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ABSTRACT: Developing  non-noble  catalyst  synthesis  under
green  conditions  with  efficient  electrochemical  reactions  is  a
challenging  task  in  green  energy  technologies.  To  meet  this
challenge,  the  synthesis  of  hybridized  non-noble  cobalt  and
iron in the zeolitic-imidazole framework (Co/Fe-ZIF) through a
solid-state thermal (SST) method is developed. In the obtained
Co/Fe-ZIF  structure,  iron  atoms  are  uniformly  dispersed  and
randomly  hybridized with  primary  cobalt  atoms and imidazole
linker, similar to the structure of ZIF-67. The hybridized Co/Fe-
ZIF  shows  potential  as  an  electrocatalyst  for  oxidation
evolution  reaction  (OER).  The  optimal  iron-incorporating
catalyst,  Co/Fe0.2-ZIF,  demonstrates  remarkable  performance
with  a  minimized  overpotential  of  285  mV  at  the  current
density (j) of 10 mA·cm−2 in 1 M KOH. The synergistic effect of
iron and cobalt ions on the catalyst provides active sites that bind to intermediate (OOH*) more strongly and facilitate high
electron  charge  transfer,  enhancing  efficient  electrocatalyst.  Furthermore,  the  synergistic  Co/Fe0.2-ZIF  catalyst
demonstrates excellent durable reaction time compared to non-iron catalyst (ZIF-67) and conventional catalyst (RuO2).
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1    Introduction
The  energy  crisis  and  more  concerns  about  environment-relevant
non-renewable  sources  derived  from  fossil  fuels  are  significant
motivations to explore new energy from renewable sources that are
green  and  environmentally  friendly  [1−3].  To  resolve  this  energy
issue,  electrochemical  energy-related  technologies  such  as  water
splitting,  hydrogen  production  and  fuel  cells  are  alternative
sustainability  technologies  that  can  potentially  aspect  and  replace
classical  energy  sources.  Hydrogen  production  is  considered  the
most  straightforward  and  cleanest  green  energy  source  that  can
directly  provide  power  for  the  future  world  while  reducing  our
reliance  on  fossil  fuels.  Among  the  effective  methods  to  obtain

hydrogen,  water  electrolysis  stands  out  as  one  of  the  most
promising  approaches  [4, 5].  Water  electrolysis  or  water  splitting
consists  of  two  half-cell  reactions,  namely,  oxygen  evolution
reaction  (OER)  and  hydrogen  evolution  reaction  (HER),  which
occurs  on  the  anode  and  cathode  side,  respective,  of  the  anion
exchange  membrane  (AEM)  combining  the  alkaline  (ALK)  and
proton exchange membrane (PEM) technology [6−8]. Considering
two  half-cell  reactions,  the  four  proton  and  four  electron  coupled
transfer  between  oxygen  bond  (O–O)  in  the  half-cell  OER  is  the
kinetic  rate  of  determining  step,  which  requires  the  highest
activation  energy,  leading  to  significantly  limited  hydrogen
production efficiency [9, 10]. While precious metal catalysts such as
RuO2 are  currently  used  as  the  trademark  OER  catalysts  due  to
their  high  efficiency  [11, 12].  However,  their  high  prices,  limited
stability  and  selectivity  make  it  challenging  to  use  precious  metal
catalysts  widely.  Therefore,  there  is  an  urgent  need  to  develop
improved  non-precious  metal  materials  for  the  OER  catalyst  in
renewable energy technologies [13, 14].
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Metal-organic frameworks (MOFs) are known as a new class of
crystalline porous materials that have received significant attention
due  to  their  high  surface  area  and  porosity,  showing  enormous
potential  applications  in  various  fields  [15−17].  The  diversity  of
metal clusters/ions and organic linkers to construct the framework
on  MOFs  offers  structural  tunability  in  different  properties.
Moreover,  the  derivative  carbon-based  materials  using  MOFs  as
precursors  or  templates  are  further  expanding  on  their  potential
applications [18−20]. Among MOFs, zeolitic-imidazole framework-
67 (ZIF-67), composed of cobalt linked with imidazole ligands, has
been widely explored as high crystalline, uniform distribution with
dense  metals,  ultra-high  surface  area,  large  pore  volume,  stable
structure,  etc.  In  addition,  the  dense  cobalt  content  on  ZIF-67
provides  promising  potential  for  use  as  a  catalyst  for
electrochemical  application  [21, 22].  The  electrocatalytic  activity
and  stability  of  cobalt  in  ZIF-67  and  its  derivative  structures  have
been found to be higher  than other  transition metal  elements  [23,
24].  Up  to  date,  there  are  several  high-potential  electrocatalysts
based on ZIF-67 that  have  been developed and reported [25].  For
instance, Anna Dymerska et al. [25] utilized ZIF-67 with Ni doping
for  efficient  electrocatalytic  OER  under  alkaline  conditions  with  a
low  overpotential  of  299  mV  at  10  mA·cm−2.  Iron-functional
electrocatalysts  are  also  an  excellent  OER  activity  and  are
considered  one  of  the  best  metal  catalysts  among  other  transition
metals  [26−28].  Dan  Wen  et  al.  synthesized  an  electrode  with  a
multi-level  heterogeneous structure of  Material  Institute  Lavoisier-
53  (MIL-53)@ZIF-67  and  applied  it  as  a  catalyst  for  OER  [29].
Notable,  the  iron-based  metal  bridged  with  a  carboxylic  ligand
(terephthalic acid (BDC)) was the main structure in the framework
of  MIL-53.  Their  hybrid  structures  (MIL-53@ZIF-67)  showed  the
performance  under  alkaline  electrolytes  at  10  mA·cm−2 with  an
overpotential of 193 mV. The Co-Fe synergy in the hybrid structure
was found to promote electron transfer, significantly enhancing the
inherent  catalytic  activity  of  catalytic  sites  and  leading  to  excellent
electrochemical  performance.  For  a  similar  idea  of  hybridized
materials,  Dongyu  Han  et  al.  [30]  enhanced  the  stability  of  the
catalyst by constructing a yolk–shell structured FeCo-LDH@ZIF-67
(LDH:  layered  double  hydroxide)  composite  material,  resulting  in
an  overpotential  of  352  mV at 10  mA·cm−2 in  1.0  M KOH.  Thus,
the  hybridizing  or  doping  iron  to  prepare  the  bimetallic  or
composite Fe-Co MOFs bimetallic catalyst is a promising approach.
However, their synthesized method is still a barrier to the synthesis
of  bimetallic  or  hybrid  Fe/Co  MOF  electrocatalysts,  such  as  the
need for a multi-step process, time-consuming in crystallization or
structural assembly, employed solvent during the synthetic process
with  consequently  generated  waste-solvent,  etc.  Therefore,  a  new
synthetic  process  with a  facile,  green and environmentally  friendly
route  is  required  to  develop  a  synthesis  electrocatalyst  for  efficient
OER performance [31].

This work investigated a facile synthesis of hybridized cobalt and
iron  atoms  in  the  zeolitic  imidazole  frameworks  (Co/Fe-ZIF)
through  the  novel  solid-state  thermal  method  (SST)  to  apply  an
efficient  electrocatalyst  of  OER.  The  iron  atoms  were
simultaneously  integrated  into  the  framework  during  the
crystallization  of  ZIF-67  of  the  SST  method,  resulting  in  iron
homogeneous  hybridized  and  well-dispersed  in  the  framework  of
Co/Fe-ZIF  catalysts.  Notable,  the  facile  method  and  free-solvent
participation  in  the  SST  method  synthesized  highly  effective  sites
over  Co/Fe-ZIF-67  catalysts,  an  advantage  over  the  early  reported
method  to  synthesize  iron  functionalized  ZIF-67  catalysts.

Controlling  the  iron  content  in  the  physically  mixed  precursor
could  maximize  the  catalytic  performance  of  Co/Fe-ZIF  catalysts
for  OER.  At  a  current  density  (j)  of  10  mA·cm−2,  the  significantly
low  overpotential  of  Co/Fe0.2-ZIF  is  a  much  lower  overpotential
than  that  of  the  non-iron  catalysts  (ZIF-67  and  trademark  RuO2).
The synergy hybridized Fe/Co significantly functionalizes to modify
the  pristine  ZIF-67  structure  and  increase  the  electrochemically
active  area.  Notable,  the  solid-state  thermal  method  (SST)  for
synthesizing  ZIFs  (ZIF-8  and  ZIF-67)  was  first  developed  by  our
research team [32−34]. This method has an advantage as it directly
uses the synthesized ZIFs for further applications without requiring
post-treatment  or  activation.  Significantly,  the  synthesis  of
hybridized  metals  in  ZIF-67  through the  SST method for  efficient
electrocatalyst  of  OER  is  first  invented  in  this  work.  This  catalyst
was  synthesized  in  a  single  step  without  adding  solvents  or
additives.  The  residues  and  by-products  were  simultaneously
removed  during  the  synthesis  process,  which  aligns  with  the
principles  of  green  chemistry  aimed  at  minimizing  the  use  of
solvents and waste and reducing costs. 

2    Experimental
 

2.1    Materials and synthesis
All chemical reagents/sources used in experiment are commercially
available  and directly  used without  further  purification.  The  metal
sources  (cobalt(II)  acetylacetonate  (97%),  iron(III)  acetylacetonate
(97%)),  2-methyl  imidazole  (98%),  potassium  hydroxide  and  the
commercial  RuO2 were  purchased  from  Shanghai  Aladdin  Bio-
Chem Technology Co., Ltd.

In the synthesis of Co/Fe0.2-ZIF, cobalt acetylacetonate (1 mmol,
257  mg),  iron  acetylacetonate  (0.2  mmol,  70.6  mg)  and  2-
methylimidazole  (2-MIM,  4.0  mmol,  328  mg)  were  physically
ground  under  ambient  conditions  to  obtain  as  a  precursor.  The
solid precursor was placed into a ceramic boat (30 mm × 60 mm ×
15  mm)  and  transferred  to  a  muffle  furnace  (TL  1200,  Nanjing
Boyuntong  Instrument  Technology  Co,  Ltd.).  The  solid  precursor
was thermal treatment with the programmable controller under an
inert  carrier  gas  (Ar)  flow  rate  of  50  cm³·min−1.  The  temperature
program  initially  ramped  up  from  room  temperature  to  100  °C
within 30 min, followed by a further increase to 200 °C at a rate of
5 °C·min−1 and held at 200 °C for 1 h before naturally cooling down
to  room  temperature.  The  obtained  material,  Co/Fe0.2-ZIF,  was
directly  used  for  further  characterization  and  applications  without
post-treatment  or  purification.  The  different  Fe  loadings  (Co/Fey-
ZIF) were synthesized using a similar procedure to that of Co/Fe0.2-
ZIF.  However,  the  mixed  solid  precursor  was  prepared  by  adding
different proportions of iron(III) acetylacetonate (y: 5%, 20%, 35%,
50%  mole  based  on  1  mmol  of  cobalt(II)  acetylacetonate).  The
resulting  materials  were  named Co/Fey-ZIF  (y:  5%,  20%,  35% and
50%).  It  is  worth mentioning that  the  synthesized Co/Fey-ZIF was
directly used without post-treatment, purification, or activation. 

2.2    Material characterization
The crystal structure was determined at room temperature using X-
ray  diffraction  (XRD,  Bruker  D8  Advance).  X-ray  photoelectron
spectroscopy  (XPS)  measurements  were  conducted  using  an
ESCALAB  250Xi  spectrometer  with  monochromatic  Al  Ka X
radiation  as  the  excitation  X-ray  source.  Field  emission  scanning
electron microscopy (FE-SEM, Zeiss Ultra Plus) were employed to
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observe  the  morphology,  size  and  elemental  distribution  of  the
materials. Nitrogen adsorption measurements at 77 K were used to
determine  pore  volume  and  surface  area  (ASAP  2020).  The
materials  were  degassed  (activated)  at  180  °C  under  vacuum
conditions for 3 h before further gas adsorption analysis. 

2.3    Electrocatalytic oxygen evolution reaction (OER)
All  electrochemical  measurements  were  conducted  by  the
AUTOLAB  workstation  electrochemistry.  All  electrochemical
measurements  were  conducted  in  a  standard  three  electrode
system, with Pt as the counter electrode and Hg/HgO electrode as
the  reference  electrode  and  the  working  electrode  was  a  carbon
paper  coated  with  catalyst  ink.  The  catalyst  ink  was  prepared  by
mixing 5 mg of catalyst powder, 970 μL of anhydrous ethanol and
50 μL of Nafion solution and ultrasound for 30 min. Then 300 μL
of  ink  was  transferred  to  the  surface  of  the  carbon  paper  (1  cm2)
and  then  dried  at  room  temperature  to  obtain  the  working
electrode  with  a  catalyst  loading  of  1.5  mg·cm−2.  For  comparison,
RuO2 (1.5 mg·cm−2) was also prepared by similar procedure.

In this study, the potentials measured vs. the Hg/HgO electrode
were  converted  to  the  reversible  hydrogen  electrode  (RHE)  scale
using the Nernst equation as follows

ERHE = EHg/HgO +0.059×pH+0.098

where, ERHE is  the  conversion  potential  relative  to  RHE, EHg/HgO is
the  standard  potential  of  Hg/HgO  at  25  °C  (0.098  V).  That
experimental  measurement  potential  is  relative  to  the  Hg/HgO
reference electrode.

In electrochemical  measurements,  the chronopotentiometry test
is performed at current of 0.01 A to obtain a stable curve. After that
OER  linear  scanning  voltammetry  is  performed  at  a  potential  of
1.124–1.724 V vs.  RHE (VRHE)  at  5  mV·s−1 scanning rate  and 90%
IR compensation (I represents current and R represents resistance)
for  all  electrochemical  data  to  compensate  Ohmic  for  the  loss.
Electrochemical impedance spectroscopy (EIS) is performed in the
frequency range of 105–0.01 Hz and at 0.6 V with an amplitude of
0.01 V. Cyclic voltammetry (CV) is performed at different scanning
rates  from  25  to  150  mV·s−1 and  at  potentials  between  0.924  and
1.024 VRHE to study the value of double-layer capacitance (Cdl). Cdl
was  obtained  by  mapping  the  difference  between  the  positive
electrode and negative electrode current density and the scan rate at
1.074  VRHE.  The  stability  testing  is  performed  in  1.0  M  KOH
solution at 10 mA·cm−2. 

3    Results and discussion
The  Co/Fe-ZIF  materials  were  synthesized  through  the  solid-state
thermal (SST) method without any solvent, as shown in Scheme 1.
A  mixture  of  iron(III)  acetylacetonate,  cobalt(II)  acetylacetonate
and 2-MIM was physically mixed to serve as a synthetic precursor.
It  is  important  to  note  that  the  well-mixed  physically  mixed

precursor without any chemical reaction or transformation (Fig. S5
in  the  Electronic  Supplementary  Material  (ESM)).  Therefore,  this
initial  step  (the  physically  mixed  precursor)  is  distinguished  from
the  early  solvent-free  methods,  such  as  the  sonochemical  or  ball-
mill  method.  The  precursor  was  then  subjected  to  the  thermal
process  under  absent  oxygen  conditions  by  argon  flow.  The
resulting  materials  were  directly  used  for  application  or
characterization without any post-synthesis or watched process. To
adjust  the  iron  content  of  the  Co/Fey-ZIF  materials,  different  iron
ratios  (y)  were  used  in  the  physically  mixed  precursor.  The  novel
SST method for incorporating iron into the framework of ZIF-67 is
advantageous  due  to  its  simplicity,  solvent-free  and  eco-friendly
process compared with previously reported synthesis methods [32].
Additionally, the absence of solvent in the SST method overcomes
limitations  related  to  metal  solubility  for  achieving  higher
concentrations and more precise loading of the transitional metals.
Moreover, various metal species can be induced into ZIFs through
the SST method.

The obtained Co/Fey-ZIF materials were applied as a catalyst for
the oxidation evolution reaction (OER). The OER performance was
evaluated  in  a  1.0  M  KOH  electrolyte  using  a  standard  three-
electrode  system.  For  comparison,  the  commercial  RuO2 was  also
assessed,  with  all  measured  values  corrected  for  90%  IR
compensation. All materials were prepared as inks and drop casting
on carbon paper to obtain self-supporting electrodes.  The effect of
different  iron  ratios  (y)  in  the  obtained  Co/Fey-ZIF  for
electrocatalytic  performance  and  kinetic  reactivity  was  primarily
investigated.  Linear  sweep  voltammetry  (LSV)  measurements
revealed  the  working  potentials  of  Co/Fey-ZIF  from  the  different
iron loading  (y),  as  shown in Fig.  1(a) and Movie  S1  in  the  ESM.
The  hybridized  iron  and  cobalt  on  ZIF  revealed  a  significantly
improved  catalytic  performance  via  indicated  lower  overpotential
compared to the non-iron functionalized ZIF-67. Furthermore, the
Co/Fe0.2-ZIF catalyst  provided the  lowest  overpotential  of  285  mV
in a 1.0 M KOH electrolyte, exhibiting the best OER performance at
a  current  density  of  10  mA·cm−2 (Fig.  1(b)).  Significantly,  this
overpotential  on  Co/Fe0.2-ZIF  catalyst  showed  much  effective
potential  than  that  of  commercial  RuO2 (311  mV)  and
outperformed other  reported  ZIF-67  (Fig.  1(e))  and  its  derivatives
as OER catalysts (details in Table S1 in the ESM).

The kinetic rate is an important factor in evaluating the efficiency
of the OER catalyst, which could be determined by the Tafel slope.
A  small  Tafel  slope  indicates  a  high  kinetic  rate  of  reaction.  To
study the OER kinetics of the Co/Fe-ZIF catalysts, the polarization
curve  was  fitted  to  the  Tafel  equation  by  determining  the  Tafel
slope,  as  shown  in Fig.  1(b).  The  iron  functionalized  catalysts  of
Co/Fey-ZIF  exhibited  a  smaller  slope  than  the  non-iron
functionalized  catalyst  (ZIF-67  of  116  mV·dec−1)  which  was
consistent with linear scanning voltammetry (LSV) measurements.
Significantly,  the  Co/Fe0.2-ZIF  catalyst  obtained  the  smallest  Tafel
slope of 75 mV·dec−1, indicating the highest OER catalytic dynamics
among  synthesized  catalysts.  Further  investigation  was  carried  out

 

Scheme 1    The SST method to synthesis Co/Fey-ZIF materials.
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to  evaluate  the  possibility  of  charge  transfer  and  the  interfacial
behavior of the electrocatalysts under OER conditions. These were
measured  by  the  electrochemical  impedance  spectrum  (EIS).  The
corresponding  Nyquist  plot  is  analyzed  to  understand  the
conductivity of the catalysts. As expected, the hybridized iron/cobalt
catalysts  (Co/Fe-ZIF)  showed  enhancing  conductivity  (Fig.  1(c))
over the non-iron catalyst  (ZIF-67).  The improved conductivity of
the  hybridized  Co/Fe-ZIF  catalysts  could  significantly  result  in
partial-charge  transfer,  activating  the  activating  species  and
promoting  the  OER  activity.  Notable,  the  Co/Fe0.2-ZIF  catalyst
exhibited the smallest charge transfer resistance (Rct) and the lowest
charge  transfer  impedance  among the  synthesized  catalysts,  which
is consistent with other results of the catalytic OER performance.

The electrochemically active surface area (ECSA) of catalysts was
positively correlated with their double-layer capacitance (Cdl), which
was determined by CV at different scan rates. The Cdl value of the
Co/Fe0.2-ZIF catalyst was 22.4 mF·cm−2, which was higher than that
of the other catalyst, as shown in Fig. 1(d). This result showed that
the  Co/Fe0.2-ZIF  catalyst  had  a  relatively  higher  surface  roughness
and  more  exposed  active  sites  and  indicated  that  moderate  iron
contents  could  increase  the  effective  activation  area  (sites)  of  the
electrode  and  improve  its  charge  transfer.  On  the  other  hand,  the

Cdl value  of  the  Co/Fe0.5-ZIF  catalyst  was  8.0  mF·cm−2.  This  result
demonstrated that excessive iron content led to decreased structural
stability.  Stability  is  also  a  key  indicator  for  evaluating
electrocatalytic  efficiency.  The  stability  of  the  Co/Fe0.2-ZIF  catalyst
was  conducted  in  an  alkaline  solution  and  the  result  is  shown  in
Figs.  1(f) and 1(g).  The  electrode  potential  of  the  Co/Fe0.2-ZIF
catalyst  showed  no  significant  change  after  several  hours  of
continuous  electrolysis  at  10  mA·cm−2 current  density,  indicating
the  high  durability  of  Co/Fe0.2-ZIF  catalyst.  In  addition,  the  LSV
polarization curves of the Co/Fe0.2-ZIF catalyst after 3000 CV cycles
indicated  nearly  the  overlap  of  original  signals  with  maintaining
performance  (inserted Fig.  1(e)),  which  further  confirmed  the
durable  catalytic  activity  of  the  Co/Fe0.2-ZIF  catalyst  toward  the
OER. In addition, the chronopotentiometry method for electrolysis
at a current of 0.1 mA (shown in Fig. S4 in the ESM) was studied
simultaneously.  The  drainage  method  was  applied  to  collect  the
amount of H2/O2 to estimate the Faraday efficiency (FE) of the H-
type electrolytic,  as shown in Fig.  1(h).  The Faraday efficiency was
obtained  to  be  up  to  84%  with  the  volume  ratio  of  O2 and  the
oxygen production reached about 6.4 mL after 902 s.

The  obtained  results  indicate  that  the  hybridized  iron/cobalt  in
crystalline  ZIF  significantly  improved  the  catalytic  performance  of

 

Figure 1    (a) LSV polarization curves of the synthesized Co/Fey-ZIF and RuO2 under electrocatalysts of 1.0 M KOH solution. ((b) and (c)) The corresponding Tafel plots
and EIS images from the LSV. (d) The capacitive currents as a function of scan rate. (e) The overpotential comparison of other report ZIF-67 [25, 36−44]. (f) Comparison
before and after 3000 CV cycle. (g) Chronopotentiometry of Co/Fe0.2-ZIF catalyst recorded at 10 mA·cm−2 for 48 h. (h) Diagram of drainage method device assembly. The
gas correction before the reaction ((h2) and (h3)) and after the reaction ((h4) and (h5)) of O2 and H2, respectively.
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OER. The hybridized Fe and Co atoms in Co/Fe-ZIF catalysts cause
electron  charge  rearrangement,  generating  more  strongly  active
sites  compared  with  the  pristine  ZIF-67  (no-iron  catalyst).
Consequently,  intermediate  products  can  be  more  efficiently
adsorbed  on  active  sites  for  catalytic  conversion,  maximizing  the
OER activity on Co/Fe0.2-ZIF. Additionally,  the induced iron atom
catalysts improve electron transfer and conductivity, as was evident
in  the  decrease  in  resistance  (as  seen  in Fig.  1(c)).  However,  the
excess  iron  portion  in  catalysts  (Co/Fe0.3-ZIF  up  to  Co/Fe0.5-ZIF)
might  compete  with  cobalt  atom  to  coordinate  with  imidazole
ligand  (2-MIM).  The  weak  crystallization  was  revealed  when  the
iron  ratio  was  increased  in  the  precursor  (see  the  discussion  on
catalyst  characterization section).  This weak crystallization resulted
in  decreased  stability  of  catalysts.  In  addition,  it  can  be  observed
that  during  the  long-term  activation  process
(chronopotentiometry), the electrolyte gradually turns brown and a
layer of substance is loaded on the Pt electrode (Fig. S2 in the ESM).
Therefore,  we infer that the unstable structure may have degraded
during  the  activated  process,  leading  to  a  significantly  increasing
overpotential for OER performance. In addition, the exceeded iron
content  (>  20%)  suggested  in  detachment  phenomena  in  the
electrolyte  solution  and  the  large  amount  of  FeOOH  produced
during  the  catalytic  process  reduces  the  material’s  conductivity,
thereby lowering the OER catalytic activity [35].

The hybridized iron and cobalt ions used to obtain the crystalline
Co/Fe-ZIF  affected  the  crystal  structure  and  material  properties
were characterized and compared with the non-functionalized iron
of ZIF-67. The different iron ratios (Co/Fey-ZIF, y: percentage mole
ratio of iron to cobalt source) that affected the crystalline structure

were  initially  analyzed  by  XRD.  The  diffraction  pattern  of  initially
induced  iron  obtained  Co/Fe0.05-ZIF  revealed  a  similar  diffraction
pattern with ZIF-67, as shown in Fig. 2(a). It observed peaks at 7.4°,
10.4°,  12.8°,  14.7°,  16.4°  and 18.1°,  which corresponded the  crystal
planes  (011),  (002),  (112),  (022),  (013)  and  (222),  respectively,
relative  structure  of  ZIF-67  [45].  Further,  those  peaks  with  similar
like diffraction pattern of ZIF-67 were obtained at raising iron ratios
in the mixed precursor after  normalized diffraction peak intensity.
It  could  imply  that  the  induced  iron  with  ratios  up  to  50%  Fe
(Co/Fe0.5-ZIF) provided the crystalline diffraction pattern and peak
position  (XRD)  like  diffraction  pattern  of  ZIF-67  (non-iron
incorporation).  Although a  similar  peak  position was  observed on
Co/Fe0.5-ZIF, the crystal intensity on each peak provided a different
ratio  of  peak  intensity.  The  peak  intensity  at  7.4°  gradually
decreased  with  higher  iron  ratios  in  the  mixed  precursor.  On  the
other hand,  the opposite result  was observed that  exhibited higher
peak intensities of 10.4° and 12.7° when more iron additional ratios.
Moreover, the additional peak at 13.1° was observed on the highest
iron percentage (Co/Fe0.5-ZIF), which this peak was not observed at
lower  iron  ratios  used  in  the  synthesis  catalysts.  Interestingly,  this
additional peak of 13.1° was matched to the primary diffraction of
entirely  replaced  cobalt  with  iron  source  (Fe-MIM),  as  shown  in
Fig.  S5  in  the  ESM.  Nevertheless,  the  solid  crystalline  of  Fe-MIM
obtained  a  tiny  size  that  could  not  perform  the  single-crystal
analysis.  It  should  be  mentioned  that  the  synthesized  100%  iron
ratio  with  2-MIM  under  the  solvothermal  method  (methanol  as
solvent)  at  room  temperature  also  failed  to  obtain  solid
precipitation. Therefore, the results implied that the iron/cobalt ions
hybridized  to  coordinate  with  imidazole  liker  (2-MIM)  and  their

 

Figure 2    (a) Diffraction pattern of ZIF-67 and Co/Fey-ZIF synthesized through the SST method. (b) N2 adsorption isotherm of Co/Fey-ZIF at 77 K. ((c) and (d)) Metal
content of cobalt and iron of as-synthesized and washed Co/Fey-ZIF which determined by ICP-OES analysis.
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crystal structure maintained a similar diffraction pattern with ZIF-
67  but  in  different  peak  intensities.  However,  the  excessing  iron
ratios in the precursor (such as Co/Fe0.5-ZIF) resulted in a mixture
of phase structures resembling ZIF-67 and Fe-MIM.

The  porosity  and  surface  area  of  Co/Fe-ZIF  catalysts  were
measured by the N2 adsorption–desorption at  77 K.  The isotherm
of  Co/Fey-ZIF  showed  a  sharp  N2 adsorption  at  relatively  low
pressure  (P/P0 <  0.05, P/P0 is  the  equilibrium  pressure  divided  by
the  saturation  pressure),  as  shown  in Fig.  2(b).  These  isotherm
results  were  classified  as  N2 isotherm  Type  I,  representing  the
micropore  structure  is  a  primary  pore  in  Co/Fey-ZIF  catalysts.
Consequently,  the  amount  of  N2 adsorption on catalysts  was  used
to  calculate  the  specific  surface  area  (Brunauer–Emmett–Teller
(BET) and Langmuir),  summarized in Table 1.  The N2 adsorption
showed  a  relatively  decreasing  amount  with  the  increasing  iron
proportions  to  induce  in  Co/Fey-ZIF  catalysts.  Consequently,  the
specific surface area indicated relatively decreasing with higher iron
ratios (y) of Co/Fey-ZIF catalysts. Meanwhile, the pore volume also
decreased with the increasing iron ratios of the catalysts. However,
the average micropore size of Co/Fey-ZIF indicated increasing pore
sizes with more iron ratios. The average micropore on Co/Fey-ZIF
significantly  increased  with  more  iron  ratios  up  to  Co/Fe0.2-ZIF
(1.9852  nm),  then  showed  a  small  change  with  further  increasing
iron  ratios  (Table  1).  These  results  suggest  that  the  iron  ions
competed with cobalt ions to coordinate with imidazole ligand (2-
MIM)  during  the  SST  method  to  form  crystallization  of  Co/Fey-
ZIF.

However, the coordination configuration of iron with imidazole
ligand  (Fe–N  coordination)  is  different  from  cobalt  ions  to
coordinate with imidazole ligand (Co–N on ZIF-67). The different
quality  (diffraction  pattern)  and  quantity  (diffraction  intensity)  in
the resulting diffraction of XRD (Fig. 2(a) and Fig. S1 in the ESM)
were evident in the suggestion. The framework was terminated after
the  iron-coordinated  imidazole  ligand.  The  induced  ions  in  the
precursor  terminated  the  growing  framework  and  prohibited  the
crystallization,  resulting  in  decreased  crystallinity,  surface  area  and
pore  development  on  Co/Fey-ZIF  catalysts.  Meanwhile,  the  iron-
terminated  coordination  opened  the  micropore  channel  for  larger
pore  sizes.  Regarding  electrochemical  performance,  the  large
surface catalyst with a well-dispersion of active species enhances the
reactivity  in  the  reaction.  Meanwhile,  the  increased  pore  sizes
promote  the  substrate  mass  transfer  to  active  species  and  product
diffusion.  Optimizing  the  large  surface  area  and  pore  size  on
Co/Fe0.2-ZIF  was  suggested  as  one  of  the  factors  for  obtaining
maximized OER catalytic activity.

The  content  of  cobalt  and  iron  in  Co/Fey-ZIF  catalysts  was
measured  by  inductively  coupled  plasma-optical  emission

spectroscopy (ICP-OES). As depicted in Fig. 2(c), the cobalt content
decreased with increasing iron ratios in the mixed precursor used to
synthesize  Co/Fey-ZIF.  Conversely,  the  iron  content  showed  an
opposite  trend,  increasing  with  higher  iron  ratios  in  the  mixed
precursor  (Fig.  2(d)).  It  is  interesting  to  note  that  the  total  metal
content  (cobalt  and  iron)  in  the  Co/Fey-ZIF  catalysts  remained
relatively  constant,  closely  matching  the  metal  content  of  ZIF-67
(24.4  wt.%)  cobalt  from  ICP-OES  and  26.6  wt.%  cobalt  from  the
theoretical  structure  of  Co(2-MIM)2).  It  is  important  to  mention
that the cobalt source (1 mmol) and excess imidazole ligand source
(4  mmol)  were  in  constant  proportion in  the  mixed precursor  for
synthesizing  the  Co/Fey-ZIF  catalysts.  Therefore,  the  ICP  results
indicated that the different induced iron ratios (y) did not influence
the  total  metal  content  of  the  Co/Fey-ZIF.  The  excess  imidazole
ligand in the precursor was simultaneously eliminated by a carrier
gas  (Ar  flow)  during  the  SST  method.  The  metal  content  analysis
suggests that the induced iron competed with cobalt to coordinate
with the imidazole ligand in a coordinated structure like ZIF-67. A
similar  diffraction  pattern  on  Co/Fey-ZIF  to  ZIF-67  without  the
extra peak was used to confirm the suggestion.

Excess  imidazole  ligand in the  mixed precursor  over  the  theory
structure and other residual sources may be present on Co/Fey-ZIF
catalysts.  To  ensure  the  purity  of  the  material,  the  catalysts  were
soaked in a solvent (dichloromethane) overnight to wash away the
residual  following  conformation  by  the  ICP  analysis  (denoted  as
washed  Co/Fey-ZIF).  The  results  showed  that  the  cobalt  and  iron
content  in washed Co/Fey-ZIF was not  significantly  different  from
the  metals  content  of  as-synthesized  Co/Fey-ZIF  (Figs.  2(c) and
3(d)).  However,  the  metal  content  in  washed  Co/Fey-ZIF  was
slightly higher than as-synthesize Co/Fey-ZIF with a low iron ratio
in  the  precursor  (Co/Fe0.2-ZIF),  possibly  due  to  the  tiny  residual
sources.  Conversely,  the  metal  (iron  and  cobalt)  content  slightly
decreased in the high iron ratio between as-synthesized and washed
Co/Fe0.5-ZIF  was  suggested  to  be  from  uncoordinated  metals.
Furthermore,  the weak coordination between metal  and imidazole
ligand  in  the  framework  of  a  high  iron  ratio  might  cause  the
leaching metals to dissolve in solvent (dichloromethane) during the
washing  process.  This  experiment  confirms  that  the  SST  method
can  synthesize  highly  hybridized  Co/Fe  content  up  to  35%  of  Fe
(Co/Fe0.35-ZIF)  in  single-step  without  post-process.  Additionally,
the synthesis of hybridized Co/Fe-ZIF by the SST method provides
the  highest  iron  content  with  coordinated  imidazole  ligand
over any previously reported synthesis through the solvent method
[46, 47].

The  surface  morphology  of  catalysts  was  examined  using  SEM.
According  to  the  catalytic  performance,  the  Co/Fe0.2-ZIF  was
considered in surface morphology compared with the non-induced

 

Table 1    The specific surface area and porosity properties of Co/Fey-ZIF

Sample
Specific surface area (m2·g−1)

Pore volumea (cm3·g−1) Pore widtha (nm)
BET Langmuir

ZIF-67 1639 1762 0.5918 1.2490
Co/Fe0.05-ZIF 1304 1385 0.4172 1.6619

Co/Fe0.2-ZIF 806 850 0.2367 1.9852

Co/Fe0.35-ZIF 636 674 0.2057 1.9792

Co/Fe0.5-ZIF 565 595 0.1858 1.9968

Fe-MIM 12 14 0.1498 2.1366
aDetermined by the Horvath–Kawazoe method.
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iron  catalyst  (ZIF-67).  An  agglomerated  rhombic  dodecahedron
structure  with  smooth  crystal  faces  was  observed  on  ZIF-67  and
Co/Fe0.2-ZIF,  as  shown  in Fig.  3.  The  particle  size  ranged  from
approximately 100–500 nm. These observations are consistent with
previous reports of thermal synthesis under solvent-free conditions
[48]. However, the Co/Fe0.2-ZIF catalyst contained a smaller crystal
size than the ZIF-67 and exhibited non-perfect crystallization of the
rhombic dodecahedron shape observed more on Co/Fe0.2-ZIF than
ZIF-67.  This  non-perfect  surface  morphology  on  Co/Fe0.2-ZIF
indicated  that  the  hybridized  iron  in  the  framework  affected  the
crystallization  of  Co/Fe0.2-ZIF  catalysts.  The  observed  change  in
morphology  on  Co/Fe0.2-ZIF  was  supported  by  the  decreased
crystallinity  (XRD),  surface  area  and  porosity  properties.
Additionally,  the  elemental  distribution  on  Co/Fe0.2-ZIF  was
determined  using  energy-dispersive  X-ray  spectroscopy  (SEM-
EDS). The result showed that iron, cobalt and nitrogen are excellent
dispersion without the agglomeration of elements on Co/Fe0.2-ZIF.
The  mapping  density  revealed  that  the  iron  was  lower  than  the
cobalt element, consistent with the metal content analysis using ICP-
OES.  The  chemical  state  and  coordination  geometry  of  catalysts
was  determined  by  XPS.  The  survey  spectra  showed  the  existing
elements  of  the  Co 2p,  C  1s  and  N 1s  regions  on  ZIF-67  and  the
additional  peak  of  the  Fe  2p  region  on  Co/Fe0.2-ZIF,  as  shown  in
Fig. 4(a). The binding energy of carbon C 1s at 284.8 eV was used
to  normalize  the  other  element  spectra.  The  deconvoluted  high-
resolution spectra of Co 2p displayed fitting peaks for Co 2p3/2 and
Co  2p1/2 at  around  781.0  and  796.8  eV  and  binding  energies  of
satellite peaks at 785.5 and 802.8 eV indicating a divalent oxidation
state  of  Co  species  on  catalysts  (Fig.  4(b))  [49].  The  ZIF-67  and
Co/Fe0.2-ZIF  were  obtained  a  similar  fitting  peak  of  Co  2p.  The
deconvoluted  N 1s  spectra  obtained  two  peaks  at  397.7  and  400.8
eV, which represent the Co–N and C–N coordination, respectively
(Fig. 4(c)) [29]. In addition, the C–N coordination on Co/Fe0.2-ZIF
catalyst revealed a slight shift to lower energy compared to the ZIF-
67  catalyst.  Interestingly,  the  ratio  of  two  intensity  peaks,  Co–N
(398.7 eV) to C–N (400.8 eV), on Co/Fe0.2-ZIF was lower by about
two  times  than  that  of  ZIF-67.  This  result  indicates  the  altered
energy and strength of the original N coordination in the imidazole
ligand, likely attributed to the binding energy of Fe–N coordination
in Co/Fe0.2-ZIF. In the high-resolution Fe 2p spectrum, the peaks at
712.2 and 724.0 eV were assigned to the characteristic peaks of the
Fe3+ oxidation state in Co/Fe0.2-ZIF (Fig. 4(d)) [50]. Interestingly, the

XPS splitting of the Fe spectrum may imply the coordination of Fe3+

with N in the framework without altering the chemical species.
In  general,  OER  electrocatalysts  have  the  primary  role  of

adsorbing  reactants  on  the  surface  to  form  adsorption
intermediates,  thus  facilitating  charge  transfer  between  electrodes
and reactants [51]. OER consists of four basic processes

*+OH− → OH*+ e− (1)

OH*+OH− → O*+H2O+ e− (2)

O*+OH− → OOH*+ e− (3)

OOH*+OH− → O2 +H2O+ e− (4)

where the “*” represent the active species.
At  the  same  time,  to  further  understand  the  mechanism  of

electrochemical activation accelerated of Fe-Co bimetallic catalysts,
Kai Ge et al. [52] revealed that the interaction between Fe-Co ions
by  density  functional  theory  (DFT)  calculation.  The  results  show
that MOF-Fe/Co has lower free energy relative to MOF-Co in OER
process  (Steps  1  and  2).  This  shows  that  iron  incorporation  is
conducive  to  the  adsorption  and  dissociation  of  intermediate
products.  Facilitates  the  rapid  start  of  the  OER  process.  Xianbiao
Hou et  al.  [53] simulated the reaction path of  the catalyst  through
DFT  calculations.  The  results  indicated  that  the  interaction  force
between  the  surface-active  sites  of  Co-MOF  and  the  reaction
intermediate (OOH*) was weak. The decrease in overpotential after
doping Fe ions into Co-MOF proves that the reaction intermediate
can be more easily adsorbed on the surface of the catalyst [54−56].

In  order  to  explore  the  catalytic  mechanism for  OER,  XPS  was
performed  to  investigate  the  changing  elemental  state  on  an  as-
synthesized  and  activated  Co/Fe0.2-ZIF  catalyst.  For  the  activated
catalyst,  the  Co/Fe0.2-ZIF  catalyst  performed  the
chronopotentiometry  test  for  a  period of  time to  obtain  the  active
state  following  the  XPS  analysis  (denoted  activated  Co/Fe0.2-ZIF).
The  high-resolution  Co  2p  spectra  significantly  changed  after  the
Co/Fe0.2-ZIF catalyst activation. The Co2+ on as-synthesized Co/Fe0.2-
ZIF catalyst was shifted and split into a mixture of Co2+ and Co3+ on
Co  2p3/2 peak  (780.1  eV)  and  the  Co  2p1/2 peak  (795.1  eV)  (Fig.
5(a)).  In  addition,  the  two  satellite  peaks  (785.5  and  802.7  eV)  of

 

Figure 3    SEM images of (a) Co/Fe0.2-ZIF, (b) ZIF-67 and ((c)–(f)) the SEM-EDS images of Co/Fe0.2-ZIF.
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cobalt species was decreasing intensity to nearly disappearing in the
spectra of activated Co/Fe0.2-ZIF catalyst.  These results  suggested a
large  proportion  of  Co2+ converted  to  Co3+ after  activated  catalyst.
For the high-resolution Fe 2p spectra, the Fe3+ of the Fe 2p3/2 peaks
was negatively shifted from 712.2 to 712.1 eV (Fig.  5(b))  owing to
changes  in  the  electronic  structure  of  Fe  species  on  the  activated
catalyst.  In  relevant  result,  the  high-resolution  Fe  2p3/2 peaks
(712.1  eV)  for  Fe3+ revealed  an  increasing  ratio,  which  was
associated with the formation of FeOOH on the activated Co/Fe0.2-
ZIF catalyst [40, 57]. The high-resolution O 1s peaks (532.5 eV) for
generated  Fe-OH  was  observed  as  shown  in  Fig.  S7  in  the  ESM.
Therefore,  the  XPS  result  suggested  that  the  Co/Fe0.2-ZIF  catalyst
undergoes  a  rapid  charge  transformation  of  elemental  species
during the activated process.  The hybridized Co/Fe species rapidly
oxidized  and  transformed  the  catalytic  sites  into  a  higher  valence
state,  producing  excellent  OER  catalytic  activity.  Nevertheless,  the
activated  Co/Fe0.2-ZIF  was  further  characterized  and  revealed  that
the crystal structure is significantly changed compared to the fresh
Co/Fe0.2-ZIF. The identical diffraction of ZIF peaks disappeared on
activated Co/Fe0.2-ZIF (Fig. 5(c)), which implies the decomposition
of  their  crystalline  after  a  long  time  chrono-potential  test.  The
carbon peak from the carbon paper at 26.6° was mainly maintained
on  activated  Co/Fe0.2-ZIF  without  other  species  peaks.  A  similar
result  was  observed  via  Fourier  transform  infrared  (FT-IR)
spectroscopy  (Fig.  5(d)).  The  peaks  at  both  1204.55  and
1148.59  cm−1 represent  the  characteristic  peaks  of  C–O  bonding,
which further suggests  the existence of  an oxidized phase of  metal
on  activated  Co/Fe0.2-ZIF.  The  activated  catalyst  before  reaction
resulted in disorder coordination or collapsed structure of  the ZIF
catalysts  to  transform  into  active  species.  The  metal  structure  of
Co/Fe was transferred into a new metal-oxide species and was well-

dispersed on carbon paper,  which enhanced the exposure of more
active sites.

In order to identify the true active sites and roles of Co/Fe-ZIF in
OER,  DFT  calculations  were  conducted  to  further  investigate  and
understand  the  catalytic  mechanism  of  OER.  The  simulation
models of Co/Fe-ZIF and ZIF-67 are shown in Figs. S10 and S11 in
the  ESM.  The  reaction  pathways  of  intermediate  substances  OH*,
O* and OOH* are shown in Fig. 6(a), which are used for each basic
step  of  OER  on  Co/Fe-ZIF.  In  order  to  determine  the  rate
determining step and explore the true active sites, the free energies
of  ZIF-67  and  Co/Fe-ZIF  intermediates  (OH*,  O*  and  OOH*)  in
the OER process were calculated using the DFT method, as shown
in Fig.  6(b).  The  rate-determining  step  (RDS)  was  determined
based  on  the  maximum  change  in  ΔG (ΔG represents  Gibbs  free
energy), with the formation of OOH* found to be the RDS of OER
for all systems. Compared with ZIF-67, the RDS of Co/Fe-ZIF has a
smaller energy barrier of 1.15 eV. These results all demonstrate that
when a Co atom is replaced by a Fe atom, the adsorption of OH*,
O*  and  OOH*  is  enhanced,  which  is  consistent  with  the
experimental results. 

4    Conclusions
The hybridized iron and cobalt atoms in the crystalline ZIF (Co/Fe-
ZIF)  was  achieved  by  the  straightforward  of  SST  method.  The
simple approach to hybrid iron and cobalt in framework structure
like  ZIF-67  provided  the  unique  structural  characteristics  and  the
charge  rearrangement  that  significantly  affected  their  catalytic
performance for OER. The characterization of  Co/Fe-ZIF catalysts
revealed  that  the  incorporated  iron  and  its  content  showed  a
significant  result  in  the  OER  performance.  The  synergy  iron  and

 

Figure 4    XPS of ZIF-67 and Co/Fe0.2-ZIF: (a) survey spectra, (b) Co 2P, (c) N 1s, (d) Fe 2p, (e) O 1s and (f) C 1s.
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cobalt  atom  triggers  to  promote  the  easy-transform  into  active
species and transfer of orbital electrons from Co to Fe, resulting in
excellent OER catalytic activity. At a current density of 10 mA·cm−2

in  1  M  KOH,  the  Co/Fe0.2-ZIF  catalyst  exhibited  the  lowest
overpotential  of  285  mV,  surpassing  the  non-iron  functional
catalyst of ZIF-67 (380 and 369 mV). Importantly, compared to the
commercial  RuO2 catalyst  (311  mV),  the  Co/Fe0.2-ZIF  catalyst
provided  a  lower  overpotential,  demonstrating  that  synergy  iron
significantly  improved  the  high-efficiency  Co/Fe0.2-ZIF
electrocatalyst.  Finally,  this  development  of  non-noble  metal
hybridized Co/Fe-ZIF catalyst through the SST method provides a
new  pathway  for  straightforward  preparing  hybridized  metals
electrocatalysts  based  on  ZIFs  which  opens  the  possibility  for
synthesis  of  multi-metals  decoration in  the  catalyst  and large-scale
catalysts for practical use as electrocatalysts for OER. 

Electronic  Supplementary  Material: Supplementary  material  (the
overpotential comparison, the electrolyte before and after reaction,
CVs  collected  at  various  scan  rates,  crystal  diffraction  pattern  of
materials,  X-ray  photoelectron  spectroscopy,  crystal  morphology
(SEM),  the  simulation  models  of  Co/Fe-ZIF  and  diagram  of
drainage experiment) is available in the online version of this article
at https://doi.org/10.26599/NR.2025.94907022. 
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Figure 5    XPS of as-synthesized and activated Co/Fe0.2-ZIF: (a) Co 2p and (b) Fe 2p. (c) XRD patterns of Co/Fe0.2-ZIF before and after OER. (d) Infrared spectrum of
Co/Fe0.2-ZIF before and after OER.

 

Figure 6    (a) Elementary reaction steps of the OER process on the Co/Fe-ZIF with the intermediates (OH*, O* and OOH*). (b) The Gibbs free energy profile of Co/Fe-
ZIF and ZIF-67 for H2O, OH*, O*, OOH* and O2. U represents the internal energy.
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