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ABSTRACT: Copper-ceria is one of the very active catalysts for the
preferential oxidation of carbon monoxide (CO-PROX) reaction, which is
also a typical system in which the complexity of copper chemistry is clearly
exhibited. In the present manuscript, copper—ceria catalysts with different
Cu contents up to 20 wt % supported on CeO, nanorods were synthesized
by a deposition—precipitation (DP) method. The as-prepared samples were
characterized by various structural and textural detections including X-ray
diffraction (XRD), Vis-Raman, transmission electron microscopy (TEM),
ex situ/in situ X-ray absorption fine structure (XAFS), and temperature-
programmed reduction by hydrogen (H,-TPR). It has been confirmed that
the highly dispersed copper oxide (CuO,) clusters, as well as the strong
interaction of Cu-[O,]-Ce structure, were the main copper species
deposited onto the ceria surface. No separated copper phase was detected
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for both preoxidized and prereduced samples with the Cu contents up to 10 wt %. The fresh copper—ceria catalysts were
pretreated in either O,- or H,-atmosphere and then tested for the CO-PROX reaction at a space velocity (SV) of 60 000 mL-h™"-

gcat

!. The prereduced S and 10 wt % Cu samples exhibited excellent catalytic performance with high CO conversions (>50%, up

to 100%) and O, selectivities (>60%, up to 100%) within a wide temperature window of 80—140 °C. The in situ XAFS technique
was carried out to monitor the structural evolution on the copper—ceria catalysts during the PROX experiments. The X-ray
absorption near edge spectra (XANES) profiles, by the aid of linear combination analysis, identified the oxidized Cu(II) were the
dominant copper species in both O,- and H,-pretreated samples after CO-PROX at 80 °C. Furthermore, the extended X-ray
absorption fine structure (EXAFS) fitting results, together with the corresponding H,-TPR data distinctly determined that the
highly dispersed CuO, (x = 0.2—0.5) cluster, other than the Cu—[O,]—Ce (x = 0.7—3.2) structure, were the crucial active

species for the studied CO-PROX reaction.
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1. INTRODUCTION

The polymer—electrolyte—membrane fuel cell, which is
accompanied by multistep reactions including the hydrocarbon
reforming and the water—gas shift reactions, is an eflicient
approach toward the application of hydrogen energy,
substituting the current fossil fuels. However, a small amount
(0.3—1%) of carbon monoxide (CO) remaining in the
hydrogen inlets will be severely poisonous to the platinum
catalyst, which is popularly used for the hydrogen oxidation
reaction at the anode of proton exchange membrane fuel
Therefore, the preferential oxidation of CO (CO-
PROX) in the excess of H, is a key to effectively eliminate the
toxic CO molecules.® In recent studies, diverse noble metals
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(NMs) such as Pt,* % Ay, "M% Ry, %8 Ir® P4, and Rh'°
have displayed their potential ability to the CO-PROX process.
However, the low O, selectivity (<60%)°®
issues prevent the wide application of NM catalysts. Recently,
the fundamental research on cerium oxide (CeO,)-supported
copper oxide (CuO) catalyst has demonstrated that the
copper—ceria (Cu—Ce—O) system is a very promising
candidate for the CO-PROX reaction at the temperature
range of 100—140 °C not only because of superiority in both

and economic
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CO conversion (60—100%) and O, selectivity (60—100%) but
also due to the much lower cost than the NMs.”'*~"

During the last several decades, copper—ceria catalysts have
been synthesized through different chemical approaches
includin§ degosition—precipitation,12 incipient wetness impreg-
nation,"*"®" coprecipitation,'>'*'®*® and the sol—gel meth-
0d.*® By the aids of these controlled preparation strategies,
various structural and textural characteristics have been realized
on the reported copper—ceria samples previously. However,
until now, the structure—activity relationship on Cu—Ce—0O
system has not been clearly addressed in catalysis, possibly due
to the structural complexities of the copper/ceria phase (Cu/
Cu,0/Cu0, Ce**/Ce™, etc.), as well as the presence of copper
oxide clusters (CuO,) weakly or strongly interacting with the
CeO, support under the nanosize scale. On the other hand,
multiple characterization techniques such as Raman,'**! X-ray
photoelectron spectroscopy (XPS),IZ’17 temperature-pro-
grammed reduction (TPR),">'®" and diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS)'®'%?*
have been extensively applied to the copper—ceria catalysts,
as powerful detection means to identify active sites and explore
reaction mechanisms for the CO-PROX reaction. For instance,
by using in situ DRIFTS measurements, Polster et al. found
that the CO oxidation activity is linked to Cu* carbonyl species
(~2110 cm™"), whereas the deactivation process is associated
with the catalyst hydration.”

The in situ X-ray absorption fine structure (XAFS) technique
has been broadly used in structural evolution on nano-
structured catalysts,">*® particularly for the determination of
active metal/metal oxide species. XAFS, which includes X-ray
near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS), is very effective for the determination
of both electronic properties (oxidation state, charge transfer,
etc.) and short-range local structure (coordination number,
bond distance, Debye—Waller factor, etc.), respectively, of
solids in heterogeneous catalysis. For the copper—ceria catalyst
on the CO-PROX reaction, by extensively using in situ DRIFTS
and XANES tests'®**72¢ as strong experimental evidence,
several groups have reported the corresPonding “structure—
activity” relationship (i.e., the active site, ¢ the deactivation
mechanism,25 and the interaction of CeO,/CuO in inverse
catalyst,>* etc.). All these studies demonstrated that active sites
in copper—ceria oxide system for the CO oxidation are related
to interfacial Cu(I) species generated through a reductive
process upon interaction with the CO. Very recently, Yao et al.
reported the operando combined XANES/DRIFTS technique
to reveal the mechanism of the CO + O, process (3.3%CO/
1.7%0,/He, no presence of H,), without H,, on the CuO/
CeO, catalyst, and demonstrated that the surface dispersed
Cu(I) species rather than Cu(0) were active species for the CO
oxidation reaction,”” which is consistent with the active site
identifications in CO-PROX reaction.'®?*72° However, details
on the local structure of active Cu-O sites in working CO-
PROX catalyst have been rarely explored. Recently, using in situ
EXAFS, Zhang et al. identified the local coordination of the
active redox oxygen ions in CO-PROX reaction and the related
active Cu species in a mixed copper cerium oxide catalyst.”®
They confirmed that the active/labile oxygen is the first oxygen
neighbor of Cu(II) species those isolate with CeO, in a mixed
oxide solution (CuCeO,).

Furthermore, the reducibility and surface properties of
copper—ceria catalyst have been confirmed to be complicated
and usually contributed by multiple oxidized copper species,
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such as CuO, clusters, Cu—[O,]—Ce structure and Cu** ion in
the CeO, lattice by the confirmation of H,-TPR.'>'**"*° This
also has resulted in the presence of debates about different
hypotheses on the active species for the CO-PROX reaction.
Therefore, in this paper, we have tried to obtain active copper—
ceria catalysts by depositing the highly dispersed CuO, clusters
onto the CeO, nanorods. The as-prepared copper—ceria
catalysts via controlled synthesis and pretreatment have
shown excellent catalytic performance (i.e, CO conversion
>50% and O, selectivity >60%, within the wide temperature
range of 80—140 °C). By using the in situ XANES/EXAFS
techniques, with the aids of XRD, Vis-Raman, TEM and H,-
TPR characterizations, the highly dispersed CuO, cluster,
rather than the strong interaction of Cu—[O,]—Ce structure,
has been identified as the more crucial active species in Cu—
Ce—O system for CO-PROX.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Catalysts. All the reactants are of
analytical grade and were used without further purification or
modification. Cerium nitrate (Ce(NOs;);:6H,0, 99.5%) and
copper nitrate (Cu(NO;),-3H,0, 98.0—102.0%) were pur-
chased from Tianjin Kermal Chemical Reagent Factory.
Sodium hydroxide (NaOH, >96.0%) was purchased from
Sinopharm Chemical Reagent Factory. Sodium carbonate
(Na,CO;, 99.8%) was obtained from Tianjin BoDi Chemical
Reagent Factory. The copper—ceria catalysts were prepared by
a DP method according to the previous report.”” First, rod-like
ceria support was obtained via a controlled hydrolysis
procedure, followed by a hydrothermal treatment.>® In a typical
synthesis, 1.30 g of Ce(NO;);-6H,0 and 14.40 g of NaOH
were dissolved in 20 and 40 mL of deionized water,
respectively. Then, the two solutions were mixed in a 100
mL Teflon bottle, and stirred for 30 min. Next, the Teflon
bottle was held in a stainless steel vessel autoclave and sealed
tightly, and then the autoclave was subjected to hydrothermal
treatment at 100 °C for 24 h. The obtained precipitates were
separated by centrifugation, washed with deionized water and
ethanol several times, and then dried at 60 °C overnight. For
the sequential DP synthesis, the ceria powders (0.50 g) were
suspended in 25 mL Millipore water (18.25 MQ) under
stirring. Various amounts of copper precursor, Cu(NOj;),:
3H,0, were dissolved in 12.5 mL of Millipore water and then
added into the above CeO,/H,O suspension dropwisely.
During the whole process, the pH value of the stock solution
was controlled to ca. 9 by adding Na,CO; aqueous solution
(0.50 mol'L™"). The green precipitates were further aged at
room temperature for 1 h before filtration and then washed by
Millipore water (1 L) at room temperature. The product was
dried in air at 75 °C overnight and then calcined in still air at
400 °C for 4 h (heating rate: 2 °C-min~"). In this work, the
copper—ceria samples were donated as aCuCe (a =2, S, 10 and
20), where a is the copper content in weight percent (a = [Cu/
CeO,],x X 100%).

2.2. Characterization of Catalysts. The copper loadings
were determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) on an IRIS Intrepid II XSP
instrument (Thermo Electron Corporation). The nitrogen
adsorption—desorption measurements were performed on a
NOVA 4200e instrument at 77 K. All the copper—ceria samples
were degassed at 150 °C under vacuum for over 6 h. The BET
specific surface area was calculated from the adsorption data in
the relative pressure range between 0.05 and 0.20. X-ray
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Table 1. Copper Contents (Cu), BET Specific Surface Areas (Szpr), H,-TPR Reduction Temperatures (Tg) and H,-
Consumption (H,), Ratio of Oxygen to Copper (O/Cu), CO-PROX Reaction Conversions (CO conv.) and Selectivities (O,

select.) of Copper—Ceria Samples

Cu Sggr Tx H, 0/Cu? CO conv. (%) 0, select. (%)
sample (wt %) (m%g™) (°c)? (umol-g™)* 0,° Hzf 0,° Hzf
@108, #751
2CuCe 15 92 189, 7228 ’ “0.46, #3.18 15 30 84 90
1(236)
274, 1035
5CuCe 49 97 161, 190 0.36, 1.34 48 70 99 98
(721)
442, 1465
10CuCe 10.1 90 139, 167 0.28, 0.92 65 72 100 100
(1405))
671, 1880
20CuCe 17.6 80 157, 181 0.24, 0.68 41 41 98 100
(2256)

“Determined by ICP-AES. bLeft: low- temperature reduction peak (a); Right: high-temperature reduction peak (/). “Low- temperature (a) and high-
temperature (f3) of actual value of H,-consumptions; (y): theoretic values of H, consumptlon calculated according to Cu®* — Cu’; (8): number of
total surface oxygen per Cu based on the copper content and calculated H,-consumption. “Number of total oxygen per Cu based on calculated H,-

consumption in TPR, (a): from low-temperature reduction peak (highly dispersed CuO, cluster), (): from high-temperature reduction peak (Cu-
[0,]-Ce structure). “Activity measured at 80 °C in 1%CO/1%0,/50%H,/N, after the O,-pretreatment. Act1v1ty measured at 80 °C in 1%CO/1%

0,/50%H,/N, after the H,-pretreatment.

Diffraction (XRD) was operated on a Bruker D8 Advance
diffractometer (40 kV, 40 mA), using Cu Ka radiation (1 =
0.15406 nm). The powder catalyst after grinding was placed
inside a quartz-glass sample holder before test. Raman spectra
were acquired by excitation of the sample at 532 nm using a
Raman microscope system (HORIBA JOBIN YVON) in the
spectral window from 100 to 800 cm™' with a spectral
resolution of 2 cm™'. Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) were conducted
on a Philips Tecnai F20 instrument at 200 kV. All the
investigated samples were sonicated in ethanol before being
dropped on an ultrathin carbon film-coated Mo grid. For the
corresponding elemental mapping acquisition, the energy
dispersive spectroscopy (EDS) was applied to the measured
catalysts under the scanning transmission electron microscopy
(STEM) mode on the same TEM machine.

Temperature-programmed reduction by hydrogen (H,-TPR)
was carried out in a Builder PCSA-1000 instrument equipped
with a thermal conductivity detector (TCD) to detect H,
consumption. The sieved catalysts (20—40 mesh, 30 mg) were
heated (S °C/min) from room temperature to 400 °C in a 5%
H,/Ar (30 mL-min~") gas mixture. Before each measurement,
the fresh samples were pretreated in pure O, at 300 °C for 30
min, and the reduction samples were pretreated in 5%H,/Ar at
300 °C for 2 h.

The ex situ Cu K absorption edge (E, = 8979 eV) XAFS
spectra were collected in transmission mode at BL14W1
beamline of the Shanghai Synchrotron Radiation Facility
(SSRF) operated at 3.5 GeV under “top-up” mode with a
constant current of 220 mA. The in situ experiments were
conducted at the X18B beamline of the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory
(BNL), operated at 2.8 GeV under “decay” mode with currents
of 160—300 mA. The powder sample (~16 mg) was loaded
into a Kapton tube (o.d. = 1/8 in.), which was attached to an in
situ flow cell. Two small resistance heating wires were installed
above and below the tube, and the temperature was monitored
with a 0.5 mm chromel—alumel thermocouple that was placed
inside the tube near the sample. The in situ PROX reaction (1%
CO/1%0,/50%H,/He, 20 mL-min™") was carried out under a
“steady-state” mode at 80 °C for 1 h. Each XAFS spectrum was
taken under fluorescence mode with a Pips detector and
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accumulated by multiple (>12) scans (ca. 20 min each). No
distinct changes were observed between the first and the last
scans. The reported XAFS data were the averages of these scans
collected after cooling the tested sample down to room
temperature in the same pretreatment/reaction atmosphere
The XANES and EXAFS data have been analyzed via Athena
and Artemis programs.

2.3. Catalytic Tests. The CO-PROX reactivity was tested
in a plug-flow reactor by using S0 mg of sieved catalyst (20—40
mesh) in a gas mixture of 1%CO/1%0,/50%H,/N, with a
space velocity of 60000 mL-h™"-g.,,~". Prior to the measure-
ment, the tested sample was pretreated in oxidative (21%0,/
N,) or reductive (50%H,/N,) atmospheres at 300 °C for 30
min before the beginning of activity test experiments as
described below. For a typical catalytic run, the copper—ceria
sample was heated from 40 to 200 °C and was stabilized at each
temperature plateau under the same reaction conditions for 40
min to reach the equilibrium. The compositions of the effluent
gases were measured with an online gas chromatograph (GC
9160 series) equipped with a thermal conductivity detector.
Two column channels in the GC were used to separate the
tested gases. One channel was coupled to a column of Molsieve
5 A to separate CO, O,, and N,, and the other channel was
attached a column of PoraPLOT N to isolate CO,. Considering
that the total volumes of the reaction gas before and after
PROX changed very slightly (<1 vol %), the CO conversions
and O, selectivities were calculated according to the following
equations:

CO conversion (%) = (1com = fco,ou)/fico,m X 100

0, selectivity (%) = 0.5 x (“co,m - nCO,out)/(nOZ,in — oy eur) X 100

where n1cq;, and 1o, ;, are the corresponding GC response peak
area values of the inlet gas of CO and O,, respectively, before
the reactor, whereas ncg oy and n1gye, are the corresponding
GC response peak area values of CO and O,, respectively, after
the reactor.

3. RESULTS AND DISCUSSION

3.1. Structure and Texture of Copper—Ceria Catalysts.
The ICP-AES data in Table 1 demonstrate that the
experimental copper contents are in good agreement with
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Figure 2. STEM (4, ¢, d, f) and HRTEM (b, ) images of O,-pretreated copper—ceria catalyst: (a, b) SCuCe, before PROX; (c) SCuCe, after PROX;
(d, e) 10CuCe, before PROX; (f) 10CuCe, after PROX. Insets are corresponding STEM-EDS elemental mapping images, and the ruling boxes on

the STEM images indicate the data-collection areas.

those of designed values, confirming the successful Cu-loading
implementation up to 20 wt %. The BET specific surface areas
of fresh (air-calcined at 400 °C) copper—ceria catalysts vary
from 80 to 97 m>g™" (see Table 1), which is consistent with
the previous report on 15.4 at. % Cu loading on CeO,
nanorods by the similar DP preparation (95 m-*)g~").>

The XRD patterns of the fresh copper—ceria samples in
Figure la identify the presence of fcc Fluorite CeO, phase
(JCPDS card no: 34-394) from 2CuCe to 20CuCe. The
broadening of the diffraction patterns indicates the nanocrystal-
line nature of the ceria support. No diffraction peaks can be
assigned to Cu/Cu,0/CuO structure, which reveals that no
crystallized copper species isolated from the CeO, surface as
high as the Cu amount up to 20 wt %.

To finely determine the crystal structure of fresh copper—
ceria samples, Vis-Raman excited by a 532 nm laser was applied.
Figure 1b distinctly exhibits the sharp peak centered at 444—
452 cm™, corresponding to the triply degenerate F,; mode of
Fluorite CeO,.*” It has been reported that the Raman peak near
464 cm™' in ceria nanoparticles shifts to lower energies and
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becomes broader and asymmetric as the particle size turns
smaller,® and for doped ceria (Au/CeO,_,), this peak
decreases under the reducing atmosphere even down to <450
cm™" when Ce®" replaces Ce** during oxygen vacancy
creation.®® Our data in Figure 1b demonstrate that the
deposition of copper helped the generation of oxygen vacancy
in ceria, resulting in the low-energy shifts in Raman spectra.
The other two wide bands at 250 and 574—598 cm™ can be
attributed to the presence of oxygen vacancies.*”** The related
spectra in Figure 1b show that the Raman intensity of these two
bands in 2CuCe is unreasonably higher than the other copper—
ceria catalysts (SCuCe, 10CuCe, and 20CuCe). Because the
confocal Raman measurement we applied is a microdomain
technique (collection area: < 1 um?), it may not be good for the
overall structural characterization on the low concentration
(less than one monolayer) copper on the ceria nanorods, even
we have investigated several (>S5) spectra from different sample
areas. Thus, other technique such as H,-TPR (see this part
below) is required to further confirm the above structural
information on the copper—ceria catalysts. However, the
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Figure 3. In situ XANES (a, b) and EXAFS R space (¢, d) spectra of O,-pretreated copper—ceria catalysts before and after CO-PROX reaction: (g, c)

5CuCe; (b, d) 10CuCe.

Table 2. XANES Analysis and EXAFS Fitting Results (R: Distance; CN: Coordination Number) of Copper—Ceria Catalysts

molar fraction (%)% Cu—O Cu—Cu
sample Cu’ Cu* Cu** R (A) CN R (A) CN
cu® — — — — — 2.56 12
Cu,b0 — — — 1.85 4 3.70 8
CuO® — — — 191 2
291 4
1.99 2
5CuCe (O,) — 0 100 1.93 + 0.01 3.0+ 03 — —
5CuCe (H,) 68 + 3 32+3 — — — 2.52 + 0.01 3.8 + 04
5CuCe (O, PROX) — 0 100 1.94 + 0.01 34 + 02 — —
5CuCe (H,, PROX) — 9+3 91 + 3 1.94 + 0.01 22+ 02 — —
10CuCe (O,) — 0 100 1.94 + 0.01 22+ 03 — —
10CuCe (H,) 82 +3 18+3 — — — 2.52 + 0.01 50 + 0.5
10CuCe (O,, PROX) — 0 100 1.94 + 0.01 22+ 02 — —
10CuCe (H,, PROX) — 38 +2 62+ 2 192 + 0.03 15+ 03 — —

“Determined by XANES linear combination analysis with the Cu, Cu,0, and CuO references. "EXAFS data (R and CN) were calculated by FEFF
code from the crystal structures previous reported (JCPDS card#: 4-836, 5-667 and 41-254 for Cu, Cu,0O, and CuO, respectively).

separated CuO phase with Raman peaks located at 292, 340,
and 626 cm™ wavelengths36 can be excluded.

To observe the morphology and crystal size/shape of
copper—ceria catalysts from the microdomain view, the TEM
characterization was carried out. STEM and HRTEM images
on typical as-calcined samples have been shown in Figure 2.
Typically, the fresh SCuCe and 10CuCe were composed by
nanorods with a length of 50—150 nm and a uniform width of
ca. 10 nm (see Figure 2a,d). Figure 2b,e depicts the HRTEM
images of a single nanorod, displaying the interplanar d-
spacings for CeO, {111} (~0.32 nm) and {100} (~0.28 nm)
facets. Similar to the related XRD results, no separated copper
related (Cu/Cu,0/CuO) nanostructures can be detected in
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HRTEM. Furthermore, elemental mapping analysis (insets in
Figure 2a,d) from the corresponding STEM-EDS data confirm
the homogeneous distribution of both Cu and Ce atoms in
SCuCe and 10CuCe. Therefore, based on the above
experimental XRD, Vis-Raman, and TEM results, the fresh
copper—ceria catalysts synthesized by the DP method in this
work actually consisted of highly dispersed copper species
supported on the CeO, nanorods.

The XAFS technique, which is also good for the structural
detection of noncrystalline phase, was carried out to investigate
the fresh copper—ceria catalysts. By the aid of copper standards
(Cu foil, Cu,O and CuO for Cu’, Cu* and Cu*, respectively),
the XANES profiles in Figure 3a,b clearly demonstrate the ionic
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Figure 5. CO conversions (a) and O, selectivities (b) over O,-pretreated copper—ceria catalysts.

Cu®* feature for sample SCuCe and 10CuCe. Meanwhile, by
the aid of linear combination analysis,”” negative molar
fractions of either Cu’ or Cu' species were eventually
determined (see Table 2). The related EXAFS spectra in R
space (see Figure 3c,d) display a strong contribution by the first
shell of Cu—O at ca. 1.9 A (phase shift corrected), which is
different from the crystallized Cu,O (one peak at 1.849 A) or
CuO (two peaks at 1.906 and 1.985 A) phase (see Table 2 for
modeling parameters). The corresponding coordination
numbers (CN) obtained by the EXAFS fittings via the Artemis
software are 3.0 and 2.2 for SCuCe and 10CuCe, respectively
(see Table 2). Although it cannot be fitted, the weak second
shell around 3.3—3.4 A in Figure 3c,d can be due to the Cu—Ce
distance, which is very similar to the previous EXAFS results on
the reported gold—ceria catalyst.>!

In order to investigate the reducibility and identify the
different surface oxygen species, H)-TPR was carried out on the
studied copper—ceria catalysts.”*****® Figure 4a distinctly
exhibits a two-step surface reduction process (also refer to
Table 1 for values of reduction temperature and H,
consumption) for each sample from 2CuCe to 20CuCe. The
low-temperature wide band centered at 130—190 °C (a) was
originated from the highly dispersed CuO, clusters,””* which
is in good agreement with the first shell of Cu—O structure
identified by the in situ EXAFS analysis (Figure 3c,d).
However, the high-temperature sharp peak located at 190—
230 °C (f) is due to the strong interaction of Cu—[O,]—Ce
structure,””*® which is consistent with the corresponding
EXAFS fitting results, ie., the appearance of Cu—Ce second
shell in R space (see Figure 3c,d). Also, it can be seen in Figure
4a that sample 2CuCe exhibits reduction peaks obviously in a
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higher temperature range than the other three catalysts,
possibly due to its stronger interaction between the CuO,
clusters and the ceria support.

The amount of H, globally consumed in each experiment
increases with the copper loading. Meanwhile, the amount of
hydrogen consumption is higher than the theoretical value
according to the complete reduction of Cu** — Cu’ (see Table
1). It reveals that the surface oxygen bound to the ceria
nanorods can also be reduced at low temperatures (<300 °C)
by the aids of highly dispersed CuO, (x = 0.2 — 0.5) clusters,
which has been observed by other researchers previously.*"*
Meanwhile, it can be seen from Table 1 that the higher copper
loading, the less removable oxygen atoms (Cu/O ratio) in the
catalysts. This can be explained that there is more fraction of
strongly bound Cu—[O],—Ce (x = 0.7 — 3.2) species (f)
which can activate more oxygen atoms on the surface of ceria,
compared to the weakly bound CuO, clusters (@), in the low
Cu loading samples.

3.2. CO-PROX Reactivity of Copper—Ceria Catalysts.
To evaluate the catalytic performance of copper—ceria samples,
the CO-PROX reaction was selected with a space velocity of
60000 mL-g.,, "-h™". In experiments, CO oxidation (CO + O,
— CO,) is the target reaction; whereas H, oxidation (H, + O,
— H,0) is the side reaction to be minimized. Because the H,
oxidation reactivity increases with the reaction temperature,43
both CO conversion and O, selectivity under the working
temperatures are very important to evaluate a PROX catalyst.
Figure Sa,b display the CO conversions and O, selectivities of
the studied catalysts after the preoxidation treatment (synthetic
air, 300 °C, 30 min). It can be clearly seen that the CO
conversion continuously increased with the copper content up
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Table 3. Comparison on CO-PROX Reactivity over Different Copper—Ceria Catalysts

sample preparation CO conv. O, select. reaction condition ref
S wt % Cu DP 100% (120—170 °C) 100% (80—110 °C) 1%C0/1%0,/S0H,/N,, 60 000 mL-gh~ this work
5wt % Cu cp 95% (150 °C) 100% (70—100 °C) 1%C0/1%0,/H,, 96 000 mL-g,~"h™! 12
5wt % Cu DP 80% (170 °C) 100% (70—90 °C) 1%CO/1%0,/H,, 96 000 mL-g.,~"-h™" 12
74 wt % Cu cp 100% (120—200 °C) 100% (35—120 °C) 1%C0/1%0,/50% H,/N,, 40 000 mL-g_,“h™* 44
1 wt % Cu IMP 100% (100—175 °C) >97% (75—110 °C) 1%C0/1.25%0,/50%H,/He, 40 000 mL-g,,h! 45
7 wt % Cu sol—gel 100% (197 °C) 100% (150—200 °C) 1%C0/0.5%0,/60%H,/He, 12 000 mL-g.,;h™! 20

to 10 wt %, followed by a small decrease for 20CuCe (see
Figure Sa). Nearly full conversion was achieved for SCuCe to
10CuCe at 120 °C. On the other hand, the appropriate
temperature window for selectivity was 80—110 °C on 5CuCe
or 10CuCe, displaying high O,-selectivities more than 90% (see
Figure Sb). Under the O,-pretreatment condition, the best
copper—ceria catalysts with perfect catalytic performance were
sample SCuCe and 10CuCe, i.e., 90—95% O, selectivity with
nearly full CO conversion at 115 °C.

Actually, our copper—ceria catalysts are rather active for the
CO-PROX reaction, if compared to those in the literature (see
Table 3). As a good PROX catalyst, the optimized reaction
temperatures should be as close as possible between CO
conversion and O, selectivity. A nearly full CO conversion in a
wide temperature window (120—170 °C) compared to the
previous 5 wt %Cu—CP,"> DP'* and 7 wt %Cu—sol—gel
samples,”® and higher O, selectivity nearly 100% at temper-
atures of 80—110 °C than almost all samples except 74 wt %
Cu—CP* and 1 wt %Cu on ceria nanocubes prepared by the
impregnation method,* which can efficiently abate CO
concentration to acceptable levels for the PEMFC operating
at 80—140 °C, Thus, excellent catalytic performance for the
CO-PROX reaction has been confirmed over the highly
dispersed CuO,, clusters supported on the CeO, nanorods.

3.3. Active Species of Copper—Ceria Catalysts for CO-
PROX Reaction. Considering the harsh testing conditions,
especially the strong reducing atmosphere (1%CO/1%0,/50%
H,/N,), were there structural and/or textural changes of the
copper—ceria catalysts after the CO-PROX reaction? The XRD
patterns of the used copper—ceria catalysts in Figure Sla reveal
that no separated Cu phase was generated for the low-
concentration copper loadings up to 10 wt %. The TEM
measurements were applied for the used SCuCe and 10CuCe
samples to check if there was any textural evolution during the
catalytic tests. From the STEM images in Figure 2cf, the
morphology and crystal shape/size were maintained for copper
supported onto ceria nanorods. Furthermore, the correspond-
ing elemental mapping pictures confirm that the Cu and Ce
species were homogeneously distributed and that there was no
obvious Cu-rich or Ce-rich region. Figure S2ab depict the
HRTEM images of the SCuCe and 10CuCe samples; only
lattice formation on CeO, was observed, and no separated
copper (Cu/Cu,0/CuO) nanostructures can be identified in
HRTEM. Thus, copper was still highly dispersed on the rod-
like CeO, support for SCuCe and 10CuCe after the CO-PROX
test.

The in situ technique is very important to reveal the active
site of the catalyst and the mechanism or pathway of catalytic
reaction. Very recently, Yao et al. reported the importance of
novel operando combined XANES (fluorescence) and DRIFTS
characterization for the dynamic structural detection on S wt %
CuO/CeO, nanorods prepared by the impregnation method
for the transient CO oxidation process without the presence of
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H, gas (3.3%C0O/1.7%0,/95%He).”” They identified the
surface dispersed Cu(I) rather than Cu(0) as active species;
however, the local coordination structures of the active species
were unknown due to the low signal-to-noise level under short
collection time (380 s per scan). Although CO-PROX is also
essentially the CO oxidation reaction, the presence of H, with
very high concentration (50%) in the reaction gas can greatly
influence the catalytic behavior/mechanism of the catalyst.
Meanwhile, CO-PROX also induces a second reaction of H,
oxidation, which makes it necessary to consider this situation
effect to the active species in the CuO/CeO, catalyst. As we
have mentioned, XANES is effective for the determination of
electronic structure (oxidation state, charge transfer, etc.),
whereas EXAFS provides short-range local structural informa-
tion such as coordination number, bond distance, and so on,
which is more crucial to explore the interaction between copper
species and the ceria support in catalysis. Therefore, in our
work, both in situ XANES and in situ EXAFS measurement
under the “steady state” CO-PROX reaction conditions were
carried out to study the structural evolution on the measured
copper—ceria samples prepared by the deposition—precipita-
tion method. The reaction temperature for each test was fixed
at 80 °C, which exhibits moderate CO conversions over the
measured copper—ceria catalysts from the related “light off”
profiles in Figure Sa. The XANES profiles in Figure 3a,b (dash
lines, overlapped with solid lines) show that the oxidation state
of copper was maintained as copper(Il) for SCuCe and
10CuCe after the reaction, and the corresponding linear
combination analyses confirm the pure Cu** component (see
Table 2). These observations are different from those
documented in Yao et al’s work,”” where both Cu(Il) and
Cu(I) were observed during the CO oxidation reaction study
with a stoichiometric feed comprising of 3.3%CO/1.7%0O,/He.
This difference on the nature of active copper sites could arise
from the different composition of the reaction feed gases used
in this work and in previous report.”” Therefore, Cu(II) could
be reduced to Cu(I) by the CO gas during the reaction (100
°C).*” One might wonder that the presence of a large excess of
hydrogen in the feed gas of the present work (1%CO/1%0,/
50%H2/N,) would also lead to Cu(II) reduction, even though
the CO concentration is lower than that in Yao et al’s work.””
This wondering would be reasonably excluded on consideration
of the TPR results shown in Figure 4, which clearly show that
H, was unable to reduce Cu(Il) at the temperature of our
measurement (80 °C). The EXAFS fitting results in Figure 3c,d
determine the contribution by Cu—O (1st shell, major) and
Cu—Ce (2nd shell, minor), the same as the fresh catalysts after
O,-pretreatment. Significantly, the fitted values for CN of Cu—
O shell in Table 2 show no differences between the fresh
(5CuCe: 3.0; 10CuCe: 2.2) and the used samples (SCuCe: 3.4;
10CuCe: 2.2). It gives a hint that both the highly dispersed
CuO, cluster and the strong interaction of Cu—[O,]—Ce
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Figure 6. XRD patterns (a) and Raman spectra (b) of H,-pretreated copper—ceria catalysts.

Figure 7. STEM (3, ¢, d, f) and HRTEM (b, ) images of H,-pretreated copper—ceria catalyst: (a, b) SCuCe, before PROX; (c) SCuCe, after PROX;
(d, ) 10CuCe, before PROX; (f) 10CuCe, after PROX. Insets are corresponding STEM-EDS elemental mapping images, and the ruling boxes on

the STEM images indicate the data-collection areas.

structure were totally maintained during the CO-PROX
reaction.

To further distinguish the effect of the above two copper
species, we carried out a prereduction treatment on typical
catalysts, with the aim to eliminate the positively charged
copper species before the CO-PROX reaction. The XRD
patterns of H,-pretreated copper—ceria catalysts in Figure 6a
indicate that CeO, fluorite structure was kept for the low-
concentration copper loadings (up to 10 wt %) after the
prereduction, whereas an isolated metallic Cu phase formed for
20CuCe. The related Raman spectra in Figure 6b confirm the
absence of separated copper oxide structure from 2CuCe to
10CuCe. From the HRTEM images in Figure 7, the CeO, rod-
like shape as well as the related crystal size was maintained for
H,-pretreated SCuCe (Figure 7b) and 10CuCe (Figure 7e).

Furthermore, the corresponding STEM-EDS elemental
mapping results in Figure 7a,d clearly depict that the Cu and
Ce species were highly dispersed on the support surface, and no
obvious Cu-rich or Ce-rich region was observed for the
prereduced SCuCe and 10CuCe catalysts. Therefore, based on
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the above characterization results, we can verify that the copper
species, up to 10 wt % Cu, were still highly dispersed on the
ceria support after the H,-pretreatment. We noticed the strange
behavior of 20CuCe, which not only formed isolated metallic
Cu phase after the H,-pretreatment but also deviated from the
trend of investigated copper—ceria catalysts (i.e., lower
reduction temperature in H,-TPR and higher CO conversion
in PROX with the increase of Cu content). This could be
caused by the partial coverage of active sites for reaction/
reduction at the high copper loading.

The in situ XAFS results in Figure 8 clearly exhibit the
formation of dominant metallic Cu clusters/particles with a CN
of Cu—Cu (distance: ca. 2.5 A) in the range of 3.8—5.0, plus the
minor Cu—O shell remained (refer to Table 2). This confirms
the effective but uncompleted reduction of oxidized copper
species in the fresh samples after 300 °C in 20%H,/He.
Meanwhile, the Cu—Ce shell in the preoxidized catalysts was
removed by the hydrogen molecules during the reduction (see
Figure 8c,d). To further verify the total elimination of strongly
bound Cu—[O,]—Ce species, the related H,-TPR tests were
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carried out on the H,-pretreated catalysts, without any further
pretreatment between prereduction and TPR measurement.
Figure 4b, together with the corresponding comparison results
in Figure S3, clearly exhibits that the reduction peak areas of
the H,-pretreated copper—ceria samples were significantly
lower than those of the O,-pretreated samples. Most
importantly, the high-temperature reduction with sharp line
shape (Cu—[O,]—Ce, f§ in Figure 4) completely disappeared
after the H,-pretreatment, and the low-temperature reduction
with a broad profile (CuO,, a in Figure 4) remained. These
results are in good agreement with the corresponding XAFS
analysis in Figure 8.

After the “steady-state” in situ CO-PROX reaction at 80 °C
for 1 h, the H,-pretreated 5CuCe and 10CuCe samples
maintained the same structure as the prereduced catalysts
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before reaction, if considering the related XRD (Figure S1b)
and TEM results (Figure 7cf and S2c¢,d). Interestingly, the
prereduced copper—ceria catalyst was partially reoxidized under
the PROX reaction conditions (1%CO/1%0,/50%H,/He, 80
°C, 1 h). The corresponding XANES profiles in Figure 8a,b
display the redispersion of Cu’* (§ = 1—2) species (also refer to
the linear combination analysis in Table 2), and the related
EXAFS spectra in Figure 8c,d confirm the formation of strong
Cu—O shell after the H, - CO-PROX cycle for 5CuCe and
10CuCe. It demonstrates that the CO oxidation reaction was
dominant, which kept the ionic copper structure; however, the
H, oxidation was minimized at the reaction temperature of 80
°C and the Cu’* species were unable to be reduced even by
high-concentration (50%) H,. Similar phenomena have been
observed and attributed to the presence of Cu'-carbonyl
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intermediate confirmed by in situ DRIFTS.*® The linear
combination analysis in Table 2 indicates that the minor
fraction of Cu® (9% for SCuCe and 38% for 10CuCe) was
determined after such H,-PROX process. Since XAFS averaged
the contribution by both Cu®* and Cu* species in our system,
this characterization may miss the experimental evidence on
verifying the role of Cu(I) for PROX, which has been
previously revealed by the in situ DRIFTS characterization.'®>¢

However, the second Cu—Ce shell caused by the strong
interaction of the Cu—[O,]—Ce structure was unable to be
recovered (Figure 8c,d). In other words, only highly dispersed
CuO,, clusters were reversible species during the H, — CO-
PROX process. Thus, the newly formed oxidized copper
species after H,-PROX were actually different from those
created in the preoxidized catalysts. Meanwhile, the fitted values
on CN of Cu—O shell after the prereduction and the sequential
CO-PROX reaction were 2.2 and 1.5 for SCuCe and 10CuCe,
respectively. These coordination numbers were significantly
lower than those of the preoxidized or O,-PROX (see Table 2),
revealing that the Cu—[O,]—Ce structure was also attributed to
the formation of first Cu—O shell in fresh or O,-PROX
samples. Previously, for the copper—ceria catalyst on the CO-
PROX reaction, Daniel Gamarra et al. applied an in situ
XANES analysis, as well as the operando DRIFTS measure-
ment to identify the active sites as the interfacial positions of
the dispersed copper oxide entities.® In our work, the related
EXAFS fittings in R space played a crucial role in distinguishing
two similar copper oxide species (i.e., highly dispersed CuO,
clusters and strong interaction of Cu—[O,]—Ce structure), on
the basis of which the active sites of copper—ceria catalysts for
the CO-PROX reaction were identified.

Figure 9 exhibits the long-term stability tests on either
preoxidized or prereduced copper—ceria catalysts. All of the O,-
selectivities were close to 100% for SCuCe and 10CuCe,
regardless of O,- or H-pretreatment (also refer to Table 1).
For CO conversion, the prereduced samples were significantly
enhanced if compared to the preoxidized catalysts (see Figure 9
and Table 1) for SCuCe (48% — 70%), and slightly improved
for 10CuCe (65% — 72%) after 20 h of measurement. Thus,
the H,-pretreatment indeed benefited the catalytic reactivity of
the present copper—ceria samples for CO-PROX more than the
O,-pretreatment, especially for the catalysts with relatively low
Cu content. Based on the above in situ XAFS results, this
promotion effect is related to the following aspects: the
elimination of Cu—[O,]—Ce species, and the recovery or even
enhancement of CuO, clusters. All the above verify that the
activity of CO conversion of copper—ceria catalyst for the CO-
PROX reaction can be attributed to the highly dispersed CuO,,
clusters, instead of the strongly bound Cu—[O,]—Ce species.

For the studies on “structure—activity” relationship in Cu—
Ce—0 system for the CO-PROX reaction, previously, extensive
investigation has been carried out in the past two decades, and
many different modes have been proposed regarding the nature
of the active sites. Among them, the active species of the
catalysts have been argued in debates. Liu and Flytzani-
Stephanopoulos found that the strong interaction and
synergism of Cu—CeO, catalgrsts were sufficient to promote
the catalytic activity of CO.* In 2000, Martinez-Arias et al.
reported the presence of highly dispersed CuO entities and
determined the dispersion degree by the XRD, XPS, and XAFS
characterizations.*” Then, Gamarra et al. demonstrated that CO
oxidation took place at interfacial positions of the dispersed
copper oxide entities, and active species must be mainly related

2097

to partially reduced (e.g, Cu') dispersed copper oxide
nanoparticles.’® In 2007, Luo et al. identified the finely
dispersed CuO phase, the bulk CuO particles, and the Cu**
ions in the CeO, lattice and further studied the correspondin
evolution between these three different copper species.”*
Therefore, for Cu—O—Ce catalyst in CO-PROX, still no
perfect and recognized model has been obtained.

Based on the above discussion on the corresponding
structural characterization (XRD, Vis-Raman, TEM, H,-TPR
and XAFS) and catalytic tests for the O,- or H,-pretreated
copper—ceria catalysts, we now have a full image of “structure—
activity” relationship in the Cu—Ce—O system for CO-PROX
(see Scheme 1): (1) The preoxidized sample consisted of

Scheme 1. Schematic Demonstration on Structural
Evolutions of Highly Dispersed Copper on Ceria Nanorods
for the CO-PROX Reaction
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highly dispersed CuO,, clusters, plus strong interaction of Cu—
[0,]—Ce, which has been demonstrated by the in situ EXAFS
fittings (1st Cu—O and second Cu—Ce shells), as well as the
H,-TPR data; (2) The related copper species in the preoxidized
catalyst were maintained after the CO-PROX reaction, and no
significant differences on XAFS characterization have been
observed; (3) The prereduction step effectively removed the
positively charged copper components (Cu" and Cu*"), and Cu
nanoparticles with a low coordination number (<S) of Cu—Cu
shell were created; (4) Highly dispersed CuO, clusters, instead
of the strongly bound Cu—[O,]—Ce species, were recovered
after the H, = CO-PROX process, and the corresponding CO
conversion and O, selectivity were clearly enhanced if
compared to those of the preoxidized sample. Therefore, it
can be concluded that the highly dispersed CuO, clusters in
copper—ceria catalysts are the crucial active species for the CO-
PROX reaction. Here, ceria is a good reducible support for
copper deposition and acts as a stabilizer for highly dispersed
copper oxide species. Both CuO, and Cu—[O,]—Ce species
have active oxygen ions attached to Cu center, which can be
probed by low-temperature surface reduction in H,-TPR
because the removal of surface oxygen in pure ceria happens
above 300 °C.*

4. CONCLUSION

This work showed that our preparation by deposition-
precipitation of copper catalyst on supporting ceria nanorods
has led to uniformly dispersed copper oxide on the ceria surface
up to 10 wt% Cu loading. Insight into the evolution of active
copper sites for CO-PROX reaction has been provided based
on the in-situ XANES/EXAFS measurements. The reaction
over the O,-pretreated catalysts was shown to proceed with
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Cu(Il) as the solely active state; however, a mixed Cu(Il)/
Cu(I) states, with Cu(Il) being the dominant state, were
observed to serve the reaction over the H,-pretreated catalysts.
Coexistence of highly dispersed CuO,, clusters and Cu-[O,]-Ce
entities strongly bound with the support were discerned in the
samples. The pre-reduction with H, resulted in breaking of the
Cu-[0,]-Ce binding and significantly enhanced catalytic
activity, demonstrating that the highly dispersed surface CuO,,
clusters rather than Cu-[O,]-Ce are more crucial to the CO-
PROX reaction.
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