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Abstract    Reverse  water-gas  shift  reaction  represents  a
strategic pathway for CO2 utilization. Despite its potential,
reverse  water-gas  shift  reaction  via  conventional  thermal-
catalysis  faces  several  challenges,  including  low
equilibrium  conversion  rates  due  to  thermodynamic
constraints,  high  energy  consumption,  and  insufficient
product  selectivity.  Here,  this  study  demonstrates  an
evident synergetic effect between plasma and Ag/ZnO, on
enhancing  reverse  water-gas  shift  reaction.  The  plasma
catalytic  system  achieved  significantly  improved
performance  with  a  remarkable  CO2  conversion  rate  of
76.5%, a high CO selectivity of 96.8%, and a CO yield of
74.1%,  along  with  an  energy  efficiency  as  high  as  0.19
mmol·kJ–1,  surpassing  the  plasma  alone  system  and  ZnO
catalytic  systems.  Results  from  X-ray  photoelectron
spectroscopy and Auger electron spectroscopy confirm the
presence  of  electronic  metal-support  interactions  between
Ag  and  ZnO,  which  facilitates  the  formation  of  electron-
deficient  Ag  sites  and  partially  reduced  ZnOx  species.
These  reactive  sites,  along with  oxygen vacancies  created
during  reduction  treatment,  enhance  the  adsorption  and
activation  of  H2  and  CO2,  offering  a  dominant  plasma-
assisted surface reaction pathway for the improved reverse
water-gas  shift  reaction.  These  findings  underscore  the
crucial  role  of  electronic  metal-support  interactions  in
manipulating  surface  environments  to  facilitate  efficient
plasma-assisted  catalytic  reactions,  with  significant
implications for the rational design of catalysts capable of
converting CO2 efficiently under mild conditions.
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1    Introduction

In  recent  years,  the  continuous  increase  in  CO2
concentration  has  led  to  an  increasingly  severe
greenhouse  effect  and  extreme  climate  problems  [1].  To
mitigate  these  environmental  challenges,  it  is  imperative
to  develop  effective  strategies  for  reducing  atmospheric
CO2  levels.  Researchers  have  focused  on  innovative
strategies  for  CO2  management  [2].  Specifically,
capturing  CO2  and  subsequently  converting  it  into  high-
value-added fuels and chemicals has been acknowledged
as the promising solutions [3,4].
One  of  the  attractive  methods  is  the  hydrogenation  of

CO2  to  CO,  also  known  as  the  reverse  water  gas  shift
reaction  (RWGS,  Eq.  (1)).  This  process  can  serve  as  an
intermediate  step  or/and  provide  CO  precursor  in  the
further synthesis of more complex hydrocarbon fuels and
platform  chemical  through  Fischer-Tropsch  synthesis  or
other  process  [5,6].  However,  given  the  inert  nature  of
CO2  and  the  thermodynamic  equilibrium  constraints  of
RWGS, hydrogenation of  CO2  to  CO through traditional
thermal  conversion  methods  necessitates  high  tempera-
tures  and  the  utilization  of  effective  catalysts  to  achieve
an  optimal  balance  between  CO2  conversion  and  CO
selectivity. The inefficiency of heat utilization in conven-
tional  reactors  further  exacerbates  the  energy-intensive
nature  of  the  RWGS  process,  as  only  a  portion  of  the
applied  thermal  energy  is  effectively  utilized  for  CO2
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activation  [7].  Additionally,  the  elevated  temperatures
required  for  the  reaction  negatively  impact  the  perfor-
mance  of  metal-based  catalysts,  particularly  non-noble
metal  catalysts,  often  leading  to  sintering  or  phase
segregation [8]. While numerous efforts have been made
to  optimize  the  RWGS process  at  lower  temperatures  to
address  these  challenges,  low-temperature  conditions
favor  undesired  competitive  reactions  such  as  CO2  and
CO  methanation  [9].  These  competing  processes  reduce
CO selectivity and increase costs associated with product
separation.  Given  these  limitations,  the  advancement  of
novel  catalytic  conversion  technologies  and  the
development  of  high-efficiency  synergistic  catalysts  are
essential  for  addressing  the  energy  consumption,
efficiency,  and  selectivity  challenges  inherent  to  RWGS
reactions.
 

CO2+H2 = CO+H2O

∆H = 41.17 kJ ·mol−1. (1)
Recently,  CO2  hydrogenation  driven  by  non-thermal

plasma  (NTP)  has  garnered  increasing  attention  as  a
promising  alternative  to  highly  energy-intensive
thermocatalytic  pathways  [10,11].  Owing  to  its  non-
equilibrium  properties,  energetic  electrons  with  a  mean
energy ranging from 1 to 10 eV can be generated during
the NTP process, efficiently activating the reactant gases
(i.e., CO2 and H2) into reactive species (i.e., free radicals,
ions,  excited  atoms,  and  molecules)  [4,12,13],  while
maintaining a relatively low temperature across bulk gas
and entire reactor. This capability enables the initiation of
thermodynamically  unfavorable  RWGS  reactions  under
near-ambient  conditions,  thereby  significantly  reducing
capital  costs  associated  with  the  demand  for  high
temperature-pressure  apparatus  and  operational  sites.
Additionally,  compared  with  the  long-term  stability
requirements  of  thermocatalytic  processes  for  energy
supply,  the  ability  to  rapidly  ignite  reactions  enables
instant start-stop control of the NTP process, offering the
flexibility  to  integrate  with  intermittent  and  fluctuating
renewable energy sources [14].
However, when the NTP process is used in isolation for

CO2  hydrogenation,  the  conversion  of  CO2  and  energy
efficiency are constrained [15]. The integration of plasma
technology  with  heterogeneous  catalysis,  also  known  as
plasma  catalysis  [16],  has  emerged  as  a  promising
strategy to address these challenges. For example, Liu et
al.  [17]  reported  an  enhanced  effect  of  plasma  on  the
RWGS  reaction  over  Ni-based  perovskite  catalysts.  The
formation  of  uniform  Ni-Fe  alloy  and  oxygen  vacancies
(Ov)  over  the  La0.9Sr0.1Ni0.5Fe0.5O3+δ  catalyst  facilitates
the  dissociation  of  CO2  and  H2,  resulting  in  a  high  CO2
conversion rate of 60% but with moderate CO selectivity
(90%).  Sun  et  al.  [18]  achieved  an  increase  in  CO2
conversion  from  21.3%  to  36.7%  over  Pd/ZnO  under
plasma  conditions,  with  96.6%  CO  selectivity  and  an
energy  efficiency  of  0.13  mmol·kJ–1.  The  improved

performance  is  attributed  to  the  hydrogenation  of  adsor-
bed surface CO2 on Pd/ZnO, which is more effective than
gas-phase  plasma  reaction  routes  [19].  These  studies
highlight  the  importance  of  suitable  catalysts  in  steering
the  evolution  of  plasma-activated  species  and  providing
efficient  surface  reaction  pathways.  Despite  these
advancements,  designing  new  plasma-catalyst  combina-
tions  that  minimize  side  reactions  while  balancing  CO2
conversion  with  energy  efficiency  remains  a  formidable
challenge worthy of further investigation.
Ag-based  materials  have  emerged  as  promising

selective  hydrogenation  catalysts  for  the  preliminary
hydrogenation  of  C–O/C=O  bonds  (e.g.,  regioselective
hydrogenation  of  diethyl  oxalate  into  methyl  glycolate)
[20].  Furthermore,  Ag  stands  out  as  one  of  the  few
monometallic  electrocatalysts  capable  of  achieving  CO
selectivity  approaching  100%  in  electrocatalytic  CO2
reduction, owing to its weak CO binding affinity [21].  It
is noteworthy that Ag also functions as a key promoter in
multimetallic  catalysts,  enabling  enhanced  catalytic
activity  through  modulation  of  the  electronic  structure
and  optimization  of  the  dispersion  of  active  sites.  For
example,  Mori  et  al.  [22]  developed  a  TiO2-supported
PdAg  catalyst  featuring  isolated,  electron-enriched  Pd
atoms  by  alloying  with  Ag,  significantly  enhancing  the
hydrogenation  of  CO2  into  formic  acid.  However,
monometallic Ag has received less attention as a primary
catalytic  active  phase  for  CO2  hydrogenation  because  of
its limited capacity for hydrogen dissociation, which was
attributed  to  its  completely  filled  d-band  structure  [23].
Recent  computational  and  experimental  studies  have
demonstrated that the activation of H2 can be significantly
enhanced  on  supported  Ag  due  to  the  formation  of
various  Ag-O  interactions  [24].  These  interactions
modulate  the  electronic  and  interfacial  properties  of  Ag,
resulting  in  an  increased  affinity  for  hydrogen.  For
instance, Sun et al. [25] studied the hydrogenation of CO2
to  methanol  using  Ag/In2O3  catalysts,  achieving  100%
methanol selectivity. The excellent catalytic performance
can be attributed to the strong interaction between Ag and
the  support  In2O3.  This  interaction  places  Ag  in  a
positively  charged  state  and  increases  the  availability  of
interfacial  Ov  sites,  both  of  which  collectively  enhance
the  activation  of  H2  and  CO2  [26,27].  The  short  review
above on the relevant state-of-the-arts suggests Ag-based
catalysts  are  promising in  promoting CO2 hydrogenation
reactions  due  to  the  relatively  low  cost,  stable  chemical
state,  and  the  flexibility  in  tuning  their  electronic  and
interfacial properties, which can be optimized through the
selection of appropriate supports [3].
In  this  paper,  we  investigate  the  catalytic  behavior  of

Ag  supported  on  ZnO  catalyst  (Ag/ZnO)  for  plasma-
assisted RWGS reaction within a tabular dielectric barrier
discharge  (DBD)  reactor.  ZnO  was  chosen  as  a  support
due to its reducibility and abundance of basic sites, which
not only enables the modulation and stabilization of Ag’s
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electronic properties but also offers distinct benefits in the
adsorption  and  activation  of  CO2.  The  Ag/ZnO  catalyst,
synthesized  via  a  co-precipitation  method,  exhibited
exceptional  performance  in  the  plasma-assisted  RWGS
reaction. It achieved a CO2 conversion rate of 76.5% and
a  CO  selectivity  of  96.8%,  in  addition  to  an  energy
efficiency  of  0.19  mmol·kJ–1.  Comparative  experiments
and  a  variety  of  characterization  techniques  were
employed to gain insight into the relationship between the
electronic metal-support interaction (EMSI) over Ag/ZnO
and its pronounced synergistic effect with plasma on CO2
hydrogenation. 

2    Experimental
 

2.1    Preparation of catalysts

Ag/ZnO catalysts with different Ag contents (2, 5, 10, 15,
and  20  wt  %)  were  prepared  by  the  co-precipitation
method.  To  prepare  5%  Ag/ZnO,  AgNO3  (0.54  g,
99.0  wt %  Ag,  Aladdin)  and  Zn(NO3)2·6H2O  (14.6  g,
Aladdin)  were  dissolved  in  ultrapure  water  (80  mL)  to
form the precursor solution. Subsequently,  this precursor
solution  was  added  simultaneously  with  a  mixture
of  precipitators  Na2CO3  (0.25  mol·L–1)  and  NaOH
(0.25  mol·L–1)  into  a  beaker  containing  100  mL  of
ultrapure  water.  The  beaker  was  placed  in  a  60  °C
constant  temperature  water  bath  under  vigorous  stirring,
and  the  pH  of  the  reaction  was  adjusted  using  the
precipitants  to  maintain  the  pH of  the  precursor  solution
at 9.0–9.5. The resulting solution was continuously stirred
in  a  60  °C  constant  temperature  water  bath  for  4  h  and
separated  by  centrifugation.  The  obtained  samples  were
dried in an oven at 90 °C for 10 h and then calcined in a
muffle furnace at 370 °C for 4.5 h. Ag/ZnO catalysts with
different  Ag  contents  (2,  10,  15,  and  20  wt  %)  were
synthesized using the same procedure, and ZnO was also
prepared  in  the  same  manner  without  adding  AgNO3  to
the  precursor  solution.  Ag-based  catalysts  supported  on
various  materials  (CeO2,  SiO2,  and  γ-Al2O3)  were
synthesized  using  the  immersion  method.  Specifically,
3.2 g of CeO2,  7.5 g of SiO2,  and 4.4 g of γ-Al2O3 were
separately placed in containers. Equal volumes of AgNO3
precursor  solutions  were  added  to  each  carrier.  The
mixtures were then stirred thoroughly and left to stand at
room  temperature  for  24  h.  Subsequently,  the  samples
were dried at 90 °C in an oven for 10 h and subsequently
calcined  for  further  use.  Before  catalytic  testing  at  NTP,
the obtained catalyst samples were thoroughly ground and
placed  in  a  tubular  furnace  under  H2/Ar  (H2/Ar  =  1:9,
20 mL·min–1) mixed atmosphere at 370 °C for reduction
for 4 h. The Ag/ZnO and ZnO were then pressed into thin
wafers (2 mm × 2 mm, thickness ~0.4 mm) and sieved to
20–40 mesh. 

2.2    Characterization methods

Field  emission  scanning  electron  microscopy  (SEM,
JEOL,  Japan)  meticulously  characterizes  the  surface
morphology of solid samples. X-ray diffraction (XRD) is
performed  by  a  Bruker  X-ray  diffractometer  (D8
Advance)  using  a  Cu  Kα  radiation  source  with  the  tube
voltage and current being 40 kV and 40 mA, respectively,
alongside  a  wavelength  of  0.15418  nm.  The  diffraction
patterns were recorded using a step size of 0.02° in a 2θ
range  of  10°–90°.  Images  of  transmission  electron
microscope  (TEM)  and  a  high-resolution  TEM  (HR-
TEM)  are  shot  on  a  Talos  F200C  with  a  CCD  camera
from  FEI.  Laboratory6,  which  was  used  as  the  filament,
and  the  accelerating  voltage  constant  of  200  kV.  The
model  of  laser  Raman  spectrometer  used  in  this
experiment  is  HORIBA  LabRAM  HR  Evolution,  which
adopts a 532 nm laser light source, experimental power of
50 mW, 1800 gr·mm–1 grating, and a 50 times Leica long
focal  length  objective  lens.  The  scanning  range  is
200–900  cm–1,  and  the  test  intensity  is  10%.  X-ray
photoelectron  spectroscopy  (XPS)  is  performed  on  a
Thermo Scientific Kα XPS system. The excitation source
is  Al  Kα  rays  with  the  energy of  1486.6  eV,  using C 1s
peak at 284.8 eV to reference the binding energies. Auger
electron spectroscopy (AES) is performed on ESCALAB
250xi XPS system. Test conditions: vacuum degree of 1 ×
10−8,  non-monochromatic  Al  Kα  (photon  energy  of
1486.6  eV)  anode  target;  scanning  range  of  binding
energy  (BE)  of  0~1000  eV,  pass  energy  of  40  eV,  and
scanning  step  length  of  0.1  eV·step–1.  Pore  size  data  of
catalysts  were  calculated  by  the  Barret-Joyner-Halenda
method.  These  data  are  obtained  by  N2  isotherm
adsorption and desorption test on an ASAP2460 physical
adsorption  instrument  made  by  Micromeritics.  The
sample is degassed under vacuum at 300 °C for 4 h, and
the relative pressure range of P/P0 = 0–1.0 during the test.
The  adsorption  and  activation  of  H2-temperature
programmed  desorption  (H2-TPD)  and  CO2-TPD  on
different  surfaces  (ZnO  or  Ag/ZnO)  are  studied  on
Micromeritics  Autochem  II  2920  chemisorption  instru-
ment.  In  a  typical  TPD  analysis,  the  reactants  (H2  and
CO2) are adsorbed on the surface (ZnO or Ag/ZnO), and
the  desorption  process  is  carried  out  by  increasing  the
temperature  in  the  absence  of  plasma.  The  Ov  of  the
catalyst is further measured by Bruker electron paramag-
netic  resonance  (EPR)  spectrometer  EMX  plus-6/1,  and
O2  is  first  pre-adsorbed  at  room  temperature,  and  then
detected at a liquid nitrogen temperature of 77 K. 

2.3    Experimental setup and plasma-catalytic tests

The  NTP catalytic  CO2  hydrogenation  is  performed in  a
DBD reactor.  The  catalysts  are  placed  in  a  tube  furnace
and reduced by H2/Ar mixed gas (H2/Ar = 1:9) at 370 °C
for  4  h  before  the  reaction.  We  measured  the  applied
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voltage  using  a  Tektronix  high-voltage  probe  (P6015A)
and  the  current  with  a  Tektronix  current  monitor
(TCP0030).  The  voltage  on  the  external  capacitor  was
sampled  using  a  Tektronix  P6139B  probe.  All  of  the
electrical  signals  were  recorded  using  an  oscilloscope
(Tektronix  DPO  3034).  The  plasma  power  was
determined using the typical Lissajous figure approach.
During  the  specific  experiment,  0.16  g  of  catalysts

(with an average particle  size  of  20–40 mesh)  was filled
in the discharge area,  with a length of about 40 mm and
first  purged  by  Ar  (20  mL·min–1)  for  15  min,  and  then
pre-treated  in  situ  by  gas  discharge  using  H2
(20 mL·min–1) for 30 min at the peak voltage of 15.8 kV
and frequency of 7.5 kHz. After the pretreatment, H2/CO2
mixed  gas  (H2/CO2 =  3:1,  20  mL·min–1)  as  the  reaction
gas, and the detailed process and principle of the reaction
through DBD plasma co-catalyst  discharge are  shown in
Fig.  S1  (cf.  Electronic  Supplementary  Material,  ESM).
During  the  experiment,  the  plasma  reaction  was
maintained  at  a  constant  temperature  of  25  °C  and
ambient  pressure,  and  periodic  sampling  of  the  reactor
was  performed  to  analyze  the  gas  composition  of  the
outlet  flow  using  an  online  gas  chromatograph
(SHIMADZU  GC2014C).  After  the  gas  outflow,  the
liquid phase product is condensed by the cold trap device
(before gas  chromatography analysis),  and the gas  phase
product is fully entered into the gas chromatography. The
average velocity of the dry gas flow rate of the inlet and
outlet  stream  from  the  reactor  was  measured  by  a  soap
bubble flow meter.
The  definition  and  calculation  of  key  reaction

properties  such  as  CO2  conversion,  CO  selectivity,  and
yield  of  the  sample,  and  energy  consumption  of  the
product generation are determined by Eqs. (2–6). Carbon
balances  of  the  experiments  here  were  estimated  at
96%–99%.  In  the  reaction,  the  conversion  of  CO2  is
defined as:
 

XH2
(%) =

H2 converted (mol)
H2 input (mol)

×100. (2)

The conversion of H2 is defined as:
 

XH2
(%) =

H2 converted (mol)
H2 input (mol)

×100. (3)

The selectivity of CO is calculated as:
 

S CO(%) =
CO produced (mol)

CO2 converted (mol)
×100. (4)

The CO yield is defined as:
 

YCO(%) = XCO2
×S CO×100. (5)

The  energy  efficiency  for  CO production  is  calculated
as:
 

EECO (mmol ·kJ−1) =
CO produced (mol · s−1)

Power (W)
. (6)

In  the  equation,  EECO  (mmol·kJ–1)  represents  the

energy  efficiency  of  CO  production,  and  the  discharge
power  was  calculated  using  the  Lissajous  curve  method
(Fig. S2, cf. ESM). The discharge power is 25.31 ± 0.2 W
under  the  optimal  catalytic  performance  at  an  applied
voltage of 28 kV in this work. 

3    Results and discussion
 

3.1    Characterization of the materials/catalysts

We conducted experiments for knowing the effect of Ag
loading  on  plasma-assisted  RWGS,  and  5  wt  %  Ag
loading  (5%  Ag/ZnO)  was  optimum  (to  be  discussed
later),  hence  the  relevant  comparative  study  and
characterization  were  conducted  using  5%  Ag/ZnO.
Figure 1(a) displays the XRD patterns of the as-prepared
(calcined)  and  reduced  Ag/ZnO  samples.  Both  exhibit
distinct  diffraction  peaks  corresponding  to  wurtzite  ZnO
(JCPDS  04-003-2106)  and  metallic  Ag  (JCPDS  01-071-
6549)  [28],  with  no  extraneous  peaks  present,  indicating
the  successful  fabrication  of  ZnO-supported  Ag.  The
formation  of  metallic  silver  results  from  the  decompo-
sition  of  Ag2O  precursor  (i.e.,  2Ag2O  →  4Ag  +  O2),
which  occurs  during  the  high-temperature  calcination
process  for  sample  fabrication.  Apart  from  a  minor
intensification  of  the  diffraction  peak  corresponding  to
metallic  Ag,  the  XRD  pattern  of  the  reduced  Ag/ZnO
showed no other notable differences compared to that  of
calcined Ag/ZnO. This indicates that the Ag2O underwent
further decomposition to produce Ag during the reduction
process,  with  the  ZnO  component  remaining  unaffected
and stable. The morphological characteristics of Ag/ZnO
were  examined  using  SEM (Fig.  S3,  cf.  ESM),  both  as-
prepared  and  reduced  Ag/ZnO  present  an  irregular
granular  morphology  with  a  non-uniform  particle  size
distribution,  and  it  demonstrates  a  highly  aggregated,
porous macroscopic surface structure.
The  specific  surface  area  and  pore  size  distribution

were  obtained  via  nitrogen  adsorption/desorption
isotherms (Fig.  S4 and Table S1,  cf.  ESM). The specific
surface  area  of  Ag/ZnO  after  thermal  reduction  were
measured  to  drop  slightly  (from  17  to  14  m·g–1),  likely
due to slight agglomeration of Ag/ZnO during the thermal
reduction. To gain additional insights into the changes in
physical  property of  materials  during catalyst  fabrication
processes,  the  as-prepared  ZnO,  Ag/ZnO,  and  reduced
ZnO  were  characterized  using  Raman  spectroscopy.  As
shown  in  Fig. 1(b),  both  as-prepared  ZnO  and  Ag/ZnO
exhibited  distinct  signatures  of  hexagonal  ZnO  (Fig.
1(b)),  evident from the characteristic phonon frequencies
observed  at  approximately  332,  380,  and  437  cm–1.
Additionally,  a  pronounced  shoulder  at  574  cm–1,
assigned  to  the  longitudinal  optical  phonon  mode  (i.e.,
E1(LO))  of  hexagonal  ZnO,  appears  on  the  Raman
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spectra of the reduced Ag/ZnO [29]. The E1(LO) phonon
mode is commonly associated with oxygen deficiency in
ZnO,  indicating  the  formation  of  Ov  on  Ag/ZnO
following hydrogen reduction treatment. TEM images are
presented  in  Figs. 1(c)  and  1(d)  to  illustrate  the  detailed
structure  of  the  reduced  Ag/ZnO  showing  the  distribut-
ion  of  Ag  nanoparticles  with  an  average  size  of  roughly
10  nm (spherical  black  dots  on  the  ZnO substrate).  HR-
TEM  (Fig. 1(d))  reveals  that  Ag  and  ZnO  are  tightly
interconnected,  displaying  lattice  spacings  of  0.307  and
0.206  nm,  respectively,  which  correspond  to  the  (110)
plane of ZnO and the (200) planes of Ag [30].
AES and XPS were utilized to investigate the electronic

properties  of  Ag/ZnO,  aiming  to  further  elucidate  the
interaction  between  silver  species  (Ag0  and  Ag+)  and
ZnO.  As  shown  in  Fig. 2(a),  Zn  LMM  Auger  spectra
resolve  Zn2+  (985–988  eV)  and  its  reduced  state  (the
shoulder  peak  in  the  range  of  992–995  eV),  such  as
metallic Zn or partially reduced ZnOx [29]. This shoulder
peak,  approximately  at  992.1  eV,  becomes  prominent
after  treatment  with  H2  reduction.  Concurrently,  the  Zn
LMM  peak  shifts  toward  higher  kinetic  energy,
suggesting  an  increase  in  charge  density  at  the  Zn  sites
following  the  reduction  treatment.  Figure 2(b)  presents
the Ag 3d XPS spectra for as-prepared Ag/ZnO. The Ag
3d3/2 peaks can be deconvoluted into two distinct peaks at
373.4 and 372.6 eV, corresponding to oxidized Ag (Ag+)

and  metallic  Ag  (Ag0)  states,  respectively  [31].
Noteworthy is the deviation in BE shift between Ag+ and
Ag0  from  expectations  based  on  electronegativity
arguments,  which  typically  associate  higher  charge
density  with  a  more  negative  BE.  The  anomaly  arises
because  the  core-level  BE  shifts  in  Ag  are  significantly
influenced by multiple factors, including lattice potential,
work  function  changes,  and  extra  atomic  relaxation
energy,  rather  than  being  primarily  determined  by  the
difference  in  electronegativity,  as  is  often  the  case  for
other  elements  [31].  Reduced  Ag/ZnO  displays  similar
XPS signals. However, variations in the area and position
of  each  component  peak  are  observed.  Specifically,  the
intensity  of  the  Ag+  peak  in  reduced  Ag/ZnO  decreases
from  35.7%  to  22.2%,  indicating  that  a  portion  of  Ag+
was  preserved  under  a  hydrogen  reduction  environment.
The  stable  persistence  of  oxidized  Ag  under  reductive
conditions can be attributed to the vicinity of Ov adjacent
to  Ag  sites  and  the  interaction  between  Ag  and  ZnO,
which  will  be  discussed  later.  The  presence  of  oxidized
Ag alongside Ag0 on the support material greatly benefits
the concurrent activation of both H2 and CO2. It has been
found that  the  hydrogen  absorption  and  splitting  process
occurs  readily  on  electron-deficient  Ag  species  [32,33],
including  supported  silver  ions  and  oxidized  silver
surfaces.  Conversely,  metallic  Ag  and/or  negatively
charged  Ag sites  enhance  CO2  adsorption  and  activation

 

 
Fig. 1    (a) XRD and (b) Raman spectra of the catalysts; (c) TEM and (d) HR-TEM image of the reduced Ag/ZnO catalyst.
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[33],  promoting  the  selective  formation  of  CO  products
due  to  their  moderate  CO  adsorption  energy  [34].
Furthermore,  beyond  altering  the  Ag0/Ag+  ratio,  a
significant  shift  of  the Ag 3d5/2 peak toward a lower BE
of  approximately  0.8  eV  was  observed  on  the  reduced
Ag/ZnO, suggesting an attenuation of electron density at
Ag  sites  [35].  The  opposite  changes  in  electron  density
confirm  charge  transfer  at  the  interface  between
supported  Ag  and  ZnO,  a  phenomenon  typically
attributed  to  the  formation  of  EMSI  [36].  Figure 2(c)
illustrates  the  O  1s  spectra  of  Ag/ZnO  before  and  after
reduction,  where  two  peaks  corresponding  to  lattice
oxygen  (at  530.5  eV)  and  Ov  (at  531.6  eV)  can  be
distinguished [37]. The relative concentration changes of

Ov  can  be  determined  by  analyzing  the  peak  area
variations of the O 1s signals.
As shown in Table 1, in comparison to the as-prepared

Ag/ZnO  catalyst,  the  proportion  of  the  peak  associated
with Ov in the reduced Ag/ZnO increased from 29.2% to
53.5%, suggesting that reduction resulted in the formation
of  additional  Ov.  The  abundance  of  Ov  defects  on
reduced  Ag/ZnO  can  be  additionally  substantiated  by
EPR results, revealing more robust resonances at g values
of  2.003,  indicative  of  unpaired  electrons  lodged  in  Ov.
Ov  on  ZnO  have  been  recognized  as  important  sites  for
the  dissociation  of  CO2  and  C–O  bond  cleavage,
facilitating  the  efficient  CO2  hydrogenation  to  desired
products [38]. Additionally, Ov is located at the interface

 

 
Fig. 2    (a) Zn LMM AES spectra, (b) Ag 3d, and (c) O 1s XPS spectra of the as-prepared Ag/ZnO and reduced Ag/ZnO; (d) EPR
spectra of the reduced Ag/ZnO at 77 K.
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of supported Ag species,  and the support  was verified to
stabilize  the  thermodynamically  unstable  oxidized  Ag
species  (i.e.,  Ag+)  under  the  reductive  conditions  of  a
hydrogenation reaction [39].
H2-TPD and  CO2-TPD were  carried  out  to  investigate

the  chemisorption  and  activation  of  H2  and  CO2  over
the  reduced  ZnO  and  Ag/ZnO  (Fig. 3  and  Table 2).
Figure 3(a)  depicts  three  types  of  H2  desorption  peaks
within its feature temperature zone. The desorption peaks
observed  at  temperatures  below  150  °C  are  generally
ascribed to the weak desorption of H2 molecules that are
physically  adsorbed  on  the  catalyst’s  surface  [40].  The
peaks situated between 150 and 300 °C can be attributed
to the adsorption of free hydrogen atoms on Ag and ZnO,
as well as their interfaces. Peaks occurring above 300 °C
are linked to the irreversible desorption of hydrogen that
has  spilled  over  from  the  ZnO  surface  [41].  When
contrasted  with  pure  ZnO,  Ag/ZnO  displays  two  new
desorption  peaks  at  154  and  236  °C,  signifying  the
existence of H2 spillover from the Ag site to ZnOx, which
is  vital  for  the  hydrogenation  of  CO2  adsorbed  on  the
Ag/ZnO surface [42]. Upon loading with Ag, the intensity
of  all  desorption  peaks  increases,  exhibiting  a  3.4-fold
increase in hydrogen desorption from Ag/ZnO compared
to pure ZnO (i.e., 0.567 vs. 0.162, see Table 2).
The  enhanced  ability  of  Ag/ZnO  to  adsorb  and

decompose  H2  molecules  is  likely  due  to  the  electron-
poor Ag species that  emerge from electron transfer  from
supported  Ag  to  ZnO  and  are  stabilized  by  Ov  at  the

interface. Figure 3(b) illustrates the CO2-TPD profiles  of
Ag/ZnO  and  ZnO,  presenting  three  main  desorption
zones. These zones are characterized as weak (< 200 °C),
medium (200–400 °C), and strong (> 400 °C) basic sites.
Compared  with  ZnO,  Ag/ZnO  exhibits  a  new  CO2
desorption  peak  at  189  °C,  which  is  attributed  to
carbonates  adsorbed  on  the  Ag  sites  [43,44].  The
desorption  peak  intensity  for  Ag/ZnO  within  the  200–
400 °C temperature  range  is  elevated,  rising  from 0.5  to
0.8, which signifies that the addition of Ag results in the
emergence of additional medium-strength acid sites [45].
Simultaneously,  the  desorption  peak  of  bidentate
carbonates bound to these medium-strength acid sites was
observed at  a  higher temperature of  326 °C, indicating a
stronger  interaction  between  CO2  and  the  catalysts.  This
robust interaction, crucial for dissociative adsorption and
selective  conversion  of  CO2,  may  be  attributed  to  the
formation  of  coordinatively  unsaturated  metal  sites  (i.e.,
ZnOx) and Ov on Ag/ZnO [46]. TPD results demonstrate
that  Ag/ZnO  is  considerably  more  advantageous  for
activating H2 and CO2 than ZnO. 

3.2    Plasma-assisted RWGS

The  performance  of  plasma-assisted  CO2  hydrogena-
tion  reactions  in  the  plasma  alone,  plasma  +  ZnO,  and
plasma + Ag/ZnO systems was compared in Fig. 4(a). In
the  plasma  alone  system,  the  CO2  conversion  is  rather
limited  at  21.8%,  which  was  mainly  due  to  the  plasma-
induced CO2 dissociation in the gas phase. The resulting
CO selectivity  is  92.6%,  with  a  corresponding  CO yield
of  20.2%.  The  result  is  consistent  with  that  of  previous
studies [17,19]. In the plasma gas phase reaction process
(Fig.  S5,  cf.  ESM),  the  high-energy  electrons  produced
during  the  high-voltage  discharge  process  can  directly
induce  the  dissociation  of  CO2  to  generate  CO*,  which

 

Table 1    O 1s date of calcined (cal) and reduced (red) Ag/ZnO
Sample α β

B.E.a (eV) Content (%) B.E.a (eV) Content (%)

5%Ag/ZnO (cal) 530.3 70.8 531.5 29.2
5%Ag/ZnO (red) 530.1 46.5 531.9 53.5

 

 
Fig. 3    (a) H2-TPD, and (b) CO2-TPD of the reduced ZnO and reduced Ag/ZnO.

 

Table 2    Total H2 and CO2 adsorption amount on the catalysts under investigation

Catalysts Total H2 adsorption (mmol·gcat–1) Total CO2 adsorption (mmol·gcat–1)

ZnO 0.164 0.276
5%Ag/ZnO 0.567 0.586
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could quench to give CO. In addition, and H2 dissociation
occurs as well in gas discharge producing highly reactive
hydrogen  radicals,  which  could  react  with  CO2  to  form
CO (RWGS). The inclusion of ZnO in the discharge gap
of  the  DBD reactor  did  not  improve  the  performance  of
CO2  hydrogenation,  in  fact,  the  conversion  of  CO2
experienced  a  slight  decrease  (from  21.8%  to  20.3%),
which  is  consistent  with  the  findings  reported  by  Sun
et  al.  [18].  The  presence  of  ZnO  diminished  the
occurrence  of  filamentary  discharges,  which  in  turn
decreased the production of reactive species essential for
gas-phase reactions [47]. On the other hand, ZnO is not a
catalyst  for  enabling  RWGS  in  thermal  systems,  hence
not  expecting  ZnO  could  promote  the  surface  reactions
under the plasma condition.
Conversely,  an  obvious  synergistic  effect  of  plasma

with the catalyst  was measured in the plasma + Ag/ZnO
system,  showing  a  dramatic  increase  in  CO2  conversion
to  76.5%,  and  the  selectivity  and  yield  of  CO  also
increased  to  96.8%  and  74.1%,  respectively.  The  results
suggest  Ag/ZnO  possesses  numerous  active  sites  on  its

surface,  which  significantly  enable  RWGS  to  proceed
through  surface  reactions  under  the  plasma  condition.
Specifically,  the  electronic  interaction  between  Ag  and
ZnO results in the formation of electron-deficient Ag sites
(Fig. 2(b)), which can promote the dissociation of H2 and
its  migration to the ZnO surface (Fig. 3(a)).  At  the same
time, a large number of Ov and reduced ZnOx (Figs. 2(c)
and 2(d))  can  effectively  adsorb  and  dissociate  CO2  and
excited-state CO2 (Fig. 3(b)), and combine with spillover
hydrogen  or  gaseous  hydrogen  radicals  (as  illustrated  in
Fig. S5, cf. ESM), generating CO with high selectivity.
To investigate the influence of Ag loading and support

material  on  plasma-catalytic  performance,  we  systemati-
cally  synthesized  a  series  of  Ag/ZnO  catalysts  with  Ag
content  varied  from 2  to  20  wt %  (Fig.  S6(a),  cf.  ESM)
and  evaluated  Ag-based  catalysts  supported  on  different
materials,  including Ag/CeO2,  Ag/SiO2,  and Ag/γ-Al2O3,
respectively,  to  assess  their  catalytic  behaviors.  The
plasma-catalytic  performance  on  CO2  conversion  is
shown in Figs. S7(a) and S7(b) (cf. ESM), suggesting that
the  most  effective  loading  of  Ag  is  5  wt %.  The  CO2

 

 
Fig. 4    (a) Performance of RWGS in different plasma systems, (b) stability test, and (c) energy efficiency based on CO production
in different plasma systems (H2/CO2 = 3:1, total flow = 20 mL·min–1, applied peak voltage of 28 ± 0.2 kV, frequency of 7.5 kHz,
discharge  power  of  25.31  ±  0.2  W),  and  (d)  comparison  of  performance  on  RWGS  reactions  driven  by  plasma  of  different
materials/catalysts.
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conversion of Ag/ZnO is notably superior to that of other
silver-based catalysts  (Fig.  S7(b),  cf.  ESM),  highlighting
the  favorable  EMSI  between  Ag and  ZnO that  enhances
catalytic  activity.  Furthermore,  we  examined  the  effects
of feed gas flow rate (Fig. S7(c), cf. ESM) and discharge
voltage  (Fig.  S7(d),  cf.  ESM),  revealing  that  CO2
conversion  exhibits  a  negative  correlation  with  feed  gas
flow rate and a positive correlation with applied voltage.
Under conditions of optimal Ag loading and discharge

voltage,  we  tested  the  stability  of  the  plasma-catalytic
RWGS over Ag/ZnO (Figs. 4(b) and Fig. S8 (cf. ESM)).
The  results  demonstrate  that  during  a  6  h  reaction  on
stream,  CO2  conversions  and CO selectivity  remained at
~76.5%  and  ~96.8%,  which  is  very  stable  and
significantly  higher  than  that  of  the  control  systems  of
plasma  alone  and  plasma  +  ZnO.  The  mild  plasma
condition did not affect the physicochemical properties of
Ag/ZnO  as  evidenced  by  the  comparative  pre-/post-
reaction  characterization,  showing  the  almost  unchanged
morphology (Fig. S3(c), cf. ESM), surface area (Fig. S4,
cf.  ESM),  phase  structure  (Fig.  S6(b),  cf.  ESM),  and
chemical state (Fig. S9, cf. ESM).
The  energy  efficiency  of  a  plasma-assisted  catalytic

process  is  a  key  parameter  for  assessing  the  practical
viability of plasma-enabled technology. We calculated the
energy  efficiency  based  on  CO  yield  under  various
reaction  conditions.  As  shown  in  Fig. 4(c),  the  RWGS
reaction  carried  out  under  the  conditions  of  “plasma
alone”  and  “plasma  +  ZnO”  exhibits  similar  energy
efficiency  for  CO  production,  which  is  0.056  and  0.051
mmol·kJ–1, respectively. However, when coupling plasma
with  Ag/ZnO,  the  energy  efficiency  experienced  an
enhancement  to  0.192  mmol·kJ–1,  outperforming  most
previous  research  on  plasma  catalytic  RWGS  processes
(Fig.  S10,  cf.  ESM)  and  achieving  nearly  a  4-fold
improvement compared to that of the “plasma alone” and
the  “plasma  +  ZnO”  conditions.  This  underscores  a
significant reduction in energy consumption, highlighting
the effectiveness of an appropriate catalyst.
Figure 4(d)  compares  our  results  with  several

representative  results  from  the  literature  regarding
plasma-assisted  RWGS  reaction  using  different  packing
materials  or  catalysts  [3,7,8,11,12,15,22,35].  Notably,
CO2 conversions in most state-of-the-art cases were lower
than 50%, while the Ag/ZnO catalysts here demonstrate a
superior CO2 conversion of 76.5%, and its CO selectivity
is comparable to the optimal values reported by previous
studies. 

4    Conclusions

In this study, Ag/ZnO catalysts were prepared and studied
for  plasma-catalytic  RWGS  reaction.  Remarkable
performance  was  achieved,  including  a  CO2  conversion

of 76.5%, CO selectivity of 96.8%, a CO yield of 74.1%,
and an energy efficiency as high as 0.19 mmol·kJ–1, with
stable operation maintained over 6 h. Catalyst characteri-
zation  reveals  the  EMSI  between  Ag  and  ZnO,  which
significantly  influences  the  surface  environments  of
Ag/ZnO and is responsible for the excellent performance
in  plasma-catalytic  CO2  hydrogenation  for  CO
production.  Such  EMSI  facilitates  the  formation  of
electron-deficient Ag sites, enhancing the adsorption and
dissociation  of  H2.  Concurrently,  EMSI  promotes  the
creation  of  coordinatively  unsaturated  Zn  sites  (i.e.,
ZnOx) and additional Ov after reduction treatment, which
further  enhances  CO2  adsorption  and  activation.  These
surface  site  modifications  provide  a  dominant  plasma-
assisted  surface  reaction  pathway  over  Ag/ZnO  for
improved  CO2  hydrogenation:  the  effective  hydroge-
nation  of  adsorbed  CO2  over  the  surface  of  Ag/ZnO  by
spillover  hydrogen  or  gaseous  hydrogen  radicals.  This
work  demonstrates  the  crucial  role  of  EMSI  in  the
rational design of catalysts and highlights the potential of
emerging  plasma-catalytic  processes  for  CO2  hydroge-
nation  to  CO  under  ambient  conditions  using  Ag/ZnO
catalyst. 
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