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ABSTRACT: Efficient CO2 photoreduction towards C2+ solar fuels
has  emerged  as  one  of  the  most  promising  strategies  for
alleviating  the  current  energy  and  environment  problems.
However,  the  C-C  coupling  barriers  and  complex  multi-electron
transfer  steps  still  limit  the  activity  and  selectivity  of  CO2-to-C2
photoreduction.  Herein,  Au  nanoparticles  (NPs)  modified  CeO2
with oxygen vacancies (Au/CeO2-VO) were reported for enhancing
the  CO2-to-C2H6  photoreduction  performance.  Au/CeO2-VO
achieved the high C2H6 activity of 51.7 μmol·g−1·h−1, accompanied
with C2H6 selectivity up to 80% in the absence of sacrificial agent.
Experimental  results  combined  with  theoretical  simulation
indicated that VO strengthened CO2 adsorption and activated *CO
production,  and  plasmon-induced  hot  electrons  from  Au  NPs  to
CeO2-VO  facilitated  the  *CO-*CO dimerization.  The synergistic  modulation  of  VO and  hot  electrons  further  decreased the
energy barriers of C-C coupling and subsequent hydrogenation, resulting in the superior photoreduction performance. This
work opens an avenue of developing plasmonic photocatalysts for multi-carbon products from CO2 photoreduction.

KEYWORDS: synergistic modulation, oxygen vacancy, hot electrons, CO2 photoreduction, C2H6 

 
 

1    Introduction
Photocatalysis  technology,  harnessing solar  energy to  convert  CO2
into  hydrocarbons,  provides  a  promising  strategy  to  alleviate  the
energy  and  environmental  problems  [1−5].  The  current
photocatalytic  materials  have  realized  the  efficient  conversion  of
CO2 to  C1 products,  such as  CO,  CH4,  and HCOOH [6−10].  The
photoconversion of CO2 into multi-carbon products, however, not
only  needs  to  overcome  the  high  energy  barrier  of  C-C  coupling,
but  also  requires  plenty  of  electrons  to  drive  the  reaction [11−14].
Owing to the limited electron density generated by solar irradiation,
the multi-electron reduction of CO2 to multi-carbon products is not
favor  [15−17].  In  order  to  overcome  the  contradiction  between

electron  density  and  energy,  its  deep  desirability  to  develop
innovative  photocatalytic  materials  for  achieving  the  efficient
photogenerated  carriers  separation  and  thereby  promoting  the
conversion of CO2 into multi-carbon products.

Defect engineering is one of the effective ways to improve charge
separation  and  carrier  utilization  of  intrinsic  semiconductor
photocatalysts to trigger CO2 reduction [18−20]. As a typical point
defect,  oxygen vacancy (VO)  can induce the defect state to capture
electrons  for  enhancing  the  local  electron  density  [21−24].
Moreover,  oxygen  vacancy  can  also  regulate  the  energy  band
structure  of  semiconductors  and  promote  the  adsorption  and
activation  of  CO2 molecules,  which  lays  the  foundation  for  CO2
photoconversion  [25−28].  Besides  the  regulation  of  the  electron
density  in  intrinsic  semiconductor  photocatalysts,  the  effective
injection  of  external  electrons  can  trigger  the  supply  of  multiple
electrons  on  the  catalyst  surface,  which  is  another  way  to  increase
the electron density of catalytic sites [29, 30]. Plasma metal (Au, Ag,
Cu,  etc.)  nanoparticles  (NPs)  deliver  the  great  potential  in  the
photocatalysis  field,  due  to  local  surface  plasmonic  resonance
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(LSPR) effect [31−34]. When the frequency of the incident photon
matches  the  overall  vibration  frequency  of  the  electrons  on  the
surface of  the plasma metal  nanoparticles,  the collective resonance
of free electrons will be generated, which can effectively enhance the
light  absorption  and  produce  high  energy  hot  electrons  [35, 36].
However,  the  nanoscale  metal  band  gap  of  zero  causes  the  quick
recombination  of  hot  electrons.  The  composite  of  plasma  metal
nanoparticles  with  semiconductor  photocatalysts  can  effectively
induce  hot  electrons  to  inject  to  catalytic  sites,  inhibit  the
recombination  of  hot  electrons,  and  promote  electrons/holes
separation  and  transfer  [29, 37, 38].  Thus,  the  combination  of
vacancy and LSPR effect provides a new opportunity for extracting
electrons  and  manipulating  charge  carriers  to  improve  the
efficiency of multi-electron reaction in CO2 photoreduction.

Herein,  VO enriched  CeO2 hollow  structure  supported  Au
NPs  was  constructed  for  elevating  the  CO2 photoreduction
towards  C2H6 by  the  regulation  of  VO and  hot  electrons.  The
combination  of  photoelectric  characterizations  with  density
functional theory (DFT) simulations indicated that VO did not only
enhance  CO2 absorption,  but  also  favored  *CO  generation.
Moreover,  the  C-C  coupling  of  *CO  intermediates  was  improved
by  the  plasmon-induced  hot  electrons  from  Au  NPs  to  CeO2-VO
under  light  irradiation.  The  energy  barriers  of  the  *COCO
successive  hydrogenation  were  reduced  by  the  synergy  of  VO and
hot  electrons,  which  enabled  the  C2H6 production  rate  of
51.7 μmol·g−1·h−1, along with high selectivity of 80%. 

2    Experimental
 

2.1    Materials
Cerium  nitrate  hexahydrate  (Ce(NO3)3∙6H2O,  >  99.9%)  and
polyvinylpyrrolidone  (PVP,  99%)  were  purchased  from  Aladdin
and  Alfa  company,  respectively.  Cetyltrimethyl  ammonium
bromide  (CTAB,  C19H42BrN,  99%)  was  obtained  from  Aladdin
company. Sodium hydroxide (NaOH), chlorauric acid tetrahydrate
(HAuCl4∙4H2O), ethylene glycol, sodium borohydride (NaBH4) and
ethanol were obtained from Sinopharm company. The high purity
CO2 (99.999%) and H2/Ar (5%/95%) were supplied by Liyuan Gas
Company.  Ultrapure  water  (H2O,  18.2  MΩ·cm)  was  used  in  all
experiments. All chemicals were used without further purification. 

2.2    Synthesis of catalyst
 

2.2.1    Preparation of CeO2

Ce(NO3)3∙6H2O (1.0 g) and PVP (0.4 g) were dissolved in ethylene
glycol  (30  mL)  before  adding  H2O  (1.1  mL).  After  continuous
stirring for 30 min, the obtained clarified solution was transferred to
a  100  mL  sealed  Teflon-lined  autoclave  and  heated  at  160  °C  for
8  h.  After  cooling  to  room  temperature,  NaOH  solution  (3  mL,
3 M) was added to the suspension and stirred for 30 min, followed
by  heating  again  under  160  °C  for  1  h.  The  product  CeO2 was
washed  several  times  by  water  and  ethanol,  and  finally  dried  at
60 °C overnight. 

2.2.2    Synthesis of CeO2-VO

150 mg of as-prepared CeO2 was heated to 500 °C at 5 °C·min−1 and
kept  for  4  h  in  a  5%  H2/Ar  atmosphere  to  obtained  CeO2 with
oxygen  vacancies  (CeO2-VO).  CeO2 with  different  VO
concentrations  were  synthesized  by  changing  the  calcination
temperature and time. 

2.2.3    Fabrication of Au/CeO2-VO

100  mg  CeO2-VO was  dispersed  in  24.3  mL  H2O.  After  the
ultrasound treatment for 30 min, 0.5 mL HAuCl4 solution (20 mM)
was added, and fully stirred for 2 h to obtain a uniform suspension.
Then,  0.2  mL  NaBH4 solution  (4.3  g·L−1)  was  added  to  the
suspension  and  stirred  vigorously  for  6  h.  The  resulting  purple
sample  (Au/CeO2-VO)  was  washed  several  times  with  water  and
ethanol,  and dried at  60  °C overnight.  Au/CeO2-VO with  different
Au  loading  was  obtained  by  changing  the  content  of  HAuCl4
added. 

2.3    Characterizations
The crystalline structures  of  samples  were characterized on the X-
ray  diffractometer  (XRD,  D/MAX-2550)  employing  Cu  Kα
radiation.  Transmission electron microscopy (TEM, JEOL 200CX)
and high-angle annular dark-field scanning TEM (HAADF-STEM,
JEOL  JEM-ARM  200F)  were  used  to  obtain  the  morphology  and
crystallography  information.  The  chemical  environment  and
elemental  components  of  samples  were  analyzed  on  the  Bruker
Tensor  22  instrument  and Bruker  INVENIO R Fourier-transform
(FT) spectrometer, X-ray photoelectron spectroscopy (XPS, Ulvac-
Phi PHI-5000) and the Beamline 11B of the Shanghai Synchrotron
Radiation  Facility  (SSRF).  Raman  spectra  and  N2
adsorption–desorption  isotherms  were  measured  on  the
RenshawVia  Raman  spectrometer  and  Micromeritics  ASAP  2460
absorption  apparatus,  respectively.  A  Hitachi  U-3010
spectrophotometer was performed to analyze the ultraviolet–visible
(UV–vis)  diffuse  reflectance  spectra  (DRS).  Surface  photovoltage
(SPV)  test  system (CEL-SPS1000)  was  used  to  analyze  the  surface
photovoltage  spectra.  The  photoluminescence  (PL)  and  time-
resolved  PL  (TRPL)  spectra  were  conducted  on  the  fls980  and
Horiba  Fluomax-4  spectrophotometer,  respectively.  A  gas
chromatography-mass  spectrometer  (GC-MS,  Thermo  Scientific
Trace 1300) was used to record gas products  in the 13CO2 isotopic
labeling  experiment.  The  activated  species  during  reactions  and
other  defects  of  samples  were  tested  on  an  electron  paramagnetic
resonance  (EPR)  spectrometer  (Bruker  A300).  The  CHI  760E
electrochemical  workstation  was  used  to  acquire  of  the
photocurrent  responses,  electrochemical  impedance  spectroscopies
and Mott–Schottky (M–S) plots. 

2.4    Photocatalytic CO2 reduction reaction (CO2RR)
Photocatalytic  CO2 reduction  experiments  were  performed  in  an
airtight glassware (50 mL) employing a 300 W xenon lamp as light
source.  1.0  mg  photocatalyst  was  dispersed  in  0.5  mL  ethanol,
followed by coating on the quartz glass.  The quartz glass was then
dried at 60 °C for 30 min and then put in the glassware consisting
of  1  mL H2O.  The  system removed  residual  air  by  pumping  CO2
(>  99.999%).  After  sealing  the  glassware,  the  reaction  was
conducted  for  some  time.  Periodic  quantitative  analysis  of  the
gaseous  product  was  finally  employed  on  a  gas  chromatography
system  (GC9790Plus,  Fuli,  China)  with  thermal  conductivity
detector (TCD) and flame ionization detector (FID) detectors. 

3    Results and discussion
 

3.1    Construction and characterizations of photocatalysts
The  Au/CeO2-VO was  fabricated  via  a  typical  two-step  method
(Fig.  1(a)).  The  hollow  CeO2 nanoparticles  obtained  by  a
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hydrothermal  process  were  calcined  at  high  temperature  in  5%
H2/Ar  to  build  oxygen  vacancies.  Subsequently,  Au  nanoparticles
were in-situ decorated on the surface through the NaBH4 reduction
method  to  yield  Au/CeO2-VO.  X-ray  diffraction  patterns  of  all
samples  exhibited  the  almost  identical  diffraction  peaks
corresponding to CeO2 (Fig. S1(a) in the Electronic Supplementary
Material (ESM), PDF #43-1002). Moreover, almost no characteristic
peaks  of  Au  NPs  can  be  observed,  due  to  their  low  amount.  The
presence  of  Au  NPs  could  be  confirmed  by  Raman  spectra,  FT
infrared  (FT-IR)  spectra  and  N2 adsorption–desorption  isotherms
(Figs.  S1(b)–S1(d)  in  the  ESM).  The  morphology  of  Au/CeO2-VO
was  further  characterized  using  transmission  electron  microscopy
and  high-resolution  TEM  image  (HRTEM).  Au/CeO2-VO
maintained  a  hollow  spherical  structure  similar  to  Au/CeO2,  and
Au  NPs  were  evenly  distributed  on  the  surface  of  hollow
nanospheres  (Figs.  1(b) and 1(c) and  Fig.  S2  in  the  ESM).  The
characteristic  lattice  spacings  of  0.310 and 0.200 nm were  indexed
to  (111)  and  (200)  crystal  planes  of  CeO2 and  Au  [25, 32],
respectively,  indicating  the  successful  introduction  of  Au  NPs  on
CeO2-VO.  The energy dispersive X-ray spectroscopy (EDS) images
further  implied  the  uniform  distribution  of  Au  NPs  on  CeO2-VO
(Fig. 1(d)).

The electron paramagnetic resonance technology was conducted
to detect the VO concentration in samples. As Fig. 2(a) depicted, the
single Lorentz peak appeared at g = 2.005 was assigned to the free-
electrons trapped by VO, providing evidence for the existence of VO.
The peak intensity of CeO2-VO was significantly stronger than that
of  CeO2,  which  revealed  the  high  VO concentration  of  CeO2-VO.
The decreased VO concentration after introducing Au NPs may be
ascribed  that  Au  NPs  occupied  part  of  VO positions.  X-ray
photoelectron  spectroscopy  measurement  was  then  employed  to
determine the surface chemical states of samples. The binding peaks
located at 529.1, 530.4, and 531.7 eV in O 1s XPS spectra (Fig. 2(b))
severally belonged to lattice oxygen, VO and hydroxyl oxygen [20].

Au/CeO2-VO endowed  an  improved  VO ratio  with  total  oxygen
compared  with  Au/CeO2,  consistent  with  the  EPR results.  Besides
O, the Ce3+ content is  closely related to the VO concentration [25].
The  peak  intensities  of  Ce3+ 3d5/2 (884.6  eV)  and  Ce3+ 3d3/2
(903.1  eV)  over  Au/CeO2-VO were  stronger  than  those  over
Au/CeO2 (Fig.  S3  in  the  ESM),  further  disclosing  the  enhanced
content of  Ce3+ and VO in Au/CeO2-VO.  In the Au 4f  XPS spectra
(Fig.  2(c)),  the  binding  peaks  at  83.6  and  97.3  eV  were  separately
attributed  to  Au  4f7/2 and  Au  4f5/2 of  Au0 [39],  confirming  the
presence of Au0 species in samples. Notably, the slight shifts of Au
4f  peaks  of  Au/CeO2-VO compared  with  Au/CeO2 implied  the
electron  interaction  between  Au  NPs  and  VO.  To  explore  the
chemical environment of Au species in Au/CeO2-VO, we conducted
X-ray  absorption  near-edge  structure  (XANES)  spectroscopy  and
FT  extended  X-ray  absorption  fine  structure  (FT-EXAFS)
measurements. The FT-EXAFS spectra showed that the absorption
edge positions of Au/CeO2-VO at Au L3-edge approached to that of
Au foil (Fig. 2(d)), suggesting the nearly 0 valence state of Au. The
characteristic  peak  of  Au–Au  (R =  2.83  Å)  was  observed  on  the
Au/CeO2-VO (Figs. 2(e)–2(g) and Table S1 in the ESM). The close
fitting  results  (Figs.  2(g)−2(i) and  Figs.  S4  and  S5  in  the  ESM)
between  Au/CeO2-VO and  Au  foil  also  verified  that  Au  species
mainly existed as Au NPs, matching well with XPS analysis. 

3.2    The charge dynamics of photocatalysts
The  optical  properties  of  samples  were  investigated  by  UV–vis
diffuse reflectance spectra. The band edge of CeO2-VO exhibited the
red shift than that of CeO2 (Fig. 3(a)). The introduction of Au NPs
obviously  broadened  the  light  absorption  range.  The  strong  LSPR
absorption  in  the  500–600  nm  region  was  observed  on  both  of
Au/CeO2-VO and  Au/CeO2.  Moreover,  CeO2-VO (2.19  eV)
endowed a smaller band gap compared with CeO2 (2.47 eV, Fig. S6
in  the  ESM).  The  band  structure  alignments  of  samples  were
established  by  analyzing  the  Mott–Schottky  and  band  gap  energy
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Figure 1    (a) The schematic diagram for the synthetic process of Au/CeO2-VO. (b) TEM image, (c) HRTEM image, and (d) elemental mappings of Au/CeO2-VO.
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plots  (Fig.  3(b) and  Fig.  S6  in  the  ESM),  which  were  suitable  for
CO2 photoreduction.  To  probe  the  charge  transfer  pathway  in
Au/CeO2-VO under  light  irradiation,  we  performed  the in-situ
irradiated  XPS  measurement.  The  negative  shift  of  the  binding
energy  was  observed  on  Ce  3d  XPS  spectra  (Fig.  3(c)),  signifying
that  Ce  atoms  acted  as  the  electron  acceptors  during  light
irradiation. Meanwhile, the positive shift of the Au binding energy
after  light  irradiation  (Fig.  3(d))  indicated  the  generation  and
transfer  of  hot  carriers  induced  by  Au  NPs  LSPR  [40].  Moreover,
the XPS peak matched to lattice oxygen showed the similar positive
shift  under  light  irradiation  (Fig.  3(e)).  These  results  revealed  the
LSPR-induced  hot  electrons  on  Au  NPs  could  migrate
preferentially  to  Ce  sites  of  CeO2-VO,  which  may  further  couple
with  photogenerated  electrons  from  CeO2 for  enhancing  the
photocatalytic  performance.  The  surface  photovoltage,
photocurrent  responses,  electrochemical  impedance  spectroscopy
(EIS),  photoluminescence  as  well  as  time-resolved
photoluminescence  were  further  employed  to  discuss  the  charge
dynamics during the photocatalytic reaction. The SPV spectrum of
CeO2 displayed a weak voltage signal that decayed very rapidly (Fig.
S7 in the ESM). Compared with CeO2,  CeO2-VO has a much high
photovoltage  signal  with  long  decay  time,  demonstrating  that  the
improved  separation  efficiency  of  photogenerated  electron–hole
pairs  in  CeO2-VO.  Moreover,  Au/CeO2-VO showed  higher
photocurrent  compared  to  Au/CeO2 and  CeO2-VO (Fig.  3(f)),
exhibiting enhanced charge separation by the co-action of Au NPs
LSPR  and  VO.  Additionally,  the  smallest  semicircular  radius
appeared on Au/CeO2-VO (Fig.  3(g)),  disclosing that  Au/CeO2-VO
enabled  the  fastest  charge  migration  rate.  Importantly,  the  PL
lifetimes of samples followed the order of Au/CeO2-VO (9.62 ns) >
Au/CeO2 (6.56  ns)  >  CeO2-VO (5.54  ns)  >  CeO2 (4.74  ns),  which

was consistent with the results of PL intensities (Figs. 3(h) and 3(i)
and Table S2 in the ESM). It further substantiated that the coupling
of  Au  NPs  LSPR  with  VO greatly  inhibited  the  recombination  of
photocarriers. 

3.3    Photocatalytic CO2RR performance
The photocatalytic performance of samples towards CO2 reduction
with  H2O  was  evaluated  without  any  sacrificial  agents  and
photosensitizers.  Only  CO  products  were  detected  on  CeO2 and
CeO2-VO (Fig.  4(a)).  Additionally,  the  CO  yield  of  CeO2-VO
(5.8  μmol·g−1·h−1)  was  higher  than  that  of  CeO2 (2.3  μmol·g−1·h−1),
attributing  to  the  VO effect.  After  Au  NPs  deposition  on  CeO2-
VO,  the  yield  of  C2H6 as  the  primary  product  attached  to
51.7  μmol·g−1·h−1 (Fig.  4(b) and  Fig.  S8  in  the  ESM),  accompanied
with  80% selectivity,  outperforming the  most  performance  among
previously reports (Table S3 in the ESM). Moreover, the C2H6 yield
of  Au/CeO2-VO was  32  times  as  high  as  that  of  Au/CeO2
(1.6 μmol·g−1·h−1), which implied that the coupling of Au NPs LSPR
with  VO boosted  the  CO2RR  performance.  Simultaneously,
hydrogen gas was not detected in the product (Figs. S9 and S10 in
the ESM). Particularly, Au/CeO2-VO delivered an elevated apparent
quantum  efficiency  (AQE)  of  Au/CeO2-VO at  520  nm  compared
with  420  nm  (Table  S4  in  the  ESM),  further  identifying  the
significant role of hot electrons from LSPR in photocatalysis. Thus,
hot  electrons  from  Au  NPs  LSPR  were  injected  into  CeO2-VO
under the light irradiation of 500–600 nm, while the separation rate
of photogenerated carriers in CeO2-VO was also elevated by the VO
introduction  under  <  500  nm  light  irradiation.  The  hot  electrons
coupling  with  the  enhanced  photogenerated  electrons
synergistically  promoted  the  photocatalytic  CO2-to-C2H6
performance (Fig. 4(c)). Moreover, no obvious decrease of products

 

Figure 2    (a) EPR spectra, (b) O 1s, and (c) Au 4f high-resolution XPS spectra of samples. (d) Au L3-edge XANES spectra, (e) the corresponding FT-EXAFS, (f) R-space,
and (g) q-space fitting curves of Au/CeO2-VO. Au L3-edge wavelet transform (WT)-EXAFS for (h) Au/CeO2-VO and (i) Au foil.
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Figure 3    (a)  UV–vis  DRS  of  samples.  (b)  Energy  band  structures  of  samples.  (c)  Ce  3d,  (d)  Au  4f,  and  (e)  O  1s  XPS  spectra  of  Au/CeO2-VO before  and  after  light
irradiation. (f) Transient photocurrent response, (g) EIS, (h) PL spectra, and (i) TRPL analysis and fitting results of samples.

 

Figure 4    (a)  Evolution rates  of  carbon products  over  samples.  (b)  Time-dependent  photocatalytic  CO2 reduction to  C2H6 over  samples.  (c)  The  possible  mechanism
diagram of C2H6 products generation process over Au/CeO2-VO. (d) The repeated cycles of photocatalytic CO2RR over Au/CeO2-VO. (e) Evolution rates of products over
Au/CeO2-VO under different conditions. (f) The mass spectrum of product peaks driven from Au/CeO2-VO during light irradiation with 13CO2 (13CO2

+, m/z = 45; 13C2H6
+,

O2, m/z = 32; 13C2H5
+, m/z = 31; 13C2H4

+, m/z = 30; 13C2H3
+, 13CO2

+, m/z = 29; 13C2H2
+, N2, m/z = 28; 13C2

+, m/z = 26; H2O, m/z = 18; fragments of 13CH4, 13CO2, N2 and H2O,
m/z = 13–17). In-situ DRIFTS spectra for detecting the reaction intermediates during the photocatalytic CO2RR over (g) CeO2, (h) CeO2-VO, and (i) Au/CeO2-VO.
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was  observed  during  five  consecutive  cycles  as  indicated  by  the
cycling  measurements  (Fig.  4(d)),  confirmed  the  excellent  stability
of  Au/CeO2-VO.  Additionally,  the  morphology,  phase  and  surface
chemical  states  of  Au/CeO2-VO were  well  maintained  after  cyclic
tests  (Figs.  S11–S13  in  the  ESM).  Control  experiments  suggested
that  the  negligible  product  was  detected  when  excluding  light
condition,  the  catalyst  or  CO2 atmosphere  (Fig.  4(e)).
Simultaneously,  when  we  replaced  Au  with  Ag  and  Cu,  no  C2H6
was  produced  in  the  photocatalytic  CO2 reduction  products  for
both  Ag/CeO2-VO and  Cu/CeO2-VO,  further  confirming  that  Au
species can effectively promote the generation of C2H6. (Fig. S14 in
the  ESM).  The 13CO2 isotopic  experiment  was  further  used  to
determine  the  carbon  source  of  C2H6 product.  Two  characteristic
peaks at m/z = 30 and m/z = 31 (Fig. 4(f)) were generated from the
fragment  ions  of 13C2H4

+ and 13C2H5
+,  respectively.  For  the

assignment  of  mass  signal  at m/z =  32  (13C2H6
+ or  O2),  the  CO2

photoreduction  reaction  by  using 12CO2 as  raw  material  was  also
conducted  to  avoid  the  interference  of  O2 molecule.  The  detected
signal at m/z = 30 (Fig. S15 in the ESM) corresponds to the 12C2H6
product.  These  results  fully  proved  that  the  formed  C2H6 product
derived  from  the  preliminary  input  CO2.  The in-situ diffuse
reflectance IR FT spectroscopy (DRIFTS) was studied to explore the
reaction intermediates during photocatalytic CO2RR process. Apart
from the similar signals corresponding to *COOH, *CO and *CHO
groups  on  CeO2 and  CeO2-VO,  the  vibration  peaks  for  *OCCO
(1367  and  1493  cm−1)  and  *COCOH  (1574  cm−1)  intermediates
appeared  on  Au/CeO2-VO (Figs.  4(g)−4(i)),  indicating  the  C-C
coupling  and  subsequent  hydrogenation  processes  existed  on
Au/CeO2-VO [41−43].  Specially,  the  peak  intensities  of  the  C-C
coupling  intermediates  over  Au/CeO2-VO were  remarkably  higher
than  those  over  Au/CeO2 (Fig.  S16  in  the  ESM),  which
demonstrated  the  superior  CO2-to-C2H6 photoreduction
performance of Au/CeO2-VO.

To  further  verify  the  effect  of  VO and  Au  NPs  LSPR  on
photocatalysis,  samples  with  different  VO concentrations  were
prepared by changing the temperature of H2 treatment (Figs. S17(a)
and  S17(b)  in  the  ESM).  The  C2H6 activity  and  selectivity  of
samples  were  first  increased and then reduced with the increment
of  VO concentrations  (Fig.  S17(c)  in  the  ESM).  The  optimal
performance of photocatalytic CO2RR was achieved over Au/CeO2-
VO (500).  Using  CeO2-VO (500)  as  substrates,  Au/CeO2-VO with
different  Au  content  were  prepared  and  their  corresponding
photocatalytic  CO2RR  activities  were  characterized.  With  the  Au
content  improved  to  2  wt.%,  the  C2H6 yield  was  increased  to
51.7 μmol·g−1·h−1,  attributing to the positive effect  of  Au NPs LSPR
(Fig. S17(d) in the ESM). The excess introduction of Au could limit
the  light  absorption  of  CeO2-VO and  cover  the  active  sites,
accordingly weakening the photocatalytic CO2RR activity. 

3.4    Reaction mechanism and theoretical calculations
Density  functional  theory  calculations  were  performed to  describe
the  underlying  mechanism  of  CO2-to-C2H6 photoreduction  on
samples. Several obvious impurity states contributed by Ce 4f orbit
were observed on the forbidden band of  CeO2-VO compared with
CeO2 (Figs.  5(a)−5(c)),  generating a narrow the bandgap (Fig.  S18
in  the  ESM),  which  corresponds  well  with  the  energy  band
structures  of  CeO2-VO (Fig.  3(b)).  Relative  energy  diagrams of  the
CO2 to  CO  reaction  pathways  (Fig.  5(d))  depicted  that  CO2
preferred  to  absorb  on  CeO2-VO.  After  introducing  Au  NPs,
Au/CeO2-VO also  exhibited  the  strong  physical  adsorption  for
CO2/H2O (Fig. S19 in the ESM). Meanwhile, CO was easily formed

and desorpted on CeO2-VO compared with CeO2. After introducing
Au  NPs,  the  surface  of  CeO2-VO was  more  conducive  to  the  CO
adsorption (Fig. 5(e)), which was also the premise of the subsequent
C-C  coupling.  The  strong  charge  depletion  was  observed  on  Au
site,  further  confirming  the  electron  donor  role  of  Au  NPs  in
Au/CeO2-VO (Fig. 5(f)). The absorbed *CO on Au/CeO2-VO could
couple  with  another  CO  to  generate  *OCCO  intermediates.
Furthermore, O atom of *COCO on Au/CeO2-VO surface was easy
to  obtain  electrons,  facilitating  the  hydrogenation  of  *COCO  to
*OCCOH.  Obviously,  the  energies  for  the  subsequent
hydrogenation  products  over  Au/CeO2-VO were  lower  than  those
over  Au/CeO2 (Fig.  5(g) and  Fig.  S20  in  the  ESM),  which  further
identified  the  excellent  CO2-to-C2H6 photoreduction  performance
of Au/CeO2-VO. 

4    Conclusions
In summary, we reported the Au NPs decorated VO defective CeO2
photocatalyst  taking  advantage  of  VO and  hot  electrons  to  boost
CO2 photoreduction towards C2H6. VO favored CO2 absorption and
activation for CO, while the efficient injection of hot electrons from
Au NPs LSPR into CeO2-VO improved the C-C coupling process of
*CO  intermediates.  The  modulation  of  VO and  hot  electrons
cooperatively lowered the energy barriers of the *COCO formation
and subsequent hydrogenation, and facilitated C2H6 production. As
a result, the optimized photocatalyst delivered an outstanding C2H6
yield of 51.7 μmol·g−1·h−1 with high product selectivity of 80% in the
absence  of  sacrificial  agents.  This  work  provides  the  guidance  for
designing  highly  active  photocatalysts  for  efficient  CO2
photoreduction with H2O to C2 products. 
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Au/CeO2, k-space  curves, q-space  curves,  Mott–Schottky  plots,
average  lifetime  results  of  sample,  XRD  patterns,  TEM,  XPS,
XANES  spectra  before  and  after  the  repeated  cycles  of
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