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High activity and wide temperature window

CuO doped in CeO2 enhanced
oxygen migration

ABSTRACT: Developing  efficient,  stable,  and  inexpensive
catalysts  for  the preferential  CO oxidation in  H2  (CO-PROX)
over  a  wide  temperature  range  in  the  presence  of  CO2  and
H2O  is  indispensable  for  the  hydrogen  purification  process.
Herein,  CuO  was  introduced  to  the  CeMnO2-supported  Pt
catalyst  to  modulate  the  oxygen  activation  capacity  and
provide  the  available  number  of  active  sites  in  CO-PROX.
One  part  of  the  CuO  species  doped  into  CeO2  strongly
interacts  with  Ce,  thus  enhancing  the  oxygen  transfer
capacity  of  the  catalyst.  The  other  part  of  CuO  species
located on the surface of the catalyst provides extra Cu+ sites
available for low-temperature CO adsorption. This synergistic
interaction  with  Pt  sites  further  enhances  CO  and  O2
activation,  broadening  the  temperature  window  of  high
activity.  The  optimal  Pt-10CuO/CeMnO2  catalyst  exhibits
complete  CO  conversion  (CO/O2  ratio  of  1:1)  within  the
practical  temperature  range of  130–190 °C,  even in  the  presence of  CO2 and H2O, and remains  stable  at  150 °C for  76  h
testing without any deactivation. This work will give a novel approach for the design of highly efficient inexpensive catalysts for
industrial preferential oxidation of CO in H2, especially in the presence of CO2 and H2O.
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1    Introduction
Hydrogen,  exceeding  94  million  tons  of  production  per  year,  is
predominantly obtained through steam reforming of natural gas or
coal1, 2.  Such  hydrogen  resource  contains  about  1%–3%  CO  that
must be removed to avoid the severe side-effect in many hydrogen
application  processes,  including  proton-exchange  membrane  fuel
cells  (PEMFCs)  and  ammonia  synthesis3−7.  Among  the  various
methods of hydrogen purification, the preferential oxidation of CO

(CO-PROX)  is  acknowledged  as  the  straightforward  approach  for
achieving acceptable CO concentrations (below 50 ppm)8, 9.

Due to the high temperature of outlet H2 in industrial methanol
reforming reaction (ca. 200 °C) and the huge adiabatic temperature
rise caused by the oxidation of CO, the efficient CO-PROX catalyst
must  exhibit  high  activity  and  selectivity  for  CO  oxidation  at  the
wide  operating  temperature  range  (100–200  °C)10−12.  In  addition,
considering the typical composition of the industrial feed gas which
often  includes  large  amount  of  CO2 and  H2O,  the  catalysts  must
exhibit  robust  tolerance  towards  these  two  components.  Noble-
metal catalysts, particularly Pt-based catalyst, have been identified as
candidates  for  effective  CO-PROX  reactions.  However,  at  low
temperatures around 110 °C, the activity of Pt catalysts is generally
low13−15.  In order  to  enhance the activity  of  Pt  catalyst  to  broaden
the reaction temperature, metal oxides (e.g., CeO2 and ZrO2) with a
certain redox capacity have been selected as support for Pt catalysts.
Nevertheless,  the  catalysts  with  high  catalytic  performance  often
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require  a  high  content  of  Pt  (1.5  wt.%–10  wt.%)16, 17,  which  will
drive  up  the  cost  of  the  catalyst  dramatically.  Therefore,  the
transition  bimetallic  oxide  catalyst  CuO-CeO2,  which  has  high
catalytic  activity  with  low  cost  and  easy  availability,  can  be
introduced  as  a  modifier  to  Pt-based  catalysts  to  reduce  the
cost18−20.  The  high  catalytic  activity  is  mainly  attributed  to  the
synergistic effect between CuO and Ce, and the remarkable oxygen
release capacity  of  CeO2.  This  process  can be further enhanced by
doping other cations1, 3, 20 (e.g., Mn and La) into the lattice of Ce. In
addition, CO can also react with the hydroxyl groups adsorbed on
CeO2 to  form  carboxyl  intermediates,  which  will  accelerate  the
activation  of  CO21, 22.  Conversely,  the  feedstock  contains  a  large
amount  of  CO2 and  H2O,  which  may  compete  with  the  reactants
for adsorption on the surface of  the catalyst23−26.  This competition
will hinder the reaction process. Nevertheless, the incorporation of
transition metals like Cu and Ce into Pt catalysts can mitigate this
competitive  adsorption  phenomenon.  Thus,  the  research  on  Pt-
based catalysts in the presence of H2O and CO2 is still lacking and
highly desired.

On  Pt-based  catalyst,  Cu  species  were  normally  doped  in  the
lattice  of  reducible  MOx in  order  to  modulate  the  electronic
structure  of  Pt  and MOx.  For  instance,  the  incorporation of  metal
oxides (e.g.,  Cu and Ni)  to induce an electron deficient  state  in Pt
has been demonstrated to attenuate CO adsorption14, 27, 28, while the
introduced reducible MOx could also enhance the ability of oxygen
migration29, 30.  It  is  reported  that  PtCu  inter-metallic  compounds
supported  on  silica  catalysts  (IMCs)  are  capable  of  acting  as
effective catalysts for CO-PROX at 100–180 °C under the effect of
cooperative  redox  enhancement13, 31, 32.  In  addition,  numerous
experiments have demonstrated that the interaction between Pt and
CuO  can  reduce  the  average  diameter  of  CuO  particles,  promote
the production of oxygen vacancies, and enhance oxygen mobility,
thus  accelerating  the  reaction.  The  transition  metal  ions  (e.g.,  Cu
and Ni)  doped into  the  lattice  of  MOx make  it  difficult  to  achieve
highly active CO-PROX in the wide temperature region because of
the  difficulty  in  providing  Cu+ sites  for  CO  adsorption.  Hence,
there  is  great  need  to  judiciously  harness  the  oxygen  activation
capability and CO adsorption ability of CuO, facilitating synergistic
interaction  with  Pt  and  showing  excellent  catalytic  activity  over  a
wide temperature range in the presence of CO2 and H2O.

In this work, we prepared Pt-CuO/CeMnO2 tetrameric catalysts
using  a  co-precipitation  method  combined  with  a  modified
impregnation  method,  aiming  to  design  catalysts  capable  of
achieving  efficient  and  selective  CO  removal  under  realistic
industrial  conditions.  The  Pt-10CuO/CeMnO2 catalyst  exhibited
exceptional catalytic performance and stability at the wide working
temperature  range  (130–190  °C).  Through  multi-characterizations
(e.g.,  H2-temperature  programmed  reduction  (H2-TPR),  X-ray
photoelectron  spectroscopy  (XPS),  and in-situ diffuse  reflectance
infrared fourier transform (DRIFT)), it is found that CuO has two
important  roles  for  CO-PROX  reaction.  One  part  of  the  CuO
species  doped  into  the  CeO2 lattice  provides  a  chemical  interface
between CuO and CeO2 which accelerates the activation of oxygen
species.  Additionally,  the other part of the CuO species located on
the surface of catalyst provides Cu+ for the adsorption of CO. Due
to  the  coupling  of  these  two  functions  by  CuO,  the  wide  activity
temperature  range  (130–190  °C)  of  the  catalyst  in  the  presence  of
H2O and CO2 is obtained. The results provide guiding significance
to  regulate  the  catalyst  microenvironment  to  enhance  the
preferential oxidation of CO in H2 in the presence of H2O and CO2. 

2    Experimental
 

2.1    Chemicals
Cerium  nitrate  hexahydrate  (Ce(NO3)3·6H2O,  99.9%)  and
chloroplatinic  acid  (H2PtCl6·6H2O,  99.9%)  were  purchased  from
Maclin.  Sodium  hydroxide  (NaOH,  96.0%)  was  got  from  Alfa
Aesar,  while  copper(II)  acetate  monohydrate  (Cu(CH3COO)2H2O,
99.9%)  and  manganese  nitrate  solution  (Mn(NO3)2,  50  wt.%  in
H2O) were purchased from Aladdin. 

2.2    Material preparation
 

2.2.1    Preparation of CuO/CeMnO2

CuO/CeMnO2 was  prepared  via  the  co-precipitation  method.
Firstly, 10.19 mL of 1 M cerium nitrate aqueous solution was added
to 50 mL of  deionized water  at  30 °C.  After  stirring for  10 min,  a
certain  amount  of  copper  acetate  monohydrate  and  0.2  g  of
manganese  nitrate  solution  were  added  into  the  solution.  After
stirring  vigorously  for  20  min,  1  M  NaOH  solution  was  added  to
adjust the pH of the solution to 9. The above solution was stirred at
60  °C.  Finally,  the  precipitate  was  washed  with  3  L  of  deionized
water, and then dried overnight at 80 °C and calcination in a muffle
furnace at 500 °C for 3 h. Different CuO loadings were obtained by
adjusting the quantities of the copper acetate solution precursor. 

2.2.2    Preparation of Pt-CuO/CeMnO2

Pt-CuO/CeMnO2 was prepared by incipient-wetness impregnation
method28. Firstly, 1.5 g of CuO/CeMnO2 was initially suspended in
80  mL  deionized  water,  while  maintaining  constant  stirring  at  a
temperature of 80 °C. The appropriate amount of H2PtCl6 aqueous
solution was gradually introduced into the aforementioned mixture
while continuous stirring for approximately 7 h until  it  achieved a
consistent  colloid-like  state.  Subsequently,  it  was  aged at  80 °C for
12 h. 

2.3    Catalytic evaluation
The  evaluation  of  the  catalytic  in  the  CO-PROX  reaction  was
conducted using a fixed-bed reactor. Firstly, 300 mg of catalyst was
placed into the quartz tube reactor and subjected to a 2 h reduction
with a mixture of 10% H2/N2 (120 mL·min−1) at 200 °C. Then, the
catalyst  was  cooled  to  30  °C  and  the  reaction  mixture  gas
(H2:CO:O2:H2O:CO2:N2 =  60:1:1:17:20:1)  was  introduced  with  a
flow  rate  of  100  mL·min−1.  The  catalytic  activity  testing  was
conducted  within  a  temperature  range  of  90–200  °C,  with  the
interval  of  20  °C.  An  Agilent  8890  gas  chromatograph  which
equipped  with  flamed  ionization  detector  (FID)  and  thermal
conductivity  detector (TCD) was used for  online product  analysis.
The  CO  conversion  and  the  CO2 selectivity  were  calculated  as
follows (Eqs. (1) and (2))

The conversion of CO=
[CO]in − [CO]out

[CO]in
× 100% (1)

The selectivity of CO2 = 0.5× [CO]in − [CO]out

[O2]in − [O2]out

× 100% (2)

where [CO]in and [O2]in represent the mole content of CO and O2
in  the  reactant  gas,  respectively,  and  [CO]out and  [O2]out are  the
mole content in the product gas. 
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2.4    Characterizations
The  X-ray  diffraction  patterns  of  the  catalysts  were  collected  by  a
Panalytic  X’pert  PRO MPD diffractometer which equipped with a
Cu-Kα radiation. The element loadings of catalysts were ascertained
via inductively coupled plasma-atomic emission spectroscopy (ICP-
AES)  (Agilent  7700  system).  The  N2 adsorption–desorption
isotherms  of  the  prepared  catalysts  were  determined  using  a
Micromeritics  ASAP  2460  instrument.  A  JEOL  JSM-2100F
microscope  was  used  to  capture  the  high-resolution  transmission
electron  microscopy  (HRTEM)  images  of  catalysts.  The  XPS
analysis  of  catalysts  were  measured  by  a  PHI  5000  Versaprobe  II
system.  The  H2-TPR  analysis  was  conducted  by  a  Micromeritics
Auto  Chem  II  2920,  which  equipped  with  a  thermal  conductivity
detector (TCD) detector.

The in-situ DRIFT spectra was collected by a Nicolet S10 which
equipped with mercury cadmium telluride (MCT) detector cooled
by  liquid  nitrogen.  For  the  elimination  of  the  impurities  adsorbed
on  surface,  the  sample  (about  200  mg)  was  initially  subjected  to
treatment  in  Ar  atmosphere  with  the  flow  rate  of  50  mL·min−1.
Subsequently,  the  background  was  obtained  to  facilitate  spectral
correction,  following  the  cooling  of  the  sample  to  30  °C.
Subsequently,  the  mixture  gas  was  introduced  into  the  chamber
(the flow rate  was 15 mL·min−1)  and maintained at  a  temperature
of  80  °C.  The  spectra  were  acquired  under  different  reaction
conditions, with 32 scans accumulated at a resolution of 1 cm−1. 

3    Results and discussion
 

3.1    Physical  structure  of  different  Pt-CuO/CeMnO2
catalysts
By using the precipitation method, the CuO/CeMnO2 catalyst  was
synthesized,  followed  by  the  deposition  of  Pt  onto  CuO/CeMnO2
using  a  modified  co-impregnation  approach. Fig.  1a shows  the
structure model of the catalyst before and after the introduction of
CuO.  The  X-ray  diffraction  (XRD)  patterns  of  Pt-CuO/CeMnO2
are  shown  in Fig.  1b.  The  results  indicate  that  the  predominant
structure  of  the  catalysts  consists  of  a  face-centered  cubic  fluorite
structure  CeO2 (JCPDS  No.  081-0792)  in  combination  with  a
monoclinic  structure  CuO  (JCPDS  No.  080-0076)33,  and  the
complete  JCPDS  cards  about  CuO  and  CeO2 are  shown  in
Supplementary Fig. S2. The distinct peaks at 28.4°, 33.2°, 47.3°, and
56.3°  correspond to  the  crystallographic  planes  (111),  (200),  (220),
and (311), respectively, within the structure of CeO2 is face-centered
cubic. The characteristic peaks at 35.6° and 38.8° represent the (002)
and (111) crystal faces of the monoclinic CuO, respectively31, 34. The
diameters of Mn ions (Mn2+: 0.67 Å, Mn3+: 0.62 Å, and Mn4+: 0.56
Å) are much smaller than the radii of Ce ions (Ce3+: 1.1 Å and Ce4+:
1.01  Å)35.  Consequently,  manganese  ions  possess  the  ability  to
incorporate into the lattice of CeO2, leading the formation of CeMn
solid  solutions.  Therefore,  the  XRD  spectra  do  not  exhibit  the
characteristic peaks belonging to Mn oxides, indicating that the Mn
species  were  doped  into  CeO2,  resulting  in  a  robust  interaction
between  the  MnCe  solid  solution  and  cerium30, 36,  which  is
beneficial  to  increase  the  dispersion  of  CeO2,  strengthening  the
degree of reduction of CeO2 and accelerating the formation of Ovac.
In addition,  there is  no distinct  diffraction peaks corresponding to
Pt species in the XRD patterns of the catalysts,  indicating the high
dispersion  of  Pt  on  catalyst.  The  exact  contents  of  Pt  and  CuO
determined  by  ICP  and  the  porosity  properties  of  catalysts  are

shown in Supplementary Table S1. The loadings were 0.38% for Pt
and  ranged  from  5.1%  to  34.2%  for  CuO.  As  shown  in
Supplementary  Table  S1,  the  pore  size  of  the  catalysts  increased
from 4.8 to 6.1 nm with the increase of the content of CuO, which
may  be  caused  by  the  accumulation  of  excess  CuO  particles.
Similarly, in Fig. 1c, all catalysts exhibited H-3 type hysteresis back
loops,  indicating  the  presence  of  pore  channels  in  the  catalysts
generated by particle accumulation.

The  microstructure  of  catalyst  and  the  corresponding  effects  of
CuO  introduction  were  further  characterized  by  TEM.  A  large
number  of  small  particles  with  diameter  of  about  6.36  nm
(Supplementary  Fig.  S1a)  stacked  together  and  formed  pore
channels, which is shown in Fig. 1d. There is an abundant contact
interface  between  CuO  and  CeO2 in  the  HRTEM  images  and  the
lattice spacing of CeO2 is 0.315 nm, which is smaller than 0.323 nm
(Supplementary  Fig.  S3),  indicating  that  part  of  CuO  was  doped
into  CeO2

37 (Figs.  1d and 1e),  and  the  synergistic  interactions
existed in the interface between CeO2 and CuO, which will promote
the  cooperative  redox  enhancement  effect.  Upon  the  introduction
of CuO, the lattice spacing of the CeO2 (111) crystal plane reduces
to approximately 0.315 nm, a value smaller than that of CeO2 (0.32
nm),  further  confirming  the  formation  of  a  ternary  oxide  solid-
phase mixture of CuO/CeMnO2. As shown in Figs. 1d and 1e, TEM-
energy  dispersive  X-ray  spectroscopy  (EDS)  mapping  of  catalyst
within  a  selected region illustrated that  the  distribution of  Ce,  Cu,
and Pt elements is homogeneous in the catalyst. 

3.2    Enhanced  catalytic  performance  of  the  Pt-
CuO/CeMnO2 catalysts
The  Pt/CeMnO2 and  10CuO/CeMnO2 catalysts  performed  poorly
in the CO-PROX reaction under practical conditions (60% H2, 1%
CO,  1%  O2,  20%  CO2,  17%  H2O,  and  1%  N2),  failing  to  achieve
100%  CO  conversion  in  the  temperature  range  of  90–200  °C,  as
shown in Fig. 2a. However, with the presence of both Pt and CuO,
the  reactivity  of  the  catalyst  is  significantly  improved,  and  the
complete removal of CO can be achieved at 130–190 °C when the
space  velocity  is  20,000  mL·h−1·gcat

−1.  The  significant  performance
enhancement  emphasizes  the  cooperative  interactions  between
CuO and  Pt.  As  shown in Fig.  2b,  the  conversion  of  O2 increases
with the increase of temperature and reaches 100% conversion after
130  °C.  Besides,  the  introduction  of  CuO  in  the  system  enhances
the  conversion  of  O2 at  low  temperatures  (90–130  °C),  which
provides  a  prerequisite  for  the  broadening  of  the  temperature
windows. The CO2 selectivity curve of the catalyst can be observed
in Fig. 2c. The selectivity of the catalyst decreases with the increase
of  temperature,  resulting  in  the  oxidation  of  H2 with  O2 at  high
temperatures, due to a decrease in selectivity due to the reaction of
O2 with  H2.  Thus,  it  is  difficult  to  achieve  both  the  highest  CO
conversion  and  the  highest  CO2 selectivity  at  real  industrial
temperature conditions (80–200 °C). However, the negligible loss of
H2 pales  in  comparison  to  the  severe  toxic  impact  of  residual  CO
on  the  Pt  electrode  within  the  PEMFC  cell.  Therefore,  Pt-
CuO/CeMnO2 catalyst  was  still  considered  as  an  effective  catalyst
capable  of  catalyzing  the  CO-PROX reaction  with  the  presence  of
H2O and CO2.

The effect of different CuO loadings on the activity of catalysts is
shown in Fig. 3. We found that the content of CuO has an optimal
ratio  which  can  efficiently  catalyze  the  CO-PROX reaction.  When
the  content  of  CuO  is  10%,  the  catalyst  has  the  widest  efficient
range of complete CO conversion (130–190 °C) in the presence of

Research article

9200038 (3 of 10) Carbon Future 2025, 2, 9200038



H2O  and  CO2.  Subsequently,  the  comparison  of  the  CO-PROX
reaction activity  of  different  catalysts  reported in the literature can
be  observed  in Fig.  2d and  Supplementary  Table  S2.  The  Pt-

10CuO/CeMnO2 catalyst  has  a  wider  CO  complete  conversion
temperature  window  (130–190  °C)  than  the  catalysts  reported  in
literatures under the same conditions. 
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3.3    The  chemical  structure  of  different  Pt-CuO/CeMnO2
catalysts
Figs. 4a–4d exhibit the results of XPS spectra of different catalysts.
The results of Ce 3d curves with different catalysts are shown in Fig.
4a. The two spin-orbital multiplets corresponding to 3d3/2 and 3d5/2
are  denoted  as u(u − u‴ )  and v(v − v‴ ),  respectively.  The  peaks
denoted  as u′  (903.1–903.8  eV)  and v′  (885.0–885.7  eV)  are
attributed  to  Ce3+,  while  the  other  six  peaks  were  assigned  to  the
Ce4+ 44–46.  The presence of  Ce3+ in the result  of  XPS identified the
reduction of Ce4+ and the formation of oxygen vacancies47.  As the
relative  content  of  Ce3+ increases,  the  rate  of  oxygen  migration  is
elevated,  and  consequently  the  performance  of  CO-PROX  is
enhanced. The content of Ce3+ can be calculated from the peak area
of Ce3+ to the total peak area of Cen+. As shown in Table 1, the rise
in surface Ce3+ content and the augmentation of oxygen vacancies

correlate with the appropriate increase of CuO loading. The reason
is  that  CuO  tends  to  aggregate  on  the  surface  of  CeO2 with  the
increase  of  CuO  content,  covering  a  certain  amount  of  Ce3+ sites.
This  relationship  is  intrinsically  linked  to  the  cooperative  redox
enhancement  effect  originating  from  CuO  and  CeO2.  Oxygen
vacancies  are  considered  to  be  mobile  reactive  sites  in  the  CO-
PROX reaction, which can participate in the reaction by activating
and  dissociating  O2,  and  the  abundance  of  oxygen  vacancies  will
enhance the reactivity of surface oxygen in the process of the CO-
PROX reaction41, 48.

As shown in Fig. 4b, the peaks of Pt 4d3/2 and Pt 4d5/2 are situated
at 315.9 and 332.1 eV, respectively,  aligning with the characteristic
values for Pt0 49, 50.  With the introduction of Cu into the catalyst, a
significant  negative  shift  for  the  binding  energy  of  the  peaks  was
observed, which effect between Pt and Cu. Due to the fact that the
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Table 1    XPS results for various catalysts

Sample Ce3+ (%)a Ovac (%) Isat/Imp
a CuLMM KE (eV)

Pt/CeMnO2 9.46 18.43 — —

Pt-5CuO/CeMnO2 11.63 20.47 0.41 915.9

Pt-10CuO/CeMnO2 15.1 26.81 0.41 916.1

Pt-20CuO/CeMnO2 13.01 24.73 0.36 916.65

aCalculated from XPS measurements.
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Fermi  energy  level  of  Pt  site  is  lower  than  that  of  Cu,  electron
transfer  from  Cu  to  Pt  occurs  during  hybridization  between
neighboring  atoms,  thus  leading  to  the  increase  in  the  electron
density on the Pt surface7, 41, 51.

The XPS spectra of Cu 2p are shown in Supplementary Fig. S6.
The  XPS  spectra  of  Cu  2p  revealed  a  composition  of  two  peaks,
specifically Cu 2p3/2 and Cu 2p1/2, respectively. The peak of Cu 2p3/2
within  the  range  of  933.0–933.8  eV,  along  with  the  presence  of  a
strong  shake-up  satellite  peak,  represents  distinctive  attributes  of
Cu2+ species.  The two valence states  of  Cu arise  due to  the robust
interaction  between  Ce  oxides  and  Cu  during  calcination52−54.
According to the literatures, the reduction degree of copper can be
estimated  by  the Isat/Imp ratio,  which  can  be  calculated  from
intensity ratio of shake-up satellite peaks to main peaks, as indicated
by  the  Cu  2p3/2 peaks55, 56.  As  shown  in Table  1,  after  the
incorporation  of  CuO,  the  catalysts  contained  significant  amounts
of  Cu+,  indicating  the  presence  of  reducible  copper  species  that
serve  as  CO  adsorption  sites,  which  are  crucial  for  enhancing  the
performance  of  CO-PROX.  In  order  to  provide  a  comprehensive
elucidation  of  the  oxidation  states  of  Cu  species,  the  Auger  LMM
line results of Cu are presented in Fig. 4c. The binding energy of Cu
2p3/2 and the kinetic energy of Cu LMM Auger electrons are listed
in Table  1.  The kinetic  energy  of  metallic  Cu species  in  Cu LMM
Auger  electrons  typically  exceeds  918  eV.  The  significantly
diminishing  of  Cu  LMM  Auger  electrons  suggested  a  prevalent
presence of copper in the Cu+ form within the catalysts.  With this
as  a  benchmark,  we  can  more  accurately  obtain  the  Cu+ content
in  the  catalyst:  Pt-10CuO/CeMnO2 ≈  Pt-20CuO/CeMnO2 >
Pt-5CuO/CeMnO2.

The  O  1s  of  the  catalyst  can  be  observed  in Fig.  4d.  The  peak
located at 529–531.0 eV is generally considered as the peak of Olatt.
The peak located at 531–532 eV is generally considered as the peak
of  Ovac.  The  peak  (533–535  eV)  is  linked  to  chemisorbed  oxygen
(Oads),  which  includes  carbonic  acid  hydroxyl  groups,  adsorbed
oxygen,  and  adsorbed  water57, 58.  It  is  shown  in Fig.  4d that  the
positions of two kind oxygen species peaks shifted to lower binding
energies  after  CuO  introduction.  This  shift  can  be  attributed  to
electronic interactions between Pt and Cu or Ce. The formation of
Ovac can  be  observed  on  the  result  of  electronic  paramagnetic
resonance (EPR) (Supplementary Fig. S5), and the catalyst formed a
large  amount  of  Ovac,  which  was  beneficial  to  the  acceleration  of
oxygen activation59, 60.

To further investigate the valence state of the copper species and
the active site in the process of reaction, we performed H2-TPR and
in-situ DRIFT characterization on the catalysts. As shown in Fig. 5,
there  are  two  reduction  peaks  clearly  presented  below  250  °C  for
each catalyst, indicating a two-step surface reduction process for the
samples61.  The  low-temperature  broad  band  centered  at  110–170
°C (Tα) originates from the highly dispersed CuOx cluster, a species
attributed to the formation of the Cu-[Ox]-Ce structure with strong
interactions  with  Ce.  In  contrast,  the  temperature  peak  located  at
170–230  °C  (Tβ)  can  be  attributed  to  the  reduction  of  an  isolated
CuO  species,  which  interacted  Ce  weakly62.  In  addition,  the
reduction peak of PtOx appears around 130 °C, which overlaps with
the  reduction  of  the  highly  dispersed  CuO  species.  Besides,  the
reduction  peak  of  isolated  manganese  oxides  usually  occurs  at
about  540  °C.  However,  there  is  no  signal  of  manganese  oxides
being  found  in Fig.  5,  which  may  be  due  to  the  doping  of
manganese  into  the  lattice  of  CeO2 and  the  extremely  strong
interaction  with  Ce.  The  actual  hydrogen  consumption  of  the
catalyst is shown in Supplementary Table S3. It  is noteworthy that
the consumption of H2 is higher than the theoretical values of CuO
and  Pt  measured  by  ICP.  This  indicates  that  in  addition  to  the
reduction of the PtOx and CuO, part of the surface CeO2 was also
reduced,  which  suggestes  that  the  reduction  extent  of  Ce  species
and the oxygen transfer capacity of  the catalyst  are enhanced after
the introduction of CuO.
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The in-situ DRIFT  spectra  of  Pt-10CuO/CeMnO2 catalyst,
recorded under various reaction temperatures in an atmosphere of
60% H2,  1% CO, 1% O2,  20% CO2,  3% H2O, and balanced N2,  are
presented  in Fig.  6a.  Three  characteristic  peaks  appear  on  the
catalysts:  the  characteristic  peak located near  2020 cm−1 belonging
to  CO  linear  adsorption  on  Pt,  the  characteristic  peak  located  at
2100  cm−1 belonging  to  CO  adsorption  on  Cu+ which  has  been
considered  as  an  effective  site  that  can  catalyze  the  CO-PROX
reaction, and the characteristic peak located at 2171 cm−1 belonging
to CO adsorption on Cu2+, respectively20, 24, 26, 63. The characteristic
peaks  located  at  2350  and  2310  cm−1 correspond  to  gas  CO2.  As
shown in Fig. 6a, the peak of CO linear adsorption on Pt basically
does  not  change  with  the  reaction  temperature  and  only  shows  a
slight red shift, which may be caused by the enhanced adsorption of
CO  on  Pt  with  the  rising  temperatures64.  The  peak  of  CO
adsorption on Cu2+ indicates that the catalyst is composed of both
Cu+ and Cu2+, which is consistent with the results of XPS and H2-
TPR. It is noteworthy that the peak intensity of CO adsorption on
Cu+ sites gradually decreases with increasing reaction temperature,
indicating that  Cu+ can efficiently catalyze the CO-PROX reaction
to  proceed  at  a  lower  temperature  (80–140  °C)  compared  to  Pt.
This  also  coincides  with  the  reduction  of  the  high  activity
temperature range of the catalyst after the introduction of CuO, and
indicates that the introduction of CuO provides additional Cu+ sites
for CO adsorption to the catalyst. The amount of CO adsorbed on
each  active  site  is  shown  in Fig.  6b.  When  both  Cu  and  Pt  sites
available  for  CO  adsorption  are  present  on  the  catalyst,  the  total
amount  of  CO  adsorbed  obtained  the  highest  value  in  the
temperature interval of 130–190 °C, which is favorable for the CO-
PROX reaction. In summary, the introduction of Cu provided Cu+

sites  available  for  CO  adsorption  at  low  temperatures  to
compensate for the disadvantage of Pt catalysts at low temperatures,
and  the  complete  removal  of  CO  at  130–190  °C  was  successfully
achieved. 

4    Conclusions
In  conclusion,  a  series  of  Pt-CuO/CeMnO2 catalysts  have  been
effectively  synthesized  through  a  modified  incipient-wetness
impregnation  and  co-precipitation  approach  for  CO-PROX
reaction in practical conditions. The incorporation of CuO has been
observed  to  enhance  CO  conversion  and  significantly  elevate  the
performance of the preferential oxidation of CO in the presence of
CO2 and  H2O  within  a  realistic  application  temperature  window.
Among  them,  the  catalyst  Pt-10CuO/CeMnO2 was  capable  of
achieving  total  CO  oxidation  within  the  temperature  span  of
130–190  °C,  even  in  the  presence  of  substantial  quantities  of  CO2
and  H2O  in  the  feedstock.  Remarkably,  this  catalytic  performance
endured  over  a  period  of  76  h  without  decline.  Such  an  excellent
catalytic performance can be attributed to the following aspects: (a)
The  part  of  CuO doped into  the  lattice  of  CeO2 strongly  interacts
with  Ce  and generates  a  redox  cycle  (Cu2+ +  Ce3+ →  Cu+ +  Ce4+)
that  enhances  the  oxygen transfer  capacity  of  the  catalyst.  (b)  The
part of CuO species on catalyst surface provides a large number of
Cu+ sites  available  for  CO  adsorption  at  low  temperatures.  This
synergistic  interaction  with  CO  adsorbed  on  Pt  sites  ensures  the
selective and efficient conversion of CO across a broad temperature
range,  thereby  meeting  the  demands  of  practical  industrial
conditions  with  the  presence  of  CO2 and  H2O.  This  work  will
provide  a  new  approach  to  the  design  of  low-cost,  wide-
temperature-range,  and  high-activity  CO-PROX  catalysts  for
practical application conditions.
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