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Abstract: The oxygen evolution reaction (OER) is the key anodic reaction in water electrolysis for hydrogen production. Herein, a
novel two-dimensional (2D) CoS/Co-MOF composite electrocatalyst was successfully synthesized using a post-synthesis method.
The as-synthesized 2D CoS/Co-MOF composite employed as an OER electrocatalyst exhibits an exceptionally low overpotential of
327 mV at a current density of 100 mA cm−2,  considerably outperforming most reported transition metal sulfide catalysts (e.g.,
NiS/MOFs:  368 mV,  Co9S8@MoS2/Co-MOFs:  350 mV).  Furthermore,  the resulting CoS/Co-MOF OER electrocatalyst  demonstrates
exceptional stability, maintaining stable catalytic activity after 20 h of constant-current operation and exhibiting minimal degrada-
tion after 30 days of air exposure. In addition, a systematic investigation of key parameters (e.g., the thioacetamide (TAA) content
and  reaction  temperature)  was  conducted  to  identify  the  optimal  process  conditions.  Moreover,  the  catalytic  mechanism  of
CoS/Co-MOF  electrocatalyst  was  further  elucidated  based  on  density  functional  theory  (DFT)  calculations.  These  results  reveal
that the introduction of CoS can modulate the d-band centre of the CoS/Co-MOF, thereby optimizing adsorption free energy and
reducing  the  overpotential.  This  synergy  between  the  structure  and  optimized  synthesis  parameters  advances  the  sustainable
development of high-performance OER electrocatalysts. This work offers a feasible method for designing efficient and durable elec-
trocatalysts that can facilitate large-scale applications of water electrolysis for hydrogen production.
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 1.  Introduction

Hydrogen  is  an  important  energy  carrier  that  plays  an  essen-
tial  role  in  achieving  carbon  neutrality  owing  to  its  zero-car-
bon emissions and high energy density. Approximately 96% of
the global hydrogen production depends on fossil fuel reform-
ing,  generating  10–12  tonnes  of  CO2 per  ton  of  hydrogen[1].
Green  hydrogen  production  using  proton  exchange  mem-
brane water  electrolysis  is  a  sustainable alternative.  However,
its industrial scalability is primarily limited by the intrinsic chal-
lenges of the oxygen evolution reaction (OER). This reaction is
crucial in water electrolysis because it is the main anodic pro-
cess that supplies the protons and electrons required for hydro-
gen production at the cathode. Notably, OER is a kinetically slug-
gish four-electron transfer process that requires overcoming a
high  thermodynamic  energy  barrier  (theoretical  potential:
1.23  V)[2],  leading  to  considerable  overpotential  and  substan-
tial energy loss.

Recently,  various  transition-metal-based  electrocatalysts,
such as oxides, hydroxides and sulfide/phosphide derivatives,

have been extensively explored to accelerate the sluggish OER
kinetics.  Specifically,  transition-metal  oxides  and  hydroxides
are  inexpensive  and  stable,  yet  their  catalytic  activity  is  lim-
ited  by  intrinsically  low  conductivity,  insufficient  exposure  of
active  sites,  and  the  difficulty  of  precisely  tailoring  their  local
coordination  environments[3, 4];  Although  single-atom  cata-
lysts offer maximized atomic utilization, their metal centers are
difficult to anchor at high density and tend to migrate or aggre-
gate under oxidative potentials[5]. Overall, the catalytic perfor-
mance  of  these  materials  is  fundamentally  constrained  by
restricted structural tunability and limited control over the elec-
tronic microenvironment of active sites.

Metal-organic  frameworks  (MOFs)  are  a  highly  promising
catalyst platform due to their intrinsically ordered porous archi-
tectures, abundant active sites, and tailorable coordination envi-
ronments.  Their  crystalline  architectures,  constructed  from
metal nodes and organic linkers, provide intrinsically high sur-
face  areas  and  fully  accessible  active  sites,  in  contrast  to  the
buried or partially exposed sites in dense inorganic materials.
More  importantly,  the  coordination  environment  around  the
metal  centers  in  MOFs  can  be  precisely  tuned  through  linker
chemistry  and  metal-ligand  design,  enabling  electronic  and
structural  modulation  that  is  difficult  to  achieve  in  oxides,
hydroxides,  or  sulfide/phosphide  catalysts[6].  These  features
make MOFs highly attractive for constructing well-defined and
tunable  catalytic  sites  for  the  OER.  However,  the  intrinsic
defects  (e.g.,  inherent  chemical  instability,  poor  mass  trans-

  
Correspondence to: Li J J, jjli@fosu.edu.cn; Duan C X,

cechxduan@fosu.edu.cn
Received: September 30, 2025; Revised: November 25, 2025; Accepted:
December 8, 2025

©The author(s) 2025. Published by Tsinghua University Press. This is an open
access article under the terms of the Creative Commons Attribution 4.0 Inter-
national License (CC BY 4.0, http://creativecommons.org/licenses/by/4.0/).

Research Article

Environmental Chemistry and Safety
DOI: 10.26599/ECS.2025.9600052

2025, 1, 9600052

Environmental Chemistry and Safety 2025, 1: 9600052 (1 of 10)
 

https://doi.org/10.26599/ECS.2025.9600052
mailto:jjli@fosu.edu.cn
mailto:cechxduan@fosu.edu.cn
http://creativecommons.org/licenses/by/4.0/
https://doi.org/


port  properties)  of  MOFs result  in  a  considerable  discrepancy
between their theoretical and actual performance[7-9]. For exam-
ple, metal-ligand bonds of MOFs are susceptible to hydrolysis
and breakage in alkaline electrolytes, leading to structural col-
lapse[10].  In addition, the domain-limited pore environment of
MOFs  is  dominated  by  micropores,  hindering  the  contact
between the electrolyte and approximately 80% of the active
sites,  leading  to  a  substantial  decrease  in  the  apparent
activity[11].  Liu  et  al.[12] developed  atomically  precise  catalysts
with increased hydrolytic stability of less than 100 h. However,
their  bond-breaking  rate  constants  (k ≥ 0.01  min−1)  failed  to
meet the industrial requirements. Chen et al.[13]designed a 2D-
layered MOF nanostructure with numerous binding sites; how-
ever,  it  suffered  from  the  limited  domain  of  the  micropores,
which  restricted  the  utilization  of  active  sites  to  approxi-
mately  80%.  Therefore,  bridging  this  performance  gap
remains a key challenge. Thus, the objective of this work is to
minimize the difference between the theoretical and practical
values through structural and electronic modulation.

Herein,  a post-synthesis method was developed to trans-
form a Co-MOF precursor into a novel 2D CoS/Co-MOF electro-
catalyst.  The  composite  was  processed  into  ultra-thin
nanosheets via a post-synthesis method, considerably enhanc-
ing the charge transfer and active site accessibility and result-
ing  in  a  6.2-fold  increase  in  electrochemically  active  surface
area  (ECSA)  and  a  low  overpotential  of  327  mV  at  100  mA
cm−2.  Furthermore,  the  formation  of  Co-S  covalent  bonding
enhances the composite structural stability and optimizes inter-
mediate adsorption. This was confirmed through density func-
tional theory (DFT) calculations, which indicate a reduction in
the energy barrier  of  the rate-determining step.  Crucially,  the
MOF  framework  is  retained,  and  outstanding  OER  perfor-
mance  is  achieved,  with  a  low  overpotential  and  exceptional
durability of over 500 h. This study provides a scalable and effi-
cient strategy for green hydrogen production.

 2.  Experimental

 2.1.  Synthesis of Co-MOFs

In  a  typical  synthesis,  a  mixture  of  6  mL  anhydrous  ethanol
and  10  mL  dimethylacetamide  (DMAC)  was  prepared.  Then,
0.3  mmol  of  cobalt  nitrate  hexahydrate  and  0.3  mmol  of
biphenyldicarboxylic acid were added to the mixture. The result-
ing solution was stirred for 60 min, transferred to an autoclave,
sealed,  and  reacted  at  150°C  for  3  h.  After  natural  cooling  to
room  temperature,  the  product  was  centrifugally  washed
three  times  with  a  mixed  solution  of  10  mL  of  anhydrous
ethanol  and  10  mL  of  DMAC.  Finally,  the  solid  was  vacuum-
dried at 50°C for 12 h, and it is denoted as Co-MOFs[14].

 2.2.  Synthesis of CoS/Co-MOF composite

The  CoS/Co-MOF  composite  was  prepared  via  a  post-synthe-

sis method, and the detailed procedure is illustrated in Fig. 1.
First,  50  mg  of  Co-MOFs  and  450  mg  of  thioacetamide  (TAA)
were  added  to  a  mixture  of  6  mL  anhydrous  ethanol  and  10
mL  DMAC.  After  stirring  for  60  min,  the  mixture  was  trans-
ferred  to  an  autoclave,  sealed,  and  reacted  at  150°C  for  3  h.
After natural cooling to room temperature, the product was cen-
trifugally washed three times with a mixture of 10 mL of anhy-
drous ethanol and 10 mL of DMAC. Finally, the obtained prod-
uct  was  vacuum-dried  at  50°C  for  12  h,  and  it  is  labeled  as
CoS/Co-MOF composite.

 2.3.  Characterization

 2.3.1.    Characterization
The  crystal  structure  was  identified  by  XRD.  SEM  and  TEM
revealed  the  sheet-like  morphology  and  detailed  microstruc-
ture. XPS confirmed the presence and chemical states of Co, S,
C,  N,  and O.  FTIR  spectra  (4000-500 cm−1)  further  verified the
organic linkers. BET surface area and pore structure were mea-
sured  by  N2 adsorption–desorption  on  an  ASAP  2460.  AFM
(Bruker  Dimension  Icon)  was  used  to  measure  the  thickness
and surface roughness.

 2.3.2.    Electrochemical measurements
All  electrochemical  measurements  were  carried  out  in  1  M
KOH  using  a  typical  three-electrode  configuration.  OER  activ-
ity was benchmarked by LSV, and Tafel slopes were extracted
from  the  polarization  curves.  Stability  was  assessed  by  multi-
hour  chronopotentiometry  at  constant  current.  ECSA  was
derived  from  double-layer  capacitance  measured  by  CV  in  a
non-Faradaic  region.  EIS  revealed  the  charge-transfer  resis-
tance at the electrode/electrolyte interface.

 2.4.  Calculation
All  DFT calculations were performed using the Vienna Ab ini-
tio  Simulation  Package  (VASP).  The  exchange-correlation
effects  were  described  by  the  Perdew-Burke-Ernzerhof  (PBE)
functional  within  the  generalized  gradient  approximation
(GGA). Core-electron interactions were treated with the projec-
tor  augmented  wave  (PAW)  method,  and  the  valence  elec-
trons  were  expanded  in  a  plane-wave  basis  set  with  a  cutoff
energy of 500 eV. The convergence criteria were set to 10-5 eV
for  electronic  self-consistency  and  0.02  eV/Å  for  ionic  relax-
ation.  Because  of  the  large  model  size,  Brillouin  zone  sam-
pling  was  limited  to  the  Gamma  point  using  a  1×1×1
Monkhorst-Pack k-mesh.

The Gibbs  free  energy  change (ΔG)  reflects  how strongly
the  OER  intermediates  bind  to  the  active  sites.  This  value  is
closely  related  to  the  electronic  structure  of  the  catalyst.  For
each  elementary  step, ΔG was  calculated  using  the  following
equation: 

ΔG = ΔE + ΔEZPE − TΔS + ΔGeleph + ΔGph

The electron energy difference, ΔE, was derived from DFT
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Fig. 1. Schematic illustration of the synthetic route for CoS/Co-MOF composite.
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calculations.  Changes  in  zero-point  energy  and  entropy,
denoted as ΔEZPE and ΔS, respectively, were determined from
vibrational  frequency  analysis.  For  gas-phase  molecules,
entropy  corrections  were  taken  from  standard  reference
databases.  The  reaction  temperature T was  set  to  298.15  K.
The  free  energy  contribution  includes  a  potential-dependent
term  incorporating n,  the  number  of  electrons  transferred, e,
the elementary charge, and U, the electrode potential. An addi-
tional  correction  for pH, ΔG_(pH),  was  applied  using  the  rela-
tion ΔG_(pH)  = k_B  T × pH × ln(10),  where k_B is  the  Boltz-
mann constant[15-17].

 3.  Results and discussion

 3.1.  Crystal structure and morphology analysis

To  analyze  the  effect  of  sulfidation  on  crystal  structure  and
chemical bonding transformations, XRD and FTIR characteriza-
tions were initially conducted. As shown in Fig. 2a, the XRD pat-
tern  reveals  that  the  as-synthesized  CoS/Co-MOF  composite
retains characteristic Co-MOF peaks at 12.1°, 13.6°, 18.3°, 29.2°,
and 30.8°, confirming the partial inheritance of MOF structural
advantages  such  as  high  specific  surface  area  and  abundant
active  sites.  Conversely,  peak  intensities  at  6.1°,  12.4°,  14.1°,
15.3°, and 18.8° are significantly attenuated[18], indicating that
the  partial  dissociation  of  the  Co-MOF  backbone  structure
induced  by  sulfidation.  Moreover,  FTIR  analyses  are  per-
formed to probe the evolution of chemical bonding. As shown
in Fig. 2b, the peak at 3169 cm−1 is attributed to N–H stretch-
ing  vibrations[19],  while  those  at  1080  and  1010  cm−1 are
assigned  to  S=O  vibrations,  confirming  the  involvement  of
TAA in ligand substitution. Furthermore, the band observes at
526 cm−1 corresponds to S-S stretching, and signals at 831 and
663 cm−1 are ascribed to C-S bending vibrations[20, 21]. These fea-
tures  indicate  the  formation  of  a  metal-sulfur  covalent  net-
work. These spectroscopic evidences verify the structural trans-
formation identified by XRD and establish the bonding founda-
tion for the material’s charge transport capacity (EIS: 57 Ω) and
active site exposure (ECSA: 86.6 mF cm−2).

The  morphological  evolution  of  Co-MOFs  and  CoS/Co-
MOF composite was revealed by SEM. As shown in Fig. 3a, the
as-synthesized CoS/Co-MOF composite exhibits a granular mor-
phology  distinct  from  Co-MOFs,  with  particle  size  substan-
tially reduced from 1 μm to 200 nm. This structural transforma-
tion stems from sulfur atoms released during TAA decomposi-
tion reacting with metal sites of Co-MOFs under high tempera-

ture  and  pressure  conditions,  concurrently  inducing  dimen-
sional reduction and specific surface area enhancement of 2D
nanosheets  while  promoting  the  formation  of  metal  sulfides
such as CoS[22]. To analyze spatial distribution-morphology cor-
relations,  the  energy-dispersive  X-ray  spectroscopy  (EDS)
result  confirms  homogeneous  dispersion  of  S  and  Co  ele-
ments  without  aggregation  (Fig.  3e),  verifying  uniform  load-
ing of high-density sulfur atoms on the Co-MOF substrate and
successfully  constructing  CoS/Co-MOF  composite.  Compared
with the 3D flower cluster shape of Co-MOFs, the CoS/Co-MOF
composite exhibits a randomly distributed 2D nanosheet struc-
ture  (Fig.  S1),  which  contributes  to  its  enhanced  electrocat-
alytic  performance.  This  ultrathin  configuration  (atomic-layer
thickness)  exposes  nearly  all  atoms  as  active  sites[23, 24],  thus
enhancing  specific  surface  area  and  site  density.  This  2D
nanosheet structure confers dual advantages, including (i) elec-
tron transport is facilitated by the 2D lamellae of the CoS/Co-
MOF composite that provides a topological basis for exposing
active sites, and (ii) stacking defects are suppressed, leading to
enhanced  oxidation  resistance  and  electrochemical
stability[25].

To further validate the ultrathin 2D nanosheet configura-
tion  of  the  CoS/Co-MOF  composite,  AFM  was  conducted  to
quantitatively  assess  the  thickness  and  nanoscale  roughness
of  the  samples,  as  shown  in Fig.  4.  The  AFM  height  profiles
reveal distinct thickness variations under different synthesis con-
ditions,  with  measured  feature  heights  of  6.135,  9.699,  7.870,
and  8.137  nm,  respectively.  These  results  confirm  that  the
CoS/Co-MOF composite maintains a nanoscale thickness, consis-
tent  with  the  SEM-observed  sheet-like  morphology.  Notably,
Fig. 4c-d exhibit a higher density of uniformly distributed nanos-
tructures,  suggesting  improved  structural  homogeneity  and
potentially  higher  exposure  of  catalytically  active  surface
atoms. The combination of SEM and AFM results indicates that
the  sulfur-induced  structural  reconstruction  not  only  refines
the  lateral  dimensions  of  the  nanosheets  but  also  regulates
their vertical thickness, thereby providing a favorable topogra-
phy for enhanced electrocatalytic activity.

In addition, the textural properties of the samples were eval-
uated by  N2 adsorption-desorption measurements.  As  shown
in Fig. S2 and Table S1, the pristine Co-MOFs exhibit a typical
IV  isotherm  with  a  larger  adsorption  capacity,  corresponding
to  a  BET  surface  area  of  19.31  m2 g−1 and  a  pore  volume  of
0.11  cm3 g−1.  After  the  incorporation  of  CoS,  the  BET  surface
area decreases to 13.19 m2 g−1 and the pore volume decreases
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Fig. 2. (a) XRD patterns and (b) FTIR spectra of Co-MOFs and CoS/Co-MOF composite.
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to 0.06 cm3 g−1, accompanied by a slight contraction of the aver-
age pore size (from 22.3 to 18.9  nm).  Such reductions can be
attributed  to  the  partial  occupation  and  surface  coverage  of
MOF  pores  by  CoS  nanoparticles  rather  than  structural  col-
lapse,  which  is  fully  consistent  with  the  SEM,  TEM,  and  XRD
results.  Notably,  the  composite  still  preserves  well-defined
mesoporous  channels,  providing  efficient  ion-diffusion  path-
ways that support the improved electrochemical performance
discussed below.

 3.2.  Chemical composition and bonding analysis

To further elucidate the electronic structure and valence states
of constituent elements of CoS/Co-MOF composite, XPS spec-
tra of CoS/Co-MOF composite are shown in Fig. 5 (the full sur-

vey spectrum is shown in Fig. S3). Fig. 5a displays the C 1s fine
scan  for  CoS/Co-MOF  composite,  deconvoluted  into  C=O
(288.82 eV), C-OH (287.23 eV), C-S (285.99 eV), and C=C (284.80
eV)  species,  indicating  the  emergence  of  C-S  bonds  concur-
rent with C-Co bond disappearance, which signifies the MOF-
to-sulfide transition. As shown in the O 1s fine scan of Fig. 5b,
the persistent peaks of C=O (531.94 eV) and C-O (533.23 eV) con-
firm the retention of the Co-MOF organic framework during sul-
fidation[26].  Simultaneously, the absence of Co-O bonds stems
from TAA competing with organic ligands for metal coordina-
tion sites  during vulcanization,  ultimately  causing Co-O bond
cleavage  and  metal  sulfide  formation[27]. Fig.  5c presents  the
high-resolution Co 2p XPS spectra for CoS/Co-MOF composite,
revealing that cobalt primarily exists as Co2+ (797.29 eV, 781.28
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eV),  Co3+ (794.65  eV,  779.60  eV),  and  Co0 (793.08  eV,  778.17
eV),  with  the  latter  two  peaks  attributed  to  Co-Co  bonds[28].
Notably,  the  presence  of  metallic  cobalt  (Co0)  can  be
attributed  to  the  in  situ  partial  reduction  of  cobalt  ions  by
thioacetamide,  which  acted  as  a  mild  reducing  agent  under
the solvothermal conditions, a phenomenon supported by pre-
vious literature[29-31]. Fig. 5d displays the S 2p fine scan, the sul-
fur  element  transforms  into  other  species  such  as  SO4

2−

(169.94  eV,  168.69  eV),  S2
2− (164.49  eV,  163.19  eV),  and  S2−

(162.76 eV,  161.63 eV).  The peak of  163.19 eV corresponds to
Co-S  bonding,  while  the  162.76  eV  peak  originates  from  sur-
face  low-coordinated  S  ions,  aligning  with  literature  reports
and  confirming  transition  metal  sulfide  formation  where  S2

2−

represents disulfide bonds[32, 33].  Collectively, Co-S (161.63 eV)
and  S-S  (163.19  eV)  bonds  enhance  intermediate  adsorption
and facilitate electron transfer, further verifying the formation
of sulfide. In addition, surface SO4

2− results from sulfide air oxi-
dation[26]. As reported in the literature[34, 35], these species signif-
icantly  boost  OER  activity  by  optimizing  the  electronic  struc-
ture.

 3.3.  Electrocatalytic oxygen evolution performance

Electrochemical performance of composite-loaded glassy car-

bon  electrodes  was  evaluated  in  a  three-electrode  system
within  1  M  KOH  electrolyte.  Compared  with  Co-MOFs  (414
mV), the as-synthesized CoS/Co-MOF composite exhibits a sub-
stantially  lower  overpotential  (274  mV  at  20  mA  cm−2),  as
shown  in Fig.  6a.  This  performance  enhancement  primarily
can be attributed to the formation of sulfide-induced lamellar
structure  that  provides  abundant  active  sites  and  facilitates
charge  transfer[32].  Notably,  CoS/Co-MOF  composite  shows
lower overpotential than reported transition metal sulfide cata-
lysts  (Table  1),  further  confirming  its  potential  as  an  efficient
OER  catalyst.  In  addition,  to  further  benchmark  the  catalytic
activity, the performance of CoS/Co-MOF composite was com-
pared with the widely accepted noble-metal benchmark cata-
lyst  RuO2.  Commercial  RuO2 typically  requires  an  overpoten-
tial of ≈ 300–320 mV at 20 mA cm−2 in 1 M KOH, as commonly
reported for OER benchmarking[36-39]. This value is higher than
that  of  the  CoS/Co-MOF  composite  (274  mV  at  20  mA  cm−2),
indicating  that  the  composite  even  approaches  or  surpasses
the activity of RuO2 under identical evaluation conditions. Con-
sidering that RuO2 is one of the most active OER catalysts but
suffers from high cost and limited stability, the superior intrin-
sic activity of the CoS/Co-MOF composite underscores its practi-
cal potential as a cost-effective and competitive alternative to
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noble-metal oxides.
The OER kinetics were further investigated by Tafel  slope

analysis.  A  smaller  Tafel  slope  means  faster  reaction  kinetics,
because the overpotential increases more slowly with rising cur-
rent density[45]. As shown in Fig. 6b, the CoS/Co-MOF compos-
ite (74.74 mV dec−1) exhibits a lower Tafel slope than Co-MOFs
(118.84  mV  dec−1)  at  1.5  log  (current  density),  manifesting
faster  OER kinetics.  Through the  construction of  CV curves  at
varied scan rates, Cdl was calculated. Given Cdl's proportional-
ity to ECSA[46], its value can be used to estimate the active site
density.  As  shown  in Fig.  6c,  the  Cdl  value  of  CoS/Co-MOF  is

86.6  μF cm−2,  which is  much higher  than that  of  the Co-MOF
before sulfidation (only 6.84 μF cm−2). Such a large increase in
Cdl suggests that far more active sites are exposed in the com-
posite,  leading  to  better  intrinsic  OER  activity.  This  observa-
tion agrees well with previous reports from Yang’s group.[33].

The OER performance depends on both ECSA and charge
transfer resistance, with the latter being particularly critical for
evaluating  the  intrinsic  activity  of  the  catalyst.  EIS  measure-
ments  were  employed  to  investigate  ion  and  charge  transfer
processes  at  the  catalyst–electrolyte  interface.  The  Nyquist
plots exhibited excellent fitting quality, enabling extraction of
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Table 1.   Comparative analysis of OER performance between CoS/Co-MOF composite and homologous transition metal sulfides electrocatalysts.

Sample Overpotential (mV @ 10 mA cm−2) Tafel slope (mV dec−1) Stability (h @ mA cm−2) Ref.

CoNixSy/NCP 280 71 10 @ 1.52 V [40]
NiCo2S4@CC 370 (100 mA cm−2) 95.76 20 @ 1.60 V [32]

Co9S8/NSCNFs-850 302 54 10 @ 1.55 V [20]
h-CoxSy 320 98 18 @ 10 [41]

Co9S8-NSC@Mo2C 293 59.7 20 @ 300 mV [26]
Ni-Ni3S2@carbon nanoplates 284.7 56 / [24]

Co/C9S8@NSOC-800 373 80 / [42]
CoS@C/10Graphene 450 / 4.17 @ 10 (0.1M KOH) [43]

NiCoS/Ti3C2Tx 365 58.2 6 @ 10 [44]
Co-MOFs 377 118.84 18 @ 10 This work

CoS/CO-MOF 274 (20 mA cm−2) 74.74 20 @ 10 This work
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quantitative  electrochemical  parameters  that  accurately
reflect the intrinsic charge-transfer characteristics of  the cata-
lyst.  The  semicircle  diameter  corresponds  to  charge  transfer
resistance (Rct), with lower Rct values indicating higher charge
transfer  efficiency.  As  shown  in  the Fig.  6d,  the  obtained
CoS/Co-MOF  composite  exhibits  a  markedly  smaller
impedance  arc,  indicating  a  lower  charge-transfer  resistance
than  that  of  the  unsulfurized  Co-MOF  (257  Ω).  This  corre-
sponds  to  a  much  lower  charge-transfer  resistance  of  57  Ω.
The faster charge transfer kinetics can be attributed to the inher-
ent  metallic  conductivity  of  CoS,  which  effectively  promotes
electron  transfer[33].  Collectively,  the  electrochemical  evi-
dence establishes that the performance superiority of CoS/Co-
MOF  composite  originates  from  three  synergistic  microstruc-
tural  properties,  including  (i)  2D  nanosheet  morphology
enhances  ECSA  to  86.6  mF  cm−2 through  maximal  active  site
exposure[24], directly enabling the low overpotential of 274 mV
at  20  mA  cm−2;  (ii)  Strong  Co-S  covalent  bonding  (XPS:  161.6
eV)  optimizes  charge  transport  pathways,  reduces  Rct  to  57
Ω[33],  and  accelerates  OER  kinetics  (Tafel  slope:  74.74  mV
dec−1); and (iii) the S–S vibration (FTIR: 526 cm−1) indicates addi-
tional bonding interactions that help stabilize the framework,
as evidenced by the higher decomposition temperature of the
composite in TGA (>380°C, Fig. S4)[47].

Electrochemical stability is an important indicator of cata-
lyst  performance.  Chronopotentiometric  tests  were  carried
out  at  10  mA  cm−2 to  evaluate  the  stability.  As  shown  in Fig.
7a, the CoS/Co-MOF electrode operates steadily for more than
20  h,  and  a  slight  improvement  in  performance  can  even  be
observed  during  the  test.  In  comparison,  the  Co-MOF  elec-
trode remains stable for only about 18 h. This enhanced durabil-
ity  mainly  comes  from  the  2D  nanosheet  structure,  which
helps  release  mechanical  strain,  and  from  the  stronger  Co-S
bonds  that  are  more  resistant  to  alkaline  corrosion.  In  addi-
tion,  the  FTIR  spectra  before  and  after  the  stability  test  show
clear changes in the carboxylate and Co-S bands (Fig. S5), indi-
cating structural adjustments during long-term operation. Envi-
ronmental  stability  testing  further  validates  practicality:  after
30-day ambient exposure, CoS/Co-MOF composite shows mini-
mal LSV curve variation (Fig. 7b), with 100 mA cm−2 overpoten-
tial  increasing only from 327 mV to 350 mV. As shown in Fig.

S6, the CoS/Co-MOF was characterized by SEM after the stabil-
ity test. The stacked, grass-like morphology enhances the mate-
rial's  electrochemical  stability  by  providing  buffer  space,
which comes at the cost of partial electrocatalytic activity and
conductivity.

 3.4.  Electrochemical performances enhancement via

parameter optimization

The structural properties of CoS/Co-MOF composite can be pre-
cisely  tuned  through  the  TAA  dosage,  and  reaction  parame-
ters, thereby significantly modulating OER electrocatalytic per-
formance (synthesis  details  and naming conventions are pro-
vided  in  the  SI)[48].  Specifically,  TAA  concentration  critically
determines both MOF-to-sulfide conversion extent and active
site density[49]. Concurrently, reaction parameters (e.g., tempera-
ture and time) control the formation of crystalline defects and
the development of conductive networks[50]. These factors syn-
ergize  with  intrinsic  material  activity  and  mass-transfer  effi-
ciency  to  enable  the  systematic  optimization  of  OER  perfor-
mance.

 3.4.1.    The effect of TAA addition on OER performance
TAA dosage is a critical parameter for controlling MOF-to-transi-
tion  metal  sulfide  conversion  during  CoS/Co-MOF  composite
preparation.  As  shown  in  Fig.  S7,  the  catalytic  activity  of
CoS/Co-MOF  composite  demonstrates  a  volcano-shaped
trend versus TAA dosage, peaking at 450 mg. This optimal addi-
tion  maximizes  retention  of  MOF  precursor  structural  advan-
tages (high specific  surface area,  abundant  active sites)  while
enabling  sufficient  transition  metal  sulfide  formation.  Con-
versely, excessive TAA (500 mg) completely destroys the MOF
backbone,  blocks  active  sites,  eliminates  MOF-derived  poros-
ity advantages, and reduces charge transfer rates-severely com-
promising OER performance. Insufficient TAA (400 mg) causes
incomplete  sulfidation,  preventing  adequate  transition  metal
sulfide active site formation. Both non-optimal conditions detri-
mentally impact composite OER performance[22].

The XRD patterns in Fig. S8 further confirm the important
role  of  TAA  dosage.  When  the  optimal  amount  of  TAA  (450
mg)  was  used,  the  diffraction  peaks  were  very  weak  and
broad,  indicating  that  CoS  existed  in  a  highly  dispersed  and
partly amorphous state and was uniformly distributed on the
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Co-MOF framework. In contrast, when too much TAA (500 mg)
was added, several sharp peaks appeared in the XRD pattern.
This means large crystalline CoS particles formed and the MOF
framework  collapsed  seriously,  which  explains  the  obvious
drop  in  catalytic  activity.  On  the  other  hand,  when  TAA  was
insufficient (400 mg), strong diffraction peaks from the remain-
ing precursor were still observed, showing that the sulfidation
reaction was not complete. All these results clearly explain the
volcano-type trend of OER activity with changing TAA amount
and prove that 450 mg is indeed the best condition to obtain
the most suitable phase and nanostructure for oxygen evolu-
tion catalysis.

 3.4.2.    The impact of reaction temperature and time on

OER performance
As shown in Fig. S9, raising the temperature from 125 to 150°C
improves  all  key  performance  metrics.  The  overpotential
decreases  by  21.7%  (from  382  to  327  mV),  the  Tafel  slope
decreases by 32.2% (from 100.47 to 68.13 mV dec−1),  and the
ECSA  increases  by  46.2%  (from  59.22  to  86.6  μF  cm−2).  These
improvements suggest that moderate heating enhances vulcan-
ization  without  compromising  structural  order.  However,  the
overpotential sharply increases to 441 mV (34.9% higher than
150°C) at 175°C while ECSA dramatically decreases to 15.62 μF
cm−2 (82%  reduction  from  150°C),  confirming  high-tempera-
ture  MOF  backbone  collapse  and  active  site  destruction.  As
shown  in  Fig.  S10,  reaction  time  exhibits  non-monotonic
effects,  with  optimal  performance  at  3  h  (327  mV,  86.6  μF
cm−2), while 2 h (358 mV, 72.44 μF cm−2) and 4 h (338 mV, 44.1
μF cm−2) samples suffer from under-sulfidation and over-etch-
ing respectively. Thus, the optimal condition of 150°C for 3 h is
identified. Under the optimal conditions, maximum vulcaniza-
tion is achieved while the integrity of the MOF pore channels
is  preserved.  This  leads  to  a  synergistic  optimization  of  both
active site density and charge transfer efficiency.

In  addition,  the  XRD  patterns  corroborate  these  electro-
chemical trends. As shown in Fig. S11, the sample synthesized
at 150°C for 3 h exhibits the sharpest and most intense diffrac-
tion  peaks,  indicating  the  highest  crystallinity  and  well-pre-
served  Co-MOF  framework.  In  contrast,  samples  prepared  at
125°C or with shorter reaction time (2 h) show slightly broad-
ened  peaks  associated  with  incomplete  sulfidation,  while
those obtained at 175°C or prolonged reaction time (4 h) dis-
play markedly weakened and broadened peaks, confirming par-
tial  collapse  of  the  MOF  backbone.  These  results  further  vali-

date  that  150°C  for  3  h  represents  the  optimal  balance
between structural integrity and sulfidation degree.

 3.5.  Deciphering the catalytic enhancement

mechanism by DFT calculations

Systematic  DFT calculations  were  conducted to  elucidate  the
optimization mechanism of the Co-S bond in CoS/Co-MOF com-
posite with regard to the kinetics of the OER. By constructing
models  of  the  crystal  plane  of  CoS  (102),  the  interface  of
organic  ligand,  and  the  heterojunction  structure  of  CoS/Co-
MOF  composite,  the  changes  in  adsorption  free  energy  for
each elementary step in the four-electron pathway of the OER
were systematically calculated. 

∗ + HO →
∗OH + H+ + e− (1)

 

∗OH →
∗O + H+ + e− (2)

 

∗O + HO →
∗OOH + H+ + e− (3)

 

∗OOH →
∗ +O + H+ + e− (4)

Compared  with  pure  Co-MOFs,  the  interface  of  CoS/Co-
MOF composite substantially reduces the energy required for
the rate-determining step (step 3, oxygen-oxygen bond forma-
tion), as illustrated in the free energy diagram in Fig. 8a. Specifi-
cally,  the  Gibbs  free  energy  change  for  this  step  is  1.8  eV  for
pure  Co-MOFs,  while  it  decreases  to  1.47  eV  for  the  CoS/Co-
MOF composite.  This reduction can be attributed to the elec-
tronic  structure  rearrangement  induced by the Co-S  covalent
bond,  which  shifts  the  d-band  center  of  Co  at  the  composite
interface to a lower energy level of 1.23 eV. This optimization
significantly tunes the adsorption strength of oxygen-contain-
ing  intermediates  (particularly  *OOH),  thereby  lowering  the
reaction energy barrier of the rate-determining step.

The DFT calculations reveal that the downward shift of the
d-band center induced by CoS significantly reduces the activa-
tion barrier for O-O bond formation, thereby decreasing the sen-
sitivity of the reaction rate to overpotential variations. As illus-
trated  in Fig.  8b,  the  density  of  states  (DOS)  of  the  CoS/Co-
MOF  composite  shows  a  pronounced  increase  in  electronic
states near the Fermi level compared to pristine Co-MOF, reflect-
ing enhanced metallic character upon heterostructure forma-
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tion.  This  improvement  in  electronic  conductivity  directly
accounts  for  the  experimentally  observed  low  Tafel  slope  of
74.74 mV dec−1.  The reduced Tafel slope provides compelling
evidence  that  the  rate-determining  step  has  shifted  from
adsorption-limited to a more facile charge-transfer process. Fur-
thermore,  the  computed  free-energy  barriers  align  closely
with  the  experimental  overpotential  of  327  mV  required  to
reach 100 mA cm−2,  confirming the reliability  of  our theoreti-
cal model. Charge-density difference analysis reveals substan-
tial  electron  redistribution  at  the  CoS/Co-MOF  interface,  with
electrons accumulating on the MOF side (Fig. S12). This interfa-
cial electron transfer establishes a built-in electric field that facili-
tates  directed  charge  transport,  lowers  interfacial  resistance,
and ultimately accelerates OER kinetics.

 4.  Conclusion

In summary,  a  2D CoS/Co-MOF composite with reduced crys-
tal  diameters  (~200  nm)  was  developed  via  a  post-synthesis
method. The 2D CoS/Co-MOF composite exhibits an ultrathin
nanosheet  structure  with  strong  Co-S  bonds  and  an  S-S  net-
work. These structural characteristics enhance the electrical con-
ductivity  and  structural  stability  of  the  sample.  The  resulting
2D  CoS/Co-MOF  composite  electrocatalyst  shows  outstand-
ing OER performance, with an overpotential of 327 mV at 100
mA cm−2, a Tafel slope of 74.74 mV dec−1, a high ECSA of 86.6
mF  cm−2 and  excellent  stability  (>20  h).  The  DFT  calculations
reveal that the Co-S bond optimizes the adsorption of oxygen
intermediates  and  facilitates  electron  transfer  by  negatively
shifting  the  d-band  centre  negatively  to −1.23  eV,  leading  to
stronger  chemical  bonding  between  the  catalyst  surface  and
adsorption  intermediates.  This  optimizes  the  adsorption  free
energy  and  reduces  the  overpotential.  These  results  were
achieved  through  parameter  optimization  (TAA  content:  450
mg, reaction temperature: 150°C, reaction time: 3 h). This work
contributes  to  the  ongoing  development  of  efficient  and
durable electrocatalysts that are crucial for advancing sustain-
able hydrogen production technologies.
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