reaction)
to be competitive. Ideally, they should be stable during the
estimated lifetime of fuel cells (∼5000 h has been commonly
assumed for mobile applications).17 Because catalyst stability
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may depend on its resistance to undergo structural changes
under reaction conditions, there is a motivation to identify the
surface species that are necessary for the catalysts to be active.
Some authors have reported that the interaction between Au
nanoparticles and the support is the main reason for high
catalytic activity. Others have stated that the presence of Au
ions or metal Au nanoparticles plays a key role in the activity of
Au catalysts during preferential oxidation of CO;3,6,13,18,19

however, there is no general agreement yet.
A literature review indicates that deactivation trends during

PROX depend on the gold content, the identity of the support,
the composition of the reaction mixture, and the reaction
conditions (different contact time expressed as W/Fco).
Differences in catalysts and in reaction conditions during
long-term PROX reaction tests complicate the comparison
between reported results, making it unfeasible to assign the
causes of deactivation to some specific changes or mechanisms.
Nevertheless, deactivation of Au catalysts during PROX has
been variously ascribed to the accumulation of carbonates,
formation of hydroxyl groups, and sintering of Au nano-
particles,3,17,20−22 among others. However, the observed
deactivation and the assignment to one cause or another
seems to depend mainly on the chosen reaction conditions and
contact time, as well as on the characterization techniques.
In this work, CeO2 was selected as support for the

preparation of Au PROX catalysts. We performed long-term
in situ DRS-UV−vis PROX reaction studies (TOS = 160 h),
simultaneously analyzing the redox processes that occur on
supported metals and on the supports themselves under
reactive environments. The electronic environmental changes
of the gold and cerium species were studied by XPS and
XANES.

2. EXPERIMENTAL SECTION
2.1. Preparation of Au Catalysts Supported on CeO2.

Pure CeO2 was obtained via thermal decomposition of
Ce(NO3)3·6H2O (Aldrich 99.99%) at 400 °C for 6 h. The
supported Au catalysts were prepared by deposition−
precipitation at room temperature,27 using a support/deionized
water ratio of 1 g/10 mL. A solution of HAuCl4·3H2O (Aldrich,
≥ 49% as Au) was dripped under strong stirring during 2 h.
The pH was kept at 9.5 by the addition of a solution of
NH4OH (JT Baker, 0.1 M). The mixture was then aged at
room temperature for 24 h. The solid was filtered and washed
with 10 times the volume of deionized water used in the
synthesis of the catalyst to remove chlorine ions. The solid was
then dried at 125 °C for 2 h and finally calcined at 400 °C for 6
h in static air. The Au content was determined by atomic
absorption. The labeling and Au loading of the catalysts is given
in Table 1. The actual Au content was very close to the nominal
Au loading.
2.2. Characterization Methods. The textural properties of

all catalysts were determined from the adsorption−desorption
isotherms of N2, recorded with a Quantachrome Autosorb 1.
Prior to the experiments, samples were degassed at 270 °C in
vacuum for 5 h. Specific areas were calculated by applying the
BET method to the N2 adsorption data within the 0.005−0.25
P/P0 range.28,29 The average pore diameter was calculated by
the Barret−Joyner−Halenda method (BJH) applied to the
desorption branches of the N2 isotherms. The cumulative pore
volume was also obtained from the isotherms at P/P0 = 0.99.
Catalysts were characterized by powder X-ray diffraction

(step-scanning procedure; step size 0.02°; 0.5 s) with a Ragaku

2100 diffractometer using a monochromatic Cu Κα radiation
(λCu = 0.1541 nm) in the 2θ range between 2 and 80°.
The ex situ UV−vis diffuse reflectance spectra (DRS UV−

vis) of the support and catalysts were recorded using a Cary 5E
spectrophotometer equipped with a Praying Mantis diffuse
reflection reaction cell (Harrick Scientific). All spectra were
recorded at room temperature after heating the samples at 250
°C in He flow during 1 h. The spectrum of the support was
subtracted from the spectrum of each catalyst.
X-ray photoelectron spectra of catalysts were measured in an

A RIBER LDM-32 equipped with a hemispherical electron
analyzer. A Mg Kα (hν = 1253.6 eV) X-ray source was used.
Each sample was first placed in a copper holder mounted on a
sample-rod in the pretreatment chamber of the spectrometer,
and it was then outgassed at 130 °C for 1 h before being
transferred to the analysis chamber. All samples were outgassed
at 10−5 mbar and then transferred to the ion-pumped analysis
chamber. Pressure was kept below 7 × 10−9 mbar during data
acquisition. The binding energies (BE) were referenced to the
C 1s peak (284.9 eV) to account for charging effects. The areas
of the peaks were computed after fitting the experimental
spectra to Gaussian/Lorentzian curves and removal the
background (Shirley function). Surface atomic ratios were
calculated from the peak area ratios normalized by the
corresponding atomic sensitivity factors.
The HR-TEM images of Au/CeO2 catalysts were obtained

using a JEOL-2100 microscope operated at 200 kV with a LaB6
filament (resolution of 0.23 nm point) and equipped with an
energy-dispersive-X-ray (EDX) instrument and a “Z” contrast
detector. Each catalyst was crushed to a fine power, and a holey
carbon film copper grid was dipped into the crushed powder.
Dispersive XANES spectra at the Au LIII edge were recorded

at the X-ray beamline D06A-DXAS at the Brazilian
Synchrotron Light National Laboratory (LNLS). The beamline
was equipped with a curved Si (111) monochromator. Self-
supporting wafers of the samples were placed in a stainless steel
holder sealed with Kapton windows. XANES spectra were
recorded in transmission mode with a cryogenically cooled
CCD detector of 1340 × 1300 pixels. Each pixel has 20 × 20
μm2 for a total image area of 26.8 × 26.0 mm2. Conversion of
data from pixel to energy was performed by comparing
measurements of XANES spectra characterizing the reference
gold foil. The energy step-size in the resulting spectra was
approximately 0.3 eV. Data reduction and analysis was done
with the software Athena.37. Au-LIII edge XANES spectra were
calibrated with gold foil measured in transmission mode. The
edge is represented as the inflection point of the first absorption

Table 1. Nomenclature, Au Content, Textural Properties,
and Mean Crystal Size of CeO2 for Au/CeO2 Fresh Samples

sample
nomenclature

Au contenta

(% wt)
SBET

(m2g−1)
Vpc

(cm3g−1)
Dpd

(nm)

CeO2 mean
crystal sizeb

(nm)

CeO2 0.0 83 0.28 12.6 8.2
Au-24 0.24 112 0.33 12.9 8.39
Au-48 0.48 123 0.32 13.6 8.55
Au-74 0.74 97 0.35 13.8 8.75
Au-98 0.98 94 0.30 13.8 8.82
Au-124 1.24 86 0.30 13.7 8.97
Au-148 1.48 89 0.31 13.8 9.2
Au-174 1.74 87 0.24 13.3 9.31

aDetermined by atomic absorption. bCalculated by using Scherrerś
equation. cVp = average pore volume. dDp = average pore diameter.
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peak at nearly 11919 eV. The exact value of the absorption edge
for each spectrum was found by determining the maximum of
the first derivative of the data in the region were the absorbance
increased drastically. The data were normalized by dividing the
absorption intensity by the height of the absorption edge.
2.3. Catalytic Activity Measurements. The activity of

catalysts during the CO-PROX was measured in a quartz
microreactor connected online to a GC Shimadzu 12-A with
two packed columns (5-A and Porapack Q) and equipped with
a TCD detector. The reactions were performance as a function
of temperature at atmospheric pressure with a contact time W/
Fco =158 gcat h/mol CO. A mass of 80 mg of catalyst was
placed in the microreactor, which was heated at 3 °C/min from
room temperature to 400 °C. While heating, 100 mL/min of a
mixture containing 1% CO, 1% O2, 50% H2, 48% N2 (v/v)
were flown through the reactor. Different catalytic tests were
performed to determine the reaction conditions in which the
activity changes were observable before the long-term experi-
ments at a constant temperature of 80 °C. The conditions used
during long-term experiments were W/FCO = 8.6 g h/molCO,
25 mg of catalyst, and a flow rate of 153 cm3/min of a gas
mixture containing 1% CO, 1% O2, 50% H2 in N2 at 80 °C. The
use of a low W/Fco to evaluate the stability of Au/CeO2 during
long-term PROX is explained in the section 3 (Results and
Discussion).
2.4. In Situ Diffuse Reflectance UV−vis Spectroscopy.

The structural changes of catalysts were evaluated during
PROX via in situ DRS UV−vis spectroscopy in a CARY/5E
Varian spectrophotometer equipped with a diffuse reflectance
reaction cell (Harrick Scientific). Spectra were measured from
1400 to 200 at 150 nm/min and a wavelength increment of 0.5
nm. Twenty-five milligrams of catalyst was used with a bed of
0.85 g of α-Al2O3. The reaction temperature was kept at 80 °C,
and the same reaction mixture as well as W/FCO were used
during catalytic activity measurements (25 mg of catalyst, and a
total flow of 153 cm3/min of a gas mixture containing 1% CO,
1% O2, 50% H2 in N2 at 80 °C).

3. RESULTS AND DISCUSSION
3.1. CO-PROX Activity during Programmed Temper-

ature Reaction. Au/CeO2 catalysts were highly active for both
CO and H2 oxidations at temperatures below 130 °C. The
catalytic activity and selectivity dependent on both the Au
content and the temperature are shown in Figure 1 and 2,
respectively. As depicted in Figure 2, the catalysts increased
their selectivity to CO2 as the temperature was increased until a
maximum in CO conversion was reached (Figure 1). H2
oxidation was found to be dominant with a further temperature
increase and depleted the limited amount of oxygen fed to the
system (1% CO, 1% O2, 50% H2 in N2).

30,31 In Figure 2, it is
clear that the difference between high or low-Au-content
catalysts, is the behavior of their selectivity with temperature. In
general, at higher Au content, there was a lower light-off
temperature for CO oxidation, and as a consequence, the
maximum in CO conversion occurs at lower temperature.
Changes in CO2 selectivity with Au content and temperature
suggest that CO adsorbs more strongly than hydrogen.32

3.2. CO-PROX Results during Long-Term Experiments.
The stability of Au catalysts during PROX reported in the
literature shows no common trend. This is in part caused by the
use of different Au catalysts as well as by the different reaction
conditions employed3,5,17,31−41 (Table 2). A fact that has not
been analyzed is the wide interval of W/Fco values that are

typically used. Even when they range from 8.6 to 220 g h/
molCO, the initial CO conversion varies only from 0.63 to 0.99.
W/FCO value could be large enough that deactivation could be
not detected during the first hours on stream of the reaction
test. Also, as it was mentioned above, reaction tests at different
temperatures have an effect on activity, selectivity, and
deactivation. In fact, while some authors observed no
deactivation,5,31,39 others link deactivation to the presence of
carbonates40 and also to changes in Aun+ species3,41 or in the
support17,40,41 as well (Table 2).
To determine an adequate W/FCO range for long-term

deactivation experiments, several reaction tests at 80 °C varying
W/FCO were performed. In Figure 3, the behavior of CO
conversion vs W/FCO at 80 °C for Au-48 (referred in the
following to as low-Au-content catalyst) and Au-124 samples
(referred in the following to as high-Au-content catalyst) are
represented. The CO conversion vs W/FCO curves for low and
high Au content indicate low sensibility to the Au content
(Figure 3). Both catalysts increase their CO conversion as W/
FCO was increased until W/F0 reached a value of 30 gcat h/mol
CO. At higher values, the CO conversion remains essentially
constant for both samples. Thus, in order to properly observe

Figure 1. CO conversion versus reaction temperature during PROX
over Au/CeO2 catalysts. Reaction mixture: 1% CO, 1% O2, 50% H2,
N2 balance, contact time W/FCO = 158 gcat h/molCO. ■ Au-48; ● Au-
98; ▲ Au-124, × pure CeO2.

Figure 2. Selectivity to CO2 versus reaction temperature during PROX
over Au/CeO2 catalysts. Reaction mixture: 1% CO, 1% O2, 50% H2,
N2 balance, contact time W/FCO = 158 gcat h/molCO. ■ Au-48; ● Au-
98; ▲ Au-124, × CeO2.
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deactivation during long-term PROX experiments, it is
necessary to operate the reactor at W/FCO below 30 gcat h/
mol CO. For the long-term reaction test, W/FCO = 8.6 g h/
molCO was selected. Subsequently, 25 mg of catalyst and a flow
rate of 153 cm3/min of a gas mixture containing 1% CO, 1%
O2, 50% H2 in N2 at 80 °C were then used.
Figure 4 shows the performance of Au-48, Au-98, and Au-

124 in the PROX reaction during 164 h on stream (TOS).
During the first 10 h, there is a rapid deactivation of all catalysts
tested. About 24% of the initial activity was lost during this
stage. After 80 h of reaction, both Au-98 and Au-124 samples
reached a pseudo stationary activity. The sample containing less
Au gradually deactivated during 120 h of reaction. However,
this sample showed the lowest catalytic deactivation under the
reactions conditions employed. Deactivation results indicate
that after 120 h of time-on-stream, the Au-48 sample has 49%
of catalytic deactivation, whereas Au-98 and Au-124 samples
have 66 and 95% of deactivation, respectively.
All catalysts had an initial selectivity to CO2 of 55% (Figure

5). After 10 h of reaction, Au-48 had 50% of Sco2 and remained

Table 2. Comparison of Reaction Conditions Reported in the Literature during Long-Term PROX Studies

catalyst
Au (%
wt)

T
(°C)

W/Fcoc

(gh/molCO) feed composition (balance N2)
TOS
(h)

deactivation at
13 ha (%) causes ref

Au/α-Fe2O3 2.3 80 33.4 1% CO, 1% O2, 10% CO2, 4% H2O,
50% H2

∼17 27 presence of carbonates and changes
in the support

7,27

Au/CeO2 1 110 80.1 1% CO, 1% O2, 2% CO2, 2% H2O,
40% H2

48 0 NDb 26

Au/α-Fe2O3 5 80 222.6 0.9% CO, 0.9% O2, 22% CO2, 4.7%
H2O, 50% H2

∼13 0 ND 23

Au/CeO2-Ga
or La

0.28 125 64.1 1% CO, 0.5% O2, 15% CO2, 10%
H2O, 50% H2

50 0 reduction of Au species 5

Au/TiO2 5 25 150.3 80 ppm of CO, 2% O2, 2000 ppm of
CO2, 75% H2

24 61 changes in species of Aun+ 3

Au/CeO2−
Co3O4

1 80 80.1 1% CO, 1% O2, 50% H2 300 9 reduction of Aun+ to Au0 and
Co3O4 to CoO

28

Au/CeO2 0.48 80 8.6 1% CO, 1% O2, 50% H2 164 24 changes in species of this
work

Au/CeO2 0.98 80 8.6 1% CO, 1% O2, 50% H2 164 49 Aun+ and in the redox this
work

Au/CeO2 1.24 80 8.6 1% CO, 1% O2, 50% H2 164 61 cycle of CeO2 this
work

aCalculated from data reported in the literature. bND = not determined. cW/Fco is the contact time expressed as gCat·h.mol
−1

CO.

Figure 3. Behavior of CO conversion versus contact time (W/Fco)
during PROX at 80 °C for Au-048 (▲), Au-098 (□), and data
reported in the literature to study the deactivation of Au/catalysts
during long-term PROX experiments (●).

Figure 4. Deactivation patterns during PROX reaction at 80 °C over
Au/CeO2 catalysts using 1% CO, 1% O2, 50% H2, N2 balance, contact
time W/FCO = 8.6 gcat h/molCO and TOS = 164 h. ■ Au-48; ● Au-98;
▲ Au-124.

Figure 5. Selectivity to CO2 during PROX at 80 °C over Au/CeO2
catalysts using 1% CO, 1% O2, 50% H2, N2 balance, contact time W/
FCO = 8.6 gcat h/molCO and TOS = 164 h. ■ Au-48; ● Au-98; ▲ Au-
124.
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almost constant during 160 h of TOS. Au-98 showed a similar
behavior, but its Sco2 was 44%. The higher Au content sample,
Au-124, showed a decrease in its SCO2 during the first 60 h of
reaction, and then it remained constant at 32% until the end of
the experiment. Therefore, Sco2 also depends on the Au
content and on TOS. In order to explain those deactivation
patterns, fresh and spent catalysts were characterized by ex situ
DRS UV−vis and XPS. The deactivation was also followed
during long-term PROX reaction via in situ DRS UV−vis
spectroscopy in order to study the changes in Au species and
Au nanoparticles as well as that of CeO2 during long-term
operation.
3.3. Characterization of Fresh and Used Catalysts.

DRS UV−vis spectroscopy has been used extensively to study
supported catalysts in order to obtain information on surface
coordination as well as different oxidation states of metal ions
by measuring d−d, f−d transitions and oxygen−metal ion
charge transfer bands. All DRS UV−vis spectra of Au−ceria
fresh catalysts have a band centered at 2.15 eV (Figure 6). This

band is attributed to the surface plasmon (SP) resonance of Au
nanoparticles. It arises from the collective oscillations of the
free conduction band electrons induced by incident electro-
magnetic radiation with a wavelength greatly exceeding the
particle diameter. SP resonance is a signature for the presence
of metallic Au nanoparticles.42,43 Results indicate that the
intensity and the bandwidth of SP band increases gradually with
the Au content (Figure 6), indicating the presence of Au0

nanoparticles in fresh catalysts, and that their number and/or

size increases with the Au content.42−50 This was confirmed by
HRTEM results, which confirmed that the particle size
distribution changes with Au content. Mean particle sizes for
Au-48, Au-98 and Au-124 fresh samples were 3.5, 8.2, and 10.2
nm, respectively (Figure 7).
On the other hand, all catalyst showed the Au 4f7/2 binding

energies signals at 83.6, 84.5, and 85.6 eV in their XPS spectra
(Figure 8). These signals are typical of metallic Au particles,

cationic Au+ and Au3+ species, respectively.47,48 After
deconvolution of XPS spectra, we notice that as the Au
content increases, both Au3+ and Au0 fractions increase while
the cationic Au+ species decrease (Table 3). Samples having

Figure 6. Evolution of the Au surface plasmon at 2.2 eV from ex situ
DRS-UV−vis spectra of Au/CeO2 fresh samples.

Figure 7. HR-TEM particle size distribution of Au/CeO2 catalyst: (a) Au-48, (b) Au-98, and (c) Au-124 samples.

Figure 8. XPS spectra of Au-124 fresh sample (a) and after
pretreatment with 15% H2/N2 for 1 h (b).
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low Au content show practically only cationic Aun+ species (82
and 11% of Au+ and Au3+ species, respectively, and only 7% of
Au0), whereas the higher Au content sample has 20% of Au0

and 54 and 26 of Au+ and Au3+ species, respectively. The Au0

and Au3+ atomic fractions (Table 3) follow the order: Au-124 >
Au-98 > Au-74 > Au-48. From the DR UV−vis, HRTEM, and
XPS results, it can be concluded that on fresh samples the
amount of metallic Au0 and Au3+ increases with the Au content.
These results also indicate that the observed catalytic activity
correlate with the amount of Aun+ species detected in fresh
catalysts, i.e., the higher the Aun+ atomic fraction (n includes
both 1+ and 3+ Au species), the higher the CO reaction rate
during PROX at 80 °C at a steady state (Figure 9). This is the
same trend than that reported by Guzman et al.49 during the
oxidation of CO.

DRS UV−vis spectra of fresh catalysts in the charge transfer
region are presented in Figure 10. There are two principal
absorption bands centered at 3.7 and 4.5 eV. The first
absorption band is assigned to the electronic transition from
oxygen to cerium III (O2− → Ce3+), while the absorption band
at 4.5 eV corresponds to the transition from oxygen to cerium
IV (O2− → Ce4+).51,52 Both absorption bands are also affected

by the deposition of Au species. Besides the above, there is a
change in the energy band gap (Eg) of cerium oxide after the
deposition of Au. The band gap of ceria decreases with an
increment in the Au content (from 3.2 to ∼3 eV in samples
having higher Au content). This means that the presence of Au
enhances slightly the electronic conduction in CeO2. Also, the
particle size of ceria, calculated by using the Scherrerś equation
and the (1 1 1) XRD patterns, increases with the Au content
(from 8.2 nm for CeO2 to almost 9.3 nm for Au-124) (Table
1). The UV absorption edge wavelength is very sensitive to the
particle size of semiconductor materials as in the case of ceria.51

The changes observed in the band gap and in the mean crystal
size of ceria with the Au content suggest that they are probably
caused by changes in the Ce3+/Ce4+ surface ratio (Ce4+ radius =
0.097 nm; Ce3+ radius = 0.114 nm) due to the interaction with
Au species.42,52−56 If an increment in the Au content changes
the Ce3+/Ce4+ surface ratio, this probably has also an important
influence in the redox properties of CeO2 and, as a
consequence, in the catalytic activity.
XPS studies were performed in order to analyze the surface

electronic environment of Ce ions and the nature of the surface
Au species on catalysts before use. The binding energy (BE)
values of the most intense Au 4f7/2 and Ce 3d core levels, Ce

3+/
Ce4+, Au/Ce, and O/Ce surface atomic ratios are listed in
Table 3. XPS Ce 3d signals of catalysts show eight peaks
corresponding to the spin−orbit doublet (SOD) and satellite

Table 3. Binding Energies (eV) of Core Electrons of Ce 3d and Au 4f, Ce3+/Ce4+,a, Au/Ce, O/Ce and Au0/Auδ+ Surface Atomic
Ratios of Calcined Au/CeO2 Samples

catalyst

Ce 3d Au 4f7/2 Ce3+/Ce4+,a Au/Ce O/Ce

V V′ V″ V‴ U U″ U‴
Au-048 822.4 (25%) 884.4 (15%) 886.5 (12%) 898.7 (9%) 902.0 (11%) 907.4 (8%) 917.1 (6%) 83.6 (7%) 0.41 0.019 1.59

84.5 (82%)
85.6 (11%)

Au-074 822.2 (24%) 884.5 (16%) 886.8 (12%) 898.7 (7%) 902.2 (11%) 907.5 (7%) 917.1 (7%) 83.6 (10%) 0.43 0.023 1.40
84.5 (73%)
85.6 (17%)

Au-098 822.1 (23%) 884.6 (17%) 886.7 (12%) 898.6 (9%) 902.1 (11%) 907.4 (7%) 917.3 (6%) 83.6 (16%) 0.46 0.038 1.19
84.5 (64%)
85.6 (20%)

Au-124 822.2 (22%) 884.5 (18%) 886.8 (11%) 898.7 (9%) 902.1 (12%) 907.4 (7%) 917.1 (5%) 83.6 (20%) 0.51 0.043 1.12
84.5 (54%)
85.6 (26%)

aThe Ce3+/Ce4+ ratio was calculated from XPS Ce3+/(Ce4+ + Ce3+) ratio; where, Ce3+ = (U′ + V′) and Ce4+ = (U + U″+ U‴ + V+ V″ + V‴).

Figure 9. Relation between atomic Aun+ fraction and CO reaction rate
during PROX at 80 °C at time on stream of 60 min (catalyst
stabilization time).

Figure 10. UV spectra for Au/CeO2 fresh catalysts.
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lines characteristic of Ce in oxidized state.57−60 As an example,
the XP spectrum on Au-124 sample is shown in Figure 11. The

lower Ce3+/Ce4+ surface ratio was observed in the Au-48
sample (Ce3+/Ce4+ atomic ratio of 0.41) (Table 3). The surface
Ce3+/Ce4+ ratio follows the order: Au-48 < Au-74 < Au-124. As
the Au content increases, there is also an increase in the
electronic conduction of ceria (change in ceria band gap),
which is related to the observed increase in Ce3+/Ce4+ ratio and
in the mean crystal size of ceria (Figure 12). These changes
depend on the proportion of Auo and Aun+ species, which in
turn depend on the Au content in the catalyst.

The O/Ce ratio decreases when the Ce3+/Ce4+ ratio
increases, this is due to a change in the Ce3+ content, and
therefore, the surface oxygen decreases. A decrease in the
surface O/Ce ratio has a negative effect on the CO reaction
rate, probably because there is a smaller supply of oxygen.
Additionally, we observed a strong impact of cationic Au
species on the reaction rate. An increment in the Au0 fraction
results in a decrement in the CO reaction rate. The catalytic
behavior observed could be related to the Ce3+/Ce4+ and Aun+/
Auo surface ratios, which are associated with the surface oxygen
mobility.
3.4. Evidence of Reduction of Au Species and Over-

Reduction of Ceria via In Situ UV−vis Reaction. In order
to understand deactivation of our catalysts, we measured in situ
DRS UV−vis spectra at the same reaction conditions used in
section 3.3 for each catalyst. Figure 13 shows the electronic

spectra during the in situ experiments for sample Au-48. The
intensity of the Au SP band slightly increases during the PROX
reaction. The Au size effect on the SP absorption has been
linked to the SP bandwidth, which decreases when the particle
size increases. It has been established that the bandwidth is
inversely proportional to the radius of the particles for sizes
smaller than those about 20 nm when they form colloidal
solutions.42,45,48,61−63 For larger Au particles in solution, SP
bandwidth increases with the particle size. Our deactivation
results indicate that reduction and a slight sintering of Au
species occur during long-term reaction.
A significant decrease in ceria band gap, from 3.09 to 2.82 eV,

occurred during reaction (inset in Figure 13). The change in
ceria band gap with TOS tracks the CO PROX deactivation of
low-Au-content catalyst (Figure 4). This is an indication that
there are also important changes in the electronic properties
ceria during PROX reaction.
Figure 14 shows the evolution of the in situ electronic spectra

for Au-98 sample during 150 h of PROX reaction. Also, as in
the case of low Au content, the SP bandwidth of Au-98
decreases from 0.49 to 0.41 eV, and its intensity increases
during reaction, indicating again reduction and sintering of Au

Figure 11. XPS spectra of the Ce 3d core electron levels for Au-124
catalyst.

Figure 12. Relation between Ce3+/Ce4+ ratio and band gap energy of
ceria in catalysts fresh.

Figure 13. Electronic spectra during the in situ PROX reaction over
Au-48 catalyst at 80 °C with 1% CO, 1% O2, 50% H2, N2 balance,
contact time W/FCO = 8.6 gcat h/molCO and TOS = 150 h.

Figure 14. Electronic spectra during the in situ PROX reaction over
Au-98 catalyst at 80 °C with 1% CO, 1% O2, 50% H2, N2 balance,
contact time W/FCO = 8.6 gcat h/molCO and TOS = 150 h.
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species. This increment is more evident than that observed in
the low-Au-content sample, which indicates an increase in
concentration and size of the supported Au nanopar-
ticles.42,61−64 Results suggest that the Au reduction occurs
during the first 10 h on stream, and after that, the sintering of
Au nanoparticles occurs. In fact, TEM results (Figure 15)
clearly indicate the occurrence of a sintering process of Au
nanoparticles during reaction. The average Au particle size after
reaction also depends on the Au content and on the time on
stream.
We can notice that in Au-98 sample changes also occur in the

ceria band gap, from 3.07 to 2.78 eV, during reaction (inset in
Figure 14). Again the behavior of ceria band gap versus TOS is
similar to the deactivation curve (Figure 4). In situ DRS-UV−
vis results indicate that during deactivation of low and high
content of Au content catalysts during PROX reaction, Au
reduction and a decrease in CeO2 band gap occurred.
Taking into account DRS UV−vis and XPS results on fresh

catalysts, the Ce3+/Ce4+ ratio, and the observed changes in
CeO2 band gap during deactivation, the amount of Ce3+ should
then increase during deactivation due to the reducing
environment in the PROX reaction (feed gas mixture
composition: 1% CO, 1% O2, 50% H2 in N2). This means
that an over-reduction of CeO2 occurred during reaction. Zacl
et al.65 have reported that the problem of deactivation is likely
to be universal for all noble metal/ceria system in which a
significant fraction of hydrogen in the feed creates a reducing
environment facilitates the over-reduction of the support.

Recently, Jimenez-Lam et al.66 used an in situ dispersive
XANES probe to determine that in the case of Au/Fe2O3 the
reduced gold provides sites for H2 adsorption and dissociation,
which is then spillover from the gold to the support, favoring its
reduction and restructuring. Our results for Au/CeO2 seem to
agree with those of Jimenez-Lam et al.66 At high Au content,
the amount of Au0 nanoparticles is higher and the loss in
activity is greater than that observed with low-Au-content
catalyst. In the case of PROX, the high amount of H2 in the
feed helps to the fast reduction of Au and then reduced Au
nanoparticles helps to over-reduce the ceria. In order to probe
this, the sample Au-124 was pretreated at 150 °C using 30 cm3/
min of a 15% H2 in N2 for 1 h, and the XPS spectra of both Au
and Ce was measured. The Au XPS spectrum indicate that after
this treatment all Au3+ species present in the fresh calcined
sample (Table 3) were reduced to Au0; after 1 h of reduction,
the atomic fractions of Au0 and Au1+ were 0.7 and 0.3,
respectively (Figure 8). This indicates that the reduction of
Aun+ species occurs under PROX reaction conditions. XANES
spectra of fresh and used samples also indicate that under
PROX conditions, the reduction of Au species is a very fast
process (Figure 16). Also, Ce XPS spectrum of the pretreated
Au-124 sample indicates an increase of 0.9% in the Ce3+/Ce4+

atomic ratio, with respect to the fresh calcined sample (Table
3). Thus, the results indicate that reduction of Au3+ species,
changes in Ce3+/Ce4+ atomic ratio and sintering are involved in
deactivation of Au/CeO2 PROX catalysts.

Figure 15. Particle size distribution of Au-98 sample (Au/CeO2 with 0.98 Au wt %) for the following: (a) fresh sample, (b) after PROX for 160 h
and HR-TEM images of Au nanoparticles for (c) fresh sample and (d) after PROX for 160 h.
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4. CONCLUSIONS
At higher Au content, there was a lower light-off temperature
for CO oxidation. The stability of low-Au-content catalysts
(Au-48 sample with 0.48 Au wt %) during PROX is higher than
those catalysts with higher Au content. After a TOS of 160 h,
only the selectivity to CO2 of low-Au-content catalysts
remained almost at 50%. Deactivation patterns show a
particular trend. There is a fast deactivation between the first
10 h of PROX reaction. All catalysts lost around 24% of their
initial activity after 10 h on stream. Then a slow activity decay
process occurs until a pseudo stationary activity is reached at
TOS = 80−120 h. Characterization results of fresh samples
indicate that the structural, electronic, and catalytic properties
of Au/CeO2 depend on Au content. Our analysis of Au/CeO2
catalysts shows the presence of Au0, Au1+, and Au3+ species.
They were identified on the basis of DRS UV−vis and XPS
spectra of catalysts before and after reaction. Samples having
low Au content show practically 93% of cationic Aun+ species,
whereas the high-Au-content sample (Au-124 sample with 1.24
Au wt %) has 20% of Au0. By using in situ DRS in the UV−vis
region, we were able to follow the behavior of Au nanoparticles
and the changes in the band gap of CeO2 in order to relate
those observations to the catalytic stability of the Au/CeO2
during long-term PROX experiments. Deactivation of Au/
CeO2 during PROX is related to (i) the reduction of the
cationic Au species, (ii) sintering of Au nanoparticles, and (iii)
the surface reduction of CeO2. It appears that deactivation is
caused mainly by an alteration of the redox cycle of ceria, which
is caused by the reduction of Au species affecting the availability
of oxygen. These results help to explain the changes observed
during deactivation of Au/CeO2 catalysts.
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