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a b s t r a c t

Reduced Au-Cu/CeO2 catalysts (Cu/Au = 1, 3) are more efficient towards the preferential oxidation of CO
(PROX) than their calcined counter-parts. They exhibit lower activation energies and CO partial reaction
orders (aCO), and even more interestingly, significantly higher O2 partial reaction orders (bO2). For the sto-
ichiometric composition in particular (Au1Cu1/CeO2-R), the partial pressure of oxygen has a higher
impact on the reaction rate than the partial pressure of CO (bO2 > aCO), which is unprecedented in low
temperature catalysis involving gold and a reducible oxide support. DRIFTS studies further show (1) that
Au1Cu1/CeO2-R contains electron-deficient, alloyed Cu atoms (Au-Cu+) and (2) that the formation of CO2

is enhanced by the preadsorption of O2 rather than the preadsorption of CO. This suggests that CO oxi-
dation proceeds via a Langmuir-Hinshelwood-type, bifunctional mechanism, involving CO adsorbed on
Au0 sites and oxygen adsorbed on electron-deficient, gold-alloyed copper sites. This alloy-mediated oxy-
gen activation could be the key to the superior PROX activity of Au1Cu1/CeO2-R.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

The ability to oxidize CO at room temperature is of great impor-
tance for the purification of indoor and outdoor air (CO oxidation),
as well as for the purification of hydrogen fuels feeding polymer
exchange membrane fuel cells (CO preferential oxidation, CO-
PROX). In this regard, supported Au-Cu bimetallic catalysts [1–
14] have attracted much attention in recent years because they
may, under certain conditions, exhibit superior catalytic activity
in CO oxidation as compared to the Au and Cu monometallic cata-
lysts. In particular, significant improvement in CO-PROX light-off
temperatures was observed in ceria-supported AuCu [4,5,7,8]
when the samples were reduced. Amongst reduced catalysts, the
stoichiometric Cu/Au composition, Au1Cu1/CeO2-R, exhibited the
largest improvement. The improvement in CO conversion was
much larger than the one that could be expected from the higher
dispersion of gold in the reduced sample, as compared with the
calcined ones, and from a possible size effect. Alloy formation
was speculated to account for the higher activities observed, but
no insight in the molecular processes involved in the mechanism
was given [4].

Combining diffuse reflectance infrared Fourier transform
(DRIFT) spectroscopy and kinetic studies could be helpful for that
purpose. There is currently no available kinetic data on the
AuCu-catalyzed CO oxidation and no available DRIFT study on
the ceria-supported AuCu system. However, DRIFTS has proven
useful for investigating the mechanism of the CO oxidation reac-
tion on Au/CeO2 [15–20], Cu/CeO2 [21–28], and bimetallic AuCu
[2,3,6,11] supported on ‘‘inert” supports according to Schubert’s
classification of supports for gold-catalyzed CO oxidation [29],
namely alumina and silica. For Cu/CeO2 catalysts, CO oxidation
rates were shown to correlate well with the formation of Cu+–CO
[21,23] and to follow a Mars-Van Krevelen mechanism involving
the redox properties of ceria in oxygen activation [26,30]. For Au/
CeO2 and silica-supported AuCu catalysts, Au0 was found to be
the most relevant site regarding CO adsorption and oxidation
[3,31]. Boccuzzi et al. reported that CO and O2 were competitively
adsorbed on these Au sites supported on TiO2 at 91 K [18,32] and
that oxygen could also be activated on an oxygen vacancy of the
support close to the gold nanoparticles [20]. Such a two-site model
of non-competitive adsorption, CO adsorbing on Au and O2

adsorbing on the support (e.g. TiO2) [19], is generally accepted
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for supported gold catalysts exhibiting Langmuir-Hinshelwood
kinetics [16].

Concerning the kinetics of the Cu/CuO-CeO2 [33–37] and Au-
catalyzed [38–44] CO-PROX reactions, it has been shown that
copper-catalyzed reactions exhibited high values of apparent
activation energies (Ea), from 50 to 100 kJ/mol, whereas gold-
catalyzed reactions exhibited much lower Ea with values of
20–40 kJ/mol. Besides, for supported Au catalysts, the partial reac-
tion orders of both CO (a) and O2 (b) for supported Au are positive.
Generally, bO2 ~ aCO when Au nanoparticles (NP) are associated
with ‘‘inert” supports [44] and bO2 < aCO when Au NP are associated
with reducible supports [38,39].

The aim of this work is to provide a kinetic study of the
AuCu/CeO2-catalyzed CO oxidation in the presence of hydrogen
and DRIFT analysis of the adsorption of CO in the absence and in
the presence of O2 (reactive atmosphere), for both calcined
(AuCu/CeO2-C) and reduced (AuCu/CeO2-R) systems. The correla-
tion between these two studies is shown to bring new mechanistic
insight in the otherwise highly documented Au-catalyzed CO oxi-
dation. The mechanistic aspects of CO oxidation on the optimum
formulation of Au1Cu1/CeO2-R are further considered, in compar-
ison with monometallic and calcined catalysts. A new site for oxy-
gen activation is proposed. It is expected to be involved in the
alloy-catalyzed oxidation of CO regardless of the presence or the
absence of hydrogen.

2. Experimental

2.1. Catalyst preparation

The bimetallic AuxCuy/CeO2 catalysts were prepared by a two-
step method, as previously described [4,9]. First, gold was loaded
on ceria using Direct Anionic Exchange (DAE) [45,46]. Copper
was then loaded on the resulting Au-CeO2 powder by impregnation
(IMP) after introduction of Au-CeO2 into an aqueous solution of Cu
(NO3)2�3H2O and stirring for 3 h, the solution was evaporated and
the remaining solid dried in an oven at 110 �C for 3 h. The gold
loading was fixed at 2 wt% and the amount of copper was chosen
in order to vary the atomic Au/Cu ratio (Au/Cu = 1:3 and 1:1).

A fraction of the catalyst precursor was calcined under air by
heating to 300 �C at 4 �C/min and holding at 300 �C for 4 h. The
other fraction of the catalyst precursor was reduced in a furnace
under a flowing 50% H2/He gas mixture with a flow rate of
50 mL/min�1, holding at 300 �C for 2 h. The obtained samples were
named according to the nominal Cu/Au atomic ratio and the post-
synthesis treatment applied (C or R for calcination or reduction,
respectively), as follows: Au1Cu1/CeO2-C, Au1Cu1/CeO2-R, Au1Cu3/
CeO2-C and Au1Cu3/CeO2-R.

For comparison, monometallic Au/CeO2-C and CuO/CeO2-C cat-
alysts were prepared by analogous DAE and IMP methods and
finally calcined at 300 �C for 4 h. The targeted loading of Au or
Cu was 2 wt%. Reduced monometallic catalyst (Au/CeO2-R and
CuO/CeO2-R) were also prepared for the FTIR study, using the same
hydrogen treatment as the one used for bimetallic catalysts.

Basic characterization (ICP, H2-TPR, XRD, XPS, HRTEM) and
activity measurements (light-off curves) of all the materials may
be found elsewhere [4]. In brief, all catalysts contain 2.10 ± 0.05
wt% Au with average size 2.0 ± 0.5 nm in the reduced catalysts
and 3.0 ± 0.5 nm in the calcined materials. Copper content varies
from 0.80 wt% to 1.86 wt% and 1.94 wt% in Au1Cu1/CeO2, Au1Cu3/
CeO2 and Cu/CeO2, respectively.

2.2. Kinetic measurements

Catalytic kinetics of CO preferential oxidation was studied at
atmospheric pressure in a quartz micro-reactor. Catalysts were
diluted 1:20 (wt./wt.) with cordierite. The catalyst mass was fixed
at 0.005 ± 0.001 g except in the case of CuO/CeO2, where a mass of
0.02 g was used. The gas mixture (CO/O2/H2 balanced by He) was
introduced at a flow rate of typically 200 mL/min, which allowed
to obtain very low CO conversion and maintained the catalysts
under kinetic control. The flow rate was controlled using Tylan
mass flow controllers. The temperature (T) was monitored and
controlled by a Eurotherm system. Analyses of CO, O2 and CO2

were performed using a Rosemount Infrared analyzer. Parameters
were varied in the following ranges: 25 �C < T < 180 �C; PH2 = 50 kPa;
PCO = 0.25, 0.5, 1, 1.5 kPa (with PO2 = 1 kPa); PO2 = 0.25, 0.5, 1,
1.5 kPa (with PCO = 1 kPa). The CO conversion (XCO) and CO oxida-
tion rates (r, mmolCO/s/gcat) were calculated using XCO = CO2½ �out

CO½ �in and

r ¼ F�CCO�XCO
22:4 � 1

60 � T0
T � 1

mcat:
with F = total flow rate of the reactants;

CCO = CO concentration; T0 = 298 K; mcat = catalyst mass. CO and
O2 partial reaction orders, aCO and bO2, respectively, were calcu-
lated from r ¼ kPaCOP

b
O2. Apparent activation energies (Ea) were cal-

culated using the Arrhenius law: r ¼ A:exp �Ea=RT½ �.
2.3. In situ diffuse reflectance FTIR (DRIFTS) measurements

The in situ diffuse reflectance FTIR spectra were collected on a
Bruker VERTEX 70 spectrometer equipped with a MCT (HgCdTe)
detector with a 4 cm�1 spectral resolution. In each experiment,
the powder samples in form of raw powder without KBr were
introduced in a Praying MantisTM low temperature reaction cham-
ber from Harrick Scientific (model No CHC-CHA-3, cell volume of
about 12 cm3), allowing thermal treatment in controlled atmo-
spheres and spectrum scanning at controlled temperatures (from
�90 �C up to room temperature (RT)). Before adsorption experi-
ments and catalytic tests, the previously calcined or reduced cata-
lysts (about 80 mg) were submitted to an oxidative or reductive
pretreatment in situ to remove the impurities and moisture from
catalyst surfaces. Oxidative treatment consisted in heating from
RT up to 150 �C with a rate of 10 �C/min, inlet of air with a flow rate
of 5 mL/min, and then holding at 150 �C for 2 h. After that, the sam-
ple was cooled down to room temperature in oxygen atmosphere
and finally continued to cool down to �90 �C using liquid nitrogen
under vacuum. Reductive treatment consisted in heating from RT
up to 150 �C with a rate of 10 �C/min, inlet of pure hydrogen with
a flow rate of 5 mL/min, and then holding at 150 �C for 2 h. After
that, the sample was cooled down to room temperature in hydro-
gen atmosphere and finally continued to cool down to �90 �C
using liquid nitrogen under vacuum. The chemisorption of CO
and CO oxidation was performed at �90 �C unless otherwise men-
tioned, using a transient gas switching system. For the chemisorp-
tions of CO, a 4% CO/He gas mixture, i.e. 30 Torr CO, was used and
let to equilibrate with the catalyst surface. Spectra corresponding
to maximum CO chemisorptions were used for discussion, unless
otherwise mentioned. From each spectrum, the spectrum of the
sample before the inlet of CO (background spectrum) was sub-
tracted. Oxidation reactions were performed with an additional
20% O2/He gas mixture. Relative intensities of adsorbed CO and
CO2 species are defined as ICOad(t)/ICOad(t0) and ICO2ad(t)/ICO2ad(t0),
respectively, where I is the intensity of the FTIR band, COad and
CO2ad stand for the adsorbed species, t0 stands for the spectrum
obtained before switching gases, t stands for spectra obtained at
any given time t after the gas switch. All spectra have been normal-
ized by the exact weight of the powders (about 80 mg).
3. Results and discussion

Activity and stability of the catalysts were previously estab-
lished [4].



Fig. 1. Determination of apparent activation energies using 1 kPa CO, 1 kPa O2 and
50 kPa H2 in He.

Fig. 2. Determination of the carbon monoxide partial reaction orders (aCO) at
120 �C, PO2 = 1 kPa. Measurements were performed at increasing CO pressure.
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3.1. Reaction kinetics

3.1.1. Activities and activation energies
Apparent activation energies for PROX (Table 1) were deter-

mined from the plots which consist in linear regressions of the log-
arithms of the reaction rates vs. the inverse of the reaction
temperatures (Fig. 1). The linear regressions were obtained with
a coefficient of determination R2 above 0.99. An error of ±3 kJ/mol
applies to the apparent activation energy values summarized in
Table 1.

Monometallic Au/CeO2 and CuO/CeO2 catalysts show apparent
activation energies around 40 and 83 kJ/mol, respectively, which
are consistent with previously reported values of Au/Al2O3

prepared by the same DAE method (�38 kJ/mol) [44] and for
CuO/CeO2 (�83 kJ/mol) [34], respectively. Hence CO oxidation pro-
ceeds much more easily on the gold catalyst than on the copper
one, in agreement with previous activity reports [4]. Interestingly,
the inclusion of Cu in the reduced catalysts (Au1Cu1/CeO2-R and
Au1Cu3/CeO2-R) has almost no effect on the activation energy of
Au/CeO2 (Fig. 1). For all bimetallic materials, the apparent activa-
tion energy is lower than that previously observed for CuO/CeO2.
It decreases to 65 and 46 kJ/mol for the calcined and reduced
copper-rich materials, respectively, and further to 50 and 41 kJ/mol
for the calcined and reduced materials, respectively, by decreasing
the copper content down to the stoichiometric composition. At
both Cu/Au ratios of 3 and 1, apparent activation energies are
lower for the reduced materials as compared to their calcined
counter-parts. By decreasing the energy barrier, the reduction
pretreatment thus facilitates CO oxidation. However, activation
energies observed over reduced Au-Cu/CeO2 catalysts are similar
to that observed over Au/CeO2. The higher mass-specific reaction
rate of Au1Cu1/CeO2-R (Table 1) can thus not be solely explained
on the basis of reaction barriers, and further insight into kinetics
of the reaction is needed.

3.1.2. Reaction orders
The reactionorderwith respect to COwasdeterminedbykeeping

the partial pressure of O2 constant at 1 kPa and varying the partial
pressure of CO (Fig. 2). Next, the reaction order ofO2wasdetermined
by keeping the partial pressure of CO constant at 1 kPa and varying
the partial pressure of O2 (Fig. 3). Thiswas performed at three differ-
ent temperatures (100 �C, 120 �C and 150 �C). For each temperature,
the logarithmic dependence of the reaction rate versus partial pres-
sure of each reactant is plotted. The CO and O2 partial orders
(Table 2) are calculated from the linear regression of the plots. For
all catalysts, CO andO2 reaction order are positive andvary to amore
or less significant extent with the temperature.

3.1.2.1. Monometallic systems. For the monometallic Au/CeO2-C cat-
alyst, reaction orders with respect to CO and O2, aCO and bO2
respectively, both increase with increasing temperature. This is
Table 1
Apparent activation energies, pre-exponential factors and reaction rates.

Catalyst Ea (kJ/mol)a Ea (kJ/mol)b Pre-

ln(A

Au/CeO2-C 40 42 0.12
CuO/CeO2-C 83 81 0.41
Au1Cu1/CeO2-C 50 48 0.20
Au1Cu3/CeO2-C 65 63 0.16
Au1Cu1/CeO2-R 41 42 0.21
Au1Cu3/CeO2-R 46 45 0.15

a Apparent activation energy under 1 kPa CO, 1 kPa O2 and 50 kPa H2 in He.
b Apparent activation energy under 0.5 kPa CO, 1 kPa O2 and 50 kPa H2 in He.
c Calculated at 100 �C.
in good agreement with a previously reported increase in CO reac-
tion order over Au/TiO2, from 0.2 to 0.6 as the temperature
increased from 37 to 87 �C [47]. Besides, at each of the tempera-
tures studied, the reaction order with respect to CO is systemati-
cally and significantly higher than the reaction order with
respect to O2. This shows that the CO oxidation rate is much more
dependent on the concentration of CO than on the concentration of
O2. Similar results were obtained by Kahlich et al., who reported
exponential factor Mass-specific reaction ratec

) A (molCO.s�1.gAu�1) (molCO.s�1.gAuCu�1 )

1.13 1.70 1.70
1.51 0.31 0.31
1.22 0.38 0.27
1.17 0.50 0.26
1.23 2.99 2.13
1.16 2.27 1.17



Fig. 3. Determination of the oxygen partial reaction orders at 120 �C, PCO = 1 kPa.
The measurements were performed from low to high pressures. Note that these
measurements were carried out after determination of the CO partial reaction
order.
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that the CO oxidation rate over Au/Fe2O3 was strongly dependent
on the partial pressure of CO, but weakly dependent on the partial
pressure of O2 (aCO = 0.55, bO2 = 0.27 at 80 �C) [38]. A Langmuir-
Hinshelwood mechanism is generally proposed to fit these kinetic
data, in which CO is activated on the gold nanoparticle and oxygen
is activated at the metal-support interface [16,29,38,48]. It is noted
that similar kinetic results were found over Au/CeO2 in the absence
of hydrogen (aCO = 0.3, bO2 = 0.18 at T < 60 �C) [49], showing that
the mechanism of CO oxidation over Au/CeO2 is not significantly
impacted by the presence of hydrogen. Ceria-supported gold cata-
lysts indeed exhibit similar CO oxidation rates in hydrogen-free
and hydrogen-rich mixtures [50].

For the monometallic CuO/CeO2-C catalyst, the difference
between the CO and O2 partial reaction orders is even more signif-
icant. Partial reaction orders with respect to CO are larger than
those found on the gold catalyst, while the O2 partial reaction
orders are lower, close to zero at 100 and 120 �C. On the copper
catalyst, the reaction rates below 120 �C are thus quasi-
independent from the partial pressure of O2, and more strongly
determined by the partial pressure of CO, than on gold catalysts.
Similar CO partial reaction orders (<1 for temperatures below
110 �C, >1 for temperatures above 110 �C) have been reported in
other studies of the CuO/CeO2-catalyzed PROX reaction [34,35]. It
is interesting that in the absence of hydrogen, the CO reaction
order is significantly lower: values of 0.36 ± 0.1 have been reported
in the 30–80 �C temperature range [37]. In addition to the presence
of hydrogen, the higher reaction temperature, the lower Cu content
and/or the milder thermal treatment of our catalyst may also
contribute to the higher CO partial reaction order found here
(0.85 at 100 �C). Regarding the O2 partial reaction order, values
close to zero are generally reported for the Cu-CeO2 system at
Table 2
Reaction orders.

Catalyst PCO (kPa) PO2 (kPa) 100 (�C)

aCO

Au/CeO2-C 0.25–1.5 0.25–1.5 0.34
CuO/CeO2-C 0.25–1.5 0.25–1.5 0.85
Au1Cu1/CeO2-C 0.25–1.5 0.25–1.5 0.72
Au1Cu3/CeO2-C 0.25–1.5 0.25–1.5 1.03
Au1Cu1/CeO2-R 0.25–1.5 0.25–1.5 0.38
Au1Cu3/CeO2-R 0.25–1.5 0.25–1.5 0.58
temperatures below 120 �C, regardless of presence or absence of
hydrogen in the feed [34,35,37]. This is generally consistent with
the occurrence of a Mars-Van Krevelen mechanism and the
involvement of lattice oxygen species from the bulk oxide at low
temperature [37,51,52]. At higher temperatures, the partial pres-
sure of oxygen has a more significant impact on the CO oxidation
rate: at 150 �C, the O2 partial reaction order indeed becomes signif-
icant with a value close to that observed over the gold catalyst at
this temperature (Table 1). This is attributed to enhanced activa-
tion of gas phase oxygen on oxygen vacancies and to enhanced
oxygen diffusion within the bulk.

3.1.2.2. Bimetallic systems. For bimetallic catalysts, O2 reaction
orders are significantly higher than those found on either of the
monometallic catalysts, whatever the temperature considered,
reaching 0.97 for Au1Cu1/CeO2-R (Table 1). bO2 generally decreases
with increasing copper content and is systematically higher on the
reduced catalyst than on the calcined one. On the other hand, CO
reaction orders are generally much lower than those found on
Cu/CeO2 and Au/CeO2. aCO generally increases with increasing cop-
per content. Comparing O2 and CO partial reaction orders on the
bimetallic catalysts, it appears that the O2 partial orders remain
lower than the CO partial orders, like for the monometallic cata-
lysts. However, one notable exception to that is displayed by Au1-
Cu1/CeO2-R. Indeed, not only does this catalyst exhibit the highest
bO2 of the series, at all considered temperatures, but it is also the
only catalyst for which bO2 is markedly superior to aCO (for
T < 120 �C). In particular, at 100 �C, the main difference between
Au/CeO2 and Au1Cu1/CeO2-R is the much larger dependence of
the bimetallic-catalyzed reaction rate on the O2 partial pressure.
Such high oxygen reaction orders have never been reported for
either the Au- or the Cu-catalyzed low temperature PROX reaction.
Only a few examples of gold-based catalysts have been found to
display such a high oxygen reaction order in high temperature,
hydrogen-free CO oxidation, such as AuNi/TiO2 systems with Ni/
Au > 0.6 [53], Au/SiO2 and AuPt/SiO2 systems with Au/Pt = 1.8
[54]. The positive difference in O2 and CO reaction orders also
can be found in high temperature CO oxidation [54], in which oxy-
gen activation is the rate-determining step. On the other hand, the
CO reaction orders are similar for both Au/CeO2 and Au1Cu1/CeO2-
R, which suggests that the activation of CO is unmodified by the
presence of Cu. Hence, the activation of CO likely occurs on similar
sites in both Au/CeO2 and Au1Cu1/CeO2-R.

3.1.3. Summary
Low temperature PROX catalyzed by bimetallic Au-Cu/CeO2 cat-

alysts is thus characterized by (1) an activation energy in-between
that of the Au/CeO2-catalyzed process and that of the Cu/CeO2-
catalyzed process, (2) a CO reaction order in-between that of the
Au/CeO2-catalyzed process and that of the Cu/CeO2-catalyzed pro-
cess, (3) a higher dependence on the oxygen partial pressure than
both the Au/CeO2- and Cu/CeO2-catalyzed processes. For the cal-
cined materials, the reaction rate remains significantly more
dependent on the CO than on the O2 partial pressure, and CO
120 (�C) 150 (�C)

bO2 aCO bO2 aCO bO2

0.11 0.80 0.15 1.08 0.52
0.02 0.99 0.07 1.18 0.44
0.33 0.71 0.26 0.84 0.52
0.30 0.72 0.11 0.91 0.62
0.55 0.54 0.84 1.03 0.97
0.45 0.83 0.42 1.02 0.83



Fig. 5. FTIR spectra of CO adsorption (4%CO/He, �90 �C) on ceria-supported
bimetallic gold-copper catalysts.
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activation may thus be considered as the rate-determining step,
like in the Au/CeO2- and Cu/CeO2-catalyzed processes. The signifi-
cantly higher O2 reaction orders suggest that the Au/CeO2 interface
may be fully blocked/occupied by the copper oxide phase, and that,
as a result, oxygen activation may be displaced from the ceria sup-
port to the copper phase. In other words, the reaction between
adsorbed CO (on both Au and Cu) and adsorbed O2 (on ceria) likely
proceeds on the copper phase in the absence of direct and available
interface between Au and CeO2. For the reduced catalysts, the dif-
ference in CO and O2 reaction orders is much smaller. It even
becomes negative for the stoichiometric Au1Cu1 composition with
the superior activity. The reduction seems key in exerting a syner-
gistic effect from Au and Cu. The switch from bO2 < aCO to bO2 > aCO

appears to be the key to an optimized oxygen activation pathway.
It is associated with an activation energy and CO reaction order
similar to Au/CeO2, which suggests that Cu decorates the catalyst
surface in a manner that is specific enough not to disturb CO acti-
vation on gold and that allows fast reaction between CO and O2.

3.2. Infrared investigation

In order to gain more information at a molecular level about
adsorption sites, active sites, and nature of the active reactants (ad-
sorbed vs. gas phase), DRIFTS measurements were performed
under different conditions.

3.2.1. Comparative study of CO adsorption
The infrared spectra of CO adsorption on monometallic and

bimetallic Au-Cu catalysts are shown in Figs. 4 and 5, respectively.
The calcined Au/CeO2-C catalyst exhibits a signal with two maxima
at 2103 and 2117 cm�1 (Fig. 4). The less intense peak at 2103 cm�1

is typical of CO adsorbed on metallic gold, Au0-CO [55]. It has been
observed on gold nanoparticles supported on various oxides. It has
been found to be quite independent from the support, so that the
adsorption sites are generally proposed to be on top of the gold
particle. The more prominent peak at 2117 cm�1 is attributed to
CO co-adsorbed on a step site with atomic oxygen (O-Au-CO)
[56]. It is interesting that this band at 2117 (±2) cm�1 is generally
observed on gold catalysts supported on reduced ceria [57] or tita-
nia, after oxygen is introduced on pre-adsorbed CO. Hence the
presence of this band upon simple CO adsorption on Au/CeO2-C
suggests that the Au-O sites arise from the interaction between
the gold particle and oxygen from the fully oxidized support
[57]. The adsorption site related to the 2117 cm�1 vibration is thus
Fig. 4. FTIR spectra of CO adsorption (4%CO/He, �90 �C) on monometallic, ceria-
supported gold and copper catalysts. Au/CeO2-R* is obtained from Au/CeO2-C by
hydrogen (5 mL/min) treatment in the DRIFT cell at 150 �C for 2 h.
ascribed to a perimeter site of the gold particle. It is noted that, the
position of CO adsorbed on cationic Aud+ is expected in the 2130–
2175 cm�1 range [31,32,55,58–61], the wavenumber increasing
with increasing oxidation state of gold, up to 2175 cm�1, for CO
adsorbed on AuIII. No such signal is observed here (Fig. 4), showing
the absence of such oxidized gold species in our samples. The cat-
alyst reduced at 150 �C, Au/CeO2-R*, also exhibits a two-
component signal spreading from 2080 to 2140 cm�1 with maxima
at 2105 and 2120 cm�1 (Fig. 4). The main difference with Au/CeO2-
C is the relative ratio of the low vs. high wavenumber component
intensities: in Au/CeO2-R*, the component attributed to Au0-CO
(2105 cm�1) [55] is more prominent than the component attribu-
ted to the peripheral O-Au-CO species (2120 cm�1). This suggests
that the number of oxygen atoms present on the peripheral sites
of the Au NP is smaller in Au/CeO2-R* than in Au/CeO2-C, in agree-
ment with the blue shift (+3 cm�1) observed in the position of the
high wavenumber component, as compared with its position in the
calcined gold catalyst. The most likely explanation is that, in Au/
CeO2-R*, the ceria support is at least partially reduced by the
hydrogen treatment at 150 �C and that this reduction has occurred
in the direct vicinity of the gold particle, due to noble metal-
promoted reduction [62]. A number of oxygen vacancies (V0) is
thus created around the gold particles decreasing the possibility
of interaction with oxygen. Finally, Au/CeO2-R (not shown) exhi-
bits a large signal with one single maxima at 2108 cm�1, showing
that reduction at 300 �C further increases the number of V0 and
thus further lowers the number of O-Au peripheral adsorption sites
for CO.

The DRIFT spectra of CuO/CeO2-C and CuO/CeO2-R essentially
contain a broad and weak band spreading from 2140 to
2200 cm�1 due to gas phase CO (Fig. 4). CuO/CeO2-C in particular
displays only the features of gas phase CO. Adsorbed CO is not
found in the calcined copper material. This suggests strong interac-
tion between Cu and Ce [27], resulting in the presence of Cu2+ spe-
cies, as previously suggested by XPS results [4]. CO adsorption on
Cu2+ sites is indeed generally not observed [22,24–28,63]. On the
other hand, CuO/CeO2-R shows a weak band at 2114 cm�1. The
weak intensity suggests that the reducing hydrogen treatments
performed at 300 �C after the synthesis and at 150 �C before the
FTIR experiment may not fully reduce copper to the metallic state,
in agreement with previous XPS results [4]. This may be attributed
to the high reactivity and mobility of oxygen atoms of the ceria
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support at these temperatures, in agreement with the kinetic
results (Section 2.1).

The infrared spectra of CO adsorbed on bimetallic AuCu cata-
lysts at around �90 �C are shown on Fig. 5. The calcined materials
show two-component signals with maxima at 2103 and
2118 cm�1, which are very similar in position to those observed
in Au/CeO2-C. They are assigned to CO adsorbed on Au0 and O-
Au-CO sites, respectively. In contrast, when the bimetallics are
reduced, the intensity of the bands related to adsorbed CO is much
higher (relative to gas phase CO) than for the calcined samples (see
Fig. 5, the black line). The signal consists in a two-band feature, like
in the calcined catalysts, positioned at 2105 and 2125 cm�1.

The intensity ratio of the high vs. low wavenumber band (at
2125 cm�1) is higher than in any other sample; it is also signifi-
cantly shifted, by +5–8 cm�1, as compared to the high wavenumber
component of the CO adsorption feature in other calcined (2117–
2118 cm�1, Fig. 5) and reduced (2120 cm�1, Fig. 4) systems. Hence,
this band appears as a specificity of the reduced bimetallic Au1Cu1/
CeO2 sample. It has been attributed to metallic Cu0 in SBA-15 sup-
ported AuCu alloys [3,11] and to Cu0 or Cu+ in alumina-supported
AuCu alloys [6]. The large blue shift, as compared with typical
wavenumbers of Cu0-CO sites (<2100 cm�1), however suggests
that the related Cu adsorption sites are electron deficient, in agree-
ment with previous XPS results [4]. Given the high electronegativ-
ity of gold, copper atoms can be made electron deficient if they are
in direct contact with gold atoms, e.g. if they are alloyed with gold
atoms in particular. In this case, an electron transfer directed
toward gold may indeed occur between Au and Cu, making copper
atoms deficient in electrons. Hence, since the presence of AuCu
alloys in Au1Cu1/CeO2-R was previously evidenced [4], the band
at 2125 cm�1 is more specifically attributed to CO adsorbed on
alloyed copper atoms. The site is formalized as Au-Cu+ in the fol-
lowing in order to account for the electron deficient Cu, in agree-
ment both with XPS results [4] and with the relatively high
stability under oxygen of the related carbonyl species (see Sec-
tion 3.2.2 below), which is typical of Cu+ carbonyl species
[21,27,64]. On the other hand, the low wavenumber band (at
2105 cm�1) is attributed to the corresponding electron-rich, Cu-
alloyed Au atoms. The similarity in position with the Au0–CO spe-
cies found in Au/CeO2-R* (Fig. 4, 2105 cm�1) suggests that the red-
shift expected for the Aud�–CO species is counterbalanced by the
lower number of such species, due to the replacement of Au sur-
face atoms with Cu in the alloyed system. In summary, the two
CO adsorption bands observed at �90 �C on Au1Cu1/CeO2-R cata-
lyst are ascribed to Aud�–CO (2105 cm�1) and Au-Cu+–CO
(2125 cm�1). A schematic representation of all the CO adsorption
sites detected by DRIFT in the various gold-copper-ceria systems
studied here can be found in Scheme 1.

3.2.2. Stability and reactivity of adsorbed CO in the calcined materials
In order to determine the thermal stabilities of CO species

adsorbed on gold sites (Au0–CO and O-Au0–CO), desorption of
adsorbed CO was investigated as function of temperature on Au/
CeO2–C and Au1Cu1/CeO2–C. After CO adsorption reaches the max-
imum (plateau), 4% CO/He flow was switched off and the temper-
ature was allowed to increase. Fig. 6a shows the two-band feature
initially present over Au/CeO2-C at �90 �C (Fig. 4), which corre-
sponds to the two Au0 and O-Au adsorption sites. Both bands per-
sist in the same positions and in a similar intensity ratio up to
�40 �C. With further temperature increase, at �20 �C, the IR band
of Au0-CO (2103 cm�1) disappears, while the band of O-Au-CO
(2117 cm�1) decreases. Note that the decrease in intensity is
accompanied by a blue shift in the position of the band, as
expected from the decrease in surface coverage [18]. Finally, the
band at 2117 cm�1 disappears at room temperature, indicating
weak CO adsorption on gold sites, in agreement with the low
adsorption energies (�0.34 to �0.17 eV) calculated by DFT [65].
The higher persistence of the band at 2117 cm�1 confirms the
stronger adsorption of CO on the perimeter O-Au-CO site, rather
than on purely metallic gold atoms of the particle.

On the copper-containing sample (Fig. 6b), both bands corre-
sponding to the Au0-CO and O-Au-CO species (initially at
2103 cm�1 and 2118 cm�1, respectively) co-exist in a similar inten-
sity ratio up to �10 �C. The overall CO coverage however starts to
decrease with increasing temperature from about �60 �C, as indi-
cated by the blue shift observed in the position of both bands at all
temperatures above �60 �C. Both bands disappear when the tem-
perature reaches 0 �C. The presence of copper thus appears to
somewhat stabilize the Au0-CO species vs. the interface site at
higher temperature (�10 �C) than in the Cu-free sample (in which
it is lost between �40 �C and �20 �C).

It is interesting that both species are stable upon introduction of
O2 at �90 �C. The intensities of CO adsorbed on Au0 (2103 cm�1)
and on O-Au (2118 cm�1) sites are indeed unchanged up to
34 min of CO-O2 interaction (Fig. 7). The intensities of physisorbed
CO2 (2340 cm�1) also remain unchanged. Note that the same inten-
sity of adsorbed CO2 was observed before the inlet of O2. This sug-
gests that CO2 is produced by a reaction between adsorbed CO and
lattice oxygen. The absence of reaction between adsorbed CO and
the continuous supply of oxygen indicates that oxygen is not acti-
vated over Au1Cu1/CeO2–C at �90 �C, neither over an oxygen
vacancy of the ceria support (Mars Van Krevelen mechanism),
nor via an Eley-Rideal mechanism. Besides, the stability of both
Au0-CO and O-Au-CO species under oxygen indicates that none
of the CO adsorption sites qualifies as oxygen activation site.

3.2.3. Specific reactivity of adsorbed CO in the reduced Au1Cu1/CeO2-R
catalyst

For Au1Cu1/CeO2-R, the FTIR spectra of CO-O2 interaction as a
function of reaction time (Fig. 8) are significantly different from
those of Au1Cu1/CeO2–C. In the reduced bimetallic catalyst, the
intensity of adsorbed CO2 increases with time under oxygen, show-
ing that the oxidation of CO readily occurs at �90 �C on this mate-
rial. Besides, this is concomitant with a decrease in the intensities
of both adsorbed CO bands (at 2105 and 2125 cm�1). It is noted
also that virtually no carbonates accumulate on the catalyst surface
in the process (Fig. 8b), as shown by the lower relative intensities
of the carbonates signals vs. the CO2 signal, as compared with
Au1Cu1/CeO2–C (Fig. 7). The relative intensities of adsorbed CO
and CO2 are plotted against time under oxygen in Fig. 9. It clearly
shows that the production of adsorbed CO2 gradually increases,
as the intensities of adsorbed CO on both Au0 (2105 cm�1) and
Au-Cu+ (2125 cm�1) sites decrease with increasing CO-O2 interac-
tion time. It suggests that molecular oxygen is activated and
allowed to react possibly with one of the two observed adsorbed
CO species to produce CO2. It is interesting that very different dis-
appearance kinetics are observed for each species: the disappear-
ance of CO adsorbed on Au0 is significantly faster than the
disappearance of CO adsorbed on Au-Cu+. It may suggest that
CO2 is formed by consuming Au0-CO sites; Au0 would thus be the
active site for CO oxidation in Au1Cu1/CeO2-R. The adsorption
energy of CO on metallic gold is indeed quite low, even on the cor-
ner and edge sites of the particle [66]. Besides, the partial reaction
order in CO is similar in Au1Cu1/CeO2–R and in Au/CeO2–C (0.34–
0.38, Table 1), suggesting that the surface site responsible for CO
activation is similar in both systems. Given that the Au0-CO species
can be found in both materials and that it is the only CO species
that the two materials have in common (Fig. 5), we can reasonably
propose it as one active site for CO oxidation in Au1Cu1/CeO2–R, in
agreement with results reported by Liu et al. [3]. The role of the
Au-Cu+–CO species is not clear. It may contribute to CO oxidation
by providing additional sites for CO adsorption. However its



Scheme 1. Summary of the possible configurations of the AuCu/CeO2 system and of the various CO adsorption sites detected by DRIFT, as a function of the Cu/Au ratio and
pre-treatment conditions.

Fig. 6. Evolution of FTIR spectra of adsorbed CO species on Au/CeO2-C (a) and on Au1Cu1/CeO2-C (b) as a function of temperature (shown on top of each spectrum, in �C).
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disappearance may also result from the transformation of the sur-
face site under oxidative conditions, such as slow oxidation of the
AuCu surface alloy (ultimately resulting in the formation of Au and
CuO sites) or simple displacement of adsorbed CO by adsorbed O2

on the Au-Cu+ site. Kinetic studies indeed clearly show that the
superiority of Au1Cu1/CeO2–R results from a much more efficient
activation of the oxygen molecule (Table 1, Fig. 3, Section 2.1).
The involvement of the Au-Cu+ site, which is specific to the
reduced bimetallic catalyst, in oxygen activation is thus likely.

In order to get potential insight into the type of sites which are
active for oxygen activation on Au1Cu1/CeO2–R, competition exper-
iments have been performed, since direct observation of adsorbed
oxygen is not possible by FTIR. In these experiments, oxygen is
introduced first and the FTIR spectrum acquired immediately after
CO introduction at �90 �C. For comparison, the same experiment is
performed by admitting first CO and then O2.

Fig. 10 shows the effect of the adsorption sequence of CO and O2

on the FTIR spectra of Au1Cu1/CeO2-R. The CO-CO2 region of the
spectra looks the same, whether CO is introduced before O2 or
vice-versa, and the positions of bands corresponding to adsorbed
CO and adsorbed CO2 are unchanged. This is in marked contrast
with the shifts in CO adsorption bands observed on Au/TiO2 at
90 K [18], which were attributed to competitive CO and O2 adsorp-
tion on Au step sites. Besides, the intensities of bands, and in



Fig. 7. Time evolution of the CO stretching and carbonate regions, after switching
the flow from 4% CO/He to 20% O2/He at �90 �C for Au1Cu1/CeO2–C. Values in
minutes are shown on top of each spectrum.
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particular that of adsorbed CO2, are higher when O2 is introduced
before CO (Fig. 10). This implies either that oxygen does not adsorb
on CO adsorption sites (which is likely for the Au0 site given that
apparent activation energy for oxygen adsorption � apparent acti-
vation energy for CO adsorption and given that Au1Cu1/CeO2-C is
not active at �90 �C, Fig. 7), or that if it does (which could be the
case for Au-Cu+), it is easily displaced by CO. Besides, pre-
adsorbed oxygen favors the formation of CO2, i.e. the catalytic oxi-
dation of CO. On the other hand, pre-adsorbed CO slightly inhibits
the formation of CO2 and thus the catalytic reaction between CO
and O2. This is consistent with the postulate that Au-Cu+ is the oxy-
gen activation site. Indeed, when oxygen is introduced first, it may
readily react with a free Au-Cu+ surface site and carry out the oxi-
dation of CO as soon as CO is introduced and activated on a free Au0

surface site. On the other hand, when CO is introduced first, it will
react with both Au0 and Au-Cu+ surface sites (2105 and 2125 cm�1,
Fig. 5). The Au-Cu+ surface site is thus no longer available and oxy-
gen will thus first need to displace CO from this site before it can be
activated, which may delay CO oxidation and thus CO2 formation.
Such a competition between CO and O2 for the Au-Cu+ adsorption
site might also account for the high oxygen reaction order
Fig. 8. Time evolution of (a) the CO stretching region and (b) the carbonate region, a
observed over this catalyst, since CO and O2 are introduced simul-
taneously in the catalytic experiments (Table 1).
3.3. Discussion

All FTIR results point to the fact that adsorbed CO reacts with
adsorbed O2 to produce CO2. It is generally accepted that, when
the gold-catalyzed CO oxidation involves reducible oxides (MOx),
such as ceria, as catalyst support, CO and O2 adsorption occur on
two different types of sites via a Langmuir-Hinshelwood model
involving CO adsorbed on Au that reacts with oxygen activated
at the Au-MOx interface [16,17,19]. In our case, considering the
redox properties of Cu and the possible contribution of Au-Cu+ as
adsorption site, we propose that oxygen adsorbs on the highly
electron-deficient alloyed Cu site (rather than on an oxygen
vacancy of the ceria support in Au/CeO2), while CO is adsorbed
on Au0, and that they readily react following a Langmuir-
Hinshelwood mechanism (instead of the Mars-Van Krevelen
observed with Cu/CeO2) at all the neighboring Au0/Au-Cu+ inter-
faces available in the AuCu solid solution. Such active sites, which
can be found over the whole hemispherical particle surface, are
more numerous than the Au/CeO2 interfaces involved in the Au/
CeO2-catalyzed CO oxidation, which are exclusively located at the
perimeter of the gold nanoparticle. It is noted that the oxidation
of CO catalyzed by Au/CeO2-based systems is known to be poorly
sensitive to the presence of hydrogen in the feed [50], as confirmed
by the similar kinetics observed in the absence and in the presence
of hydrogen (this work, Section 3.1). Hence, support-mediated oxy-
gen activation prevails over Au/CeO2 under PROX conditions. The
contribution of hydrogen-mediated oxygen activation [67] is min-
imal over ceria-based gold catalysts, despite the hydrogen-rich
conditions of the PROX, due to the specificity of the ceria support
[50]. The higher activity of Au1Cu1/CeO2-R vs. Au/CeO2 may thus
be accounted for by the higher number of active sites found in
the bimetallic catalyst. Such active sites are also more numerous
in the stoichiometric alloy rather than in any other Au/Cu compo-
sitions, which is consistent with the superior activity of Au1Cu1/
CeO2-R vs. AuCu/CeO2-R with other Au/Cu ratios (Table 1, [4]).

Hence, the intimate mixture between Au and Cu atoms creates a
new and abundant adsorption site for oxygen activation, which is
the closest possible to CO adsorption sites and which ensures fast
CO oxidation. In this configuration, the Au/CeO2 interface becomes
less relevant to the reaction and the possible presence of not fully
fter the flow switch from 4% CO/He to 20% O2/He at �90 �C for Au1Cu1/CeO2-R.



Fig. 9. Plots of the relative intensities of adsorbed CO sites and CO2 (2340 cm�1) on
Au1Cu1/CeO2-R catalyst as function of CO-O2 interaction time.

Fig. 10. FTIR spectra of adsorbed CO and CO2 species on Au1Cu1/CeO2-R. (a)
preadsorbed 20%O2/He at �90 �C, followed by admission of 4%CO/He at �90 �C, (b)
admission of 20%O2/He on pre-adsorbed 4%CO/He at �90 �C.

X. Liao et al. / Journal of Catalysis 382 (2020) 329–338 337
reduced CuOx species in that location [3] thus does not hinder the
reaction as it may do in the calcined materials. The intimate mixing
of O2 activation sites (Au-Cu+) amongst CO adsorption sites (Au0) is
more efficient towards CO oxidation than both ceria-mediated and
CuOx-mediated oxygen activations, in which only the periphery of
the gold nanoparticle is active, regardless of how large (extended
ceria support) or how localized (CuOx islands in the vicinity of
the gold particles) the reducible oxide is [68].
4. Conclusions

Kinetic and DRIFT studies have been performed for the first time
on ceria-supported AuCu PROX catalysts, in the 100–150 �C and
�90–25 �C temperature ranges, respectively. The values of appar-
ent activation energies are intermediate to those found for the
Au/CeO2- (40 kJ/mol) and Cu/CeO2- (83 kJ/mol) catalyzed PROX
processes, regardless of the treatment (calcination or reduction)
of the bimetallic catalyst and the Cu/Au ratio considered (stoichio-
metric or 3). The reduced catalysts however systematically display
lower activation energy (43 ± 3 kJ/mol) than their calcined
counter-parts (57 ± 7 kJ/mol), as well as significantly lower CO
reaction orders and higher O2 reaction orders. O2 reaction orders
in particular are much higher than those found for Au/CeO2-
catalyzed PROX, regardless of the temperature. Furthermore, in
the reduced state, the stoichiometric alloy composition allows to
switch from a rate-determining step in which CO is involved (bO2 <-
aCO) to a rate-determining step in which oxygen is involved (bO2 >-
aCO), while activation energy and CO reaction order remain similar
to the Au/CeO2-catalyzed process. DRIFT study of the reduced Au1-
Cu1/CeO2 catalyst shows the presence of a specific component at
2125 cm�1, which is attributed to CO adsorption on electron-
deficient, gold-alloyed copper atoms. Hence, while calcined cata-
lysts essentially show screening of the catalytic properties of Au
by Cu and disruption of the Au/CeO2 interface, the reduced cata-
lysts demonstrate a real synergy between Au and Cu. Results of
the CO-O2 interaction study further show that Au1Cu1/CeO2-R is
active for CO oxidation at �90 �C. The fact that preadsorption of
O2 enhances the rate of CO2 formation suggests that CO oxidation
results from a reaction between adsorbed CO and adsorbed O2 and
that O2 is adsorbed on a site that is active for CO adsorption but is
not involved in CO activation. A Langmuir-Hinshelwood mecha-
nism involving CO adsorbed on Au0 (2103–2108 cm�1) which
reacts within the same AuCu solid solution particle with oxygen
adsorbed on Au-Cu+ sites (2125 cm�1) is proposed. By maximizing
the number of CO*/O* interfaces, the dilution of oxygen activation
sites amongst CO activation sites may account for the higher PROX
efficiency of Au1Cu1/CeO2-R.
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