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ABSTRACT: Electrocatalytic  water  splitting  offers  a  promising
way  for  hydrogen  production  with  near-zero  emissions.
Carbides, such as molybdenum carbides (Mo2C), are promising
materials  for  hydrogen  evolution  reaction  (HER)  but  still  suffer
from  poor  intrinsic  water  activation  properties.  Here,  we
developed  a  plasmon-induced  local  electric  field  (PILEF)
strategy to solve this barrier. Silver (Ag) nanoparticles decorated
Mo2C  nanosheets  (Ag/Mo2C)  were  successfully  prepared  by
electrostatic  adsorption.  The  visible  light  excited  the  PILEF  on
Ag/Mo2C  remarkably  reducing  the  activation  energy  by
92.7 kJ·mol−1 from 147.3 kJ·mol−1 of Mo2C to 54.6 kJ·mol−1. As a
result, the plasmonic Ag/Mo2C significantly enhances ~ 2.3-fold
of the current density from 2.8 mA·cm−2 of Mo2C to 6.5 mA·cm−2 at
−3  V  vs.  RHE  and  reduces  the  overpotential  by  104  mV  from
403  mV  of  dark  state  to  299  mV  of  light  state  at  the  current
density  of  10  mA·cm−2,  achieving  better  performance  than  reported  catalysts.  This  research  demonstrates  that  PILEF
enhances HER activities, offering a potential strategy for boosting the intrinsic activities of catalysts.
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1    Introduction
Hydrogen (H2) is a clean and renewable energy with high mass-to-
energy  density  and  zero  emissions  [1−4].  Electrocatalytic  water
splitting has been recognized as an efficient and promising method
for  H2 production  [5−7].  To  date,  hydrogen  evolution  reaction
(HER) can be easily achieved by precious metals [8−12], such as Pt
and  Ru.  However,  the  scarcity  and  high  cost  of  these  precious
metals have seriously hampered their practical utilization. There is a
need to seek a non-precious metal catalyst instead.

Theoretical  and experimental  studies  have shown that  the  non-

precious metal catalyst molybdenum carbide (Mo2C) is a promising
catalyst  for  HER,  which  has  high  electrical  conductivity  and
excellent  hydrogen  adsorption  energy  due  to  the  electronic
structure similar to Pt group elements [13−16]. The Mo2C is also a
two-dimensional  nanosheet,  which  facilitates  the  loading  of  other
nanomaterials.  However,  the  HER  activities  of  Mo2C  have  not
reached the expected performance close to Pt [17−19].  To address
this issue,  element doping or material  hybridization has been used
to  improve  the  catalytic  activity  of  Mo2C,  which  can  modify  their
band structure and create additional active sites [20−26]. However,
these  routes  are  still  not  able  to  alter  Mo2C’s  poor  intrinsic  water
activation nature, resulting in high demand to find suitable energy
implantation ways to conquer this barrier.

Plasmonic metals (such as Au, Ag, and Cu) can absorb external
solar  energy  to  improve  the  catalytic  performance  through  the
plasmonic  effect.  Especially,  the  plasmonic  metal  can  generate  a
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localized  electric  field  around  the  metal  surface  [27−37],  which
accelerates the electrochemical processes. Moreover, the excited hot
electrons  can  reduce  the  reaction  energy  barriers  [38−40].  Ag  has
been  used  as  a  photocatalytic  enhancer  due  to  their  excellent
plasmonic effect in the visible region [34, 41, 42]. For example, hot
electrons  excited  from  Ag  nanocubes  increase  the  carrier  density
and  the  surface-exposed  Ag  (111)  crystalline  surface  is  more
conducive  to  hydrogen  desorption  [43, 44].  Additionally,  Ag  can
absorb  photons  and  excite  the  conduction  electrons  in  the  5sp
orbitals  to  higher-energy  states  [45].  These  excited  electrons  can
participate in and expedite chemical reactions.

Here,  plasmonic  Ag/Mo2C  nanosheets  were  successfully
constructed  by  electrostatic  adsorb  for  excellent  HER.  Finite
element  method  (FEM)  simulation  revealed  the  enhancement  of
plasmon-induced  local  electric  field  (PILEF)  and  the  excitation  of
hot  electrons  at  the  contact  interface  of  Ag  and  Mo2C.  First-
principles  calculations  uncover  the  interfacial  charge  transfer
process  and  the  effect  of  the  electric  field  on  the  adsorption  of
intermediates.  Kelvin  probe  force  microscopy  (KPFM)
measurements  confirmed  the  high  electric  field  around  the  Ag
surface.  Arrhenius  equation  analyses  presented  a  significant
reduction  in  the  activation  energy  of  the  Ag/Mo2C  (ΔEa)  of
92.7 kJ·mol−1 under illumination. As a result, a significant reduction
in  overpotential  (Δη)  of  104  mV  at  the  current  density  of
10 mA·cm−2 and a Tafel slope as low as 58 mV·dec−1 were achieved
on  Ag/Mo2C  nanosheets.  This  work  examines  the  cooperative
interaction between Ag and Mo2C, emphasizing the potential of the
plasmonic effect to promote electrocatalysis. 

2    Experimental
 

2.1    COMSOL multiphysics simulations
The substrate  was  defined as  a  layer  of  Mo2C,  the  hemisphere  Ag
particles located on the surface and surrounded by water. The plane
waves  incident  along  the  backward  direction  of  the Z-axis.  The
perfectly matched layers were defined to embrace physical domains
to  absorb  all  the  scattered  waves.  The  variate  was  defined  as  the
wavelength of the excitation wave and the radius of the Ag particles.
The  background  field  was  first  computed,  and  then  the  total  field
and  power  loss  were  accomplished  when  the  nanoparticle  was
introduced. 

2.2    Density functional theory (DFT) calculations
All DFT calculations for periodic material systems were performed
with  the  Vienna ab  initio simulation  package  (VASP)  using  the
projector-augmented  wave  (PAW)  method  [46, 47].  The
exchange–correlation  function  was  handled  using  the  generalized
gradient  approximation  (GGA)  formulated  by  the
Perdew–Burke–Ernzerhof  (PBE)  [48].  The  van  der  Waals  (vdW)
interactions  are  described  with  the  DFT-D3  method  in  Grimme’s
scheme [49]. The interaction between the atomic core and electrons
was  described  by  the  projector  augmented  wave  method  [50−52].
The  plane-wave  basis  set  energy  cutoff  was  set  to  500  eV.  The
Brillouin  zone  was  sampled  with  a  3  ×  3  ×  1  grid  centered  at  the
gamma  (Γ)  point  for  geometry  relaxation.  All  the  slabbed  models
possessed a vacuum spacing of ≈ 15 Å sampled, ensuring negligible
lateral interaction of adsorbates. The bottom layers about half of the
structure were kept frozen at the lattice position. All structures with
a  dynamic  magnetic  moment  were  fully  relaxed  to  optimize

without any restriction until  their total energies were converged to
< 1 × 10−6 eV, and the average residual forces were < 0.02 eV·Å−1. 

2.3    Materials
MoO3 (99.9%),  K2HPO4·3H2O  (99.99%),  KH2PO4·3H2O  (99.99%),
glucose,  NaBH4,  AgNO3,  and  trisodium  citrate  were  purchased
from  Alfa  Aesar.  All  chemicals  were  used  in  this  study  without
further  purification.  Ar–H2 (10%  H2),  and  N2 (99.999%)  were
purchased from Hunan Mande Gas Co. LTD. 

2.4    Prepare of Ag/Mo2C
Ag nanoparticles:  An aqueous  solution of  NaBH4 (6  mL,  10  mM)
was  added  to  a  200  mL  solution  of  AgNO3 (0.25  mM)  and
trisodium citrate  (0.25  mM).  The  reaction  was  stirred  for  30  min,
resulting  in  a  yellow  colloidal  silver  solution,  and  was  then  left
undisturbed overnight to obtain the Ag nanoparticles [ 31, 32]. The
size  of  Ag  nanoparticles  is  about  15  nm.  The  different  size  Ag
nanoparticles can be adjusted by the amount of the NaBH4. We use
3  and  24  mL  NaBH4 (10  mM)  obtained  ~  10  and  ~  40  nm  Ag
nanoparticles, respectively.

Mo2C  nanosheets  (NSs):  The  setup  is  a  typical  CVD  system,
which constitutes a clean quartz tube and tube furnace. First, MoO2
NSs  were  grown  on  the  quartz  tube  tail  by  a  chemical  vapor
reduction  process  using  commercial  MoO3 powders  (0.5  g).  The
reaction was performed in the presence of mixed Ar–H2 (10% H2)
gases (200 sccm) at  900 °C for 60 min,  and the purple MoO2 NSs
were collected at the tail end of the quartz tube. Second, commercial
glucose powders (1 g) were mixed with 100 mg of obtained MoO2
NSs,  which  were  placed  in  the  tube  furnace  with  Ar–H2 gas  to
remove  air.  The  mixture  was  calcined  at  450  °C  for  2  h  and  then
700 °C for 2 h to form Mo2C NSs.

Ag/Mo2C  nanosheets:  Self-assembly  of  Mo2C  NSs  with  Ag
nanoparticles.  Mo2C  NSs  were  assembled  with  Ag  nanoparticles
through  the  electrostatic  interaction.  Mo2C  NSs  (10  mg)  were
dispersed in 10 mL of ethanol under vigorous stirring. Then, 10 mL
of  the  as-prepared  Ag solution  was  added dropwise.  After  stirring
for  1  h,  the  resulting  sample  (denoted  as  Ag/Mo2C)  was  collected
and washed with water. 

2.5    Characterizations
X-ray diffraction (XRD) was characterized by Rigaku Miniflex 600.
X-ray  photoelectron  spectroscopy  (XPS)  measurements  were
performed  on  a  Thermo  Fisher  ESCALAB  250Xi  spectrometer
using  monochromatized  Al  Kα excitation.  The  morphology  was
imaged by a field emission scanning electron microscope (FESEM,
Regulus8100,  Hitachi)  and  a  transmission  electron  microscope
(TEM, JEM-2100F, JEOL). The thickness of samples was measured
by Atomic force microscopy (AFM, Dimension Icon, Bruker), and
the  surface  potential  was  measured  by  Kelvin  probe  force
microscope (KPFM) mode on the n-type silicon wafer,  which was
irradiated by light through the Perfect light instrument. 

2.6    Electrochemical measurements
The  electrochemical  measurements  were  first  performed  using  a
3  mm  glassy  carbon  in  a  three-electrode  system.  The  data  were
collected  by  using  a  Princeton  electrochemical  workstation.  The
GC, carbon rod, and Ag/AgCl/saturated KCl were used as working,
counter,  and  reference  electrodes,  respectively.  The  catalyst  inks
were  prepared  by  dispersing  catalysts  (5  mg)  into  a  dispersant
composed  of  40  μL  5  wt.%  Nafion  solution  and  1  mL  mixed
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solution  of  ethanol/water  (v/v  =  1/1)  with  the  assistance  of
sonication for 30 min. 10 μL of the catalyst ink was loaded onto a
rotating  disk  electrode  (RDE)  (catalyst  loading  is  0.25  mg·cm−2).
Linear sweep voltammetry (LSV) of HER was performed in 0.5 M
phosphoric acid buffer solution (PBS) at a scan rate of 2 mV·s−1. All
polarization  curves  were  recorded  manually iR-corrected  and
converted to the reversible hydrogen electrode (RHE) scale. All tests
were carried out in 0.5 M PBS solution and potential  was referred
versus RHE by ERHE = EAg/AgCl + 0.197 + 0.0591 × pH. The solution
was  bubbled  by  N2 gas  for  20  min  before  the  HER.  The
electrochemical  impedance  spectra  of  the  fabricated  electrodes
under  the  frequency  range  from  100  kHz  to  0.1  Hz  at  100  mV
overpotential versus RHE. 

3    Results and discussion
To  explore  the  PILEF  strength  and  distribution  on  Ag  surfaces,
FEM simulations were adopted. We simulated the Ag nanoparticles
with different sizes that affect the intensity of the electric field (Fig.
S1  in  the  Electronic  Supplementary  Material  (ESM)).  As  the  size
decreases, the surface electric field intensity increases. At the contact
surface  between  15  nm  Ag  and  Mo2C,  there  is  a  significantly
enhanced  local  electric  field  with  an  intensity  of  3.1  ×  104 V·m−1

compared  to  Mo2C (Fig.  1(a)).  In  addition,  the  electron  density  is
also much enhanced at the contact surface as can be seen from the
electron  distribution  (Figs.  S1(b)  and  S1(d)  in  the  ESM).  These
results  show  that  the  Ag  surface  has  a  strong  PILEF  and  more
excited electrons under  illumination.  To gain more understanding
of  the  electric  field  for  the  HER,  we  performed  first-principles
calculations. In Fig. 1(b), after adsorbing H atom, 0.001 electron is
transferred  to  the  H  atom  at  an  electric  field  of −0.5  V·Å−1.  The
uneven  charge  distribution  on  the  H  atoms  favors  the  activation

and  adsorption  of  H  atom.  In  contrast,  no  apparent  electron
transfer occurs between the catalyst and H atom without an electric
field.  Moreover,  there  is  a  0.2  electron  transfer  from Ag to  Mo2C,
which  weakens  the  adsorption  of  *H  (Fig.  1(c) and  Fig.  S2  in  the
ESM).  Thus  overall,  as  shown  in Fig.  1(d),  Ag/Mo2C  exhibits  an
optimal  adsorption  free  energy  (0.24  eV),  compared  to  Ag
(−2.02 eV) and Mo2C (−0.61 eV).

Motivated  by  theoretical  analyses,  Ag/Mo2C  nanosheets  were
synthesized  by  a  simple  method  with  solution  reduction  and
electrostatic  assembly  (Fig.  2(a)).  Zeta  potentials  of  Ag  and  Mo2C
measured  in  an  aqueous  solution  were  +40.2  and −60.8  mV,
respectively,  indicating  they  had  close  contact  with  each  other  via
electrostatic  interaction  (Fig.  S3  in  the  ESM).  TEM  and  scanning
electron  microscopy  (SEM)  images  showed  the  Ag  nanoparticles
with  ~  15  nm were  randomly  decorated  on  the  surfaces  of  Mo2C
(Fig. 2(b) and Figs. S4 and S5 in the ESM). The lattice fringe of 0.26
nm  in  the  high-resolution  TEM  (HRTEM)  image  (Fig.  2(c))
corresponded to the (111) crystal plane of Mo2C, and the 0.23 nm
could be assigned to the (111) plane of Ag [43]. Elemental mapping
images showed that Ag, Mo, and C were uniformly distributed (Fig.
2(d)).

To  obtain  more  structural  information,  XRD  and  XPS
measurements were performed. The XRD peaks at 38.2° and 44.1°
are the (100) and (111) crystal faces of Ag (PDF #040783) and the
peak  at  39.8°  is  the  (100)  crystal  face  of  Mo2C  (PDF  #350787),
indicating  the  incorporation  of  Ag  on  Mo2C  (Fig.  3(a))  [53, 54].
XPS  spectra  showed that  the  binding  energies  of  Ag  3d3/2 and  Ag
3d5/2 in Ag/Mo2C were positively shifted by approximately 0.28 eV
and 0.32 eV, respectively, as compared to those in metallic Ag (Fig.
3(b)). In contrast, Mo 3d XPS spectra of Mo5+ and Mo6+ exhibited a
negative shift  in Ag/Mo2C compared to those of  Mo2C, indicating

 

Figure 1    (a) The side view of simulated electrostatic filed distribution on two-dimensional (2D) maps of Ag/Mo2C nanosheets. (b) The charge density difference between
adsorbing H atom and Ag with/without electric fields,  including the amount of  election transferred from catalyst  to H atom. The abscissa shows with/without electric
fields.  (c) The charge density difference and Bader charge transfer at  the interface of Ag/Mo2C. Yellow and blue regions indicate electron accumulation and depletion,
respectively. (d) The Gibbs free energy of H* adsorption on Ag/Mo2C, Ag, and Mo2C.
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Figure 2    (a) The schematic diagram of material synthesis. (b) The TEM and (c) HRTEM images of Ag/Mo2C. (d) Ag, Mo, C element mapping of Ag/Mo2C.
 

Figure 3    (a) The XRD patterns of Ag/Mo2C and Mo2C. (b) The Ag 3d of Ag/Mo2C and Ag. (c) Mo 3d XPS spectra of Ag/Mo2C and Mo2C. (d) UV–Vis absorption
spectra of Ag, Mo2C, and Ag/Mo2C.
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that  Mo  is  an  electron-acceptor  (Fig.  3(c)).  These  results
demonstrated the electron transfer from Ag to Mo2C in Ag/Mo2C.
To  detect  the  surface  plasmon  excitation  of  Ag/Mo2C,
ultraviolet–visible  (UV–Vis)  tests  were  carried  out.  The  Ag/Mo2C
showed an intense light absorption peak centered at 395 nm, which
can  be  assigned  to  the  surface  plasmon  excitation  of  Ag  [55].
Notably,  there  is  an  approximately  5  nm  red  shift  in  Ag/Mo2C
compared  with  that  of  metallic  Ag,  proving  electronic  transfer
between  Ag  and  Mo2C  (Fig.  4(d)).  To  gain  deeper  insights  into
electron  transfer  from  an  energy  band  aspect.  The  energy  band
structure of Mo2C is derived from Mott–Schottky plots (Fig. S6 in
the  ESM)  and  previous  literature  [54].  The  flat  potential  is
determined  to  be  0.34  (vs.  NHE)  in  the  dark  which  reduces  to
0.22 V (vs. NHE) under the illuminiation. The Fermi level of Mo2C
in  the  light  is  raised  to  an  energy  level  closer  to  the  redox  pair
H2O/H2 redox potential (0 V) (Fig. S6(c) in the ESM), which would
reduce the overpotential of Mo2C [28, 39].

To  accurately  determine  the  PILEF  intensity,  we  employed  the
KPFM  to  assess  the  contact  potential  difference  (CPD)  at  the
interfacial  regions.  As  depicted in Fig.  4(a),  we found that  Ag was
uniformly distributed on the Mo2C nanosheets. It can be seen that a
high CPD of 16 mV around Ag under the illumination, was 3 mV
higher  than  that  of  the  Mo2C  substrate  (Fig.  4(b)).  To  gain  more
evidence for the plasmon-induced local electric field enhanced HER
activity of Ag/Mo2C, the activation energies (Ea) of HER with light
and  dark  were  further  performed  to  provide  quantitative  insights
into the energetics (Fig. 4(c) and Fig. S7 in the ESM). As shown in
Fig. 4(d), the Ea of 147.3 kJ·mol−1 for Ag/Mo2C under dark could be
decreased to 54.6 kJ·mol−1 under illumination, a reaction activation
energy  decrease  of  92.7  kJ·mol−1 resulted  from  the  Ag  plasmonic
activation under the illumination (Fig. 4(d) inset). This result leads
to an increase in the energy level of Mo2C favoring the HER.

To evaluate the water splitting performance, the HER activity of

the  samples  in  0.5  M  PBS  electrolyte  using  a  standard  three-
electrode system. The linear scanning voltage (LSV) showed that all
catalysts  exhibited  weak  HER  activity  in  the  dark  (Fig.  5(a)).  The
activity  of  Ag/Mo2C  was  relatively  better  with  an  overpotential  of
403  mV  at  the  current  density  of  10  mA·cm−2.  Notably,  the
overpotential  of  Ag/Mo2C  exhibited  a  significant  decrease  of  104
mV  at  10  mA·cm−2 under  light  illumination,  while  exerting  subtle
effects on both Ag and Mo2C. (Fig. 5(b)). As shown in Fig. S8 in the
ESM, CV curves at different sweep speeds were tested to obtain the
double-layer  capacitance  (Cdl)  values  of  the  catalysts.  The  value  of
the Cdl can  reflect  the  electrochemical  active  surface  area  (ECSA).
From Fig. S8(d) in the ESM, Ag/Mo2C (0.58 mF·cm−2) showed the
most  ECSA  compared  with  that  of  the  Mo2C  (0.53  mF·cm−2)  and
Ag  (0.24  mF·cm−2)  electrocatalysts,  which  confirmed  the  excellent
HER performance. To identify the real activity, the current density
was  normalized  by  ECSA.  The  Ag/Mo2C  still  has  the  lowest
overpotential in the normalized in Fig. S9 in the ESM. Furthermore,
to identify the different sizes of Ag nanoparticles affect the activity.
We also synthesized the Ag nanoparticles of 10 and 40 nm (Fig. S10
in the ESM). The original 15 nm Ag nanoparticles have the optimal
catalytic activity (Fig. S11 in the ESM).

As  shown  in Fig.  5(c),  the  Tafel  slope  of  Ag/Mo2C  exhibited  a
sharp decrease  to  58 mV·dec−1,  significantly  smaller  than the  value
measured  in  the  dark  (170  mV·dec−1).  This  suggests  that  the  HER
mechanism shifts from the Volmer step to the Heyrovsky step with
the  PILEF.  The  Ag/Mo2C  electrodes  displayed  the  largest  current
density difference (Δj = 6.5 mA·cm−2) compared to those of Mo2C
(2.8  mA·cm−2)  and  Ag  (0.23  mA·cm−2)  at −0.3  V  vs.  RHE  under
light  irradiation  (Fig.  5(d)).  The  Ag/Mo2C  exhibited  an
approximately  2.3-fold  increase  in  current  density  compared  to
Mo2C, which is  even better than those of reported catalysts (Table
S1 in the ESM). This indicates that the local electronic field excited
from  Ag  under  illumination  enhances  the  lifetime  of

 

Figure 4    (a) The AFM topography of total Ag/Mo2C nanosheets. (b) The detailed topography and surface potential image of Ag/Mo2C. (c) HER activity of Ag/Mo2C
under light at different temperatures (inset: Arrhenius plots). (d) Activity energy with the light on and off at the zero overpotential is obtained through trend extrapolation
(inset: Schematic representation of the activity energy change of Ag/Mo2C by light irradiation).

Nano Research | Vol. 18, No. 1 Li et al.

94907146 (5 of 8) Nano Research, 2025, 18, 94907146

https://www.sciopen.com/article/10.26599/NR.2025.94907146
https://www.sciopen.com/article/10.26599/NR.2025.94907146
https://www.sciopen.com/article/10.26599/NR.2025.94907146
https://www.sciopen.com/article/10.26599/NR.2025.94907146
https://www.sciopen.com/article/10.26599/NR.2025.94907146
https://www.sciopen.com/article/10.26599/NR.2025.94907146
https://www.sciopen.com/article/10.26599/NR.2025.94907146
https://www.sciopen.com/article/10.26599/NR.2025.94907146


photogenerated  carriers  and  provides  more  electrons  for  catalytic
reactions. The impedance spectrum analyses demonstrated that the
impedance of Ag (648 Ω), Mo2C (47 Ω), and Ag/Mo2C (22 Ω) were
linearly  decreased  (Fig.  S12  in  the  ESM).  Furthermore,  upon
turning on the light, the impedance of Ag/Mo2C decreases from 22
to 14 Ω,  indicating that  the local  electric  field is  generated around
the surface of Ag, facilitating charge transport to the Mo2C. 

4    Conclusions
In summary, we used the FEM simulation to explore the surface of
Ag has a high PILEF under illumination, which benefits the excited
electrons  to  participate  in  the  reaction.  Then  the  Ag/Mo2C  were
successfully  synthesized  by  solution  reduction  and  electrostatic
assembly,  which  was  confirmed  by  TEM  and  spectroscopic
characterization.  KPFM  experiments  showed  that  a  local  electric
field  is  excited  around  the  surface  of  Ag,  reducing  the Ea of  the
Ag/Mo2C by 92.7 kJ·mol−1 under illumination. As a result, we found
the  HER  overpotential  of  the  Ag/Mo2C  was  reduced  by
104 mV compared to  Mo2C at  the  current  density  of  10  mA·cm−2

and  the  current  density  of  Ag/Mo2C  was  enhanced  ~  2.3  fold
compared  to  Mo2C.  Our  work  demonstrated  the  PILEF  from
plasmonic metals can effectively improve the activity of electrolysis
reactions. 

Electronic  Supplementary  Material: Supplementary  material
(further details of the COMSOL simulation with differernt size Ag,
DFT  calculations,  zeta  potential,  SEM  measurements,  TEM
imaging,  Mott–Schottky  test,  activity  energy,  ECSA,  normalized
LSV,  LSV  with  differernt  size  Ag,  and  EIS  measurements)  is
available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907146. 
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