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ABSTRACT: Amorphous  alloys  are  promising
candidates  for  oxygen  evolution  reaction  (OER)
applications  due  to  their  unique  structural  features,
including  abundant  active  sites,  tunable  chemical
composition and high structural flexibility. However, there
is a main challenge in the improvement of stability due to
the  short-range  order  structure  of  amorphous  alloys.  In
this  work,  we  synthesized  C-modified  amorphous  NiFe
alloy  (C-NiFe(BP))  via  a  novel  one-step  annealing
method  with  the  introduction  of  glucose  at  room
temperature  fermentation.  The  as-prepared  C-NiFe(BP)
achieves  an  ultra-low  overpotential  of  219.7  mV  and  a
Tafel  slope  of  43.17  mV·dec−1  at  the  current  density  of
10  mA·cm−2,  which  surpass  the  reported  amorphous
NiFe  (a-NiFe)  based  alloys  in  OER.  X-ray  diffraction
(XRD)  and  X-ray  photoelectron  spectroscopy  (XPS)
analyses  reveal  that  carbon  modification  widens  the
spacing  between  catalyst  layers,  exposing  more  active  sites  and  promoting  charge  transfer  between  elements,  thereby
improving OER performance. Moreover, the C-NiFe(BP) exhibits promising stability during durability test for 20 h and cyclic
voltammetry  test  for  1000  cycles.  We  discussed  the  influence  of  fermented  glucose  and  indicated  that  the  room
temperature fermentation method can enhance the effect of carbon modification on catalyst activity, which further enhances
the  performance  and  stability  of  C-NiFe(BP)  in  OER.  Combining  common  fermentation  processes  in  life  with  scientific
research to better enhance the performance of catalysts and improve scientific research methods. This work provides an
innovative approach on the synthesis of stable C-modified a-NiFe alloy catalysts and further promotes the development of
high-performance OER catalysts.
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1    Introduction
Since the 20th century, hydrogen energy, as a green, sustainable and
efficient  energy  source,  has  gradually  become  more  prominent
[1−3].  Among the many green hydrogen production technologies,
water electrolysis is  considered one of the most compelling energy
conversion  technologies  due  to  its  high  efficiency  in  producing

high  purity  hydrogen  [4, 5].  This  technology  entails  altering  the
redox  potential  of  water  through  electrolysis,  resulting  in  the
production  of  O2 and  H2 [6, 7].  The  oxygen  evolution  reaction
(OER)  is  the  half  reaction  of  water  electrolysis.  It  requires  a  four-
electron  coupled  transfer  process  with  unfavourable  reaction
kinetics.  The  critical  rate  step  limits  the  decomposition  of  water
during the reaction [8, 9].

Therefore,  researchers  have  implemented  numerous  tactics  to
enhance the reaction kinetics of OER. However, it should be noted
that  the  overpotential  of  OER  remains  significantly  high  when
compared to hydrogen evolution reaction (HER) [10−14]. Catalysts
made  from  transition  metals  can  effectively  reduce  the  cost
compared  to  precious  metals.  But  the  OER  involves  various
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adsorption  and desorption  processes  that  are  kinetically  slow.  The
modulation of synergistic active sites on transition metal catalysts is
an  effective  way  for  the  improvement  of  OER  performance  and
stability  [15−19].  Among  the  various  3d-transition  metal  based
nanocatalysts, nickel and iron show promising potential in catalytic
activity  and  stability  for  OER  in  alkaline  solutions  [20, 21].  The
synergistic  effect  of  nickel- and  iron-based  binary  alloys  (NiFe)
could modulate  the  electronic  structure  around the  active  site  and
the intrinsic high density, low coordination sites and good electrical
conductivity  could  further  improve  the  OER  kinetics,  which  have
attracted  much  attention  in  recent  years  [22−25].  For  example,
Moureaux  et  al. investigated  a  series  of  alloys  with  varying  Fe-Ni
atomic ratios and confirmed the spontaneous formation of a highly
active  NiFe  oxo-hydroxide  surface  for  efficient  OER.  This  study
reveals  the  nature  of  the  active  sites  and  the  synergistic  effect
between Fe and Ni atoms [26]. Chen et al. synthesised Ni-Fe alloy
nanocomposites using a heterometallic modified strategy, resulting
in  a  centrosymmetric  structure  with  good OER properties.  This  is
the  first  time  that  NiFe  alloy  nanomaterials  originated  by  NiFe
Schiff  base  centrosymmetric  cluster  facilitates  have  been  realised,
providing  a  new  blueprint  for  designing  efficient  OER
electrocatalysts [27].

Amorphous  alloys,  as  a  distinct  group  of  solid  materials,  are
characterized with long-range disorder in atomic order, with short-
range order limited to only a few atoms [28, 29]. In comparison to
crystalline  alloys,  amorphous  alloys  exhibit  a  greater  number  of
defects  and  vacancies,  resulting  in  a  higher  concentration  of
dangling  bonds  that  serve  as  active  sites  for  electrochemical
reactions  [29, 30−32].  The  good  electrocatalytic  activity  of
amorphous electrocatalysts is primarily attributed to two factors: (1)
the  amorphous  morphology  can  achieve  both  surface-limited  and
volume-limited domain electrocatalysis,  (2) amorphous alloys tend
to  be  rich  in  defects,  which  leads  to  enhanced  catalytic  activity
[33−38].  The  synthesis  of  amorphous  alloys  has  been  extensively
studied  so  far,  for  example,  Li  et  al. prepared  NiFe  amorphous
nanoreactor (NiFe-ANR) oxides as OER electrocatalysts via a mild
autocatalytic  reaction.  The  amorphous  nature  of  NiFe-ANR  helps
to  convert  it  into  highly  active  hydroxyl  and  its  many  fine  grain
boundaries  increase  the  active  sites,  obtaining  excellent  OER
performance [39]. Liu et al. successfully prepared a novel core–shell
NiFe(OH)x/(Ni, Fe)Se2 hetero-structured catalyst. This amorphous-
crystalline  structure  contains  a  large  number  of  unsaturated active
sites,  enabling both surface- and volume-limited catalytic reactions
[16].

However,  nickel-iron  alloys  are  susceptible  to  erosion  in  highly
concentrated alkaline electrolytes  and exhibit  instability  at  elevated
overpotentials.  Furthermore,  NiFe  alloy  nanoparticles  have  been
observed to aggregate during electrochemical testing, which reduces
the number of accessible active sites and hinders mass transfer. It is
therefore imperative to develop an effective method to optimise the
OER  activity  and  stability  of  NiFe  alloys.  To  address  these
challenges,  researchers  have  investigated  a  range  of  strategies  to
enhance the permeability properties of amorphous alloys, including
heterostructure  construction,  modified  heteroatom  and
morphological modulation. The use of C as a catalyst modification
strategy allows for the regulation of catalyst size and the exposure of
additional  active  sites,  thereby  promoting  electron  transfer  and
enhancing  catalytic  activity.  Furthermore,  it  facilitates  the
acceleration of ion and electron transfer rates while simultaneously
reducing  the  simultaneous  reduction  of  nanoparticle  aggregation.
Furthermore,  the  incorporation  of  a  carbon  dopant  helps  to
stabilise its crystal structure and improve its stability.

In  this  work,  a  C-modified  amorphous  NiFe  catalyst  (C-
NiFe(BP)) was synthesized with the introduction of  glucose under
room  temperature  fermentation.  The  synthesized  C-NiFe(BP)
exhibits  excellent  performance  with  an  ultra  low  overpotential  of
219.7  mV  at  a  current  density  of  10  mA·cm−2.  The  utilization  of
glucose  as  a  carbon  source  improves  the  stability  of  the  catalyst,
while room temperature fermentation allows the exposure of more
active sites, contributing to the improvement of OER performance.
This  work  provides  a  solid  theoretical  and  experimental  basis  for
the  field  of  amorphous  alloy  synthesis,  which  is  beneficial  to  the
optimization  on  the  stability  and  OER  performance  and  further
contributes to the development of efficient OER catalysts. 

2    Experimental section
 

2.1    Reagents
Nickel  acetylacetonate  (Ni(acac)2,  analytical  reagent  (AR)),  iron
acetylacetonate (Fe(acac)3,  AR) and potassium bromide (KBr,  AR)
were  purchased  from  Shanghai  Maclinson  Technology  Co.,  Ltd.
and  Nafion  (C7F14O4,  5  wt.%)  was  purchased  from  Shanghai
Aladdin  Biochemical  Science  and  Technology  Co.,  Ltd.  Glucose
(C6H12O6)  was  purchased  from  Xilong  Chemical  Co.,  Ltd.  and
baking powder was supplied from Qingdao, Shandong. Anhydrous
ethanol  (C2H5OH,  AR)  was  purchased  from  Shanghai  National
Pharmaceutical Co., Ltd. The reagents required for experiments are
all  analytically  pure  and  can  be  used  directly  without  additional
purification. 

2.2    Synthesis  of  amorphous  NiFe  with  different  molar
ratios
The mixture of 720 mg KBr, Ni(acac)2 and Fe(acac)3 were grinded
and  dissolved  in  a  mixed  solution  of  25  mL  ethanol  and  5  mL
deionized water (DIW), where the ratio between Ni and Fe is set as
3:1,  3:2,  3:3  and  2:3.  The  obtained  solution  is  stirred  at  room
temperature until the the water is completely evaporated. The dried
mixture was subsequently inserted into a muffle furnace and heated
to  300  °C  with  a  heating  rate  of  5  °C·min−1 for  12  h.  The  powder
was cooled to ambient temperature and washed multiple times with
ethanol  and  deionized  water  and  finally  the a-NiFe  alloy  catalyst
was obtained. 

2.3    Synthesis of C-NiFe(BP), C-NiFe, C-Ni and C-Fe
0.1 g baking powder (BP) and 10.09 mmol glucose were mixed and
dissolved  in  DIW  along  with  the  fermentation  process  at  room
temperature. Then, 110 mg Ni(acac)2, 90 mg Fe(acac)3 and 720 mg
KBr  were  added  and  grinded.  The  sample  was  dissolved  in  a
mixture  of  25  mL  ethanol  and  5  mL  DIW  and  stirred  at  room
temperature  until  the  the  water  was  completely  evaporated.  The
dried mixture was subsequently inserted into a muffle furnace and
heated  to  300  °C  with  a  heating  rate  of  5  °C·min−1 for  12  h.  After
cooling down to room temperature, the powder underwent several
wash  processes  with  ethanol  and  DIW.  The  synthesis  of  C-NiFe
followed the same method, except that prior fermentation was not
utilized.  Additionally,  C-Ni  and  C-Fe  were  produced  by  using
110  mg  Ni(acac)2 and  90  mg  Fe(acac)3 as  metal  precursors,
respectively, following the same procedure. 

3    Results and discussion
During the synthesis process, we successfully prepared a series of C-
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modified amorphous NiFe (a-NiFe)  alloy  catalysts  using Ni(acac)2
and Fe(acac)3 as  nickel  and iron sources,  glucose as carbon source
and  KBr  as  templating  agent  at  a  low  reaction  temperature  of
300 °C for 12 h (Scheme 1). Based on the synthesis of a-NiFe alloy,
we carried out carbon modification by adding glucose and it can be
seen from Fig. S1 in the Electronic Supplementary Material (ESM)
that  the  appearance  of  the  material  became  fluffier  after  the
addition of glucose, indicating that the addition of glucose not only
introduces  carbon  dopant,  but  also  helps  to  increase  the  specific
surface  area  of  the  catalyst.  Furthermore,  after  fermentation  at
room  temperature,  the  appearance  of  the  material  is  more  fluffy
(Fig. S2 in the ESM), resulting in a larger specific surface area of the
catalyst.

The  crystal  structures  of  NiFe,  C-NiFe  and  C-NiFe(BP)  (Fig.
1(a))  were  further  investigated  using  X-ray  diffraction  (XRD).  As
can be seen from Fig. 1(a), NiFe, C-NiFe and C-NiFe(BP) all have
only  one  broad  peak  and  no  other  distinct  peaks  were  scanned,
indicating that the amorphous structure of the three catalysts [35].
The  results  show  that  carbon  modification  has  no  effect  on  the
amorphous  structure  of  NiFe  alloys.  In  addition,  the  peaks  of  C-
NiFe(BP),  C-NiFe  are  shifted  to  a  lower  angle  compared  to  NiFe
and the shift  angle  of  C-NiFe(BP) is  larger.  In order to investigate
the structure of C, we subjected the glucose to the same processing
steps as for the synthesis of C-NiFe(BP), which was then evaluated

by XRD analysis. The XRD spectrum of C (Fig. S3 in the ESM) has
a broad peak at about 25°, indicating an amorphous structure of the
carbon. This indicates that the interlayer distance of the catalyst can
be  augmented  following  modification  with  carbon,  which  is
conducive  to  the  exposure  of  additional  active  sites  and,
consequently,  an  enhancement  in  the  catalytic  activity.  The
morphology  of  the  synthesized  catalysts  were  analyzed  using
scanning  electron  microscopy  (SEM)  and  transmission  electron
microscopy (TEM). Based on SEM (Fig. 1(b)) and TEM (Fig. 1(d))
images, it  can be seen that the C-NiFe(BP) shows the morphology
of agglomerated bulk. From the SEM of NiFe and C-NiFe in Fig. S4
in the ESM, it can be seen that the agglomeration of NiFe is obvious
and large and the nanosize of C-NiFe tends to become smaller and
thinner. However, C-NiFe still has partial stacking compared to C-
NiFe(BP),  which  is  unfavourable  for  the  exposure  of  active  sites.
The  energy  dispersive  spectroscopy  (EDS)  (Fig.  1(c))  diagram
clearly  shows  a  uniform  distribution  of  Ni,  Fe  and  C,  indicating
effective modified carbon in the catalyst. By analysing the elemental
content (Table S1 in the ESM), we can see that the nickel-iron ratio
is close to 3:2, which is consistent with the nickel-iron ratio during
the  preparation  process,  proving  that  there  is  no  large  loss  during
catalyst  synthesis.  And  the  high  carbon  content  confirms  the
successful  synthesis  and  modification  of  carbon.  Since  the
amorphous material has a disordered arrangement of atoms and no

 

Scheme 1    Synthesis diagram of a-NiFe.
 

Figure 1    (a) XRD pattern of C-NiFe(BP), C-NiFe and NiFe. Structural characterization of C-NiFe(BP): (b) SEM, (c) elemental mappings, (d) TEM, (e) HRTEM and (f)
SAED images.

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

94907019 (3 of 8) Nano Research, 2025, 18, 94907019

https://www.sciopen.com/article/10.26599/NR.2025.94907019
https://www.sciopen.com/article/10.26599/NR.2025.94907019
https://www.sciopen.com/article/10.26599/NR.2025.94907019
https://www.sciopen.com/article/10.26599/NR.2025.94907019
https://www.sciopen.com/article/10.26599/NR.2025.94907019
https://www.sciopen.com/article/10.26599/NR.2025.94907019
https://www.sciopen.com/article/10.26599/NR.2025.94907019
https://www.sciopen.com/article/10.26599/NR.2025.94907019


obvious  crystal  structure,  the  amorphous  nature  of  the  material  is
proved  by  high  resolution  TEM  (HRTEM)  (Fig.  1(e))  [38, 39].
From  the  selected  area  electron  diffraction  (SAED)  image  (Fig.
1(f)), it can be found that C-NiFe(BP) has no obvious bright spots
and clear rings, showing an indeterminate state, which also reflects
the amorphous nature.

Raman spectroscopic studies in carbon material  preparation are
primarily concerned with characterising structural information and
general  interpretations  corresponding  to  Raman  peak  positions
characteristic  of  carbon  materials,  including  D-peak  and  G-peak,
are both characteristic Raman peaks of the C atomic crystal, so we
also carried out Raman spectroscopy of the catalysts (Fig. 2(a)) and
we can see that there is no carbon peak for NiFe, but there are D-
peaks  and  G-peaks  for  C-NiFe  (BP)  and  the  D-peak  signal  is
stronger  than  the  G-peak,  which  further  proves  the  amorphous
nature of C. Subsequently, X-ray photoelectron spectroscopy (XPS)
was used to analyze the chemical structure of the as-made catalysts.
We  comparatively  analysed  the  XPS  spectra  of  NiFe  and  C-
NiFe(BP). As shown in Fig. 2(b), C, O, Ni and Fe are all exhibited
in  the  full  spectrum  of  NiFe  and  C-NiFe(BP).  The  element  Ni  is
mainly present as Ni2+ in C-NiFe(BP), with its 2p3/2 peak at 856.9 eV
and 2p1/2 peak at 874.8 eV (Fig. 2(c)) [39−48]. The results show that
the characteristic peak position of Ni 2p is shifted by 1.1 eV towards
higher bonding energy after carbon modification,  manifesting that
the  C-modified  can  easily  adjust  the  electronic  structure  of  C-
NiFe(BP) to optimize the adsorption of NiFe alloy nanoparticle and
protons. Elemental Fe is also present mainly in two types: Fe2+ and
Fe3+ (Fig.  2(d)).  The  Fe  2p3/2 and  2p1/2 peaks  of  Fe2+ are  found  at
710.8 and 723.9 eV,  while  Fe 2p3/2 and 2p1/2 for  Fe3+ are  located at
712.7 and 726.1 eV. Besides, the Fe 2p spectra indicate the presence
of Fe0,  suggesting that the catalyst contains a small amount of iron
and the two satellite peaks of Fe 2p at 2p3/2 and 2p1/2 corresponded
to  715.2  and 732.1  eV,  respectively  [48].  As  usual,  there  is  a  small
shift in the position of the characteristic peak of Fe 2p, the inclusion
of  C  in  C-NiFe(BP)  facilitates  effective  charge  transfer  through  a
simple  adjustment  of  the  electronic  structure.  Furthermore,  the  1s
peak  of  oxygen  could  be  divided  into  two  peaks,  including  the
adsorbed  H2O  and  M–O  peak  (where  M  stands  for

transition metal) (Fig. 2(e)) [29, 49]. There is a slight change in the
O 1s M–O peak in C-NiFe(BP) towards a  low angle,  indicative of
robust  interactions  within  the  catalyst  that  facilitate  expeditious
charge transfer. We also analysed the C 1s spectra (Fig. 2(f)) of NiFe
and  C-NiFe(BP)  and  found  that  the  C  1s  spectra  of  NiFe  and  C-
NiFe(BP),  including  the  C–C,  C–O  and  C=O.  This  suggests  that
the  C-modified  NiFe  has  a  higher  valence  state  and an  intensified
electronic interaction between NiFe and C.

In  order  to  investigate  the  electrocatalytic  performances  of a-
NiFe based catalysts, we tested the electrochemical properties using
a three-electrode system in 1 M KOH. All the data of the tests can
be referred to  the reversible  hydrogen electrode (RHE).  To ensure
the  accuracy  of  the  performance  tests,  all  catalysts  in  the
experiments  were  loaded  on  carbon  sheets  to  ensure  the  mass
loading with the same catalytically active components.

Linear  scanning  voltammetry  (LSV)  curves  were  obtained  at  a
scan rate of 5 mV·s−1 within the potential range of 0–2 V vs. RHE.
Various catalysts were synthesized by controlling the molar ratios of
nickel and iron precursors. By controlling the molar ratios of NiFe
to synthesise different catalysts, we electrochemically tested Ni:Fe =
3:1  (C-NiFe-1),  Ni:Fe  =  3:2  (C-NiFe-2),  Ni:Fe  =  3:3  (C-NiFe-3),
Ni:Fe  =  2:3  (C-NiFe-4).  Among the  catalysts,  C-NiFe-2  shows  the
lowest  overpotential@10 mA·cm−2 (η),  which is  only  224 mV (Fig.
3(a))  [39].  In  addition,  the  scatter  plots  of  the  overpotential  and
Tafel  slope  plots  are  shown  in Fig.  3(b) to  compare  the
electrochemical  performance  of  different  catalyst  ratios.  The  Tafel
slope  associates  with  the  OER  kinetics  for  C-NiFe-2  decreases  to
50.49  mV·dec−1,  while  the  respective  Tafel  slopes  for  C-NiFe-1,  C-
NiFe-3  and  C-NiFe-4  are  57.01,  75.54  and  85.45  mV·dec−1.
Electrochemical  impedance  spectroscopy  (EIS)  tests  were  carried
out  and  the  results  are  shown  in Fig.  3(c).  The  electrochemical
system  is  considered  as  an  equivalent  circuit  with  charge  transfer
resistance  and  solution  resistance  in  series  and  the  radius  of
curvature  is  proportional  to  the  charge  transfer  resistance  and
inversely proportional to the charge transfer capacity. The radius is
ordered as follows:  C-NiFe-2 < C-NiFe-3 < C-NiFe-1 < C-NiFe-4.
This suggests that C-NiFe-2 has a smaller charge transfer resistance
in  OER,  which  accelerates  the  rate  of  charge  transfer  in  the  OER

 

Figure 2    (a) Raman spectra of NiFe and C-NiFe(BP). XPS spectra of NiFe and C-NiFe(BP): (b) full spectrum and high-resolution XPS spectra of (c) Ni 2p, (d) Fe 2p, (e)
O 1s and (f) C 1s.
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process and enhances the OER activity. The electrochemically active
surface  area  (ECSA)  represents  the  number  of  electrochemically
active  sites  per  unit  area  of  the  catalyst  material.  The  double  layer
capacitance (Cdl) calculated from cyclic voltammetry (CV) curves at
different  scan rates  is  positively  correlated  with  the  ECSA and the
value of Cdl can reflect the number of electrochemically active sites
[37]. Scanning rates ranging from 20 to 100 mV·s−1 were conducted
to  test  the  CV  (Fig.  S5  in  the  ESM)  curves.  The Cdl value  of
49.7  mF·cm−2 for  C-NiFe-2  was  higher  than  that  of  the  other
catalysts  (45.4  mF·cm−2 for  C-NiFe-3,  40.9  mF·cm−2 for  C-NiFe-1,
36.1 mF·cm−2 for C-NiFe-4) (Fig. 3(d)), indicating that the properate
ratio of Ni and Fe can generate more active sites.

The  catalytic  performance  of  the  catalyst  is  affected  by  the
quantity  of  modified  carbon  produced  during  carbonisation.
Hence,  after  determining  the  optimal  nickel-iron  ratio  in  the
synthesised  material,  the  glucose  amount  was  also  regulated.  The
catalysts  fabricated  with  different  glucose  addition  (5.07  mmol  (g-
1),  7.57  mmol  (g-2),  10.09  mmol  (g-3),  12.62  mmol  (g-4)  and
15.14  mmol  (g-5))  were  tested  for  their  electrochemical
performance. When comparing the electrochemical test results, it is
evident  that  the  catalyst’s  performance  is  superior  to  the  other
dosages when the amount of glucose is controlled to be 10.09 mmol
(Fig. S6 in the ESM). The η of g-3 is only 230.04 mV (Fig. S6(a) in
the ESM), which is lower than that of the other catalysts. The Tafel
slopes (Fig. S6(b) in the ESM) and the EIS (Fig. S6(c) in the ESM)
data also demonstrate that g-3 has the superior OER performance.

In order to obtain a clearer understanding of the electrocatalytic
performance of the catalysts and to demonstrate the superiority of
the  C-modified a-NiFe  alloy,  control  samples  were  prepared  by
selecting  the  nickel-iron  ratio  with  the  best  OER  performance,
which  is  3:2.  The  control  samples  are  C-modified  amorphous
monometallic  (C-Ni,  C-Fe),  carbon-free  amorphous  bimetallic
(NiFe),  C-modified  amorphous  bimetallic  (C-NiFe)  and  C-
modified  amorphous  bimetallic  (C-NiFe(BP))  after  fermentation.

As  shown  in Fig.  4(a),  C-NiFe(BP)  has  the  lowest η (219.7  mV),
which  is  much  lower  than  that  of  C-Ni  (346.9  mV),  C-Fe
(376.1  mV),  NiFe  (261.7  mV)  and  C-NiFe  (260.9  mV).  The
histogram of overpotentials in Fig. 4(b) is better illustrating that C-
NiFe(BP)  has  the  lowest  overpotential.  Tafel  slopes  obtained  from
the polarization curves  show the kinetics  of  all  samples,  which are
shown in Fig.  4(c).  The Tafel  slope for  C-NiFe(BP) is  the  smallest
with a value of 43.17 mV·dec−1, which in C-Ni, C-Fe, NiFe, C-NiFe
are  48.37,  51.6,  132.96  and  150.2  mV·dec−1.  The  Tafel  slopes  have
been calculated for  each catalyst  above the onset  potential  and are
shown in Fig. 4(c). Unlike C-Ni, C-Fe catalysts, all NiFe-containing
samples have a rate-determining value that reflects the characteristic
Tafel  slope  of  NiFe  in  the  1  M  KOH  concentration  range
(~ 50 mV·dec−1). This further confirms that NiFe is the main OER
catalyst in C-NiFe(BP) catalysts [50]. Figure 4(c) illustrates that the
Tafel  slope  of  the  sample  containing  NiFe  is  approximately
50  mV·dec−1,  which  substantiates  the  assertion  that  the  rate-
determining step of the catalyst is the generation of oxygen from *O
[51].  The  large  difference  in  Tafel  slopes  suggests  that  carbon
modified-induced changes in electronic structure play a crucial role
in  facilitating  the  promotion  of  catalysts  in  OER  kinetics.  The
electrochemical  test  results  demonstrate  that  bimetallic  or
multimetallic  catalysts  typically  display  enhanced  catalytic  activity
relative  to  monometallic  catalysts.  This  phenomenon  can  be
attributed to the interactions between different metal atoms, which
give rise to a synergistic interaction between the two nearest metal
sites,  thereby  improving  the  catalytic  activity.  The  electrochemical
performance  of  C-NiFe(BP)  offers  great  advantages  over  the
published literature (refer to Table S3 in the ESM). Overall  the C-
NiFe(BP)  catalyst  exceeds  most  state-of-the-art  NiFe-based
catalysts.  In  addition,  C-NiFe(BP)  also  has  the  fastest  electron
transport capability within the catalyst interface as observed by EIS.
The smaller circle diameter confirms the lower resistance interfacial
kinetic pathway achieved on the C-NiFe(BP) surface (Fig. 4(d)). CV

 

Figure 3    OER performances in 1 M KOH of the synthesized catalysts. (a) LSV curves of catalysts with the scan rate of 5 mV·s−1, (b) the overpotentials and Tafel slopes,
(c) Nyquist plots for the samples, and (d) Cdl values.
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was carried out in the non-Faraday potential range to calculate the
Cdl of the active materials, which was proportionally related to their
ECSA. As can be seen from Fig. S8 in the ESM, C-NiFe(BP) have a
higher Cdl value (ECSA = 51.97 mF·cm−2).  The turnover frequency
(TOF) was  calculated to  provide  insight  into  the  intrinsic  catalytic
activity  of  the  electrocatalysts  (refer  to  Table  S4  in  the  ESM).
Among the synthesised catalysts, C-NiFe(BP) exhibited the highest
TOF  value  (1.16  S−1),  surpassing  C-Ni  (0.34  S−1),  C-Fe  (0.13  S−1),
NiFe (0.49 S−1) and C-NiFe (0.88 S−1). This suggests that C-NiFe(BP)
has  more  active  sites,  which  enhances  its  OER  performance.  The
results  indicate  that  the  designed  C-NiFe(BP)  catalyst  exhibits
excellent OER performance, suggesting that the carbon-modified a-
NiFe  alloys  are  rich  in  active  sites  and have  appropriate  electronic
structure.  Long-term  operational  stability  is  directly  related  to  the
structural  stability  of  the  catalysts  and  can  confirm  the  reliable
performance of the catalysts for industrial target applications. For C-
NiFe(BP),  the  catalytic  current  density  can  be  maintained  for  at
least  20  h  without  significant  decrease  (Fig.  4(e)),  but  without
carbon  modified,  the  catalytic  activity  decays  at  a  very  fast  rate,
indicating that carbon modified can improve the stability of a-NiFe
alloy.  Furthermore,  EDS characterisation  of  the  catalysts  following
the stability tests revealed that there was only a minimal amount of
Ni  and Fe content  transferred compared to  that  observed prior  to
the  reaction.  This  finding  substantiates  the  stability  of  the  catalyst
structure. Figure 4(f) shows the OER polarisation LSV curves of C-
NiFe(BP)  before  and  after  1000  CV  cycles.  Only  a  negligible
potential shift at 10 mA·cm−2 can be observed, which indicates that
C-NiFe(BP)  has  a  robust  structural  stability  after  repeated
electrocatalytic  processes.  To  better  demonstrate  the  structural
stability of the synthesised catalysts, we analyzed the XPS of before
and  after  C-NiFe(BP)  reaction  (Fig.  S9  in  the  ESM).  The  results
show  that  no  significant  changes  occurred  in  the  positions  of  the
main peaks of Ni 2p and Fe 2p (Figs. S9(b) and S9(c) in the ESM),
indicating  that  the  chemical  structure  of  the  main  structure  of  C-
NiFe(BP)  was  not  disturbed  after  the  reaction.  In  addition,
consistent with the stability test results, it is well demonstrated that
the catalyst  is  able  to maintain stability  over  a  long period of  time
during the reaction process. 

4    Conclusions
In summary, we synthesized a C-modified a-NiFe alloy via a one-
step annealing method using room temperature fermentation with
glucose  as  the  carbon source.  C-modified  towards  the  amorphous
alloy can improve the stability of the catalyst and the excellent OER
activity can be maintained after 20 h stability test  and 1000 cycles’
CV test. Meanwhile, the comparison of the XPS peaks of Ni and Fe
before  and  after  the  reaction  showed  no  obvious  shift,  further
demonstrating  the  superior  structural  stability  of  the  catalyst.
Notably, the appearance of the catalyst was significantly fluffy after
fermentation  and  the  peak  of  C-NiFe(BP)  could  be  seen  to  be
shifted to a lower angle when analysed by XRD, which proved that
carbon modification could expand the interlayer of the catalyst, this
greatly  increased  the  specific  surface  area  of  the  catalyst  and
exposed  more  active  sites,  which  further  improved  the  catalytic
performance.  Furthermore,  C-NiFe(BP)  demonstrates  exceptional
OER performance, achieving a current density of 10 mA·cm−2 with
a remarkably low overpotential of 219.7 mV. Notably, it  exhibits a
Tafel slope of 43.17 mV·dec−1 and a Cdl value of 51.97 mF·cm−1. This
work  provides  a  new  idea  on  stable  amorphous  bi-metal  alloy
synthesis with carbon modified to increase the specific surface area
of catalysts with more active sites, providing insights into the design
of amorphous alloys with high stability and OER properties. 

Electronic Supplementary Material: Supplementary material  (test
method,  Figs.  S1–S9  and  Tables  S1–S4)  is  available  in  the  online
version  of  this  article  at https://doi.org/10.26599/NR.2025.
94907019. 
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overpotentials, (c) Tafel slopes of different catalysts, (d) Nyquist plots for the samples, (e) polarization data for NiFe and C-NiFe(BP) catalysts for 20 h long term durability
test, and (f) polarization data for C-NiFe(BP).
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