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ABSTRACT: Highly  efficient  and  durable  nonnoble-metal
electrocatalysts  for  the  hydrogen  evolution  reaction  (HER)  are
essential  for  large-scale  green  hydrogen  production.  In  this  work,  a
trimetallic polyoxometalate precursor, H2[Co(NH3)6]2[CeMo12O42], was
synthesized  via  polyoxometalate  self-assembly.  Subsequently,  a
Co,Ce-codoped MoS2 electrocatalyst (Co,Ce-MoS2@CC) was grown
in  situ  on  carbon  cloth  (CC)  through  one-step  hydrothermal
sulfidation.  This  precursor  strategy  effectively  avoids  phase
separation  and  interfacial  mismatch—the  two  major  drawbacks  of
conventional  doping  routes.  Experimental  results  combined  with
density  functional  theory  calculations  revealed  that  Ce3+/Ce4+  redox
pairs  modulate  the  interfacial  charge  distribution  in  the  catalyst.  Doped  Co  species  serve  as  electron  acceptors  to
counterbalance the electron enrichment induced by Ce, optimizing HER kinetics and the adsorption/desorption free energies
of reaction intermediates. In 1.0 M KOH, the optimized Co,Ce-MoS2@CC requires an overpotential of only 58 mV to deliver 10
mA·cm−, and 118 mV in 0.5 M H2SO4. It maintains stable performance over 72 h at a current density of 100 mA·cm−2 in both
alkaline and acidic electrolytes. This work proposes a polyoxometalate precursor-mediated Co,Ce-codoping strategy, offering
a promising route for the scalable fabrication of high-performance, nonnoble-metal MoS2 electrocatalysts for the HER.
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 1    Introduction
Low-cost,  high-performance  nonnoble-metal  catalysts  are  essential
alternatives  to  noble-metal  catalysts  for  scalable  hydrogen
production  via  water  electrolysis  [1–4].  Among  transition-metal
dichalcogenides,  molybdenum  disulfide  (MoS2)  has  emerged  as  a
promising  nonnoble-metal  electrocatalyst  owing  to  the  high
intrinsic  activity  of  its  edge  sites,  robust  structure,  and  natural
abundance  [5–7].  Thus,  extensive  research  has  focused  on
engineering MoS2 as a viable alternative to noble-metal catalysts for
the hydrogen evolution reaction (HER) [8]. However, owing to the
semiconducting  nature  of  the  2H  phase  and  the  inertness  of  its
basal  plane,  the  overall  catalytic  performance  of  MoS2 still  lags
behind that of state-of-the-art noble-metal electrocatalysts [9, 10].

To activate the inert basal plane of MoS2, a series of modification

strategies  have  been  proposed,  including  elemental  doping,
heterostructure fabrication, and defect engineering [11–14]. Among
these,  transition-metal  doping  effectively  modulates  the  electronic
band  structure,  promotes  charge  transport,  and  reconstructs  the
basal-plane  electronic  states,  thereby  activating  inert  sites  [15–17].
For  instance,  Co-doped  MoS2 and  Cu  single  atom-doped  MoS2
exhibit  substantially  higher  HER  activity  than  pristine  MoS2 [18,
19]. In another study, density functional theory (DFT) calculations
revealed hydrogen adsorption free energies (ΔGH

*) of −0.33 eV for
Co@MoS2 and −0.75  eV  for  Ni@MoS2,  indicating  that  doping
thermodynamically favors hydrogen adsorption [20]. However, the
catalytic  activity  of  these  singly  doped  systems  is  still  substantially
lower than that of Pt (ΔGH

* = 0.09 eV) [21, 22].
Rare-earth  elements  (e.g.,  Ce,  La,  and  Nd)  possess  unique  4f

electron  configurations,  variable  oxidation  states,  and  reversible
charge-transfer  characteristics,  offering  distinct  advantages  for
electronic-structure modulation [23, 24]. Particularly, the reversible
Ce3+/Ce4+ redox  pair  can  act  as  a  charge-buffering  center  to
dynamically regulate the local charge density at active sites [25, 26].
Zhao  et  al.  revealed  that  this  electron-buffering  effect  enables  the
reversible  tuning  of  electron  density  at  metal  centers  [27].
Additionally, Li et al.  verified the efficacy of rare-earth elements in
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charge regulation for electrocatalyst engineering [28]. However, Ce-
doping of MoS2 can cause excessive electron accumulation at active
sites,  resulting  in  overly  strong  adsorption  of  hydrogen
intermediates  and  thus  limiting  catalytic  performance  [29].  To
address  this  issue,  a  transition  metal  with  moderate  electron-
withdrawing  ability  (e.g.,  Co)  can  be  introduced  as  a  secondary
dopant.  Through charge delocalization,  the Co dopant relieves the
Ce-induced  excess  electron  density  on  adjacent  S  active  sites,
thereby optimizing ΔGH

* [30, 31]. Recently, Jiang et al. fabricated a
CeO2/Co4N@Ni3S2 flower-like  heterostructure  on  nickel  foam,
utilizing  dual  active  sites  to  facilitate  low-barrier  water  activation
and rapid hydrogen desorption [32]. Similarly, Li et al. constructed
carbon  nanotube-bridged  CeO2–CoP  hierarchical  hollow
nanocubes, leveraging abundant metal heterointerfaces to promote
interfacial  electron  transfer  and  regulate  intermediate  adsorption
[33].

A  prerequisite  for  fully  exploiting  this  Co–Ce  synergy  is  the
fabrication  of  highly  uniform,  strongly  coupled  catalysts.  At  the
same  time,  conventional  doping  strategies  (e.g.,  chemical  vapor
deposition, multistep hydrothermal synthesis, and physical mixing)
often lead to inhomogeneous dopant distributions, impurity-phase
formation,  and  interfacial  lattice  mismatch,  which  hinder  charge
transport,  reduce  structural  stability,  and  constrain  catalytic
performance [34, 35]. In contrast, integrating multiple metals into a
single  molecular  precursor  effectively  improves  catalyst  uniformity
[36–38].  Among  various  platforms,  polyoxometalates  (POMs)
combine  structural  tunability  and  chemical  multifunctionality,
making  them  ideal  precursors  for  constructing  multimetallic
assemblies [39–41]. POMs are discrete anionic metal-oxide clusters
composed of  early  transition metals  (e.g.,  Mo,  W,  V,  Nb,  and Ta)
linked  by  oxygen  bridges  via  corner- or  edge-sharing  polyhedra
[39]. They feature rigid frameworks, high thermal stability, and rich
redox  chemistry,  with  electronic  structures  that  can  be  tuned
through  heteroatom  incorporation  [42, 43].  Moreover,  their
abundant  negatively  charged  surface  sites  allow  the  effective
anchoring of cationic species, providing compositional flexibility for
constructing  multimetallic  systems  [44, 45].  For  example,
(NH4)6H2[CeMo12O42]  (CeMo12)  is  a  Silverton-type  derivative  in
which  12  molybdenum–oxygen  octahedra  surround  a  central  Ce
atom, integrating Ce and Mo at the molecular level while endowing
the  cluster  with  a  high  negative  charge  [46].  Into  this  system,  Co
can be introduced as complex cations, such as [Co(NH3)6]3+, which
form  a  stable  ion-pair  complex  with  the  anionic  POM  cluster
through Coulombic  attraction.  At  the  same time,  the  NH3 ligands
act  as  hydrogen-bond  donors,  creating  a  hydrogen-bond  network
with  the  surface  oxygen  atoms  of  CeMo12.  This  further  enhances
the structural and thermal stability of the precursor [47, 48]. Owing
to  the  structural  homogeneity  of  POM  precursors,  high-
temperature sulfidation effectively suppresses metal segregation and
yields  well-dispersed  multimetallic  sulfides  with  dense  and
uniformly distributed active sites [49–51].

Based  on  the  above  considerations,  the  Silverton-type  POM
CeMo12 was  selected  as  the  molecular  precursor  to  synthesize
H2[Co(NH3)6]2[CeMo12O42] (Co2CeMo12) via cation exchange with
[Co(NH3)6]3+.  Through  one-step  hydrothermal  sulfidation  and
calcination,  a  Co,Ce-codoped  MoS2 electrocatalyst  (Co,Ce-
MoS2@CC)  was  constructed in  situ on  carbon  cloth  (CC).
Additionally,  Co-MoS2@CC,  Ce-MoS2@CC,  and  MoS2@CC  were
prepared  as  control  samples  to  elucidate  the  effects  of  different
metal  combinations  on  the  material  architecture,  electronic
properties,  and  catalytic  performance.  Additionally,  a  Co,Ce-

MoS2@CC-MS  control  sample  was  prepared  from  discrete  metal
salts  (rather  than  POM  precursors)  to  validate  the  effectiveness  of
the  employed  precursor  strategy.  This  work  aimed  to  harness  the
synergy  between  rare-earth  and  transition-metal  dopants  in  MoS2
to  develop  high-performance,  durable  nonnoble-metal  HER
electrocatalysts,  offering  a  viable  material  platform  and
experimental  insights  for  the  practical  deployment  of  hydrogen
technologies.

 2    Methods and materials
The  details  on  the  synthesis  of  certain  raw  materials,
characterization methods, and electrochemical tests are provided in
the Electronic Supplementary Material (ESM).

 2.1    Synthesis of Co2CeMo12
To prepare  Solution  1,  2.50  mmol  of  CeMo12 was  combined  with
100  mL  of  0.1  M  H2SO4,  followed  by  stirring  for  1  h  at  ambient
temperature, yielding a pale-yellow translucent liquid. In a separate
vessel,  7.48  mmol  of  [Co(NH3)6]Cl3 was  dissolved  in  25  mL  of
deionized  water,  producing  an  orange-red  solution  (Solution  2).
Solution  2  was  added  dropwise  to  Solution  1  under  constant
agitation,  forming  a  beige  solid.  This  precipitate  was  filtered  out,
washed three times with ethanol, and air-dried prior to further use.

 2.2    Catalyst synthesis
Synthesis  of  Co,Ce-MoS2@CC: First,  0.30  mmol  of  Co2CeMo12
and 18.80 mmol of thiourea were dispersed in 30 mL of deionized
water under stirring for 1 h at ambient temperature. A piece of CC
(dimensions: 3 cm × 2 cm) was immersed in the resulting solution.
The  entire  system was  then transferred  into  a  50  mL Teflon-lined
autoclave and maintained at 180 °C for 24 h. After natural cooling,
the modified CC was retrieved, sequentially washed with deionized
water  and absolute  ethanol,  and dried under  vacuum at  60  °C for
12 h. The dry sample was loaded into a tube furnace and annealed
under a continuous flow of 5% H2 in Ar. The furnace temperature
was  increased  stepwise  to  300,  400,  and  500  °C  at  a  ramp  rate  of
5 °C·min−1, with a dwelling time for 2 h at each target temperature.
The  resulting  products  were  denoted  as  Co,Ce-MoS2@CC-300,
Co,Ce-MoS2@CC (calcined at 400 °C),  and Co,Ce-MoS2@CC-500,
respectively.

Synthesis  of  Ce-MoS2@CC: Ce-MoS2@CC  was  synthesized
using  the  same  procedure  as  for  Co,Ce-MoS2@CC,  but  with
Co2CeMo12 replaced  by  CeMo12 and  calcination  performed  at
400 °C.

Synthesis  of  Co-MoS2@CC: Co-MoS2@CC  was  synthesized
using  the  same  procedure  as  for  Co,Ce-MoS2@CC,  but  with
Co2CeMo12 replaced  by  (NH4)6[Co2Mo10O38H4]·11H2O  (Co2Mo10)
and calcination performed at 400 °C.

Synthesis  of  MoS2@CC: MoS2@CC  was  synthesized  using  the
same  procedure  as  for  Co,Ce-MoS2@CC,  but  with  Co2CeMo12
replaced by (NH4)6Mo7O24 and calcination performed at 400 °C.

Synthesis  of  Co,Ce-MoS2@CC-MS: Co,Ce-MoS2@CC-MS  was
synthesized using the same procedure as for Co,Ce-MoS2@CC, but
with  Co2CeMo12 replaced  by  equivalent  molar  amounts  of
conventional  metal  salts  (CoCl2·6H2O,  (NH4)2Ce(NO3)6,  and
(NH4)6Mo7O24·4H2O) with the same Co:Ce:Mo molar ratio (2:1:12)
and calcination performed at 400 °C.

Synthesis of Pt/C@CC: A commercial Pt/C catalyst (20 wt.% Pt)
was  dispersed  in  a  Nafion-isopropanol  mixture,  followed  by
ultrasonication for 20 min, producing a homogeneous suspension.
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A 1 cm × 1 cm region on an activated CC strip (1 cm × 2 cm) was
defined  using  a  mask  for  subsequent  catalyst  deposition.  The
suspension was  drop-cast  onto this  exposed area.  After  resting for
10  min  at  room  temperature,  the  substrate  was  vacuum-dried  at
60 °C overnight, yielding the Pt/C@CC electrode.

 2.3    Computational details
All  first-principles  DFT  computations  were  performed  using  the
CASTEP  and  DMol3  modules  in  Materials  Studio  [52].  Detailed
computational parameters are provided in the ESM.

 3    Results and discussion

 3.1    Synthesis and structural characterization
Figure  1(a) schematically  presents  the  fabrication  of  the  Co,Ce-
MoS2@CC nanocomposite, where Co,Ce-codoped MoS2 nanosheet
arrays  were in  situ grown  on  the  CC  surface  from  Co2CeMo12,
thiourea, and CC via one-step hydrothermal sulfidation followed by
calcination.

Figure  1(b) compares  the  infrared  spectra  of  Co2CeMo12,

CeMo12,  and  [Co(NH3)6]Cl3.  After  cation  exchange,  the
characteristic peak of NH4

+ at 1,403 cm−1 disappeared, but two new
peaks appeared at  1,328 cm−1 (N–H symmetric  bending vibration)
and 827 cm−1 (N–H rocking vibration), indicating that [Co(NH3)6]3+

successfully replaced NH4
+ [53]. More importantly, the key skeletal

vibrations  of  the  [CeMo12O42]8− anion  are  fully  retained  in  the
spectrum  of  Co2CeMo12:  the  peaks  near  950  and  900  cm−1 were
ascribed  to  terminal  Mo=O  stretching,  and  broad  features  in  the
500–900  cm−1 region  were  assigned  to  Ce–O  vibrations  [46].  The
persistence  of  these  representative  signals  in  the  fingerprint  region
confirms  that  cation  exchange  did  not  disrupt  the  core  POM
skeleton.

Figure  1(c) presents  the  powder  X-ray  diffraction  (PXRD)
patterns of Co,Ce-MoS2@CC and MoS2@CC. Both samples exhibit
diffraction  peaks  at  2θ of  14.1°,  32.8°,  40.3°,  and  58.9°,
corresponding to the (002), (101), (103), and (110) planes of MoS2
(PDF#37-1492). No characteristic signals of Co or Ce sulfides were
detected  over  the  entire  scanning  range,  indicating  that  the
introduced  Co  and  Ce  neither  formed  new  crystalline  phases  nor
disrupted the intrinsic structure of MoS2.

X-ray  photoelectron  spectroscopy  (XPS)  was  utilized  to
 

Figure 1    (a)  Synthesis  schematic  of  Co,Ce-MoS2@CC;  (b)  FT-IR  spectra  of  Co2CeMo12,  CeMo12 and  [Co(NH3)6]Cl3;  (c)  PXRD  patterns  of  Co,Ce-MoS2@CC  and
MoS2@CC.
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characterize  the  valence  states  and  chemical  environments  of  the
elements  in  Co,Ce-MoS2@CC  (Fig.  2).  The  survey  spectrum  (Fig.
S1  in  the  Electronic  Supplementary  Material  (ESM))  features  the
signals  of  six  elements:  Co,  Ce,  Mo,  S,  O,  and  C.  In  the  high-
resolution Co 2p spectrum (Fig. 2(c)), the peaks at 783.8 eV (2p3/2)
and 800.3 eV (2p1/2)  were assigned to Co2+,  whereas those at  779.8
and  795.1  eV  correspond  to  Co3+ [33].  Satellite  signals  near  787.5
and 805.0 eV corroborate  the coexistence of  both oxidation states,
indicating that Co adopts a mixed-valence configuration within the
MoS2 lattice  [50].  In  the  Ce  3d  spectrum  (Fig.  2(d)),  the
characteristic  multiplet  splitting  reflects  the  presence  of  Ce3+ and

Ce4+:  Peaks at  887.6 and 905.9 eV were attributed to Ce4+,  whereas
those  at  884.1  and  902.1  eV  arise  from  Ce3+,  confirming  a  mixed
+3/+4  valence  state  [29].  In  the  Mo  3d  spectrum  (Fig.  2(b)),  the
dominant  doublet  at  230.0  eV  (3d5/2)  and  233.0  eV  (3d3/2)
corresponds to Mo4+ in the MoS2 phase [5]. A shoulder at 227.1 eV
originates  from  the  S  2s  core  level  of  Mo–S  bonds,  further
confirming  the  formation  of  the  MoS2 framework.  Weak  signals
centered at 232.9 and 236.0 eV indicate a minor MoO3 component,
likely arising from surface oxidation during sample preparation or
hydrothermal treatment [53]. In the S 2p spectrum (Fig. 2(a)), two
prominent  peaks  at  162.8  and  164.0  eV  correspond  to  the  S  2p3/2

 

Figure 2    XPS spectra of (a) S 2p, (b) Mo 3d, (c) Co 2p, and (d) Ce 3d of the MoS2@CC, Ce-MoS2@CC, Co-MoS2@CC and Co,Ce-MoS2@CC.
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and S 2p1/2 spin-orbit  doublets  of  S2− bonded to Mo,  aligning with
the  MoS2 structure  [6].  Comparison  with  undoped  MoS2@CC
reveals  notable  binding-energy  shifts  that  provide  valuable  insight
into  the  electronic  interactions  induced  by  heteroatom
incorporation.  Specifically,  the  Mo 3d  and  S  2p  core  levels  in  Ce-
MoS2@CC are downshifted by 0.3–0.4 eV, consistent with electron
donation  from  Ce  into  the  MoS2 host  and  an  increased  charge
density  around  both  Mo  and  S  centers.  In  stark  contrast,  singly
doped Co-MoS2@CC exhibits a positive shift of 0.4 eV for the same
core  levels,  indicating  that  Co  withdraws  charge  from  the  Mo–S
framework,  reducing  electron  density  at  these  sites  [53].
Interestingly,  the  codoped Co,Ce-MoS2@CC registers  only  a  slight
positive shift of 0.1–0.2 eV, intermediate between the values for the
individual  dopants.  This  behavior  suggests  that  the  electron-
donating  effect  of  Ce  partially  counterbalances  the  electron-
withdrawing  nature  of  Co,  establishing  a  well-balanced  charge
distribution [12, 54].

These  shifts  reveal  internal  electron  redistribution:  Ce  injects  a
small  quantity  of  electrons  into  the  MoS2 matrix,  increasing  the
electron  density  at  Mo  and  S  and  thus  lowering  their  binding
energies.  In contrast,  Co acts  as  an electron acceptor,  withdrawing
electrons from the Mo–S network, reducing the electron density at
Mo and S, and raising their binding energies [55–57]. The opposite
electron-transfer directions induced by Co and Ce establish a built-
in  electric  field  across  the  MoS2 host  lattice,  as  evidenced  by  the
opposite  binding  energy  shifts  [58, 59].  This  local  field  effect
facilitates  the  spatial  separation  of  charges  and  optimizes  the
adsorption/desorption of intermediates during HER [60, 61].

Figure 3 presents the morphological and microstructural features
of Co,Ce-MoS2@CC. Scanning electron microscopy (SEM) images
(Fig. 3(a)) reveal a "nanowrinkled" surface morphology formed via
the  stacking  of  layered  structures;  these  wrinkles  interweave,
forming  a  three-dimensional  porous  structure  with  an  undulating
topography.  This  structure  increases  the  electrochemically  active
surface  area  (ECSA)  and  exposes  the  active  edge  sites  of  MoS2,
thereby enhancing catalytic performance [62].

Transmission  electron  microscopy  (TEM)  images  (Figs.
3(b)–3(d))  further  reveal  the  microstructure  of  the  catalyst.  The
sample  retains  the  typical  two-dimensional  layered  assembly
characteristics of MoS2,  exhibiting a "nanoflower" structure formed
via nanosheet aggregation. High-resolution TEM (HRTEM) images
(Fig. 3(c)) show multiple lattice fringes assigned to the (002), (101),
(103), and (006) planes of MoS2, consistent with the PXRD results.
Notably,  local  discontinuities  or  distortions  are  observed  in  some
intralayer  lattice  fringes,  indicating  abundant  structural  defects  in
the  MoS2 matrix,  which  can  serve  as  active  centers  for  catalytic
reactions [63].

Elemental  maps  (Fig.  3(e))  confirm  that  MoS2 constitutes  the
continuous  matrix,  with  uniformly  dispersed  Ce  and  Co.
Quantitative  inductively  coupled  plasma  mass  spectrometry  (ICP-
MS)  (Table  S1  in  the  ESM)  further  confirms  the  incorporation  of
Co  and  Ce,  yielding  Co/Ce  and  Mo/Ce  molar  ratios  of
approximately 2.1 and 7.1, respectively.

 3.2    HER performance in an alkaline medium
HER  performance  of  the  catalysts  was  evaluated  in  an  alkaline
medium  (Fig.  S2  in  the  ESM).  The  results  reveal  that  Co,Ce-
MoS2@CC  calcined  at  400  °C  exhibits  the  best  catalytic  activity;
thus, this electrode was employed in all subsequent electrochemical
tests.  Specifically,  in  1.0  M  KOH,  Co,Ce-MoS2@CC  requires  an

overpotential  of  only  58  mV  to  achieve  10  mA·cm−2,  lower  than
those  of  Co-MoS2@CC  (115  mV),  Ce-MoS2@CC  (154  mV),
MoS2@CC  (198  mV),  and  CC  (588  mV; Fig.  4(a)).  This  indicates
that  the  synergistic  Co,Ce-codoping  strategy  effectively  boosts  the
electrocatalytic HER performance of MoS2 [60].

Tafel  slope  analysis  (Fig.  4(d))  provided further  insight  into  the
HER  reaction  kinetics  [63].  The  HER  typically  proceeds  via  the
Volmer, Heyrovsky, and Tafel steps, with corresponding theoretical
Tafel slopes of 120, 40, and 30 mV·dec−1 [64]. A Tafel slope of 51.54
mV·dec−1 was  obtained  for  Co,Ce-MoS2@CC,  substantially  smaller
than  those  for  Ce-MoS2CC  (96.31  mV·dec−1),  Co-MoS2@CC
(101.97  mV·dec−1),  MoS2@CC  (108.29  mV·dec−1),  and  CC  (116.21
mV·dec−1). These results indicate faster reaction kinetics over Co,Ce-
MoS2@CC, consistent with its HER performance [65].

Interfacial  charge  transfer  kinetics  were  characterized  using
electrochemical  impedance  spectroscopy.  The  experimental  data
were  fitted  using  the  Randles  equivalent  circuit  model,  which
includes  solution  resistance  (Rs),  charge-transfer  resistance  (Rct),
and  a  constant  phase  element  [66].  From  the  Nyquist  plots
(Fig.  4(e) and Table  S5 in  the  ESM),  the Rct values  increase  in  the
order of Co,Ce-MoS2@CC (2.49 Ω) < Co-MoS2@CC (6.28 Ω) < Ce-
MoS2@CC  (26.45  Ω)  <  MoS2@CC  (120.60  Ω)  <  CC  (257.20  Ω).
These  results  confirm  that  Co  and  Ce  effectively  accelerate
interfacial electron transfer and enhance electrical conductivity [67].

Cyclic  voltammetry (CV) was performed for  all  catalysts  within
the potential  window where Faradaic  processes  do not  occur [12].
ECSA (Table  S3  in  the  ESM)  was  determined  from the  measured
double-layer  capacitance  (Cdl, Fig.  4(f))  [13].  Co,Ce-MoS2@CC
exhibits  the  highest Cdl (144.06  mF·cm−2),  substantially  surpassing
Ce-MoS2@CC  (91.76  mF·cm−2),  Co-MoS2@CC  (70.34  mF·cm−2),
MoS2@CC (47.70 mF·cm−2), and CC (2.95 mF·cm−2). This indicates
that  codoping  yields  the  largest  active  surface  area,  exposing
abundant  active  sites  to  promote  the  HER  [65].  To  evaluate
intrinsic  catalytic  activity,  geometric  current  densities  at  an
overpotential  of  150  mV  in  an  alkaline  medium  were  extracted
from  the  linear  sweep  voltammetry  polarization  curves  and
normalized  by  the  corresponding  ECSA  values  (Table  S3  in  the
ESM) [68]. Additionally, mass activities were calculated at the same
overpotential  based on the  catalyst  mass  loadings  (Table  S2  in  the
ESM). The resulting comparisons are summarized in Fig. S8 in the
ESM,  where  Co,Ce-MoS2@CC  exhibits  the  highest  ECSA-
normalized  current  density  and  mass  activity,  confirming  its
superior intrinsic catalytic activity [69, 70].

The  reaction  mechanism  was  further  elucidated  using  DFT
calculations. Figure 4(g) presents the Gibbs free energy diagram for
the alkaline HER pathway on Co,Ce-MoS2@CC. The results reveal
a  water  dissociation  energy  barrier  of  1.30  eV  for  this  codoped
structure, providing theoretical insight into the HER pathway over
this Co,Ce-codoped configuration in alkaline media.

 3.3    HER performance in an acidic medium
Next,  the  HER  activity  of  the  Co,Ce-MoS2@CC  series  was
measured  in  0.5  M  H2SO4 (Fig.  S3  in  the  ESM).  The  sample
annealed  at  400  °C  required  an  overpotential  of  only  118  mV  to
deliver 10 mA·cm−2—substantially  lower than the 178 mV for Co-
MoS2@CC,  151  mV  for  Ce-MoS2@CC,  218  mV  for  MoS2@CC,
and  446  mV  for  CC.  Its  Tafel  slope  (58.98  mV·dec−1)  is  also
superior to those of Co-MoS2@CC (96.53 mV·dec−1), Ce-MoS2@CC
(84.39  mV·dec−1),  MoS2@CC  (117.58  mV·dec−1),  and  CC  (124.97
mV·dec−1) (Fig. 5(d)). This confirms the faster reaction kinetics over
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Co,Ce-MoS2@CC in an acidic medium.
The Cdl value  for  Co,Ce-MoS2@CC  (103.14  mF·cm−2),

determined from CV data (Fig. S6 in the ESM), greatly exceeds the
values for the reference samples. This provides additional evidence
for the greater ECSA and higher density of accessible active sites in
the  codoped  catalyst.  We  further  calculated  the  ECSA-normalized
current densities and mass activities (Fig. S8 in the ESM) based on
ECSA  (Table  S4  in  the  ESM)  and  mass  loadings  (Table  S2  in  the
ESM), respectively, with the results further confirming the superior
intrinsic catalytic activity of Co,Ce-MoS2@CC.

Electrochemical  impedance  spectroscopy  reveals  that  Co,Ce-
MoS2@CC  has  the  smallest  charge  transfer  resistance  (Rct =  10.47
Ω)  among  all  samples  (Table  S5  in  the  ESM),  outperforming
Co-MoS2@CC  (32.65  Ω),  Ce-MoS2@CC  (47.39  Ω),  MoS2@CC
(114.80 Ω), and CC (305.70 Ω). These findings confirm its excellent
interfacial electron transfer ability.

The reaction mechanism in acidic media was further elucidated
using  DFT  calculations  (Fig.  5(g)).  The  calculated  hydrogen

adsorption  free  energy  (ΔGH
*)  for  the  Co,Ce-codoped  structure  is

−0.28 eV, which is closer to zero compared to that for the pristine
2H-MoS2 basal plane (1.67 eV), indicating that codoping optimizes
the hydrogen intermediate adsorption strength and facilitates acidic
HER.

The  above  findings  indicate  that  Co,Ce-MoS2@CC  exhibits  the
highest  HER  activity  in  both  alkaline  and  acidic  environments
among  the  considered  samples.  This  was  attributed  to  the
synergistic  effects  of  Co,Ce-codoping:  it  not  only  optimizes  the
electronic structure of MoS2,  increasing the number of active sites,
but  also  facilitates  interfacial  charge  transfer  and  reduces Rct,
thereby substantially  enhancing the overall  electrochemical  activity
of the catalyst and accelerating reaction kinetics [71].

To  further  validate  the  advantages  of  the  POM-precursor  route
employed  herein,  we  systematically  compared  the  electrochemical
performance  of  the  POM-derived  sample  with  that  of  a  control
synthesized  from  discrete  metal  salts  (Co,Ce-MoS2@CC-MS;  Figs.
S4 and S5 in the ESM). The observed performance enhancement is

 

Figure 3    (a) SEM images of Co,Ce-MoS2@CC at different magnifications; (b)–(d) TEM and HRTEM images of Co,Ce-MoS2@CC; (e) elemental mapping.
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consistent  with  the  expected  benefits  of  the  POM-precursor  route
[72, 73].

 3.4    Stability and durability
To assess the practical viability of the catalyst, the cyclic stability and
long-term  durability  of  Co,Ce-MoS2@CC  were  systematically
investigated.  To  evaluate  cyclic  stability,  linear  sweep  voltammetry
profiles  recorded before and after  5,000 CV cycles  were compared

(Figs. 6(a) and 6(c)). At a current density of 100 mA·cm−2 in alkaline
and  acidic  media,  the  overpotential  increases  by  merely  2  and
4 mV, respectively, indicating good cycling stability.

Long-term  durability  was  further  evaluated  via i–t tests.
Chronoamperic  measurements  were  conducted  for  72  h  in  1.0  M
KOH and 0.5 M H2SO4 at a constant current density (100 mA·cm−2)
[12],  showing  no  notable  performance  degradation  for  Co,Ce-
MoS2@CC (Figs. 6(b) and 6(d)).

 

Figure 4    HER performance of the catalysts in 1 M KOH: (a) LSV curves; (b) overpotentials; (c) η10 histogram comparing Co,Ce-MoS2@CC with reported MoS2-based
catalysts; (d) Tafel slopes; (e) Nyquist plots; (f) Cdl curves; (g) Gibbs free energy diagrams for the alkaline HER pathway.
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After  stability  testing,  the  samples  were  characterized  using
scanning electron microscopy to investigate their structural stability
(Fig.  S9  in  the  ESM)  [71].  The  original  nanoflower  and  two-
dimensional layered structures of the catalyst remained intact after
the  tests,  without  notable  deformation,  collapse,  or  damage.
Furthermore,  the  PXRD  pattern  of  the  poststability-test  electrode
(Fig.  S10  in  the  ESM)  reveals  no  additional  diffraction  peaks  of
impurity phases, confirming the preservation of the primary MoS2
crystalline  structure.  However,  peak  intensity  slightly  decreases,

likely  because  of  partial  surface  amorphization  or  minor  material
loss during prolonged cycling [74]. Additionally, high-resolution Ce
3d  XPS  spectra  of  the  catalyst  recorded  after  72  h  of  durability
testing (Figs. S11 and S12 in the ESM) show that the peak positions
and  area  ratios  of  Ce3+ and  Ce4+ remain  essentially  unchanged
relative  to  the  pristine  sample,  indicating  that  the  mixed-valence
state  (+3/+4)  of  Ce  is  well-preserved  during  long-term
electrochemical  cycling.  Collectively,  these  characterizations
confirm  that  Co,Ce-MoS2@CC  possesses  robust  structural,  phase,

 

Figure 5    Electrochemical performance of catalysts in 0.5 M H2SO4: (a) LSV curves; (b) overpotentials; (c) η10 comparison with reported MoS2-based catalysts; (d) Tafel
slopes; (e) Nyquist plots; (f) Cdl curves; (g) Gibbs free energy diagrams for the acidic HER pathway.
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and  chemical  stability,  consistent  with  its  good  electrochemical
durability [75].

 3.5    Charge density difference analysis
The  optimized  atomic  configuration  after  geometric  relaxation
(Fig. 7(a)) reveals that the substitution of Mo sites with Co and Ce
atoms substantially reconstructs the local lattice configuration. The
intrinsic Mo–S bond length is 2.427 Å, whereas the Co–S and Ce–S
bond lengths are 2.310 and 2.789 Å, respectively.  This asymmetric
change  in  bond  length  induces  in-plane  microdistortions  around
the dopants and drives the anisotropic relaxation of the local lattice,
forming  the  structural  basis  for  subsequent  electronic  structure
modulation.

Figure  7(b) presents  the  three-dimensional  charge  density
difference  map,  showing  the  spatial  polarization  of  charge
distribution as isosurfaces. A pronounced charge depletion around
the  Ce  atom  (yellow  isosurface)  and  a  clear  charge  accumulation
near  the  Co  atom  (blue  isosurface)  indicate  a  charge  transfer
pathway  from  Ce  through  S  to  Co  [21, 76].  The  plane-averaged
charge density difference curve (along the c-direction) summarizes
the  vertical  charge  redistribution.  Such  nonuniform  charge
polarization  is  expected  to  induce  local  dipole  moments  and
generate  local  electric  fields,  substantially  affecting  charge  carrier
separation and transport [77, 78].

To  further  resolve  the  in-plane  charge  distribution,  a  two-
dimensional  charge  density  difference  slice  on  the  Ce–Co–S
coplanar  layer  was  plotted  (Fig.  7(c)).  This  slice  shows  decreased
electron density at the Ce site and increased electron density at the
Co  site,  thereby  indicating  the  formation  of  a  three-center  charge
redistribution  network  with  Ce  as  the  electron  donor,  Co  as  the
electron acceptor, and S as the bridging mediator.

This  synergistic  mechanism  explains  the  systematic  binding

energy shifts observed in XPS spectra and endows the material with
excellent HER performance by optimizing charge transport [79].

 4    Conclusions
This  study  reports  a  Co,Ce-MoS2@CC  catalyst  derived  from  a
single-source  POM  precursor.  In  alkaline  and  acidic  media,  the
catalyst delivers a current density of 10 mA·cm−2 at overpotentials of
58  and  118  mV,  respectively,  and  exhibits  satisfactory  long-term
stability.  This  outstanding  performance  was  attributed  to  several
synergistic  factors:  (1)  POM  preassembly  enables  the  uniform
dispersion  of  Co,  Ce,  and  Mo,  whereas  differences  in  ionic  radii
induce lattice distortion that activates the inert basal planes of MoS2;
(2)  the  Ce3+/Ce4+ redox  couple  interacts  with  Co,  establishing  a
donor–acceptor  system,  where  directional  charge  transfer  among
Ce, S, and Co modulates the local electron density at active sites and
enhances  electron-transport  efficiency;  (3) in  situ growth  yields  a
three-dimensional hierarchical porous nanoarray, providing a high
ECSA  while  establishing  effective  paths  for  electrolyte  penetration
and  ion  migration.  Overall,  this  work  provides  fundamental
insights  into  POM  precursor-based  codoping  strategies  for
designing efficient nonnoble-metal HER electrocatalysts.

 Electronic  Supplementary  Material: Supplementary  material
(electrochemical  information,  computational  details,  XPS,  SEM,
and  other  supporting  data  of  catalysts)  is  available  in  the  online
version  of  this  article  at https://doi.org/10.26599/POM.2026.
9140156.
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Figure 6    (a) and (b) LSV curves before/after 5000 CV cycles and 72 h i–t test (100 mA·cm−2) of Co,Ce-MoS2@CC in 1.0 M KOH; (c) and (d) in 0.5 M H2SO4.
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depletion).
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