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ABSTRACT
Photothermal  carbon dioxide hydrogenation represents  a  promising route to  reduce the emission of  greenhouse gas CO2 and
produce value-added chemicals, but the selectivity and stability of photothermal catalysts need to be improved. Herein, we report
the rational fabrication of well-defined Ag24Au cluster decorated highly ordered nanorod-like mesoporous Co3O4 (Ag24Au/meso-
Co3O4) for highly efficient and selective CO2 hydrogenation. The orderly assembled meso-Co3O4 nanorods were prepared via a
nanocasting  method,  offering  large  surface  area  and  abundant  active  sites  for  CO2 adsorption  and  conversion.  Moreover,  the
catalytic  activity  and  selectivity  were  further  improved  by  molecule-like  Ag24Au  cluster  decoration  and  reaction  temperature
optimization. The Ag24Au/meso-Co3O4 composite catalyst exhibited an ultrahigh CH4 yield rate of 204 mmol·g−1·h−1 and a greatly
improved  CH4  selectivity  of  82%  for  CO2  hydrogenation,  significantly  higher  than  those  of  pristine  meso-Co3O4  catalyst.  The
mechanism of  the  photothermal  catalytic  performance  improvement  was  verified  by  CO2  temperature-programmed  desorption
and  time-resolved  transient  photoluminescence,  revealing  that  CO2  molecules  underwent  a  vigorous  adsorption  and  rapid
activation  process  over  Ag24Au/meso-Co3O4.  The  hot  electrons  created  by  the  localized  surface  plasmon  resonance  effect  of
Ag24Au  clusters  facilitated  the  charge  transfer  for  subsequent  multi-electron  CO2  hydrogeneration  processes,  resulting  in  a
significant increase in the productivity and selectivity for CO2-to-CH4 conversion. This work suggests that the rational coupling of
well-defined metal atom clusters and ordered transition metal compound nanostructures could open a new avenue towards photo-
induced green chemistry processes for efficient CO2 recycling and reutilization.
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1    Introduction
To  alleviate  global  warming  caused  by  reckless  emission  of
greenhouse gas carbon dioxide, the conversion of CO2 into carbon-
containing  value-added  products  has  been  extensively  studied.
These  value-added  products  can  not  only  lower  the  CO2
concentration  in  the  atmosphere  but  also  serve  as  feedstocks  in
industry. Long-term social strategies that call for a carbon-neutral
economy  by  2050  and  2060  have  been  proposed  in  Europe  and
China, respectively. The "power to gas" (PtG/P2G) concept as one
of  the  future  energy  policies  has  garnered  significant  attention.
Briefly, this concept is to produce CH4 as an alternative source of
natural  gas  via  the  reaction  of  CO2 with  H2 that  generated  by
renewable  energy.  In  Germany,  a  commercial-scale  PtG  project
(30  research  and  pilot  facilities)  is  running  successfully,  thereby
transforming the energy system towards a sustainable goal  [1–3].
However,  the development of highly active and selective catalysts
is the key challenge in the CO2 conversion process because of the
high  thermodynamic  stability  of  the  CO2 molecule  [4].  As  CO2
hydrogenation  is  an  energy  consuming  process,  its  conjunction
with renewable energy will  make this strategy more promising in

terms  of  sustainability  and  environmental  friendliness  [5].  The
photocatalytic conversion of CO2 to C1 fuels has been reproduced
as  an  environmentally  friendly  approach  for  simultaneously
solving  both  the  potential  environment  and  energy  crises  [6].
However,  the  relatively  low  efficiency  of  photocatalytic  CO2
conversion  hinders  its  application  because  of  the  kinetic
limitations  of  multiple  e−/H+ transfer  processes  and  the  limited
capabilities  of  traditional  photocatalysts  to  activate
thermodynamically stable CO2 molecules [7]. On the other hand,
thermal  catalysis  of  CO2 hydrogenation  has  received  significant
attention due to its fast kinetics and flexible combination of active
components  [8].  However,  this  process  requires  harsh
temperature  and  pressure  conditions  to  achieve  meaningful  CO2
conversion rates.

Recently,  synergistic  photothermal  catalysis,  which  combines
thermochemical  and photochemical  conversion mechanisms,  has
appeared to  be  a  promising  method for  improving  the  efficiency
of CO2 conversion [9]. Pioneering researches by Geoffrey A. Ozin
and  coworkers  demonstrated  that  Pd@Nb2O5 showed  tailored
selectivity  and  excellent  photothermal  catalytic  performance  for
the  hydrogenation  of  CO2 to  C1 products  [10, 11].  Other  recent
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works by the same group reported that defect-laden indium oxide,
In2O3−x(OH)y,  with  a  rod-like  nanocrystal  superstructure,  could
effectively  catalyze  the  hydrogenation  of  CO2 to  methanol  under
photothermal  conditions  [12, 13].  Other  catalysts  based  on
semiconductor-supported  noble  metals,  such  as  Au-ZnO,  Ru-Si
nanowires,  Ru-P25,  and  Pd-Al2O3,  have  demonstrated  improved
catalytic  activity  for  photothermal-driven  CO2 hydrogenation
[14–18].  However,  the  catalytic  activity  and  selectivity  of  these
catalysts are subject to the interactions between active metals and
oxide  supports.  In  particular,  multi-electron  CO2 reduction
coupled with proton transfers that can promote the generation of
high  value-added  products,  such  as  methane,  is  impeded.
Furthermore, the use of earth-abundant materials, such as Co, Fe,
or Ni-based catalysts,  is  preferred owing to the low cost  and rich
sources  compared  to  noble  metals.  Well-defined  metal  clusters
that  bridge  the  size  gap  between  small  molecules  and  large
nanoparticles  have  received  considerable  attention  in  different
catalytic  processes  involving  CO2 [19, 20].  The  unique
optoelectronic and catalytic characteristics of these metal clusters,
which differ from bulk metal surfaces and large nanoparticles, can
play an important role in various catalytic reactions. For examples,
Au25 and  Cu4 clusters  with  narrow  size  distributions  have  been
successfully  synthesized  and  exhibited  great  potential  in  the
catalytic conversion of CO2 [19–22].

Herein,  we  demonstrate  the  highly  selective  and  efficient
photothermal catalytic hydrogenation of CO2 to C1 products over
Ag24Au  cluster  modified  mesoporous  Co3O4 (Ag24Au/meso-
Co3O4).  The  combination  of  photothermal  conditions  and
localized  surface  plasmon  resonance  (LSPR)  effect  was
investigated  for  tuning  and  optimizing  the  CO2 hydrogenation
performance  over  meso-Co3O4 towards  CH4 production.  The
LSPR  effect  not  only  broadens  the  spectral  response  range,  but
also  improves  the  separation  probability  of  photo-generated
electron–hole  pairs  through  local  field  enhancement  or  hot
electron injection,  and thus  enhancing  the  catalytic  performance.
In  a  sealed  reactor  with  a  quartz  optical  window under  Xe  lamp
illumination,  pristine  meso-Co3O4 as  a  control  sample  of
photothermal  catalyst  exhibited  a  CO  production  rate  as  high  as
14.1  mmol·g−1·h−1 and  a  CO2-to-CO  selectivity  of  58%  under
240  °C.  By  increasing  the  reaction  temperature  to  350  °C,  the
productivity of CO and CH4 was further promoted. However, the
selectivity of CH4, which is our desired product, was only around
44%  with  a  yield  rate  of  66  mmol·g−1·h−1.  In  contrast,  by
homogeneously decorating 1.0 wt.% of Ag24Au clusters onto meso-
Co3O4, an ultrahigh CH4 productivity surpassing 204 mmol·g−1·h−1

was achieved and the CO production was significantly suppressed.
The production rate of methane over Ag24Au/meso-Co3O4 was ~
20  times  than  that  over  pristine  meso-Co3O4 at  240  °C,  and  the
selectivity  of  methane  reached  82%  over  Ag24Au/meso-Co3O4.
This  work  demonstrates  that  the “surface  modification
engineering” of photothermal catalysts can be applied to tailor the
activity  and  selectivity  towards  the  CO2 hydrogenation  reaction.
This purchase holds great promise to boost the CO2 recycling and
refinery  that  powered  by  the  clean  energy  sources  derived  from
the sun. 

2    Experimental
 

2.1    Synthesis of meso-Co3O4
Ordered meso-Co3O4 with a high surface area was synthesized by
using a nanocasting approach with mesoporous silica (SBA-15) as
a hard template. Typically, 4.9 g of cobalt nitrate was dissolved in
20 mL of deionized water. Then, 5 g of SBA-15 was added into the
mixture  under  vigorous  stirring.  The  cobalt  precursor  was

incorporated  in  the  pore  channels  of  SBA-15  by  evaporation-
induced capillary filling under continuous stirring at 80 °C for 2 h.
Afterward, the composite was heated at 600 °C for 3 h in a muffle
furnace  under  air  atmosphere  to  transform  the  cobalt  precursor
into  crystalline  Co3O4.  Finally,  the  SBA-15  template  was  leached
out with 2 M NaOH at 70 °C. The as-prepared meso-Co3O4 with a
high  surface  area  could  ensure  abundant  active  sites  for  the
hydrogenation of CO2. 

2.2    Synthesis of Ag24Au clusters
The  Ag25 clysters  were  synthesized  by  the  following  approach.
Briefly,  25 mg of Ag25(SPhMe2)18 clusters and 1 mg of AuClPPh3
were added in the 5 mL CH2Cl2 and stirred for 5 h. Then, the by-
products  were  removed  by  centrifugation,  and  the  supernatant
was concentrated using a rotary evaporator. The obtained sample
was  washed  repeatedly  with  methanol  to  remove  the  remaining
excess reactants. The atomic structure of Ag24Au was investigated
by single crystal X-ray diffraction and electrospray ionization mass
spectrum  (ESI-MS)  (Fig. S1  in  the  Electronic  Supplementary
Material (ESM)). 

2.3    Synthesis of Ag24Au/meso-Co3O4
The  Ag24Au  clusters  were  decorated  on  meso-Co3O4 by  a  wet
chemical  method.  The  meso-Co3O4 was  mixed  with  1  wt.%  of
Ag24Au clusters in CH2Cl2 and then treated by ultrasonic vibration
for 20 min. Then, the mixture was dried at room temperature. 

2.4    Characterizations
The  crystallinity  of  the  samples  was  characterized  by  X-ray
diffraction  (XRD) on a  Shimadzu-6000  diffractometer  with  a  Cu
Kα radiation source (λ = 1.5406 Å). The surface morphology was
examined with field-emission scanning electron microscopy (FE-
SEM,  FEI  Nova-450)  at  10.0  kV.  Transmission  electron
microscopy  (TEM)  and  high-resolution  TEM  (HRTEM)  were
performed  with  a  JEM-2100  instrument.  Nitrogen
adsorption–desorption  measurements  were  performed  on  a
Quantachrome  Autosorb-IQ-2CTCD-VP  instrument  at  77  K.
Prior  to  the  measurements,  all  samples  were  degassed  under
vacuum for at least 6 h at 150 °C. Brunauer–Emmett–Teller (BET)
surface  areas  were  calculated  from the  data  in  a  relative  pressure
range  of  0.05–0.20.  By  using  the  Barrett–Joyner–Halenda  (BJH)
algorithm,  the  pore  volumes  and  pore  size  distributions  were
derived  from  the  adsorption  branches  of  the  isotherms.
Ultraviolet–visible  (UV–vis)  diffuse  reflectance  spectroscopy
(DRS) measurements  were  performed at  room temperature  on a
Shimadzu  UV-2600  spectrometer  using  BaSO4 as  the  reference
sample.  The  gas  chromatograph  (GC-7900,  CEAuLight)  was
employed to determine the CH4 and CO yield. A small quantity of
generated  gas  mixture  (1  mL)  was  collected  from  headspace  of
reactor  by  a  gastight  syringe  and  rapidly  injected  into  the  gas
sampling  loop  of  gas  chromatography  (GC)  to  quantify  the
amount of gas products (n in moles). A flame ionization detector
(FID) was used to identify CO and hydrocarbons with high-purity
argon (Ar) as carrier gas. The yield of gas products was calculated
from  the  standard  curves  using  different  amounts  of  highly-
purified gas mixture containing H2,  CO, CH4,  C2H2,  C2H4,  C2H6,
and  CO2 gases.  The  linear  relationship  between  the  known  gas
amounts and relative areas was made into a standard curve. 

2.5    Photothermal catalytic CO2 conversion tests
The  photothermal  CO2 conversion  tests  were  performed  in  a
photochemical  high-pressure  reactor  with  a  total  volume  of
100  mL  and  a  quartz  optical  window  (Shanghai  Yanzheng,
China).  10  mg  of  the  as-prepared  meso-Co3O4 or  Ag24Au/meso-
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Co3O4 was  placed  on  glass  microfiber  membrane  and  placed  in
the reactor. The autoclave reactor was pressurized with a mixture
of  CO2 and  H2 gases  (3:1  in  volume)  at  room  temperature.  The
reactor chamber was purged with this gas mixture several times to
eliminate  air,  and  then  the  pressure  of  reactor  was  increased  to
1.5  MPa  by  the  gas  mixture.  A  300-W  Xe  lamp  (VisREF  350–
780 nm) with a light intensity of 187 mW·cm−2 (without a cut-off
filter  and with  an  illumination  area  of  12.5  cm2)  was  used  as  the
light  source.  The  photothermal  CO2 conversion  was  performed
for 4 h at 240 or 350 °C. 

3    Results and discussion
 

3.1    Structural analyses
Meso-Co3O4 with an ordered nanostructure and high surface area
was fabricated with mesoporous silica (SBA-15) as a hard template
by  using  a  nanocasting  method,  which  was  modified  from  a
previous study [23], as detailed in the Experimental Section.

The  morphological  structures  of  meso-Co3O4 were
characterized  by  scanning  electron  microscopy  (SEM)  and
transmission  electron  microscopy  (TEM),  as  shown  in Figs.  1(a)
and 1(b).  The  meso-Co3O4 has  a  rod-like  morphology  replicated
from  SBA-15,  indicating  its  good  morphology  replication  of  the
hard  template.  The  nanorods  were  packed  in  a  fairly  ordered
manner that closely resembled a two-dimensional (2D)-hexagonal
structure. The XRD pattern of the as-prepared material (Fig. 1(c))
confirms  the  formation  of  Co3O4 (PDF  entry  78-1970).  The
HRTEM image (Fig. 1(d))  clearly  reveals  the crystalline nature of
the meso-Co3O4 with a lattice spacing of 0.467 nm, which can be
well  indexed  to  the  (111)  planes  of  Co3O4,  revealing  the
nanoporous  structure  of  meso-Co3O4 comprised  of  a  three-
dimentional (3D) framework of Co3O4 nanocrystals.

To  further  improve  the  productivity  and  selectivity  of
photothermal  catalytical  CO2 hydrogenation  towards  the  desired
product  CH4,  the  surface  modification  of  meso-Co3O4 by  well-
defined Ag24Au clusters was applied. As mentioned above, Ag24Au
clusters  (Fig. 2(a)),  with  unique  electronic  structure  and  catalytic
properties,  are  expected  to  play  an  important  role  in  the  CO2
hydrogenation  reaction.  The  Ag24Au  clusters  permit  a  precise
correlation of structures with catalytic properties and allow for the
identification  of  catalytically  active  sites  on  the  clusters.  Contrary
to  bulk  catalysts  of  which  not  all  atoms  are  reactive,  catalytic

reactions can occur on the surface atoms of  Ag24Au cluster,  with
the  core  atoms  often  directly  involved  in  the  reaction  processes
[24].  These  properties  guarantee  that  the  Ag24Au  clusters  can  be
utilized to improve the catalytic activity and tuning the selectivity
of  photothermal  catalytic  products  over  meso-Co3O4 in  the  CO2
hydrogenation reaction.

The Ag24Au clusters with well-ordered molecular structure and
strong  quantum  confinement  effects  were  synthesized  via  a
galvanic  exchange strategy.  The UV–vis  spectrum of  as-prepared
Ag24Au  clusters  is  shown  in Fig. 2(b).  There  are  two  dominant
absorption peaks at approximately 460 and 610 nm, which are due
to  the  LSPR  effect  and  molecule-like  properties.  The  broad
absorption characteristics of the Ag24Au clusters indicate the good
capability  for  fully  utilizing  the  injected  light  from  ultraviolet  to
visible-light  region.  The  photoelectron  properties  of  Ag24Au
clusters were investigated by steady-state photoluminescence (PL)
and time-resolved transient PL decay spectra. The steady-state PL
spectrum  was  investigated  with  an  excitation  wavelength  of
450 nm, as shown in Fig. 2(c). Two PL emission peaks emerge at
around  856  and  938  nm,  respectively,  attributing  to  the
stabilization  of  the  charges  in  the  lowest  unoccupied  molecular
orbital  (LUMO)  of  alloy  cluster  and  the  electron  affinity  of  the
core  atom.  The  time-resolved  transient  PL  analysis  of  Ag24Au
clusters  at  450  nm  (Fig. 2(d))  provides  an  average  fluorescence
lifetime  of  9.438  ns.  The  as-measured  PL  decay  time  of  Ag24Au
clusters is longer than those of the transient metal nanocomposites
or transition metal dichalcogenides reported in the Refs.  [25–27].
The longer PL lifetime of Ag24Au clusters indicates the slowing of
carrier  recombination  at  a  nanosecond-time  scale,  thereby
exhibiting  a  reduction  of  PL  decay  rate  and  a  decrease  in
nonradiative recombination.

The morphology of  Ag24Au/meso-Co3O4 does not change and
has a structure similar to that of pristine meso-Co3O4, as shown in
Fig. 3(a).  The  surface  distribution  of  Ag24Au  clusters  on  meso-
Co3O4 was  analyzed  by  HRTEM  (Fig. 3(b)),  confirming  that  the
Ag24Au clusters  with uniform size  (2.469 ± 0.168 nm) are evenly
dispersed  on  meso-Co3O4.  The  pristine  meso-Co3O4 exhibits  a
mesoporous  structure,  as  confirmed  by  the  N2
absorption–desorption  analysis  in Fig. 3(c).  The  specific  surface
area  of  meso-Co3O4 is  measured  to  be  reasonably  high  with  a
value of 99 m2·g−1,  and the pore size distribution is determined to
be  3−5  nm.  Similarly,  the  specific  surface  area  of  Ag24Au/meso-
Co3O4 is  measured to  be  94 m2·g−1 (Fig. 3(c)),  comparable  to  that
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Figure 1    Structural characterizations of meso-Co3O4. (a) SEM image, (b) TEM image, (c) XRD pattern, and (d) HRTEM image of meso-Co3O4, respectively.
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of pristine meso-Co3O4.  The chemical states and atomic contents
of  pristine  meso-Co3O4 and  Ag24Au/meso-Co3O4 were  further
examined  by  X-ray  photoelectron  spectroscopy  (XPS).  The  fine-
scanned Co 2p XPS spectrum of pristine meso-Co3O4 is shown in
Fig. 3(d), in which the peaks of Co 2p3/2 and Co 2p1/2 are located at
approximately  780  and 796  eV,  respectively.  After  the  loading  of
Ag24Au clusters, the high-resolution XPS spectra at Ag 3d and Au
4f  regions  of  Ag24Au/meso-Co3O4 (Figs.  3(e) and 3(f))  display

clearly  identified  characteristic  peaks  Ag  and  Au  species,  further
verifying the successful decoration of Ag24Au clusters [28]. 

3.2    Photothermal catalytic performances
The photothermal catalytic performances of pristine meso-Co3O4
and  Ag24Au/meso-Co3O4 for  CO2 hydrogenation  were
investigated  at  different  temperatures,  respectively.  The
photothermal  reactions  were  conducted  in  a  stainless-steel

 

(a)

(c)

(b)

(d)

Figure 2    Structural features and optical properties of Ag24Au clusters. (a) Schematic model, (b) UV–vis spectrum, (c) steady-state PL spectrum, and (d) time-resolved
transient PL decay spectrum of Ag24Au clusters.
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Relative pressure, P/P0

Meso-Co3O4
Meso-Co3O4

Meso-Co3O4
Meso-Co3O4

Figure 3    Morphological and compositional characterizations. (a) TEM and (b) HRTEM image of Ag24Au/meso-Co3O4. The insert in (b) shows the size distribution
of Ag24Au clusters. (c) Nitrogen adsorption–desorption isotherms of meso-Co3O4 and Ag24Au/meso-Co3O4, respectively. High-resolution XPS spectra at (d) Co 2p, (e)
Ag 3d, and (f) Au 4f regions of meso-Co3O4 and Ag24Au/meso-Co3O4, respectively.
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autoclave  with a  quartz  optical  window of  4  cm diameter,  which
allowed  the  light  illumination  from  a  300  W  Xe  lamp  to
participate  in  the  CO2 hydrogenation  reaction.  The  volume ratio
of H2 to CO2 was maintained at 3:1 throughout the reaction, and
the reaction pressure was set at 1.5 MPa.

⇋

In  the  case  of  photothermal  CO2 hydrogenation  promoted  by
meso-Co3O4 at 240 °C, only two C1 products, CO and CH4, were
detected  (Fig. 4(a)),  without  any  other  detectable  carbonous
products.  When  reacted  at  240  °C  under  light  illumination,  the
yield rates of CO and CH4 over pristine meso-Co3O4 are measured
to  be  14  and  10  mmol·g−1·h−1,  respectively  (Fig. 4(a)).  At  this
condition,  CO  is  the  major  product  with  a  selectivity  of  ~  58%.
Upon  raising  the  temperature  to  300  °C,  the  CO  yield  rate
increases  to  25 mmol·g−1·h−1 with a  selectivity  of  ~ 76% under Xe
lamp  illumination  (Fig. 4(a)).  However,  the  productivity  of  CH4
decreases  from  10  at  240  °C  to  8  mmol·g−1·h−1 at  300  °C.  The
preferential  production  of  CO  shall  be  attributed  to  the  more
energy-favorable  thermodynamics  of  the  reverse  water–gas  shift
reaction  (RWGS:  CO2 +  H2  CO  +  H2O)  over  the  Sabatier
reaction  (CO2 +  4H2 →  CH4 +  2H2O)  at  200  °C  [12].  As  the
RWGS  reaction  is  endothermic,  the  reaction  condition  is
conducive to CO generation at the reaction temperature of 300 °C.
This result means that the two-electron reduction of CO2 is more
favorable  that  multi-electron  reduction  at  300  °C,  bringing  forth
the high production and selectivity of CO.

After  increasing  the  reaction  temperature  to  350  °C,  the  CO
and  CH4 yield  rates  of  pristine  meso-Co3O4 under  light
illumination  further  increase  to  85  and  66  mmol·g−1·h−1,
respectively  (Fig. 4(a)).  Notably,  the  production  of  both  CO  and
CH4 is significantly enhanced. Even though the RWGS reaction is
favored  at  relatively  low  temperatures  (200−300  °C)  that  can
promote  high  CO  selectivity,  its  reaction  rate  is  too  slow  at  low
temperatures  due  to  the  kinetic  limitations  [29].  When  the
reaction  temperature  is  raised  to  350  °C,  a  much  higher  CO
productivity  is  obtained,  which  can  be  explained  by  the
endothermic and exothermic natures of CO2-to-CO and CO2-to-
CH4 reactions  shifted  the  equilibrium  towards  the  reactant  side.
Moreover, at high temperatures, the Sabatier reaction is favored at
elevated pressures, according to the Le Chatelier’s principle [30].

The catalytic properties of meso-Co3O4 for CO2 hydrogenation
in dark were also investigated (Fig. 4(a)). The productivities of C1
products decrease considerably in dark compared to those under

light  illumination.  In  particular,  the  CH4 yield  rate  decreases
nearly 10-fold, and the CH4 selectivity also significantly decreases.
The main reason for the great catalytic performance enhancement
upon  light  irradiation  should  be  ascribed  to  the  absorption  of
photons with an energy value larger than the band gap of Co3O4
under  light  illumination,  and  the  photogenerated  electrons  and
holes  will  eject  from  the  nanoparticles  to  the  surroundings  and
then  participate  in  the  CO2 conversion  reactions  leading  to  the
generation of more C1 products.

The  photothermal  catalytic  performance  of  Ag24Au/meso-
Co3O4 was  studied  and  compared  under  the  same  conditions
(Fig. 4(b)).  The  CO  and  CH4 yield  rates  promoted  by
Ag24Au/meso-Co3O4 under  Xe  lamp  illumination  at  240  °C  are
measured to be 15 and 23 mmol·g−1·h−1,  respectively.  Notably,  the
selectivity  of  CH4 (61%)  is  obviously  higher  than  that  of  CO
(39%), which is also much superior to that of pristine meso-Co3O4
at  the  same  condition  (42%).  By  increasing  the  temperature  to
300  °C,  the  yield  rate  of  CO  and  CH4 increases  to  31  and
103  mmol·g−1·h−1,  respectively.  The  yield  ratio  of  CH4 on
Ag24Au/meso-Co3O4 is about 13 times higher than that on pristine
meso-Co3O4.  Importantly,  the  selectivity  of  CH4 is  further
enhanced to 77%, which is opposite to the result of pristine meso-
Co3O4 catalyst,  which  shows  the  preferential  selectivity  towards
CO product (76%).

Upon raising  the  reaction  temperature  to  350  °C,  the  catalytic
activity of Ag24Au/meso-Co3O4 under light illumination is further
significantly  enhanced.  The  CH4 yield  rate  further  increases  to
204  mmol·g−1·h−1 with  a  high  selectivity  of  82%  (Fig. 4(b)).  The
CH4 yield  rate  of  Ag24Au/meso-Co3O4 is  >  3  times  higher  than
that  of  pristine  meso-Co3O4 under  the  same  condition.  In
contrast,  the  productivity  of  CO  greatly  decreasea  under
this  reaction  condition,  showing  a  CO  yield  rate  of  only
47  mmol·g−1·h−1,  much  low  than  that  of  pristine  meso-Co3O4
(85 mmol·g−1·h−1). Furthermore, the greatly increased selectivity of
CH4 product  over  Ag24Au/meso-Co3O4 means  that  the
photothermal reduction of CO2 is apt to undergo a multi-electron
reduction  process.  The  photothermal  catalytic  performance  of
Ag24Au/meso-Co3O4 is greatly enhanced compared to the pristine
meso-Co3O4 catalyst  without  Ag24Au  cluster  decoration,  which
shall  be  attributed  to  the  strong  LSPR  effect  and  the  promoted
charge  separation  induced  by  Ag24Au  cluster  decoration,  thus
conducive  to  the  activation and multi-electron reduction of  inert
CO2 molecules.
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Figure 4    Photothermal CO2 hydrogenation measurements.  Photothermal catalytic  performances and CH4 selectivity of  ((a)  and (b))  pristine meso-Co3O4 and ((c)
and (d)) Ag24Au/meso-Co3O4 at different temperatures with or without light illumination, respectively.
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For  better  comparison,  Ag  nanoparticles  (3.5–5  nm)  with
similar  size  of  Ag24Au  clusters  were  decorated  on  meso-Co3O4
(Ag/meso-Co3O4)  as  a  control  sample  for  the  comparative
experiments  of  CO2 hydrogenation  under  the  same  reaction
conditions  as  Ag24Au/meso-Co3O4.  As  shown  in Fig. S2(b)  in
the  ESM,  the  productivities  of  CO  and  CH4 are  60  and
129  mmol·g−1·h−1,  respectively,  which  are  lower  than  those  of
Ag24Au/meso-Co3O4,  and the  CH4 selectivity  is  also  decreased  to
68%.  The  lower  photocatalytic  activity  and  CH4 selectivity  of
Ag/meso-Co3O4 could be ascribed to the weaker LSPR effect of Ag
nanoparticles, which leads to inferior hot electron generation and
light utilization (Fig. S2(c) in the ESM).

The  catalytic  performance  of  Ag24Au/meso-Co3O4 for  CO2
hydrogenation  under  dark  condition  at  350  °C  was  also
investigated  (Fig. 4(b)).  The  catalytic  activity  of  Ag24Au/meso-
Co3O4 in  dark  exhibits  a  substantial  shift  for  C1 products
compared  to  that  under  light  illumination.  The  CO  yield
rate  slightly  increases  from  47  (under  light  irradiation)  to
64  mmol·g−1·h−1 (in  dark).  However,  the  CH4 yield  rate  greatly
decreases  from  204  (under  light  illumination)  to  60  mmol·g−1·h−1

(in  dark).  Accordingly,  the  CH4 selectivity  obviously  decreases
from  82%  (under  light  illumination)  to  48%  (in  dark).  The
increased  productivity  for  two-electron  reduction  product  (CO)
and  the  decreased  productivity  for  multi-electron  reduction
product (CH4) in dark shall be ascribed to the suppressed further
activation  of  CO  intermediate  without  the  assistance  of
photogenerated electron–hole pairs and light-induced LSPR effect.
The  photocatalytic  performance  stability  of  Ag24Au/meso-Co3O4
was  also  investigated  (Fig. S3  in  the  ESM).  The  cycled
photocatalytic tests showed that the catalytic activity and product
selectivity  of  Ag24Au/meso-Co3O4 were  stable  at  350  °C  under
light  illumination.  The  particle  size  of  Ag24Au  did  not  change
during  the  reaction,  indicating  the  good  structural  and  chemical
stability. 

3.3    Catalytic mechanism
To determine the CO2 adsorption capability and binding strength,
CO2 temperature-programmed  desorption  (CO2-TPD)  analyses
were  carried  out  for  meso-Co3O4 and  Ag24Au/meso-Co3O4
(Fig. 5(a)).

The chemical desorption temperature of meso-Co3O4 (313 °C)
is lower than the desorption temperature of Ag24Au/meso-Co3O4
(325  °C),  which  is  consistent  with  the  CO2 adsorption  capacity.
The  enhanced  peaks  of  Ag24Au/meso-Co3O4 at  higher
temperature  suggest  that  the  introduction  of  metal  clusters  can
significantly promote the CO2 chemisorption ability [31, 32].  The
peak at around 206 °C, which is observed only for the sample with
Ag24Au  cluster  decoration,  can  be  assigned  to  the  desorption  of
CO2 from weak basic sites that are favorable for methanation [33].
Therefore,  according  to  the  above  results  and  discussion,  we
speculate  that  CO2 molecules  can  achieve  a  vigorous  adsorption
and  activation  process  over  Ag24Au/meso-Co3O4 due  to  the
introduction of Ag24Au clusters on the catalyst. Moreover, the hot
electrons  created  by  the  LSPR  effect  provide  sufficient  charge
transfer  for  the  subsequent  multi-electron  CO2 reduction
reactions.  Therefore,  the  presence  of  excellent  CO2 adsorption,
activation  and  charge  transfer  over  Ag24Au/meso-Co3O4 catalyst
contribute to the favorable selectivity of CH4 during photothermal
CO2 conversion.

To  further  understand  the  interaction  between  Ag24Au  and
meso-Co3O4, the photoelectron properties of Ag24Au/meso-Co3O4
were  also  investigated.  The  steady-state  PL  and  time-resolved
transient  PL  decay  spectra  of  Ag24Au/meso-Co3O4 at  an  exciton
wavelength of 450 nm are shown in Figs. 5(b) and 5(c). The steady-
state  PL  spectra  of  Ag24Au/meso-Co3O4 are  similar  to  that  of
Ag24Au clusters, as shown in Fig. 5(b). However, the time-resolved
transient PL analysis  demonstrates a totally different fluorescence
lifetime of  Ag24Au/meso-Co3O4,  which shows an average lifetime
of  21.595  ns.  This  fluorescence  lifetime  is  greatly  enhanced
compared to the short lifetime of Ag24Au clusters (only 9.483 ns).
The  long  fluorescence  lifetime  of  Ag24Au/meso-Co3O4 shall  be
ascribed to the transfer of hot electrons generated from the LSPR
effect  of  Ag24Au  clusters  to  meso-Co3O4.  The  slowing  of  the
carrier  recombination  of  Ag24Au/meso-Co3O4 leads  to  the
preferential occurrence of multi-electron CO2 reduction processes
and results in a significant increase in the activity and selectivity of
CH4 product.

Additionally,  the  dissociation  of  H2 to  adsorbed  -H  can  be
accelerated  on  the  surface  of  Ag24Au  clusters,  which  plays  an
important  role  in  the  CO2 hydrogenation  reaction  (Fig. 5(d)).
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Figure 5    (a) CO2-TPD spectra of meso-Co3O4 and Ag24Au/meso-Co3O4. (b) Steady-state PL spectra and (c) time-resolved transient PL decay spectra of Ag24Au/meso-
Co3O4 at 450 nm. (d) Schematic mechanism of H2 dissociation over Ag24Au.
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Theoretical  studies  have  suggested  that  silver  and  gold  atoms  at
the  corner  or  edge  positions  can  readily  activate  molecular
hydrogen.  In  the  case  of  Ag24Au  clusters,  the  surface  Ag  or  Au
atoms with a low coordination character (coordination number N
= 3, cf. N = 12 in bulk metal) can provide a favorable environment
for  the  adsorption  and  dissociation  of  H2 [31, 32].  The  hot
electrons  produced  in  the  Ag24Au clusters  by  plasmon excitation
are  transferred  to  the  antibonding  state  of  the  adsorbed  H2 and
then  trigger  H2 dissociation,  thus  affecting  the  reduction  process
and  resulting  in  the  photocatalytic  formation  of  metal-H.  It  is
known  that  metal  hydrides  can  successively  reduce  CO2 to
formate  and  formaldehyde  on  the  way  toward  CH4 [34].
Meanwhile,  CO2 molecules  can  be  absorbed  on  the  Co3O4
substrate  and at  the  interface  between Ag24Au and Co3O4,  which
can  facilitate  both  the  CO2 adsorption  and  activation,
hence  lowering  the  reaction  energy  barrier  and  boosting  the
CO2 hydrogenation  performance  with  the  dissociated
hydrogen [35–37]. 

4    Conclusions
In  summary,  we  propose  the  design  and preparation  of  Ag24Au-
cluster  decorated  meso-Co3O4 as  a  highly  efficient  and  selective
photothermal  catalyst  for  the  CO2 hydrogenation  reaction.  The
productivity  and selectivity  of  C1 products  are  largely  affected  by
the  photothermal  conditions  due  to  the  reverse  water-gas  shift
(RWGS)  and  Sabatier  processes  (endothermic  and  exothermic
reactions).  With  the  decoration  of  Ag24Au-clusters,  the  yield  rate
and  selectivity  of  CH4 as  a  high  value-added  product  are
significantly promoted. A mechanism study with the aid of time-
resolved  transient  PL  spectroscopy  and  CO2-TPD  analysis
indicates  that  the  fluorescence  lifetime  of  Ag24Au/meso-Co3O4
catalyst  is  greatly  enhanced,  which  can  benefit  the  multielectron
reaction.  Moreover,  the  superior  chemisorption  ability  and
bonding  strength  of  CO2 molecules  over  Ag24Au/meso-Co3O4
facilitate the production of CH4 as a deep reduction product. This
work  suggests  a  feasible  route  for  designing  metal  cluster
decorated  transition  metal  compound  nanostructures  as  highly
efficient  and  selective  catalysts  for  photothermal  CO2
hydrogenation. 
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