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ABSTRACT: Catalysts are urgently needed to remove the
residual CO in hydrogen feeds through selective oxidation for
large-scale applications of hydrogen proton exchange mem-
brane fuel cells. We herein propose a new methodology that
anchors high concentration oxygen vacancies at interface by
designing a CeO2−x/Cu hybrid catalyst with enhanced
preferential CO oxidation activity. This hybrid catalyst, with
more than 6.1% oxygen vacancies fixed at the favorable
interfacial sites, displays nearly 100% CO conversion efficiency
in H2-rich streams over a broad temperature window from 120
to 210 °C, strikingly 5-fold wider than that of conventional
CeO2/Cu (i.e., CeO2 supported on Cu) catalyst. Moreover,
the catalyst exhibits a highest cycling stability ever reported, showing no deterioration after five cycling tests, and a super long-
time stability beyond 100 h in the simulated operation environment that involves CO2 and H2O. On the basis of an arsenal of
characterization techniques, we clearly show that the anchored oxygen vacancies are generated as a consequence of electron
donation from metal copper atoms to CeO2 acceptor and the subsequent reverse spillover of oxygen induced by electron transfer
in well controlled nanoheterojunction. The anchored oxygen vacancies play a bridging role in electron capture or transfer and
drive molecule oxygen into active oxygen species to interact with the CO molecules adsorbed at interfaces, thus leading to an
excellent preferential CO oxidation performance. This study opens a window to design a vast number of high-performance metal-
oxide hybrid catalysts via the concept of anchoring oxygen vacancies at interfaces.
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1. INTRODUCTION

Hybrid materials based on ceria are massively used in three-way
catalytic converters to control automotive exhaust gases
(TWC), water−gas shift reaction (WGS), preferential CO
oxidation (PROX), fuel cells, catalytic conversion of CO into
CO2 (an important benchmark reaction), and other catalytic
applications.1−4 For all these applications, oxygen vacancies
play an important role because the types, concentrations, and
distribution of oxygen vacancies dominate the redox properties
of ceria-based materials, accounting for the final performance of
catalysts.5−9 In model catalysis, recent experimental and
theoretical advances on the catalytic mechanism have revealed
that the main reactions occur near the interface of hybrid
catalysts and involve oxygen vacancies at interface.10−12 For
example, Liu et al. conclude that the active sites of Au/CeO2
catalysts for WGS are neither single Au atoms nor sizable Au
particles, but Auδ+ in the vicinity of interfacial oxygen
vacancies.13 Moreover, the physical properties and chemical
reactivity of inorganic compounds, such as electron transfer, are
most associated with the distribution of oxygen vacancies, and
the propagation of oxygen vacancies to noninterfacial area may
lead to an irreversible deactivation of catalysts.14−16 As model
catalysts, CeOx/metal with high-concentration oxygen defects

were achieved by exposing the supported Ce atoms to O2,
which were vapor deposited on a gold or copper substrate in
ultrahigh-vacuum (UHV) chambers.10,11 Despite of these, it is
still challenging to fix high-concentration oxygen vacancies at
interfaces of nano heterostructure by a facile chemical process
so far, which requires the understanding of the generation
machanism of interfacial defects and also call for a feasible
method to synthesize high-efficiency catalysts for industrial
applications.
Preferential CO oxidation in hydrogen feeds (PROX) is a

key reaction for practical implementation of hydrogen proton
exchange membrane fuel cells (PEMFC).15,17−21 Currently,
nearly 95% of the world’s H2 supply is accomplished by
reforming of hydrocarbons followed by WGS processes.22−26

This “reformate” H2 inevitably contains approximately 0.5−1.0
vol % CO, which is thermodynamically favorable at low
temperature WGS.27 Although seemingly very tiny, such an
amount of CO would seriously poison the anode of PEMFCs.
To reduce the poisonous CO to a trace level below 10 ppm,
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proper catalysts enabling PROX in hydrogen rich streams are
urgently needed.15,18,28

The difficulty of achieving this goal is how to obtain a good
cycling stability in a wider high temperature range (e.g., 120−
200 °C), which offers cost and energy savings, because the
down-streams from WGS reactor for excess H2 is about 200
°C.17 Among the catalysts that are informed to be active for
PROX, copper−ceria-based catalysts have long-term been
considered as the attractive candidates because they have get
rid of using noble metals. CuO/CeO2 catalysts (copper oxide
patches dispersed onto ceria) and CuxCe1−xO2 (copper-doped
ceria) catalysts present a poor activity.29,30 Optimum catalytic
properties for preferential CO oxidation were realized over Cu/
CeO2 catalysts with tailored mesostructure and CeO2-
supported Cu-cluster catalysts, which could operate at low
temperature range around 80 °C.31−33 Design of an inverse
CeO2/CuO catalyst and incorporation of promoters such as
ZnO, ZrO2, TiO2, Fe2O3, carbon nanotubes for CuO−CeO2,
have been shown capable of broadening the work temperature
windows.15,34−38 Unfortunately, the catalysts used ever before
or currently or is considered to be used all seriously lose CO−
PROX activity at temperature above 150 °C, owing to the
apparently promoted H2 oxidation by the propagation of
oxygen vacancies to noninterfacial area.15,30 Further ambig-
uousness for these catalysts is the underlying mechanism. For
instance, for CeO2 and CuO components, no definite
conclusions could be reached because both are active for CO
and H2 oxidation at redox cycles Ce4+/Ce3+ and Cu2+/Cu+.
In this work, we report on a new chemical methodology

through anchoring oxygen vacancies (VO) at interface by
electron transfer of metal→ oxide. This strategy is based on the

following considerations: (1) When contacting reducible
oxides, metal (M) atoms, especially for d10 configuration
could donate an electron to form M+ ions, which is generally
considered to be the adsorption sites of CO;10,39,40 (2) oxygen
reverse spillover induced by electron transfer from metal atoms
to reducible oxides could produce oxygen vacancies at
interfaces, favoring the continuous catalysis;41,42 and (3) the
intrinsically interfacial oxygen vacancies could play a bridging
role in electron capture or tranfer to drive molecule oxygen into
active oxygen species.17 We accordingly designed the VO-
anchored CeO2−x/Cu hybrid catalyst by a two-step precip-
itation and a subsequent two-step annealing processes. Much
superior to the conventional catalysts (e.g., CeO2/CuO and
Cu−CeO2), current CeO2−x/Cu hybrid catalyst greatly broad-
ens the operation temperature window (120−210 °C) with a
very high CO convention and excellent cycling stability. The
catalyst exhibits a super long-time stability also in the simulated
operation environment that contains H2O and CO2 in H2-rich
streams, which lasted for a period beyond 100 h with a 100%
CO conversion at 150 °C. Furthermore, due to a large family of
metal-oxides as candidates, the methodology reported here
shows a huge potential to synthesize high-performance
composite catalysts with high-concentration oxygen vacancies
anchoring at interface for catalytic applications.

2. EXPERIMENTAL SECTION
2.1. Sample Syntheses. 2.1.1. Synthesis of Oxygen Vacancies

Anchored CeO2−x/Cu Catalysts. Oxygen vacancies anchored catalyst
(denoted as CeO2−x/Cu) was purposefully synthesized through a
multistep process that includes a two-step precipitation in one-pot and
subsequently a two-step annealing, as illustrated in Scheme 1 and also
described in Supporting Information. Copper(II) and cerium(III)

Scheme 1. Preparation Scheme of CeO2−x/Cu Catalyst by a Two-Step Precipitation in One-Pot and Two-Step Annealing
Processes

aStarting materials. bCe3+ absorbed onto Cu2(NO3)(OH)3.
cCeO2/Cu2(NO3)(OH)3.

dCeO2/CuO intermediate. eVO-anchored CeO2−x/Cu
catalyst.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b06302
ACS Appl. Mater. Interfaces 2015, 7, 22999−23007

23000

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06302/suppl_file/am5b06302_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b06302


nitrates were chosen as the starting materials, urea as the only additive
and NaOH as the precipitation agent. When Cu(NO3)2·3H2O and
Ce(NO3)3·6H2O were dissolved in water that contains urea, a weak
acidic condition formed, and [Cu2(OH)2]

2+, the hydrolysis product of
Cu2+ ions, combined with NO3

− to form polynuclear complexes of
[Cu2(OH)2NO3]

+. During the long time stirring at 50 °C, urea slowly
hydrolyzed to release OH− anions that would combine with copper
polynuclear complexes, generating the first main precipitant
suspension in terms of Cu2(NO3)(OH)3 (Scheme 1b and Figures
S1 and S2).43,44 The layered-structure Cu2(NO3)(OH)3 could act as
the absorbing sites of Ce3+ ions. Namely, after first-step precipitation, a
lot of Ce3+ ions would gather together around the surfaces of
Cu2(NO3)(OH)3. To precipitate these Ce3+ ions, neutral or alkaline
conditions are required.45 The second-step precipitation begins as a
certain amount of NaOH is added into the above suspension solution.
Once the solution reached a pH > 7, a quick nucleation of ceria species
would happen and give rise to CeO2 nanocrystals of only 4.4 nm in
dimension (Scheme 1c and Figure S1) with the assistance of
Cu2(NO3)(OH)3. With the above two-step precipitations, the
precursor CeO2/Cu2(NO3)(OH)3 could be obtained with CeO2

nanoparticles embedding in large supports. The subsequent two-step
annealing allows the formation of final VO-anchored CeO2−x/Cu: the
obtained precursor is first annealed at 500 °C for 4 h in air to form
intermediate composite CeO2/CuO (Scheme 1d and Figure S3). This
intermediate composite is then reduced and converted into CeO2−x/
Cu catalyst (Scheme 1e, Figures 1a and S3) in a flowing mixed gas
containing 50% H2 as the temperature increases from 60 to 240 °C by
a program-controlled stepwise sequence (Figure S9).46

2.1.2. Syntheses of Pure CeO2 and Cu. For the purpose of
comparison, we also prepared pure CeO2 and metallic copper
following the above procedure but with minor modifications: For
the case of CeO2, no copper species was involved. For the synthesis of
metallic copper, no cerium species was contained.
2.1.3. Synthesis of Classic Inverse Catalyst CeO2/CuO. The

composite classic inverse catalyst CeO2/CuO was prepared using a
reverse microemulsion method, as described in a previous report.15

Briefly, Cu(NO3)2 aqueous solution was added into an organnic
solution that contains n-Heptane, Triton-X-100 and n-Hexanol to
form a reverse microemulsion. Another reverse microemulsion that
contains aqueous solution of tetramethylammonium hydroxide
(TMAH) was prepared. TMAH-containing emulsion was added into
Cu-containing one to complete the precipitation reactions. After
separating and calcining, CuO nanoparticles were achived. Then the
powders were dispersed in a similar reverse microemulsion that
contains Ce(NO3)3, and TMAH-containing emulsion was added to
precipitate cerium. The resulting deposits were separated and calcined
at 500 °C for 3h to get CeO2/CuO catalysts.
2.1.4. Synthesis of CeO2/Cu Reference (CeO2 Supported on Cu).

To obtain CeO2/Cu reference, we further reduced the classic inverse
catalyst CeO2/CuO following the same program-controlled stepwise
sequence as mentioned above.

2.2. Characterizations Methods. Crystalline phases of the
synthesized materials were identified by an X-ray diffraction (XRD)
on a Rigaku DESKTOP, equipped with a Cu Kα radiation source (λ =
1.5418 Å). Cell parameters of the samples were calculated through
structural refinements on GASA program using Ni as the internal
standard.

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images were obtained on a Tecnai G2 F20 field-
emission transmission electron microscope operating at an accel-
eration voltage of 200 kV.

X-ray photoelectron spectroscopy (XPS) was performed using an
ESCA-LAB MKII photoelectron spectrometer equipped with a
monochromatic Al Kα (hν = 1486.6 eV) radiation source. The
charging shift was calibrated using C 1s value of adventitious carbon at
binding energy of 284.8 eV. Smart background correction was used for
peak fits with Avantage program.

BET surface area and pore volume of the sample were measured by
N2 adsorption−desorption isotherms at −196 °C using Micrometrics
ASAP 2020 instrument.

Diffuse reflectance Fourier transform infrared spectroscopy
(DRIFTS) of the samples was carried out using CO as probe
molecule at room temperature. Prior to measurements, the samples
were pretreated in situ with H2 at 220 °C for 60 min, then Ar at 150
°C for 30 min and cold down to room temperature in an Ar flow.

H2-TPR tests were carried out at a heating rate of 5 °C min−1 using
10 vol % H2 in Ar and at a flow rate of 20 mL·min−1 to examine the
redox behaviors of the samples. Note that for CeO2−x/Cu catalyst and
CeO2/Cu reference, 30 mg of the samples were first pretreated in 10
vol % H2 in Ar in a temperature range from 60 to 300 °C. After
cooling down to room temperature in the mixture, the samples were
treated in Ar at 120 °C for 2 h. Then, H2-TPR test starts.

2.3. Catalytic Activity Study. Catalytic activity of the as-prepared
catalysts was measured in a feed reactor. The feed contained 1% CO,
1.25% O2, 50% H2, and the balance He at a rate of 1 × 103 cm3 min−1

g−1 (roughly 80000 h−1 GHSV). The cycling stability was tested in a
temperature range of 60−240 °C for five cycles. To study the influence
of H2O and CO2 on catalytic performance, 10% H2O and 15% CO2
were added to the H2-rich feed, respectively. Long-time stability was
also tested at a condition that simulates the practical applications,
which involves H2O and CO2 together in H2-rich feed at 150 °C. The
products and reactants were analyzed by a gas chromatograph
equipped with TC-detector. No products other than those resulted
from CO or H2 (i.e., CO2 and H2O) were observed under the applied
reaction conditions. Basically, the percentage of conversion and
selectivity in the CO-PROX process are defined as
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Figure 1. XRD patterns and the data refinements for the samples: (a) VO-anchored CeO2−x/Cu catalyst; (b) CeO2/Cu reference and (c) pure CeO2.
All diffraction peaks are well compatible with the standard diffraction data for fluorite CeO2 (PDF #65-5923) and metallic Cu (PDF #04-0836).
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where X and S represent percentage conversion and selectivity,
respectively. F is the molar flow of the indicated gas (inlet or outlet).

3. RESULTS AND DISCUSSION
The crystalline structures of final product CeO2−x/Cu, CeO2/
Cu, and pure CeO2 were examined by XRD. All diffraction
peaks are well-defined and match well the standard diffraction
data for fluorite CeO2 and metallic Cu, respectively (Figure 1).
As estimated by Scherrer formula, the average crystal sizes are
about 6−7 nm for the supported ceria in the present CeO2−x/
Cu and CeO2/Cu reference. The cell a-axis length of the
component CeO2−x revealed by XRD date refinement is
5.4330(2) Å, abnormally larger than that of 5.4155(8) Å for
CeO2/Cu sample and 5.4144(1) Å for pure CeO2 (Figure 1,
Table 1). This result indicates the presence of larger-radius of

Ce3+ ions (ionic radius 1.143 Å) at the sites of Ce4+ ions (0.907
Å). That is, oxygen vacancies must be introduced meanwhile to
compensate the charge balance in the as-prepared CeO2−x/Cu
catalyst, as reported elsewhere.15,47

Microstructural characteristics of CeO2−x/Cu catalyst were
investigated by transmission electron microscopy (TEM). As
shown in Figure 2a, on the large substrates, there distributes
quite a lot of pillar-shaped nanoparticles with a diameter less
than 10 nm, which are fluorite-type CeO2 as confirmed by
selective area (magenta square, Figure 2a) high-resolution TEM
(HRTEM) image (Figure 2b). Metallic copper was also
observed with a lattice spacing of 2.08 Å that corresponds
well to the (111) plane of cubic copper. It is quite striking that
the interface between nanopillars and substrate could be a
heterostructure interface, as shown by a typical HRTEM image
(red square, Figure 2a) in Figure 2c. Obviously, the nanopillars
should embed in the large substrate Cu with the emergence of
an irregular borderline in disordered region. With respect to the
heterostructure interface, its width coming from structural
disorder was estimated to be about 1.5−2.5 nm. The
noninterfacial part of nanopillars shows the lattice spacing of
3.14 Å, and 2.72 Å with an angle of 54.7°, which correspond
well to the (111) and (200) planes of CeO2, respectively. To
further make clear the microstructural differences, a detailed
comparison was done between interface area (I) and
noninterface area (II) as shown in Figure 2d,e. The related
structure models were proposed accordingly. In the face-
centered cubic (fcc) CeO2, (200) plane is a pure cerium plane,
while the plane between two adjacent (200) planes can be
contributed by a layer of O anions, i.e. (400) plane. As clearly
see in Figure 2d, the intensity of lattice-fringe image in the
interface region decreases significantly along the plane (400)
(red line) and moreover, several areas (dark pits in red ellipses)

show the quite different contrast that should be related to the
defects (e.g., substitutional Ce3+ cations and oxygen vacancies).
This sharply compares to the noninterface region where only
intact honeycomb-type structures were observed (Figure 2e).
Therefore, a substantial conclusion can be drawn: oxygen
vacancies were anchored at the interfacial sites of the hybrid
catalyst CeO2−x/Cu catalyst, as reported in other systems.6,48

Raman spectra were further carried out to characterize the
nature of oxygen vacancies in CeO2−x/Cu catalyst. As shown in
Figure 3, when compared to pure CeO2 with the F2g symmetric
stretching of Ce−O bond near 460 cm−1, a large Raman
downshift was observed for CeO2−x/Cu catalyst with this peak
at 446 cm−1. This red shift is most likely due to the lattice
expansion and mode softening as induced by oxygen vacancy

Table 1. Structural Refinement Results for CeO2−x/Cu,
CeO2/Cu Reference and Pure CeO2 Using GSAS Software

cell parameters of fluorite
phase

samples a (Å)
cell volume

(Å3) Rp Rwp X2

CeO2−x/Cu 5.4330 (2) 160.43(2) 0.0418 0.0527 1.181
CeO2/Cu
reference

5.4155(8) 158.83(1) 0.0489 0.0610 1.675

Pure CeO2 5.4144 (1) 158.73(1) 0.0559 0.0768 1.489

Figure 2. Structural characteristics of CeO2−x/Cu catalyst: (a) TEM
image; (b) HRTEM image of a selected area (magenta square in panel
a); and (c) HRTEM image for a typical interface (red square in a). A
curve is applied to outline the disordered region at interface. (d and e)
Enlarged images of the special areas I and II (white squares in panel c),
along with the corresponding models (Ce4+, gray ball; Ce3+, green ball;
O2−, red ball; defect, white ellipse with red edge). Dark pits (red
ellipses in panel d) are highlighted to note the defects of oxygen
vacancies.

Figure 3. Raman spectra of (a) CeO2−x/Cu catalyst and (b) pure
CeO2 recorded using 532 nm excitation.
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generation, because two Ce3+ ions (1.143 Å) have to be
replaced by two Ce4+ ions (0.907 Å) to maintain the
electrostatic balance for each oxygen vacancy when generated.49

In addition to the strong phonon mode at 446 cm−1 from F2g
symmetric stretching of Ce−O bond, a signal related to oxygen
vacancy was observed at 580 cm−1, as reported elsewhere.31

The wavenumber difference between F2g mode and oxygen
vacancy signal was 134 cm−1, indicating that oxygen vacancy in
CeO2−x/Cu catalyst are from intrinsic defects (i.e., the redox
couple of Ce4+−Ce3+).
X-ray photoelectron spectrum of Ce 3d usually exhibits

rather complex features due to the hybridization with ligand
orbitals and fractional occupancy of the valence 4f orbitals.
Previous research has demonstrated that Ce 3d core level of
Ce4+ containing compounds consists of six photoelectron
peaks, while that of Ce3+ containing compounds can be
resolved in four peaks.50 Moreover, the peaks at ca. 882 and
916 eV are usually considered as the fingerprints of Ce4+ ions,
while those at ca. 885 and 903 eV are characteristic of Ce3+

ions. Thus, XPS spectrum is a well-established technique to
determine the concentration of Ce3+ ions through semi-
quantitative calculation of the integrated peak area.50 Figure 4

exhibits the Ce 3d core level XPS spectrum of the catalyst. XPS
data of Ce2O3 and CeO2 from literature were also given for
comparison.51 Apart from three pairs of characteristic peaks for
Ce4+, four obvious peaks (denoted as α, α′, β, and β′) were also
identified and assigned to Ce3+ for the CeO2−x/Cu catalyst. The
peaks positions and integrate area were listed in Table S1,
respectively. The Ce3+ concentration can be calculated as
follows.9,50,52

= + =+ + + +[Ce ] A(Ce )/A(Ce Ce ) 24.4%3 3 3 4

Then, the corresponding concentration of oxygen vacancy
can be calculated as

= − + =+ +[V ] 1 (3[Ce ] 4[Ce ])/4 6.1%O
3 4

It is worth noting that the concentration of oxygen vacancy
at interface is more than 6.1%, owing to the enrichment effect.
It is well-known that pure CeO2 would be subject to an

obvious reduction at high temperature such as 500 °C. How
can Ce3+−VO defects be generated in the present CeO2−x/Cu
at such a low temperature? It is still a mystery.31 To uncover
this, we performed diffuse reflectance Fourier transform
infrared spectroscopy (DRIFTS) characterization using CO as
the probe molecules (Figures 5).15,53 The relevant data for a

series of reference samples like CeO2/Cu reference, pure CeO2,
metallic Cu and blank sample (KBr sample) were also involved
for comparison. Blank runs were done with KBr sample to
distinguish the contributions from the gas phase CO signal. It is
clearly seen that CeO2−x/Cu catalyst exhibits a peak at ca. 2115
cm−1 with intensity much stronger in magnitude than those of
the reference samples of pure CeO2, metallic Cu and CeO2/Cu.
For the latter cases, its magnitude is only comparable to that of
the background KBr. This characteristic peak is attributed to
Cu+−CO that obviously appears only in the presence of
CeO2−x/Cu catalyst. Since an in situ pretreatment was done
under reduction atmosphere, the production of Cu+ is
concluded to be due to Cu0 atoms that donate electrons to
the adjacent CeO2, beneficial from the closely contacted CeO2
of the “embedded in” structure. After capturing electrons, the
nearest Ce4+ ions are reduced to Ce3+, which could weaken the
interface Ce−O bonds and facilitate the generation of more
reducible oxygen, giving rise to a high-concentration Ce3+−VO
at interfaces under reduction conditions.39,54,55

Reduction ability is one of the most important natures for a
catalyst. Temperature-programmed reduction by H2 (H2-TPR)
was carried out to investigate the reducibility of intermediate
CeO2/CuO product and reference samples, as shown in Figure
6a. For CeO2/CuO intermediate, the signals (α, β) in the range
from 100 to 200 °C are associated with the release of surface
and bulk oxygen from CuO, as well as the interface oxygen of
CeO2 activated by metallic copper. Obviously, the reduction
peaks shifted to lower temperature by about 150 °C compared
to those for classic CeO2/CuO and pure CuO. The shifts
toward lower temperature for reduction peaks were induced by
a strong synergistic interaction between the closely contacted
CuO and CeO2, which facilitates the reduction of both
component oxides, as reported elsewhere.31,56

For the present CeO2−x/Cu catalyst, its reduction ability was
comparatively studied in terms of H2-TPR with a reference of
CeO2/Cu (Figure 6b). Apparently, CeO2−x/Cu catalyst exhibits
reduction ability superior to that of CeO2/Cu reference,
because H2 consumption for the former one is nearly 3 times
larger than that for the latter in the temperature range of 100−
200 °C. Generally, the reduction in this temperature range is
rightly dominated by the active oxygen species at interface.31 In
the present CeO2−x/Cu catalyst, the structure of “CeO2
embedded in Cu support” weakens the interfacial Ce−O
bonds and facilitates the formation of more active oxygen
species, that is, nearly 3-fold compared to that in CeO2/Cu

Figure 4. Ce 3d XPS spectra of (a) CeO2−x/Cu and standard XPS data
for (b) Ce2O3 and (c) CeO2.

Figure 5. Diffuse reflectance Fourier transform infrared spectra of CO
adsorption on the samples: (a) VO-anchored CeO2−x/Cu catalyst, (b)
CeO2/Cu reference, (c) CeO2, (d) Cu, and (e) background KBr.
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reference, which could be favorable for generating high-
concentrate oxygen vacancies.57

To conform the superior reduction ability, we investigated
the excellent catalytic performance of the present CeO2−x/Cu
catalyst in terms of CO-PROX, as shown in Figure 7.
Compared to other reference samples like CeO2/CuO,
CeO2/Cu, CeO2, or Cu, the current catalyst CeO2−x/Cu
shows not only the highest CO conversion efficiency over a
broad temperature range (e.g., 90−210 °C) but also the best
temperature stability (i.e., the least fluctuations in CO
conversion efficiency with temperature variations), strikingly
showing an efficiency nearly 100% at temperatures between 120
and 210 °C. By contrast, pure CeO2 or Cu gives an efficiency
<20%. Although CeO2/CuO or CeO2/Cu can reach somewhat
comparable CO conversion efficiency to CeO2−x/Cu catalyst in
a very narrow temperature window (i.e., 120−150 °C), their
CO conversion efficiency decreases significantly beyond this
temperature window (e.g., only 30−58% at 90 °C, 90% at 180
°C, and 78% at 210 °C; Figure 7a). Due to the competitive
oxidation of H2, the selectivity toward CO2 for all compound
samples decreased gradually in the temperature range from 90

to 150 °C (Figure 7b). It is worth noting that the onset
temperature of H2 oxidation was in accordance with the
reduction peaks of interfacial oxygen species (Figure 6b),
indicating the occurrence of H2 oxidation at interfacial sites
also. This phenomennon suggests that there maybe single-type
active sites located at interface sites in the CeO2−x/Cu catalyst
for CO and H2 oxidation.
The cycling stability of CeO2−x/Cu catalyst was examined by

shutdown-restart test (Figure 7c). Its catalytic performance was
quite stable in five-cycle test, without noticeable deterioration
in CO conversion efficiency within the temperature window of
120−210 °C when comparing to the fresh catalyst CeO2−x/Cu.
What’s more, the operation window of CeO2−x/Cu catalyst is
2-fold wider than that of the typical binary oxides catalyst, for
example, CeO2/CuO and 5-fold wider than that of CeO2/Cu
reference (Figure 7d). It is concluded that the overall CO-
PROX performance behavior ranks in a sequence of CeO2−x/
Cu ≫ CeO2/CuO > CeO2/Cu ≫ CeO2 or Cu.
The effects of H2O and CO2 on the catalytic performance

were examined and illustrated in Figures S10 and S11. As
demonstrated in Figure S10, it is clear that H2O has a negative

Figure 6. H2-TPR profiles of the samples: (a) CeO2/CuO intermediate, the classic CeO2/CuO composite, pure CuO and CeO2; and (b) CeO2−x/
Cu catalyst and CeO2/Cu reference.

Figure 7. Catalytic performances of the indicated samples under 1% CO, 1.25% O2, 50% H2 (He balance): (a) CO conversion; (b) selectivity to
CO2; (c) stability of CeO2−x/Cu catalyst at shutdown-restart cycles; and (d) temperature windows of removing CO to acceptable concentration.
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effect on CO conversion in the temperature range below 150
°C. Nevertheless, the conversion could still reach nearly to
100% in the temperature range from 150 to 180 °C. That is, the
poisoned CO could be removed to a level below 10 ppm. Even
at 210 °C, about 90% CO conversion was achieved.
Comparatively, CO2 selectivity was enhanced in the presence
of water, suggesting that the side-reaction of H2 oxidation was
inhibited in the wet environment. As shown in Figure S11, CO2

has a great influence on the catalytic activity at temperatures
below 150 °C, indicating that CO oxidation was inhibited at
low temperature. As the temperature increased to 150 °C or
above, the influence of CO2 was not obvious. For example, CO
conversion was about 95% at 150 °C, 100% at 180 °C and
about 90% at 210 °C. Similar to that in the presence of water,
CO2 selectivity was also enhanced at 15% CO2 flowing. More
importantly, the catalyst shows an excellent long-time stability
at the condition that simulates the practical CO-PROX
environment in the presence of H2O and CO2 together. As
demonstrated in Figure S12, for example, 100% CO conversion
could maintain as long as 105 h at 150 °C, and CO2 selectivity
was also enhanced substantially compared to the test in the dry
streams. Possessing the merits of high CO conversion efficiency
in a wide temperature-operation window and great stability, the
current CeO2−x/Cu catalyst, anchored by oxygen vacancies at
interfaces, would bring about a great leap in practical usages
with breakthrough in the critical issues aforementioned.
Figure 8 illustrates mechanistically how the present high

efficient CeO2−x/Cu catalyst works. The anchored oxygen
vacancies play a bridging role in electron capture or transfer,
and could drive molecule oxygen into active oxygen species.
First, Cu substrate could donate electrons to the adjacent CeO2

to form Ce3+−VO and meanwhile produce Cu+ and reactive
oxygen that are anchored at interfacial site.17 When adsorbed
onto Cu+, CO molecules would be directly oxidized by adjacent
active oxygen species.56 Then gas-phase oxygen molecules
could be quickly captured by the electron-rich oxygen vacancies
and continuously produce new active species around inter-
face.6,58 In the meantime, the competitive molecules H2 may
dissociate on Cu0 at noninterface sites and thus could not be
oxidized due to the absence of active oxygen species nearby,
which conversely favors the preferential CO oxidation.59,60

Thus, the way that the CeO2−x/Cu catalyst works could be
attributed to the synergetic effect of Ce3+−VO coupled with
Cu+. In essence, the interfacial oxygen vacancies anchored offer
the active oxygen species that give rise to the great performance
in preferential CO oxidation, even at high temperature range.

Further studies will be necessary to clarify the redox process of
the preferential oxidation system.
All described above have demonstrated a chemical method-

ology of fixing high-concentration oxygen vacancies at
interfaces of CeO2−x/Cu system. In fact, for a long time,
researchers struggled to find suitable materials as effective
inverse catalyst with oxygen vacancies anchoring at interface
sites essential for targeted preferential CO oxidation. On the
basis of findings reported in this study and the fundamental
chemical nature of oxides and metal, the following consid-
erations could be highly helpful: (1) For any inverse catalysts of
oxide/metal, metal support should donate electrons easily. A
transition metal with d10 configuration is promising in this
regard. (2) Oxide should have an excellent redox and oxygen
storage capability. (3) For preferential CO oxidation, oxide/
metal hybrid structure should be designed active for CO and
O2 simultaneously. Concerning the synthesis and micro-
structures of inverse catalyst, one may need to use the
intermediates to control the particle size of metal support and
active oxide. Moreover, the intermediates should be prepared in
one-pot, which guarantees a close contact of final metal and
oxide. Eventually, the intermediate of the metal support should
be a loose structure, such as layered structure or porous-
structures, which is convenient for the embedding process of
nano-oxide.

4. CONCLUSION

A hybrid catalyst CeO2−x/Cu for preferential CO oxidation in
H2-rich streams was initially synthesized through a facile
chemical process. The present catalyst has shown a rather high
activity, stable cycling performance, excellent long-time stability
at the simulated operation environment. The temperature span
is encouragingly 2−5-fold wider for reducing the poisonous CO
to a level below 10 ppm, when comparing to the conventional
catalysts CeO2/CuO or CeO2/Cu. The excellent performance
of the present catalyst is beneficial from the high-concentration
oxygen vacancies anchored at interfacial sites of the hybrid
catalyst, which plays a mediating role in electron transfer and
copper/oxygen species activation. Due to a large family of
metal-oxides, it shows great potential to synthesize outstanding
hybrid catalysts following the methodology reported here. The
concept of anchoring high-concentration oxygen vacancies at
interfaces could thus offer new perspectives for designing high-
performance catalysts.

Figure 8. Schematic mechanism of CeO2−x/Cu catalyst operated under CO-PROX conditions.
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