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a  b  s  t  r  a  c  t

Copper–ceria  catalysts  with  the  Cu  contents  up  to 40 at.%  were  prepared  by the  coprecipitation  method.
Ammonium  carbonate  was  used  as  the  leaching  agent  on  the  as-calcined  samples  to  remove  the  weakly
bound  copper  species.  The  parent  and  leached  catalysts  were  tested  for  the  preferential  oxidation  of
carbon  monoxide  (CO-PROX)  reaction  from  40  to  200 ◦C in  1%CO/1%O2/50%H2/N2 with  a space  velocity
of  60,000  mL  h−1 gcat

−1. When  the  Cu  doping  amount  reached  30 at.%, the  stable  and  constant  CO-PROX
reactivity,  including  CO  conversion  and  O2 selectivity,  was  presented  for both  parent  and  ammonium
carbonate  leached  catalysts.  The  fresh  and used  samples  have been  carefully  characterized  by various
techniques  such  as  power  X-ray  diffraction  (XRD),  X-ray  absorption  fine  structure  (XAFS),  transmis-
sion  electron  microscopy  (TEM),  X-ray  Photoelectron  Spectroscopy  (XPS)  and  temperature-programmed
reduction  by  hydrogen  (H2-TPR).  It was  confirmed  that  there  are  two  different  types  of copper  species,
-ray absorption fine structure
oprecipitation

i.e.  weakly  bound  CuOx clusters  and  strongly  bound  Cu–[Ox]–Ce  structure,  in  both  parent  and  leached
catalysts.  Furthermore,  we  have  demonstrated  that  the  weakly  bound  CuOx clusters  removed  by  ammo-
nium carbonate  can  be  recovered  by  the  migration  of  Cu–[Ox]–Ce  species  under  the  reduction  or  reaction
conditions.  The  strongly  bound  copper  species  in  CeO2 have  been  identified  to  be  the  reservoir  for  the
active  Cu  sites  for CO-PROX.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Currently, clean and efficient energy has been attracted much
nterest in catalysis. Hydrogen (H2) in the polymer exchange mem-
rane fuel cells (PEMFCs) has been considered as a good candidate
or new energy source. However, a small amount (0.3–1%) of car-
on monoxide (CO) remained in the H2 inlets is severely poisonous
o the platinum catalyst used for the electrode materials in PEMFCs
1–3]. Technically, the preferential oxidation of carbon monoxide
CO-PROX) reaction is required to eliminate the toxic CO gas in the
ydrogen source after the water–gas shift (WGS) step [4–7]. Besides
he diverse noble metal catalysts such as Pt [8–10], Au [11–13], Ru
3], ceria (CeO2) supported copper oxide (CuO) has been selected
Please cite this article in press as: P.-P. Du, et al., Appl. Catal. A: Gen. (

or CO-PROX [14–16], because of its high reactivity on both CO con-
ersion and O2 selectivity, as well as the much lower cost than the
oble metal catalysts [17–19].

∗ Corresponding authors.
E-mail addresses: jiacj@sdu.edu.cn (C.-J. Jia), sirui@sinap.ac.cn (R. Si).

ttp://dx.doi.org/10.1016/j.apcata.2015.10.041
926-860X/© 2015 Elsevier B.V. All rights reserved.
Various solution-based preparation methods including incip-
ient wetness impregnation [20,21], coprecipitation [20,22] and
deposition–precipitation [13,23] have been investigated for the
copper–ceria catalysts, leading to the different structural and tex-
tural properties in the Cu–Ce–O system. The as-prepared copper
oxide phase was  either dispersed onto the surface of CeO2 sup-
port [16,21,24], or the Cu2+ ions were fully or partially (dependent
upon the copper amount) doped into the ceria lattice to substi-
tute the Ce4+ sites [21,23]. On the other hand, to understand the
effects of different types of copper species in ceria, some chem-
ical routes, e.g. the use of leaching agent (cyanide [25], sodium
hydroxide [26], sulfuric acid [27] or ammonium carbonate [23]),
have been widely used to obtain the leached samples and compared
the related results of structural characterization and catalytic test
to their parent catalysts.

Meanwhile, multiple characterization skills such as X-ray
2015), http://dx.doi.org/10.1016/j.apcata.2015.10.041

diffraction (XRD) [28,29], X-ray absorption fine structure (XAFS)
[30,31], transmission electron microscope (TEM) [32,33], X-ray
photoelectron spectroscopy (XPS) [13,24], and diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) [34], have

dx.doi.org/10.1016/j.apcata.2015.10.041
dx.doi.org/10.1016/j.apcata.2015.10.041
http://www.sciencedirect.com/science/journal/0926860X
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een extensively applied to the copper–ceria catalysts, either
efore/after the reaction, or in-situ under the CO-PROX working
onditions. By the help of these advanced techniques, the bulk
nd surface structures of copper on ceria (CuOx/CeO2) or copper-
oped ceria (Ce1−xCuxO2−y) have been discovered and correlated
o the corresponding reactivity for the studied reactions. These
echniques are very helpful to determine the active sites and reac-
ion mechanisms for the copper–ceria CO-PROX catalysts. Among
hem, XAFS, an elemental-sensitive means, is unique to bypass
ther effects from the ceria support and extract the structural

nformation on the specific Cu sites. XAFS includes two  spectrum
anges, i.e. X-ray absorption near edge spectroscopy (XANES) for
lectronic structure (oxidation state of Cu0/Cu+/Cu2+ and charge
ransfer between metal–metal or metal–oxygen atoms) [34] and
xtended X-ray absorption fine structure (EXAFS) for short-range
<6–8 Å) local structure (coordination number, bond distance and
.W. factor of Cu–O and Cu–Cu/Cu–Ce shells) [35,36].

Furthermore, according to the previous findings on the
educibility of copper–ceria catalyst, the related oxidized cop-
er species synthesized by different methods (coprecipitation,
eposition–precipitation, etc.) usually include multiple structures,
uch as isolated CuO particles, weakly bound CuOx clusters, strongly
ound Cu–[Ox]–Ce and Cu2+ ion in the CeO2 lattice [37]. By the in-
itu XAFS measurements, we have previously demonstrated that
he weakly bound CuOx clusters are active species for the CO-PROX
eaction [38]. However, the effect of strongly bound copper species
s unknown, the contribution of which to the CO-PROX reactivity is
till to be explored.

Therefore, in this work, we tried to distinguish the contributions
f the above different types of copper species for CO-PROX, with
he aid of ammonium carbonate leaching process, which effectively
emoves the weakly bound CuOx clusters from the doped CeO2 sur-
ace. In experiments, both parent and leached samples have been
ested under the CO-PROX reaction conditions in the temperature
ange 40–200 ◦C, and further characterized by XRD, XAFS, TEM, XPS
nd H2-TPR, either before or after the catalytic tests. Based on the
esults of structural characterization and catalytic tests, we con-
rmed that the strongly bound Cu–[Ox]–Ce species in CeO2 can
ct as the reservoir for the active sites for CO-PROX through the
igration onto the surface of the catalyst.

. Experimental

.1. Catalyst synthesis

All the chemicals used in this work were of analytical grade and
urchased from Sinopharm Chemical Reagent Co., Ltd. without any

urther purification.
The copper–ceria catalysts with different Cu contents were

repared by the coprecipitation method accordingly to the follow-
ng procedures: (1) Ce (NO3)3·6H2O and Cu (NO3)2·3H2O with a
otal metal amount of 50 mmol  were dissolved in 35 mL  Millipore
ater (18.25 M �)  and stirred for 15 min  at room temperature to

orm stock solution; (2) The above stock solution was  controllably
njected into 35 mL  NaOH (0.5 mol/L) solution under vigorously
tirring with a constant rate of 0.2 mL/min by a mechanically pump-
ng syringe system; (3) After the generation of greenish slurries,
he stock solution was further aged at 80 ◦C for 4 h; (4) The as-
btained precipitates were filtered and washed by Millipore water
ntil the final pH value reached 7.0 approximately. Then, the as-
ashed product was dried in vacuum at 80 ◦C overnight, and then
Please cite this article in press as: P.-P. Du, et al., Appl. Catal. A: Gen. (

ir-calcined at 500 ◦C for 4 h with a ramping rate of 2 ◦C/min. In
his work, the copper–ceria samples were donated as xCu (x = 5,
5, 30 and 40), where x is the copper content in atomic percent
x = [Cu/(Cu + Ce)] × 100 at.%).
 PRESS
 General xxx (2015) xxx–xxx

For the leaching process, 1.0 g of the parent copper–ceria cat-
alysts after air-calcination were washed by 50 mL ammonium
carbonate [(NH4)2CO3, 1 mol/L] aqueous solution for 4 h at room-
temperature under stirring. Then, the as-leached solids were
acquired by the sequential filtration, water-washing (pH 7), dry-
ing (vacuum, 80 ◦C, overnight), and air-calcination (300 ◦C for 4 h,
2 ◦C/min) steps. The ammonia leached samples were denoted as
xCu-L (x = 5, 15, 30 and 40).

2.2. Characterizations

The copper loading concentrations (Cubulk in at.%) were
determined by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) on an IRIS Intrepid II XSP instrument (Thermo
Electron Corporation).

The powder X-ray diffraction (XRD) patterns were recorded on a
Burker D8 Advance diffractometer (40 kV, 40 mA) with a scanning
rate of 4◦ min−1, using Cu K˛ radiation (� = 1.5406 Å). The corre-
sponding XRD patterns were collected from 20 to 70◦ with a step
of 0.02◦. The 2� angles were calibrated with a �m-scale Alumina
disk. The powder catalyst after grinding was  placed inside a quartz-
glass sample holder for each test. With the software “LAPOD” of
least-squares refinement of cell dimensions from powder data by
Cohen’s Method [39,40].

The nitrogen adsorption–desorption measurements were per-
formed on a Builder SSA-4200 unit instrument at 77 K. All the
copper–ceria samples were degassed at 150 ◦C under vacuum for
over 6 h. The BET specific surface areas (SBET) were calculated from
the adsorption data in the relative pressure range between 0.05 and
0.20.

The transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) experiments were carried out on a Philips
Tecnai G2 F20 instrument at 200 kV. All the tested samples were
sonicated in ethanol about 10 min, and then a drop of this dispersed
suspension was  placed on an ultra-thin (3–5 nm in thickness) car-
bon film-coated Mo  grid. The as-formed sample grid was dried
naturally under ambient conditions before inserted into the sam-
ple holder. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) mode with energy dispersive
spectroscopy (EDS) was applied for the corresponding elemen-
tal mapping to obtain the spatial distribution of Cu and Ce in
microdomain.

The X-ray absorption fine structure (XAFS) spectra at Cu K-edge
(E0 = 8979 eV) were performed at BL14W1 beam line of Shanghai
Synchrotron Radiation Facility (SSRF) operated at 3.5 GeV under
“top-up” mode with a constant current of 240 mA.  The XAFS data
were recorded under transmission mode for high Cu concentrations
(30–40 at.%) with high-flux ion chambers or fluorescence mode for
low Cu concentrations (5–15 at.%) with standard Lytle ion chamber,
respectively. The energy was calibrated accordingly to the absorp-
tion edge of pure Cu foil. Athena and Artemis codes were used to
extract the data and fit the profiles. For the X-ray absorption near
edge structure (XANES) part, the experimental absorption coeffi-
cients as function of energies �(E) were processed by background
subtraction and normalization procedures, and reported as “nor-
malized absorption”. Based on the normalized XANES profiles, the
molar fraction of Cu2+/Cu+/Cu0 can be determined by the linear
combination fit [38,41]. For the extended X-ray absorption fine
structure (EXAFS) part, the Fourier transformed (FT) data in R space
were analyzed by applying 1st shell approximation or metallic Cu
model for the Cu–O or Cu–Cu shell, respectively. The passive elec-
tron factors, S0

2, were determined by fitting the experimental Cu
2015), http://dx.doi.org/10.1016/j.apcata.2015.10.041

foil data and fixing the Cu–Cu coordination number (CN) to be 12,
and then fixed for further analysis of the measured samples. The
parameters describing the electronic properties (e.g., correction to
the photoelectron energy origin, E0) and local structure environ-

dx.doi.org/10.1016/j.apcata.2015.10.041
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Table  1
Bulk copper concentrations (Cubulk), surface copper concentrations (Cusurf), BET specific surface areas (SBET), lattice constants of CeO2 (a) and averaged particle size (D) of
copper–ceria catalysts.

Sample Cubulk (at.%)a Cusurf (at.%)b Ce3+/Ce4+b SBET (m2 g−1)c a (Å)d D (nm)e

5Cu 6.5 11.2� 0.56� 122 5.4107(7)� 5.2 ± 0.8�

9.5� 0.63� 5.4159(4)� 5.1 ± 0.6�

5Cu-
L

5.6 9.0 0.60 134 5.4112(4) 5.2 ± 0.9
7.2 0.64 5.4142(3) 5.1 ± 0.7

15Cu 18.0 20.4  0.56 134 5.4148(5) 4.3 ± 0.8
24.8  0.66 5.4145(7) 4.6 ± 0.5

15Cu-
L

15.0 12.8  0.58 138 5.4024(6) 4.1 ± 0.8
18.7  0.63 5.4175(6) 4.5 ± 0.6

30Cu 34.5 36.0  0.48 110 5.4149(6) 4.2 ± 0.6
48.1 0.66 5.4232(5) 4.4 ± 0.6

30Cu-
L

23.6 24.8 0.46 127 5.4090(7) 3.5 ± 0.6
30.9  0.65 5.4288(4) 3.6 ± 0.5

40Cu 46.3 54.0  0.39 98 5.4112(7) 3.6 ± 0.5
79.4  0.48 5.4313(8) 4.0 ± 0.5

30–60f

40Cu-
L

31.3 32.4 0.50 129 5.4189(7) 3.5 ± 0.6
41.2  0.74 5.4279(6) 3.6 ± 0.5

10–25f

a Determined by ICP-AES.
b Determined by XPS for fresh (�) and used (�) samples.
c Calculated from the adsorption branch for fresh parent samples.
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d Calculated from the XRD patterns for fresh (�) and used (�) samples.
e Statistical data on over 100 particles in HRTEM for fresh (�) and used (�) samp
f Estimated from TEM/HRTEM images for Cu particles.

ent including CN, bond distance (R) and Debye Waller (D.W.)
actor around the absorbing atoms were allowed to vary during
he fit process. The fitted ranges for k and R spaces were selected to
e k = 2.4–12.0 Å−1 and R = 1.1–2.1 (Cu–O) or 1.7–2.7 (Cu–Cu) Å (k3

eighted), respectively.
X-ray photoelectron spectroscopy (XPS) analysis was performed

n an Axis Ultra XPS spectrometer (Kratos, U.K.) with 225 W of Al
˛radiation. The C 1s line at 284.8 eV was used to calibrate the bind-

ng energies. The surface copper concentrations (Cusurf in at.%) were
etermined by integrating the areas of Cu 2p and Ce 3d peaks in the
asaXPS software. The fit on specific peaks in each Ce 3d spectrum
o obtain the relative ratio of Ce3+/Ce4+ was carried out accordingly
o this equation: Ce3+/Ce4+ = Sv′/(Sv′′ + S(v0, v)), where Sv′, Sv′′ and
(v0, v) stand for the peak area of v′, v′′ and (v0, v), respectively
42,43].

.3. Catalytic tests

The temperature-programmed reduction by hydrogen (H2-
PR) was performed in a Builder PCSA-1000 instrument equipped
ith a thermal conductivity detector (TCD). The reduction pro-

ess was carried out in a mixture of 5% H2/Ar (30 mL/min) from
oom-temperature to 400 ◦C (5 ◦C min−1). The sieved catalysts
40–60 mesh, 30 mg)  were pretreated in pure O2 at 300 ◦C for
0 min  before each test.

The CO-PROX reactivity was taken with a plug-flow reac-
or loaded with ca. 50 mg  of sieved catalyst (40–60 mesh) in a
as mixture of 1%CO/1%O2/50%H2/N2 with a space velocity of
0,000 mL  h−1 gcat

−1. Before each run, the investigated sample
as flowed for 30 min  with oxidative (20%O2/N2) atmospheres at

00 ◦C. For a typical catalytic test, the temperature of copper–ceria
ample was heated from 40 to 200 ◦C (20 ◦C per step) and was
Please cite this article in press as: P.-P. Du, et al., Appl. Catal. A: Gen. (

tabilized at each temperature plateau under the same reaction
onditions for 40 min  to reach the equilibrium. The compositions
f the effluent gases were measured with an on-line gas chro-
atograph (GC 9160 series) equipped with a thermal conductivity
detector. The CO conversion and O2 selectivity were calculated
according to the following equations [38,44]:

CO conversion (%) = (COin − COout)
COin

× 100

O2selectivity (%) = 0.5 × (COin − COout)(
O2,in − O2,out

) × 100

The copper–ceria samples after reaction were exposed to atmo-
spheric air without any protection action (e. g. surface passivation
to avoid reoxidation of used catalysts) prior to the corresponding
characterizations of XRD, TEM/HRTEM, XAFS and XPS.

3. Results

3.1. Synthesis and CO-PROX reactivity of copper–ceria catalyst

The ICP-AES characterization was  conducted to identify the
bulk Cu concentrations in both parent and ammonium carbonate
leached copper–ceria samples. Table 1 shows that the determined
Cubulk numbers were close to the designed values in all the parent
catalysts from 5Cu to 40Cu, revealing that the successful coprecip-
itation preparation for the Cu-loading implementation. After the
ammonium carbonate leaching, the loss percentage for Cubulk sig-
nificantly increased from 5Cu/5Cu-L (6.5 at.% → 5.6 at.%, 14% loss)
to 40Cu/40Cu-L (46.3 at.% → 31.3 at.%, 32% loss), possibly due to the
weaker interaction between CuOx and CeO2 for the samples with
higher copper contents.

The catalytic reactivity of the copper–ceria catalysts were mea-
sured for CO-PROX in 1%CO/1%O2/50%H2/N2 with a space velocity
of 60,000 mL  h−1 gcat

−1 and the reaction temperatures from 40 to
200 ◦C (see Fig. 1). In this work, the overall evolution observed
in the CO2 selectivity, also the CO conversions displaying a max-
imum at intermediate reaction temperatures originates from the
competition between combustion reactions of both CO oxidation
2015), http://dx.doi.org/10.1016/j.apcata.2015.10.041

and H2 oxidation [45]. Figure 1 exhibits the distinct differences on
both CO conversions and O2 selectivities between the parent and
leached catalysts with the low Cu doping amounts (see Fig. 1a and
b for 5Cu/5Cu-L and 15Cu/15Cu-L). However, as the copper con-

dx.doi.org/10.1016/j.apcata.2015.10.041
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ig. 1. CO conversion and O2 selectivity as a function of reaction temperature dur
0Cu  and 30Cu-L; (d) 40Cu and 40Cu-L .

entration increased to 30–40 at.%, almost identical reactivity was
isplayed in Fig. 1c and d. Thus, the ammonium carbonate leach-

ng can be used to distinguish the different reactivity contributions
rom the different copper species.

From Fig. 1, we also observed that the CO-PROX reac-
ivity increased with the Cu doping amount. For instance,
he CO conversion/O2 selectivity of each sample at 100 ◦C
ollows this order: 5Cu-L (19%/77%) < 5Cu (34%/96%) < 15Cu-

 (78%/80%) ≈ 15Cu (64%/91%) < 30Cu-L  (88%/84%) ≈ 30Cu
84%/91%) ≈ 40Cu-L  (90%/82%) ≈ 40Cu (83%/88%). It seems that the

ax  reactivity appeared when the copper concentration reached
0 at.%, and the extra Cu cannot promote the CO-PROX reactivity
urthermore.

.2. Structure and texture of copper–ceria catalyst

Powder XRD was applied to determine the bulk structure of
he copper–ceria catalysts. Fig. 2a represents the diffraction pat-
erns of both parent and ammonium carbonate leached samples
fter air-calcination. A cubic Fluorite fcc CeO2 (JCPDS card no.:
4–394) structure can be distinctly confirmed for each catalyst.
he broadening of diffraction peaks indicates the nanocrystalline
Please cite this article in press as: P.-P. Du, et al., Appl. Catal. A: Gen. (

ature of fresh materials. No Cu/Cu2O/CuO phases were detected
or the copper–ceria catalysts up to 30 at.% Cu. However, for 40Cu,
he minor diffraction peaks of monoclinic CuO (JCPDS card no.:
8–1548) located at ca. 35.6◦ and 38.7◦ were observed, owing to
-PROX over copper–ceria catalysts: (a) 5Cu and 5Cu-L; (b) 15Cu and 15Cu-L; (c)

the segregation of extra copper species on the surface of doped
ceria.

Table 1 shows that the BET specific surface area (SBET) of 40Cu
(98 m2/g) was  obviously lower than the other copper–ceria samples
(110–138 m2/g), possibly due to the over coverage of CuO species
on the CeO2 surface. By ammonium carbonate leaching, the related
XRD patterns in Fig. 2a exhibit that 40Cu-L contained the separated
CuO structure, but with lower fraction than the parent catalyst
(40Cu). This can be explained by the removal of surface CuO species
during leaching. The XRD results were consistent with the recovery
of SBET for the leached sample (40Cu-L, 129 m2/g).

Fig. 2b shows the XRD patterns of used catalysts after CO-PROX.
Only crystallized CeO2 structure was  identified for 5–30 at.% Cu.
As for 40Cu and 40Cu-L, metallic copper (JCPDS card no.: 4–836)
appeared with the diffraction peaks at 43.3◦ and 50.4◦. The for-
mation of Cu(0) can be attributed by the reduction of isolated CuO
phase in the fresh samples under the CO-PROX conditions with high
concentration (50%) of H2 in the reaction gas.

The TEM and HRTEM experiments were carried out to inves-
tigate the morphologies (size and shape) of the copper–ceria
catalysts. Fig. 3 displays that all the samples are highly uni-
form nanocrystals with averaged particle size of 3.5–5.2 nm.
From Table 1, it is known that size-distribution is rather nar-
2015), http://dx.doi.org/10.1016/j.apcata.2015.10.041

row (ca. 15% standard deviation) for each sample. Interestingly,
the low-magnification TEM images show the tendency that these
nanocrystals were fused between each other as the Cu concentra-
tion increased (from Fig. 3a and h). It is probably because of the

dx.doi.org/10.1016/j.apcata.2015.10.041
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Fig. 2. XRD patterns of copper

oping effect when the second metal ion was introduced into the
eria support. Besides, the XRD-visible CuO phase was undistin-
uishable in TEM/HRTEM for 40Cu and 40Cu-L, due to its trace of
mount, also the possibly similar morphology to that of Cu–Ce–O
anocrystals.

Fig. 4 exhibits the TEM/HRTEM images of the used catalysts.
able 1 shows that the particle size (3.6–5.1 nm)  and shape (polyhe-
ron w/o fusion) were similar to the corresponding fresh samples
p to 30 at.% Cu. It demonstrates that the CO-PROX reaction was
onducted at lower temperatures (<200 ◦C) than those of air-
alcination (500 ◦C). So the morphology of copper-doped ceria
anocrystals was maintained. Big Cu particles were confirmed for
sed 40Cu (30–60 nm)  and 40Cu-L  (10–25 nm), which is in good
greement with the XRD data (see Fig. 2b). The segregated CuO
tructure underwent severe reduction process and sequential crys-
al growth during CO-PROX.

To verify the homogeneity of the copper–ceria catalysts other
han 40 at.% Cu, we applied the HAADF-STEM with EDS (spot size:
a. 2 nm)  to conduct the elemental mapping analysis. From Fig. 5 we
an easily see that both Cu and Ce component were homogenously
ispersed for 30Cu and 30Cu-L before and after the CO-PROX
eaction. No Cu-rich region was detected in HAADF-STEM/EDS,
evealing the uniform dispersion of copper in the ceria support
t the nanometer scale. However, no direct observations on the
tomic dispersion of Cu over the oxide matrix have been obtained.
herefore, we cannot demonstrate the homogeneous doping of
opper into ceria via coprecipitation synthesis in this work.

Based on the above characterization data on ICP-AES, BET, XRD,
EM/HRTEM and HAADF-STEM/EDS, we can draw a conclusion that
he copper–ceria catalysts by coprecipitation could be assign to
olid solutions with the formula of Ce1−xCuxO2−y (x = 0–0.3) for
–30 at.% Cu. However, the changes of CeO2 cell dimension with the
ulk Cu values in Fig. 6 do not obey the Vegard’s law. The calculated

 value is either constant or increased with the bulk Cu concentra-
ion, which is due to the synergetic effects between the aliovalent
oping effect and the size effect in Cu–Ce–O system [37]. To justify
his assumption, we have determined the decrease of averaged par-
icle size with the copper doping amount for both parent (Fig. 6a)
nd ammonium carbonate leached samples (Fig. 6b), because of
ize effect.
Please cite this article in press as: P.-P. Du, et al., Appl. Catal. A: Gen. (
 catalysts: (a) fresh; (b) used.

3.3. Copper species in copper–ceria catalyst

The conventional characterizations give the general structural
information for the Cu–Ce–O catalysts. However, the specific struc-
ture around the measured copper atoms, which are very important
to identify the active Cu site, was  missing. Here, XAFS technique
was used to investigate the structure in the copper–ceria catalysts
with different Cu contents, which is elemental sensitive and very
powerful to determine the electronic and local structure of metals.
In XANES region, the edge energy, the white line intensity and the
pre-edge features are related to the oxidation state of Cu2+/Cu+/Cu0.
Compared to XPS, XANES test can be conducted under milder ambi-
ent conditions. Besides, it has been reported that the Cu0 and Cu+

species cannot be easily distinguished by the regular XPS measure-
ment [46,47]. Thus, we selected the XANES approach to identify the
oxidation states of copper in this work.

The Cu K-edge XANES spectrum of copper–ceria catalysts is
compared with those of Cu foil, Cu2O and CuO standards in Fig. 7.
Different edge energies and shapes of the three standards provide
vital information on the corresponding oxidation state of copper,
which can be better distinguished by linear combination fit [38,41]
in Fig. S1. The weak pre-edge peak at 8977 eV is ascribed to the
dipole-forbidden electronic transition of 1s → 3d for Cu(II) [48]
and the relatively stronger peaks around 8980 and 8983 eV are
attributed to the dipole-allowed 1s → 4p electron transition for
Cu(I) and Cu(II), respectively [49]. Meanwhile, the distinct feature
at 8979 eV can be assigned to the unique Cu(0) structure.

It can be easily identified that pure Cu(II), without any pro-
files of Cu(I) or Cu(0), appeared for the fresh (parent and leached)
copper–ceria catalysts, confirming that the air-calcination at 500 ◦C
can keep the fully oxidized features for copper. However, the
XANES results cannot distinguish between different Cu(II) domi-
nant species such as the CuO crystals, the doped Cu2+ ions in the
ceria lattice and the weakly/strongly bound surface CuOx clusters.

Fig. 7 and Figure S1 also exhibit the oxidation state of copper
after CO-PROX. For low Cu samples (5Cu/5Cu-L and 15Cu/15Cu-L),
copper was  kept in the oxidized (Cu2+) state even after the CO-PROX
reaction in the presence of high concentration (50%) H2, demon-
strating that copper is strongly interacting with the ceria support.
However, for high Cu samples (30Cu/30Cu-L and 40Cu/40Cu-
2015), http://dx.doi.org/10.1016/j.apcata.2015.10.041

L), copper was partially reduced to Cu0 and Cu+ after reaction,
revealing that extra isolated copper structure forms besides strong
interaction between copper and ceria. The related XRD data only

dx.doi.org/10.1016/j.apcata.2015.10.041
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F ributi
1

c
L
c

ig. 3. TEM (1) and HRTEM (2) images, together with the related particle size-dist
5Cu-L;  (e)30Cu; (f) 30Cu-L; (g) 40Cu; (h) 40Cu-L.
Please cite this article in press as: P.-P. Du, et al., Appl. Catal. A: Gen. (

onfirm the formation of metallic copper for used 40Cu and 40Cu-
, indicating that XANES is more sensitive to the non-crystalline
opper species in our system.
on histograms (3) of fresh copper–ceria samples: (a) 5Cu; (b) 5Cu-L; (c) 15Cu; (d)
2015), http://dx.doi.org/10.1016/j.apcata.2015.10.041

The R space EXAFS data on the copper–ceria catalysts are pre-
sented in Fig. 8, together with the corresponding fitting results
summarized in Table 2. A strong Cu–O shell at 1.91–1.94 Å (phase

dx.doi.org/10.1016/j.apcata.2015.10.041
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Fig. 3. 

hift: ca. 0.4 Å in Fig. 8) was observed for all the samples before
Please cite this article in press as: P.-P. Du, et al., Appl. Catal. A: Gen. (

nd after the CO-PROX test. The fitted coordination number (CN)
f Cu–O slightly decreased from 5Cu/5Cu-L (>3) to 40Cu/40Cu-L
around 2.0 for some catalyst), possibly caused by the generation
f CuOx clusters and metallic copper in the fresh and used samples,
nued).

respectively. Both of these species contain CuCu bond if compared
2015), http://dx.doi.org/10.1016/j.apcata.2015.10.041

to the doped Cu2+ ion, which should only have the Cu–O shell in
EXAFS. Furthermore, the CN of Cu–O in each copper–ceria cata-
lyst is much smaller than the theoretic value of CuxCe1−xO2−y solid
solutions (CN = 6). This is consistent with the previous reports on

dx.doi.org/10.1016/j.apcata.2015.10.041
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opper–ceria [36], and can be explained by the unsaturated sur-
Please cite this article in press as: P.-P. Du, et al., Appl. Catal. A: Gen. (

ace of measured nanocrystals in this work. In XANES, metallic
u(0) has been identified for the used 15–40 at.% Cu samples (see
able 2 and Fig. S1). However, there is no Cu–Cu (2.5–2.6 Å) struc-
ure can be quantitatively fitted in EXAFS (see Fig. 8a–c), except

ig. 4. TEM (1) and HRTEM (2) images, together with the related particle size-distributi
5Cu-L;  (e) 30Cu; (f) 30Cu-L; (g) 40Cu; (h) 40Cu-L.
 PRESS
 General xxx (2015) xxx–xxx

for 40Cu/40Cu-L which has presented distinct Cu–Cu contribu-
2015), http://dx.doi.org/10.1016/j.apcata.2015.10.041

tions. Thus, the reduced copper metals could be very small (usually
<1 nm)  clusters for 15–30 at.% Cu samples.

on histograms (3) of used copper–ceria samples: (a) 5Cu; (b) 5Cu-L; (c) 15Cu; (d)

dx.doi.org/10.1016/j.apcata.2015.10.041
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Fig. 4. 

.4. Surface properties and reducibility of copper–ceria catalyst

The XPS measurement was carried out to investigate the sur-
Please cite this article in press as: P.-P. Du, et al., Appl. Catal. A: Gen. (

ace Cu concentration (Cusurf) of catalyst and the calculated Cusurf
alues are listed in Table 1. The fresh and leached catalysts display
ower Cusurf values than the corresponding parent samples, reveal-
ng that the ammonium carbonate leaching can effectively remove
nued).

the weakly bound copper species on ceria support [37]. Especially
for fresh 5Cu/5Cu-L,  the Cusurf value (11.2%/9.0%) was  much higher
than Cubulk (6.5%/5.6%), due to the surface segregation of copper
2015), http://dx.doi.org/10.1016/j.apcata.2015.10.041

species for low Cu amount. After the CO-PROX reaction, the Cusurf
value decreased slightly (9.5%/7.2%), but still significantly higher
than Cubulk.

dx.doi.org/10.1016/j.apcata.2015.10.041
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Fig. 5. HAADF-STEM EDS mapping results for copper–ceria catalysts: (a) 30Cu, fresh; (b) 30Cu-L, fresh; (c) 30Cu, used; (d) 30Cu-L, used.

ceria c

c
l
d
A
b
c
(
T
t

Fig. 6. Averaged particle size and lattice constants of CeO2 for copper–

Starting from 15Cu/15Cu-L, the Cusurf values of the fresh
opper–ceria catalysts, either parent or ammonium carbonate
eached, were very close to Cubulk. It reveals the homogenous
oping of copper into ceria if the Cu amount was  enough high.
s for 40Cu, the Cusurf value was obviously higher than Cubulk,
ecause of the formation of CuO phase on the surface of doped
Please cite this article in press as: P.-P. Du, et al., Appl. Catal. A: Gen. (

eria. After the reaction, there was a significant increase on Cusurf
18.7–79.4 at.%), compared to the fresh sample (15.0–46.3 at.%).
his can be attributed to the migration of doped Cu2+ ion out of
he ceria lattice by the reducing atmosphere in CO-PROX.
atalysts as a function of bulk Cu concentration: (a) parent; (b) leached.

The relative ratio of Ce3+to Ce4+ in each sample was obtained
by the peak fits on the XPS spectra of Ce 3d (see Fig. 9 and Fig. S2
for details), and the numeric results have been listed in Table 1.
Generally, the Ce3+/Ce4+ ratio was  slightly increased for the low Cu
samples (5Cu: 0.56 → 0.63; 5Cu-L: 0.60 → 0.64; 15Cu: 0.56 → 0.66;
15Cu-L : 0.58 → 0.63) after CO-PROX, while was distinctly raised
2015), http://dx.doi.org/10.1016/j.apcata.2015.10.041

for the high Cu samples (30Cu: 0.48 → 0.66; 30Cu-L: 0.46 → 0.65;
40Cu: 0.39 → 0.48; 40Cu-L : 0.50 → 0.74) after reaction. The forma-
tion of Ce(III) species in the used catalysts can be also verified by
the change of lattice constants (a) in copper-doped ceria. Fig. 6a

dx.doi.org/10.1016/j.apcata.2015.10.041
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d 5Cu-L; (b) 15Cu and 15Cu-L; (c) 30Cu and 30Cu-L; (d) 40Cu and 40Cu-L.
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Fig. 10. H2-TPR profiles of parent (solid) and leached (dash) copper–ceria catalysts.
Fig. 7. Cu K-edge XANES profiles of copper–ceria catalysts: (a) 5Cu an

nd b exhibit that the a value is significantly increased after the
O-PROX reaction, especially for the high Cu samples (30Cu/30Cu-

 and 40Cu/40Cu-L). It can be explained by the fact that smaller
e4+ ion (97 pm, CN = 8) is substituted by larger Ce3+ ion (114 pm,
N = 8).

The reducibility of copper–ceria catalyst was determined by H2-
PR, which can also give important information on the surface
xygen species. Fig. 10 exhibits the H2-TPR profiles for both par-
nt and leached samples. It has been reported that pure cerium
xide, even in nanostructured form, cannot be reduced below
00 ◦C in H2-TPR [50]. Thus, the H2-TPR peaks in this work should
e assigned to the reduction of surface oxygen activated by the
opper atoms in ceria. The corresponding hydrogen consumption
alues, or surface oxygen amounts, were calculated and listed in
able 3. According to the previous results, the reduction of differ-
nt copper species including isolated Cu(II) species [37,51], isolated
r weakly bound CuO particles [52–55] and small-size CuO parti-
les strongly interacting with the ceria surface [53,54,56], highly
ispersed copper-oxide clusters [37,54,55] or strongly bound cop-
er oxide species on the ceria support [37,52,], and the Cu2+ ion in
Please cite this article in press as: P.-P. Du, et al., Appl. Catal. A: Gen. (

he lattice of CeO2 [37,53], have been verified for the Cu–Ce–O sys-
em. In this work, two major H2-TPR peaks for the fresh catalysts
an be assigned to the low-temperature reduction of weakly bound
uOx clusters (“A” in Fig. 10) and the high-temperature reduction of
Labels represent the reduction of highly dispersed CuOx clusters (A) and strongly
bound Cu–[Ox]–Ce structure (B).
2015), http://dx.doi.org/10.1016/j.apcata.2015.10.041

strongly bound Cu–[Ox]–Ce structure (“B” in Fig. 10), plus a minor

dx.doi.org/10.1016/j.apcata.2015.10.041
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Fig. 8. EXAFS fitting results in R space for copper–ceria catalysts: (a) 5Cu

houlder around the low-temperature reduction (“C” in Fig. 10) for
he ammonium carbonate-leached samples (see Table 3 and Fig. S3
or details). However, the reduction of further deep copper species,
attice Cu2+ ions, was not observed at the higher temperatures than
B” [37]. It indicates that the lattice Cu2+ ion may  be mixed with
he strongly bound copper species and cannot be distinguished
etween each other in our system.

Previously, ammonium carbonate was considered to be a strong
eaching agent for copper [37]. Here, we tried to separate differ-
nt copper species nanostructures by comparing the reducibility
etween parent and leached samples. It can be clearly seen from
ig. 10 that the H2-TPR peaks of both “A” and “B” have been shifted
o higher temperatures for the leached low Cu (5 or 15 at.%) cata-
ysts, demonstrating the effective removal of weakly bound CuOx
lusters. The non-leachable strongly bound copper species require
igher reducing potential (temperature or concentration of H2) to
e extracted out of the lattice or sublayers of CeO2. Unlike the pre-
ious report [37], two reduction peaks were maintained in H2-TPR
rofiles for our leached catalysts. The low-temperature reduction
an be assigned to the weakly bound CuOx clusters, which were
Please cite this article in press as: P.-P. Du, et al., Appl. Catal. A: Gen. (

ewly generated from the previous strongly bound copper species
uring the H2-TPR tests. Currently, the reduction peak for strongly
ound Cu–[Ox]–Ce structure shifted to higher temperatures for the
Cu-L; (b) 15Cu and 15Cu-L; (c) 30Cu and 30Cu-L; (d) 40Cu and 40Cu-L.

leached samples. Similar to the previous findings, the reduction
temperatures for the high Cu (30 and 40 at.%) catalysts were nearly
constant before and after the leaching step. It indicates that the
strongly bound copper species can migrate onto the CeO2 surface
and be converted to the weakly bound CuOx clusters more easily if
the inner copper amount is high.

Table 3 displays the experimental H2 consumption values are
significantly higher than the calculated numbers, which only con-
sider the transformation of CuO to Cu. In another word, one copper
atom interacts with more than one oxygen atoms, indicating that
copper can effectively activate the surface oxygen of ceria support.
The total surface oxygen amounts of leached catalysts were kept
the same to the parent for low Cu (5–15 at.%), while distinctly lower
than those before leaching for high Cu (30–40 at.%). For the specific
H2 consumption values contributed by weakly bound CuOx clus-
ters (“A”) and strongly bound Cu–[Ox]–Ce structure (“B”) are very
similar between parent and leached samples for low Cu, probably
because that the residual copper species can activate more oxygen
atoms than the ones before ammonium carbonate leaching step.
On the other hand, distinctly lower amounts contributed by either
2015), http://dx.doi.org/10.1016/j.apcata.2015.10.041

peak “A” or peak “B” after the ammonium carbonate step have been
determined for high Cu, possibly due to the loss of Cu content.

dx.doi.org/10.1016/j.apcata.2015.10.041
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Fig. 9. Ce 3d XPS spectra for copper–ceria catalysts: (a) 5Cu and 5Cu-L; (b) 15Cu and 15Cu-L; (c) 30Cu and 30Cu-L; (d) 40Cu and 40Cu-L.

Table 2
XANES analysis and EXAFS fitting results (R: distance; CN: coordination number) on
Cu–O  and Cu–Cu shells of copper–ceria catalysts.

Sample Molar fraction (%)aCu–Ob Cu–Cuc

Cu0 Cu+ Cu2+ R (Å) CN R (Å) CN

Cu – – – – – 2.558 12
Cu2O – – – 1.849 4 3.698 8
CuO – – – 1.906 2 2.912 4

1.985 2
5Cu 0� 0� 100� 1.94 ± 0.01� 3.6 ± 0.2� – –

0� 0� 100� 1.93 ± 0.01� 3.0 ± 0.2�

5Cu-
L

0 0 100 1.93 ± 0.01 3.4 ± 0.3 – –

0  0 100 1.93 ± 0.01 3.3 ± 0.2
15Cu 0 0 100 1.93 ± 0.01 3.4 ± 0.2 – –

5  2 93 1.93 ± 0.01 2.7 ± 0.2
15Cu-
L

0 0 100 1.93 ± 0.01 3.2 ± 0.2 – –

5  0 95 1.93 ± 0.01 2.8 ± 0.2
30Cu 0 0 100 1.93 ± 0.01 3.3 ± 0.5 – –

10  17 73 1.92 ± 0.01 2.9 ± 0.6
30Cu-
L

0 0 100 1.94 ± 0.01 2.7 ± 0.2 – –

14  17 69 1.93 ± 0.02 2.3 ± 0.6
40Cu 0 0 100 1.94 ± 0.01 3.2 ± 0.2 – –

36  17 47 1.92 ± 0.02 1.9 ± 0.3 2.56 ± 0.01 3.4 ± 0.8
40Cu-
L

0 0 100 1.94 ± 0.01 3.6 ± 0.3 – –
28  8 64 1.91 ± 0.01 2.4 ± 0.4 2.56 ± 0.01 2.6 ± 0.7

a For fresh (�) and used (�) samples determined by XANES linear combination
analysis with the Cu, Cu2O and CuO references.

4

o

Table 3
H2-TPR reduction temperatures (TR) and H2 consumption (H2) of copper–ceria
catalysts.

Sample TR(◦C) H2 (�mol/g)

5Cu 174a, 219b 428a,  672b (1100d, 391e)
5Cu-L 200a, 249c, 277b 489a,  132c,  426b (1047, 335)
15Cu 155a, 171b 804a, 761b (1565, 1158)
15Cu-L  125c, 173a, 198b 119c, 794a, 886b (1799, 948)
30Cu 148a, 174b 1692a, 1376b (3068, 2461)
30Cu-L  111c, 157a, 173b 87c, 1081a, 1003b (2171, 1570)
40Cu 149a, 180b 1457a, 2455b (3912, 3582)
40Cu-L  110c, 145a, 172b 192c, 760a, 1680b (2632, 2187)

a For low-temperature reduction.
b For high-temperature reduction.

tural evolution on the copper–ceria catalyst by coprecipitation
b For fresh (�) and used (�) samples by 1st shell approximate model.
c For fresh (�) and used (�) samples by metallic Cu model.

. Discussion
Please cite this article in press as: P.-P. Du, et al., Appl. Catal. A: Gen. (

By the aids of ICP-AES, XPS, H2-TPR, it has been reported that the
xidized copper species in ceria usually include multiple structures,
c For shoulder close to the low-temperature reduction.
d Sum of low-temperature and high-temperature reductions experimentally.
e Calculated by assuming the complete reduction of CuO to Cu theoretically.

such as weakly bound CuOx clusters, strongly bound Cu–[Ox]–Ce
and Cu2+ ion in the CeO2 lattice [13,21,37]. By the in-situ XAFS
measurements, we  have previously demonstrated that the weakly
bound CuOx clusters are active species for the CO-PROX reaction
[38]. However, it is still unknown for the effect of other copper
species. Are they active for CO-PROX or just spectators? In this
work, we  tried to use ammonium carbonate leaching treatment
to study the effect of copper species other than weakly bound CuOx
clusters.

According to the related XRD, XAFS, TEM, XPS and H2-TPR results
discussed in section 3, we  now have a full view for the struc-
2015), http://dx.doi.org/10.1016/j.apcata.2015.10.041

(see Scheme 1). First of all, for the parent fresh samples, weakly
and strongly bound copper species were identified by H2-TPR. No
experimental evidences can be found for the separation between

dx.doi.org/10.1016/j.apcata.2015.10.041
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Scheme 1. Evolutions of different copper specie

trongly bound Cu–[Ox]–Ce and Cu2+ ion [35] in the CeO2 lattice by
2-TPR. So, the strongly bound copper species in this work included

wo parts of both in the lattice and on the surface of CeO2.
Upon ammonium carbonate leaching, the XPS characteriza-

ion confirmed the successful removal of surface copper species.
o other differences on the bulk and surface structure between
arent and leached catalysts were observed. Also, the related
ANES measurements determined that copper was  fully oxidized in
oped-ceria. Although ammonium carbonate was considered to be

 stronger leaching agent for copper species than other chemicals
uch as sodium cyanide [37], CuO nanocrystals were still observed
n XRD for 40Cu-L  . It should be due to the strong interaction
etween non-leachable CuO phase and the doped ceria.

However, there are still two (low- and high-temperature) major
eduction peaks appeared for the leached catalysts. As for the
opper–ceria prepared by the deposition–precipitation method,
eakly bound CuOx clusters were removed by NaCN-leaching and

ot regenerated for low Cu samples during H2-TPR [37]. Here, we
ound that weakly bound copper species can be recovered by the

igration of strongly bound Cu–[Ox]–Ce structure from lattice to
urface of doped ceria. This diffusion needs to meet the following
wo requirements: (1) There are rich strongly bound copper species
n CeO2; (2) The external driving force, i.e. reducing potential (tem-
erature, type and concentration of reducing agent, etc.) must be
ut onto the strongly bound copper species.

From Fig. 10 and Table 3, we also noticed that for low Cu samples,
he reduction peaks in the leached materials (5Cu-L and 15Cu-L)
re shifted to higher temperatures than the parent catalysts (5Cu
nd 15Cu). This can be explained by the redistribution of cop-
er species by the ammonium carbonate washing [57]. Specifically

n this work, when copper is rich, the removal of weakly bound
uOx clusters by leaching is promptly recovered by the transfer
f strongly bound Cu–[Ox]–Ce structure during H2-TPR. Due to the

oss of Cu content during the ammonium carbonate step, the surface
xygen amounts originated from both weakly and strongly bound
opper species in the leached samples are lower than those in the
arent catalysts. However, when copper is lean, the above trans-

ormation happens at higher temperatures than the reduction of
eakly bound copper species in the parent catalyst. Furthermore,

he residual Cu–[Ox]–Ce species are more difficult to be reduced
han the strongly bound species in the parent samples. But the total
2 consumption values are constants before and after the leaching,
robably because the residual copper species may  activate more
xygen atoms than those in the parent materials.

The third reduction (peak “C” in Fig. 10 and determined by peak-
t in Fig. S3) in H2-TPR, other than weakly and strongly bound
opper species, was identified for the leached sample. This is actu-
Please cite this article in press as: P.-P. Du, et al., Appl. Catal. A: Gen. (

lly a minor reduction as a shoulder close to the weakly bound CuOx
lusters (peak “A”) and could be generated during the migration of
trongly bound Cu–[Ox]–Ce species with the gradual reduction in
g the leaching, reduction or reaction processes.

multiple steps, which reveals the complicated structural evolution
on active copper sites during either the hydrogen reduction.

Therefore, the strongly bound Cu–[Ox]–Ce structure acts as a
reservoir for the weakly bound CuOx clusters. The strongly bound
copper species themselves may  not be direct active sites, but can
generate the migrated CuOx source. As long as the copper amount
is kept high (ca. 30 at.% in our work), the reactivity of copper–ceria
catalyst will increase continuously until the formation of CuO phase
on the surface of doped ceria. So, the max  reactivity for CO-PROX
appeared when the Cu concentration reached 30 at.%.

From Fig. 1, it can be also seen that the leached samples (15Cu-L,
30Cu-L and 40Cu-L) exhibit more CO conversions than the corre-
sponding parent catalysts (15Cu, 30Cu and 40Cu). Similar results
have been already reported for copper–ceria system treated with
ammonium carbonate [57]. In our work, this phenomenon can also
be explained by the redistribution of active species proposed by
Mariño et al. [57], i.e. the improvement of contact between the
reacting molecules and the active sites. As discuss as above, such
redispersion of active sites could be correlated to the structural evo-
lution on the weakly and strongly bound copper species during the
CO-PROX reaction.

5. Conclusions

The copper–ceria catalysts with different Cu concentrations
(5–40 at.%) were prepared by coprecipitation method. Leaching
treatment by (NH4)2CO3 was  applied to remove the weakly bound
CuOx clusters, and further investigate the effect of strongly bound
copper species. Based on the results of XRD and TEM, the uni-
form copper structure in ceria was  obtained for the fresh and used
samples of 5–30 at.% Cu. The high and stable catalytic reactivity
appeared for 30 at.% copper doping. By the XAFS measurements,
pure Cu(II) oxidation states were confirmed for the fresh samples
and the metallic copper formed for the catalysts with 30–40 at.% Cu
in the used catalysts. By the aids of XPS and H2-TPR, we  compared
the surface and bulk structure for parent and leached copper–ceria
samples and found that the strongly bound Cu–[Ox]–Ce species pro-
vide extra source for the recovery of weakly bound CuOx clusters,
and can be regarded as the reservoir for the surface active copper
species during the CO-PROX reaction.
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