
Vol.:(0123456789)

Carbon Letters (2024) 34:1779–1801 
https://doi.org/10.1007/s42823-024-00730-4

ORIGINAL ARTICLE

Carbon aerogel supported Ni–Fe catalysts for superior oxygen 
evolution reaction activity

Muhammad Asim1 · Akbar Hussain1 · Meryem Samancı2 · Naveed Kausar Janjua1 · Ayşe Bayrakçeken2,3 

Received: 17 December 2023 / Revised: 20 March 2024 / Accepted: 31 March 2024 / Published online: 24 April 2024 
© The Author(s) 2024

Abstract
Electrochemical water splitting presents an optimal approach for generating hydrogen  (H2), a highly promising alternative 
energy source. Nevertheless, the slow kinetics of the electrochemical oxygen evolution reaction (OER) and the exorbitant 
cost, limited availability, and susceptibility to oxidation of noble metal-based electrocatalysts have compelled scientists to 
investigate cost-effective and efficient electrocatalysts. Bimetallic nanostructured materials have been demonstrated to exhibit 
improved catalytic performances for the oxygen evolution reaction (OER). Herein, we report carbon aerogel (CA) decorated 
with different molar ratios of Fe and Ni with enhanced OER activity. Microwave irradiation was involved as a novel strategy 
during the synthesis process. Inductively coupled plasma mass spectrometry (ICP-MS), X-ray diffraction (XRD), X-ray 
Photoelectron Spectroscopy (XPS), Scanning Electron Microscope (SEM), Energy dispersive X-ray spectroscopy (EDAX 
spectra and EDAX mapping), Transmission Electron Microscope (TEM), High-Resolution Transmission Electron Microscope 
(HR-TEM), and Selected Area Electron Diffraction (SAED) were used for physical characterizations of as-prepared material. 
Electrochemical potential towards OER was examined through cyclic voltammetry (CV), chronoamperometry, and electro-
chemical impedance spectroscopy (EIS). The FeNi/CA with optimized molar ratios exhibits low overpotential 377 mV at 
10  mAcm−2, smaller Tafel slope (94.5 mV  dec−1), and high turnover frequency (1.09  s−1 at 300 mV). Other electrocatalytic 
parameters were also calculated and compared with previously reported OER catalysts. Additionally, chronoamperometric 
studies confirmed excellent electrochemical stability, as the OER activity shows minimal change even after a stability test 
lasting 3600 s. Moreover, the bimetallic (Fe and Ni) carbon aerogel exhibits faster catalytic kinetics and higher conductivity 
than the monometallic (Fe), which was observed through EIS investigation. This research opens up possibilities for utiliz-
ing bi- or multi-metallic anchored carbon aerogel with high conductivities and exceptional electrocatalytic performances 
in electrochemical energy conversion.
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1 Introduction

The increasing energy demand and environmental pollu-
tion caused by industrial development promote extensive 
research towards clean, environmentally benign, and renewa-
ble energy production and storage technologies [1–3]. There 

are many sources of renewable energy, including sun, wind, 
biogas, geothermal, and water [4]. Utilizing various ener-
gies (such as electrical, light, and thermal energy) can cause 
water to separate into hydrogen and oxygen. Hydrogen evo-
lution reaction (HER) and oxygen evolution reaction (OER) 
are the two reactions that make up electrochemical water 
splitting [5–8]. Researchers have a great deal of interest in 
developing a catalyst to improve the kinetics of OER due 
to its high overpotential and slow rate of conversion. For 
green and renewable energy technologies like fuel cells and 
water splitting, the creation of highly effective, chemically 
stable, and mechanically stable catalysts is essential [9–12]. 
OER is a four-electron transfer process-based anodic half-
reaction of electrochemical water splitting that has sluggish 
kinetics and low energy deficiency [13–15]. Because of this, 
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the OER is primarily responsible for the overall efficiency 
of water splitting. Alkaline media is more suitable for OER 
because of the abundance of hydroxyl groups it contains, 
which promotes the development of reaction intermediates 
and the release of oxygen. Electrocatalysts are essential for 
minimizing energy loss throughout the energy conversion 
process. These materials should be effective, stable, long-
lasting, and selective for the OER process [16, 17].

Noble-metal-based nanosheets and precious metal oxides 
 (RuO2 and  IrO2) can efficiently catalyze the OER process 
and reduce overpotential, however, commercial-scale appli-
cations cannot use these materials due to their limited avail-
ability and expensive cost [18–21]. The development of 
inexpensive, naturally abundant, and efficient electrocata-
lysts for OER is the main area of research. Because of their 
great catalytic activity, abundance on earth, and affordabil-
ity, transition metal catalysts have drawn a lot of attention 
for OER catalysis. Materials without metal and ones made 
of carbon are also being considered for catalytic applica-
tions [22–24]. Binary transition metal catalysts seem to be 
efficient for OER. Particularly Ni–Fe catalysts are shown 
to exhibit activity comparable to highly active noble metal-
based catalysts and are appropriate for real-world applica-
tions [25].

Ullal et al. synthesized and created nanocrystalline Ni–Fe 
alloy coatings by electrodeposition as an effective, reliable, 
and affordable electrocatalytic material for HER and OER. 
They demonstrated that the composition, surface morphol-
ogy, and phase structures of Ni–Fe alloy coatings had an 
impact on their particular catalytic characteristics [26]. 
Makaela et al. prepared  NiFeOx oxyhydroxide electrocata-
lyst for OER in different mediums (alkaline to neutral). The 
prepared electrocatalysts showed excellent electrocatalytic 
activity in alkaline media with low overpotential (below 
300 mV) in 0.1 M KOH [25]. Daoxin et al. prepared NiFe-
layered double hydroxide (NiFe-LDH) hybrid catalysts 
through a hydrothermal method and studied its catalytic 
activity towards OER. With a low overpotential of 292 mV 
at 50  mAcm−2 current density, the material performed admi-
rably. Excellent morphology, a large number of functional 
groups, and a synergistic effect are all responsible for this 
outstanding activity [27]. Yu et al. reported that the NiFe 
LDH@Cu nanoarray exhibits exceptional activity, requiring 
only 315 mV overpotential to deliver a huge current density 
of 1000  mAcm2, and 199 mV to deliver 10  mAcm2 for OER 
in 1.0 M KOH [28]. Beatrice Ricciardi et al. prepared Fe–Ni 
decorated carbon matrix as an efficient bifunctional electro-
catalyst for OER and ORR. Prepared electrocatalyst showed 
excellent activity with high current density, low overpoten-
tial and small Tafel slop value (68.2 mA  dec−1) [29]. Shun-
tian Huang et al. adopted sol–gel leading to a supercritical 
drying strategy for the synthesis of Ru-promoted Fe and Ni 
anchored N-doped carbon aerogel for HER/OER catalysis. 

Prepared three-dimensional electrocatalyst possessed a high 
surface area of 227.7  m2.g−1, low overpotential and high 
turnover frequency of 0.1107  s−1 [30]. Yiwen Zhang et al. 
reported NiFe-anchored GO as an efficient electrocatalyst 
of OER electrocatalysis. Prepared material exhibited a high 
surface area (242.4  m2g−1), low overpotential value, and a 
smaller Tafel slop of 42.0 mV  dec−1 [31].

The specific surface area of the active metal, the catalyst's 
reducibility, and the dispersion of the active site can all be 
improved by using catalytic support materials. The 3D car-
bonaceous material group includes a family of organic aero-
gels called carbon aerogel (CA). High specific surface area, 
porosity, and low density are some of its exceptional surface 
characteristics. Due to its reticulated network, it possesses 
excellent mechanical strength and electrical conductivity. 
These characteristics make them appropriate support mate-
rials for metal catalysts [32]. Based on the above studies, 
Ni and Fe-supported carbon aerogel was selected in order 
the study their activity for electrochemical oxygen evolution 
reaction.

In this research, CA-supported Ni–Fe catalysts were 
developed for OER. CA was synthesized by sol–gel method, 
supercritical drying and pyrolysis processes. A novel micro-
wave irradiation strategy was adopted for the homogeneous 
dispersion of Fe and Ni on carbon aerogel support material. 
In previous studies, similar electrocatalysts were prepared 
through sol–gel followed by supercritical drying [32, 33] 
and pyrolysis followed by freeze drying [34]. To ensure 
the porous structure of the CA catalyst support material, 
which is interconnected with each other and does not col-
lapse within the well-designed 3D matrix, drying was done 
especially with supercritical carbon dioxide  (CO2). With this 
morphology, it is aimed to obtain catalysts with extremely 
large electrochemically active surface areas. Then, Ni–Fe/
CA catalysts using three different ratios of Ni and Fe met-
als were prepared by microwave irradiation method. Addi-
tionally, the Fe/CA catalyst was synthesized to compare the 
effects of Ni metal and loading rate on catalyst performance. 
In this way, both the different distributions of Ni and Fe 
transition metals on the CA support and the effects of these 
differences on catalyst performances were examined. The 
structural characteristics of the prepared catalysts have 
been examined using different physical characterization 
techniques, including Inductively Coupled Plasma-Mass 
Spectrometry (ICP-MS), X-Ray diffraction (XRD), X-ray 
Photoelectron Spectroscopy (XPS), Scanning Electron 
Microscope (SEM), Energy dispersive X-ray spectroscopy 
(EDAX spectra and EDAX mapping), Transmission Electron 
Microscope (TEM), High Resolution Transmission Electron 
Microscope (HR-TEM), and Selected Area Electron Diffrac-
tion (SAED). To determine how metal loading of the CA 
aerogel support material affects OER performance, elec-
trochemical investigation using cyclic voltammetry (CV), 



1781Carbon Letters (2024) 34:1779–1801 

chronoamperometry, and electrochemical impedance spec-
troscopy (EIS) in alkaline media (1 M KOH: Methanol) was 
conducted.

2  Experimental

2.1  Materials

Resorcinol (99%), formaldehyde (w/w ≥ 34.5%), sodium 
carbonate  (Na2CO3), and acetone (99.5%) used in carbon 
aerogel synthesis were obtained from Sigma Aldrich. High-
purity carbon dioxide  (CO2) and nitrogen  (N2) gases used in 
various stages of synthesis were obtained from Habaş com-
pany. Nickel (II) chloride hexahydrate  (NiCl2.6H2O) from 
LA CHE MA, Iron (III) chloride hexahydrate  (FeCl3.6H2O, 
98%) from Carlo Erba Reagent, potassium hydroxide 
(KOH) from Merck and ethylene glycol (extra pure) from 
ISOLAB Chemicals were used for the catalyst synthesis. 
Nafion solution (15%, Ion Power, Inc.) and 1,2-propanediol 
 (C3H8O2,  ≥ 99.5%, Sigma–Aldrich) were used for electrode 
solutions.

2.2  Synthesis of carbon aerogel (CA)

CA was synthesized by polymerization of resorcinol (R) and 
formaldehyde (F) in the presence of a catalyst (C,  Na2CO3) 
and using the sol–gel method [35]. Sol solution prepared 
based on R/C = 200, R/W = 0.02, and R/F = 0.5 molar per-
cent ratios was placed in a closed glass tube and incubated 
for 24 h at room temperature, 24 h at 50 °C, and 72 h at 90 
°C. The gel in the glass tube, which was removed from the 
oven, was thrown into acetone in a beaker and left for 24 h. 
As a result of this process, the gel was placed in the super-
critical reactor with acetone and extracted with supercritical 
 CO2 at 2000 psi and 50 °C. The R-F aerogel obtained after 
drying with supercritical  CO2 was pyrolyzed at 1000 0C for 
4 h and in an  N2 environment to reach the final CA structure.

2.3  Synthesis of Fe/CA and Ni–Fe/CA catalysts

The synthesis of metallic catalysts using CA support was 
carried out using the microwave irradiation method [36]. 
 NiCl2.6H2O and  FeCl3.6H2O were used as metal precursors 
and the loading process was carried out in one step. Sup-
port material and metal loading ratios were determined as 
CA-Ni–Fe:10-7-3, CA-Ni–Fe:10-5-5, and CA-Ni–Fe:10-
3-7 which were named as  Ni70Fe30/CA,  Ni50Fe50/CA, and 
 Ni30Fe70/CA, respectively. In addition, the Fe/CA catalyst 
was also synthesized to see the effect of Ni doping on the 
catalysts on the performance and for comparison. The nomi-
nal amount of Fe loaded in the catalyst was 30%. The pre-
determined amounts of CA,  NiCl2.6H2O,  FeCl3.6H2O and 

20 ml of distilled water were mixed in a beaker. It was then 
dissolved in an ultrasonic bath for 30 min. 35 ml of ethylene 
glycol was added to this mixture and stirred for 3 h in a 
magnetic stirrer. 3 M KOH was used to increase the pH to 
12. In this way, the adsorption of metal precursors to the CA 
surface was ensured. The mixture was heated in a microwave 
oven at 800 W for 1 min followed by flash cooling in an ice 
bath. It was washed in a centrifuge with acetone and distilled 
water until pH: 7-7.5. Finally, it was dried in an oven at 
90–100 °C for 24 h.

3  Characterization

3.1  Physical characterizations

Inductively coupled plasma-mass spectrometer (ICP-MS, 
Agilent 7800) was used to determine the amount of metal 
loaded on the support material. X-Ray diffraction (XRD, 
PANalytical Empyrean, CuK∞, ʎ = 1.5406 Ǻ, scan range: 
 100 ≤ 2θ ≥  900) device was used to obtain information about 
the crystal structures of the catalysts. X-ray Photoelec-
tron Spectroscopy (XPS, Specs-Flex XPS, Energy range: 
200 eV–4 keV) analysis was used to study and understand 
the surface chemistry and electronic structure of the cata-
lysts. Scanning Electron Microscope (SEM) analysis was 
used to reveal the presence of metal nanoparticles in the 
catalysts and the morphology of the CA support surface 
in which they were incorporated. Energy dispersive X-ray 
spectroscopy (EDAX) and mapping analyzes were used to 
characterize the elemental composition and distribution in 
the catalysts. Transmission Electron Microscope [TEM, 
Hitachi HighTech HT7700, Resolution values: 0.204 nm 
(100 kV)–0.144 nm (120 kV)] and High Resolution Trans-
mission Electron Microscope (Jeol 2100F HR-TEM, Orius 
SC1000 Model 832 11 Megapixel CCD camera) was used 
to determine the simultaneous micro/nano and crystal struc-
ture of catalysts and support material. Selected Area Elec-
tron Diffraction (SAED) analyses were performed using the 
HR-TEM device. SAED analysis has been used to obtain 
crystallographic (crystal structure, orientation, and phase 
composition) information about catalysts.

3.2  Electrochemical characterizations

The potentiostat (Gamry 1010B) was used to conduct the 
electrochemical analysis of the as-synthesized materials. 
Ag/AgCl (3 M KCl), modified glassy carbon (3 mm), and 
Pt wire were utilized as the reference, working, and coun-
ter electrode, respectively, in a standard three-electrode cell 
assembly [37]. Electrode modification was done by the ink 
paste method. 1 M KOH was used as a supporting elec-
trolyte and a small amount of methanol was also added to 
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envision its effect on the oxygen evolution reaction. The 
electrochemical investigation was carried out by conducting 
cyclic voltammetry (CV), chronoamperometry, and electro-
chemical impedance spectroscopy (EIS). CV was performed 
at 100  mVs−1 scan rate, chronoamperometric analysis was 
carried out in 1 M KOH by application of 1.4 V potential 
for 3600 s. EIS measurements were performed with 5 mV 
AC and 1.1–1.5 V DC voltage and a variable frequency of 
0.1 Hz to 20 kHz.

3.3  Electrode modification

Before electrochemical studies, the glassy carbon electrode 
surface was polished with alumina slurry and then modi-
fied with as-synthesized electrocatalyst material. Electrode 
inks were prepared by mixing pure water (1 ml), 1,2-propan-
ediol (1 ml), Nafion solution (165 µl), and catalyst material. 
The mass loading ratio of the active catalyst material was 
determined as 1 mg/cm2. After the electrode ink was mixed 
very well in the magnetic stirrer, 3 μl was dropped on the 
GC electrode surface with the help of a micropipette. The 
electrode surface was left to dry at room temperature. This 
modified electrode was employed for electrochemical stud-
ies [38].

4  Results and discussion

4.1  Physical characterizations

Before synthesizing Ni–Fe/CA catalysts, CA was synthe-
sized as catalyst support material. The BET surface area 
of CA was measured as 664  m2/g with an average pore 
diameter of 9.6 nm [35]. The high surface area and favora-
ble pore structure of CA make it attractive to be used as a 

catalyst support material. TEM images of CA are given in 
Fig. 1. CA consists of structurally interconnected spherical 
particles. The particles form a network structure to provide 
highly developed mesopores [39]. The superior surface 
properties of CA make it a suitable substrate for the homo-
geneous dispersion of metal catalyst nanoparticles without 
agglomeration.

The catalytic activity of a catalyst is highly dependent on 
the proportion of metal charged to the support surface, the 
types of metal phases, and the size of the metal nanoparti-
cles. To measure these parameters, ICP MS, XRD, XPS, 
SEM, EDAX, TEM, HR-TEM and SAED analyses of Ni–Fe/
CA catalysts were performed, respectively. ICP-MS analysis 
was performed to determine the metal loading percentages 
of Fe/CA and Ni–Fe/CA catalysts synthesized by microwave 
irradiation method and the results are given in Table 1. The 
loaded metal ratio in the Fe/CA catalyst is 24.2%. In Ni–Fe/
CA catalysts, on the other hand, the loaded total metal ratios 
vary between 36 and 40%. Ni ratio in  Ni70Fe30/CA,  Ni50Fe50/
CA, and  Ni30Fe70/CA catalysts decreased as intended, and 
Fe ratio increased as well. Due to these differences in metal 
loading ratios, the differences in the distribution of metals 
on the CA support surface vary significantly and the nano-
particle-crystal sizes were investigated by XRD and TEM 
analyses. In addition, the effect of structural differences of 

Fig. 1  TEM images (500 nm and 200 nm) of CA

Table 1  ICP-MS results, and crystal size analyses of the catalysts

Catalyst ICP-MS (w/w %) XRD average 
crystal size (nm)

Ni Fe Total metal

Fe/CA – 24.2 24.2 5.81
Ni30Fe70/CA 12.3 24.0 36.3 4.85
Ni50Fe50/CA 21.8 17.8 39.6 9.65
Ni70Fe30/CA 28.3 10.3 38.6 7.48
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these Ni–Fe/CA catalysts on electrochemical performance 
was also investigated.

XRD analyses were performed to obtain information 
about the crystal purity and crystal structure of the catalysts. 
XRD spectra of synthesized catalysts are given in Fig. 2. 
All catalysts have a diffraction peak at 2θ = 23.50. This peak 
corresponds to the C(002) plane and indicates the presence 
of graphitic carbon [40]. It represents the CA used as the 
catalyst support material. In the spectrum of the Fe/CA cata-
lyst, there are distinct diffraction peaks at 2θ = 35.50, 44.50, 
and  620 angles. These peaks correspond to the  Fe3O4(311), 
Fe(110) and Fe(200) planes, respectively. The Fe(110) and 
Fe(200) planes represent characteristic body-centered cubic 
(bbc) iron (JCPDS card no. 87–0722) [41]. The  Fe3O4(311) 
plane shows that some iron oxide other than elemental iron 
 (Fe0) is formed during the reaction [42]. There are several 
distinct diffraction peaks in the spectra of Ni–Fe/CA cata-
lysts. The angles of these peaks are 2θ = 11.50,  350,  400, 
46.50,  500,  600, 61.50,  650, 74.50 and  800. The diffraction 
peaks at 2θ = 46.50,  650 and  800 angles correspond to the 

Fe(110), Fe(200), and Fe(211) planes. They are crystal struc-
tures of elemental iron. The diffraction peaks at 2θ =  400,  500 
and 74.50 correspond to the Ni–Fe(111), Ni–Fe(200) and 
Ni–Fe(220) planes, respectively. These three characteristic 
peaks are explained by the face-centered cubic (fcc)  Ni3Fe 
alloy phase (combination of α-Fe(Ni) phase (kamacite) and 
γ-Fe–Ni (taenite) phase (JCPDS card no. 38-0419) [43–45]. 
Taenite contains more Ni than kamacite. The increase in Ni 
content causes taenite to be in face-centered crystal form, 
while the high Fe content in kamacite causes it to be body-
centered. This difference is due to the similar size of Ni and 
Fe, but different interatomic magnetic and quantum interac-
tions [46].

In addition, differences in the amount of metal precursors 
used in catalyst synthesis cause differences in the interac-
tions between the support and the metal and between the 
metals themselves. As the Ni ratio in the catalysts increases, 
the peak intensities of the oxide and hydroxide-containing 
phase groups increase. The distinct diffraction peak at the 
angle of 2θ =  350 belongs to the Ni-Fe3O4(311) crystal struc-
ture [or  NiFe2O4(311)-nickel ferrite phase] and indicates fcc 
nanoparticle formation with spinel phase [47, 48]. The dif-
fraction peaks at 2θ = 11.50,  600 and 61.50 angles correspond 
to the Ni–Fe-OH(003), Ni–Fe-OH(110) and Ni–Fe-OH(113) 
planes. These crystal structures contain double hydroxide 
(JCPDS card no. 41–1390) [43, 49].

These phases (Ni-Fe3O4 and Ni–Fe-OH) can form in the 
surface layer of the catalyst due to the oxidizing reaction of 
nickel and iron during the drying process of the catalysts 
[50]. González-Castaño et al. synthesized NiFe/C catalysts 
by wet impregnation method using three different carbon 
supports (biochar:  CA,  CB,  CC). Some low-density peaks of 
 Ni0 phases were observed, possibly due to partial re-oxi-
dation of Ni particles in contact with air on the surfaces of 
some catalysts. Therefore, certain differences in  Ni0 crystal 
sizes were found.  Ni0 crystallite sizes of 20 nm, 9 nm, and 
10 nm were calculated for NiFe/CA, NiFe/CB, and NiFe/CC 
catalysts, respectively [51].

The Debye–Scherrer formula was used to calculate the 
size of the crystal forms in the catalysts [52]. All crystal 
sizes of distinct diffraction peaks were calculated. The maxi-
mum, minimum, and average crystal sizes are summarized 
in Table 1. The average crystal size in the Fe/CA catalyst is 
5.81 nm. The average crystal sizes of  Ni70Fe30/CA,  Ni50Fe50/
CA and  Ni30Fe70/CA catalysts were calculated as 7.48 nm, 
9.65 nm and 4.85 nm, respectively. These crystal sizes are 
quite good for bimetallic catalysts. This shows that the metal 
particles dispersed on the support surface are dispersed 
without agglomeration.

XPS analysis is an important technique for studying the 
surface chemistry (elemental composition of the catalyst sur-
face and different oxidation states of Ni and Fe) of Ni–Fe/C 
catalysts that are prominent in electrocatalysis, especially 

Fig. 2  XRD spectra of catalysts, a Fe/CA, b  Ni30Fe70/CA, c  Ni50Fe50/
CA, d  Ni70Fe30/CA
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OER. For example, the presence of  Ni2+ or  Fe3+ may be 
indicative of certain active sites that are more effective at 
catalyzing OER. Additionally, this technique is very widely 
used to understand the electronic structure (electron transfer 
and orbital interactions) of catalysts. XPS provides infor-
mation on the electronic structure of the catalyst by ana-
lyzing the binding energies of core electrons (e.g., Ni 2p, 
Fe 2p). This information helps to understand how electrons 
are transferred during the catalytic process and how orbital 
interactions between metal centers and carbon support con-
tribute to catalytic activity [53, 54].

The XPS general spectra of the catalysts are given in 
Fig. 3. For the Fe/CA catalyst, the regions with binding 
energies of 284.0 eV, 530.0 eV, and 710.0 eV correspond 
to C 1 s, O 1 s, and Fe  2p3/2 elements, respectively. For the 
 Ni30Fe70/CA catalyst, the regions with binding energies of 
282.0 eV, 530.0 eV, 713.0 eV, and 858.0 eV correspond to 
the elements C 1 s, O 1 s, Fe  2p3/2, and Ni  2p3/2, respec-
tively. For the  Ni50Fe70/CA catalyst, the regions with bind-
ing energies of 282.0 eV, 531.0 eV, 713.0 eV, and 859.0 eV 
correspond to the elements C 1 s, O 1 s, Fe  2p3/2, and Ni 
 2p3/2, respectively. For the  Ni70Fe30/CA catalyst, the regions 
with binding energies of 283.0 eV, 530.0 eV, 713.0 eV, and 
859.0 eV correspond to the elements C 1 s, O 1 s, Fe  2p3/2, 
and Ni  2p3/2, respectively. Atomic % ratios of elemental 

analysis data obtained from XPS general spectra are given 
in Table 2.

Ni 2p, Fe 2p, C 1 s and O 1 s spectra of the catalysts 
are given in Fig. 4. The bonds and binding energies corre-
sponding to the peaks in these spectra are indicated on the 
spectrum. Additionally, the % rates of the species belong-
ing to the bonds are indicated on these spectra. There are 
distinct peaks in the binding energy range of 845–885 eV 
of the Ni 2p spectra of the catalysts. These peaks arise 
from bonds belonging to Ni  2p3/2  (Ni2+) and Ni  2p1/2 
 (Ni2+) types. These species represent Ni-OH bonds [55, 
56]. There are distinct peaks in the binding energy range 
of 700–740 eV of the Fe 2p spectra of the catalysts. These 
peaks arise from bonds belonging to Fe  2p3/2  (Fe3+) and 

Fig. 3  XPS general spectra of catalysts

Table 2  Atomic % of the elements indicated in the XPS overall spec-
tra of the catalysts

Catalyst Atomic (%)

Ni  2p3/2 Fe  2p3/2 C 1 s O 1 s

Fe/CA – 1.9 80.4 17.7
Ni30Fe70/CA 6.9 6.3 48.3 38.5
Ni50Fe50/CA 13.7 6.9 31.1 48.3
Ni70Fe30/CA 11.4 3.8 39.8 45.0
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Fe  2p1/2  (Fe3+) species [57]. These species contribute to 
Fe-OH bonds [56]. There are distinct peaks in the binding 
energy range of 528–534 eV of the O 1 s spectra of the cat-
alysts. These peaks arise from bonds belonging to lattice 

oxygen, hydroxyl oxygen and incidental carbon–oxygen 
species. That is, it is generally explained by physically 
and chemically absorbed molecular water [58]. There are 
distinct peaks in the binding energy range of 280–290 eV 

Fig. 4  Ni 2p, Fe 2p, C 1 s and O 
1 s spectra of catalysts a Fe/CA, 
b  Ni30Fe70/CA, c  Ni50Fe50/CA, 
d  Ni70Fe30/CA
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in the C 1 s spectra of the catalysts. These peaks originate 
from bonds belonging to metal-C, C = C, C–C and C–O 
types [59]. C–C bond is the bonding form of carbon atoms 
that perform  sp3 hybridization, and C = C bond represents 
 sp2 hybridization, which represents the graphitic structure 

[60]. In general, there are changes in the peak positions of 
the Ni 2p, Fe 2p, C 1 s and O 1 s spectra of the catalysts. 
These changes show the interaction between nickel and 
iron metals in the structures of the catalysts [55].

Fig. 4  (continued)
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With SEM analysis for Fe/CA and Ni–Fe/CA catalysts 
(Fig. 5), the presence of Ni and Fe metal nanoparticles and 
the morphology of the CA support surface on which they 
are incorporated are revealed. EDAX mapping analysis is 
a fundamental technique used to characterize the elemen-
tal composition and distribution of catalysts. This mapping 

presents the spatial distribution of the elements, providing 
information on how evenly Ni and Fe are distributed within 
the carbon matrix. These analyzes provide information about 
the structure of the catalyst that is critical to understanding 
the performance of the catalyst. In other words, it provides 
facilities to achieve optimum catalytic activity and durability 

Fig. 5  SEM images (500 µm) and EDAX mapping images of catalysts a Fe/CA, b  Ni30Fe70/CA, c  Ni50Fe50/CA, d  Ni70Fe30/CA
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[61, 62]. SEM analyzes of the synthesized catalysts were 
performed and the images are give in Fig. 4. First, the SEM 
image at 500 µm is given. Then, EDAX mappings were 
given on the same SEM image. EDAX maps for all catalysts 
typically reveal the presence of primary components Ni, Fe, 

C and O. Except for the Fe/CA catalyst, it is seen that the 
Ni and Fe nanoparticles in the other catalysts are distributed 
homogeneously on the CA surface without agglomeration.

EDAX spectra are used to obtain information about the 
elemental composition of catalysts. EDAX spectra of the 

Fig. 5  (continued)
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catalysts are given in Fig. 6 and the peaks belonging to 
the primary components (Ni, Fe, C, O) are clearly visible. 
Weight and atomic % values obtained in EDAX spectra are 
given in Table 3. The weight % values of the elements in 
the structure of the catalysts are approximately in agree-
ment with the ICP-MS analysis data given in Table 1. When 
the atomic % values of the elements are compared with the 
XPS analysis data given in Table 2, deviations from these 
values are observed. Because only certain chemical species 
(e.g., Ni  2p3/2, Fe  2p3/2) were considered in the general XPS 
analysis data. Other species are extensively explained by the 
XPS spectra given in Fig. 4. For example, while the EDAX 
atomic % of the Fe element in the Fe/CA catalyst is 5.2, the 

value of the Fe  2p3/2 type is given as 1.9% in the general XPS 
data table. This situation is clearly seen in the Fe 2p spec-
trum given in Fig. 4a. According to this spectrum, 27.3% 
of the Fe 2p chemical species is Fe  2p3/2, while 72.7% is Fe 
 2p1/2. When the necessary proportion calculation was made 
based on the Fe 2p spectrum, the XPS atomic % ratio of Fe 
was calculated as 5.1. This value agrees with the EDAX 
atomic % ratio of the element Fe.

TEM and HR-TEM analyzes were performed to provide 
detailed images of the structure of Ni–Fe/C catalysts at the 
nanoscale and to examine the interaction between Ni–Fe 
nanoparticles and carbon support. Images are given in Fig. 7. 
In the TEM images of the catalysts, it is seen that Fe/CA and 

Fig. 6  EDAX spectra of catalysts

Table 3  Weight and atomic % 
ratios of elements indicated in 
the EDAX spectrum of catalysts

Catalyst Weight (%) Atomic (%)

Ni K Fe K C K O K Ni K Fe K C K O K

Fe/CA – 18.0 58.6 17.8 – 5.2 75.3 17.3
Ni30Fe70/CA 10.4 23.6 43.0 23.0 3.2 7.5 63.8 25.5
Ni50Fe50/CA 20.8 17.8 23.1 38.3 7.1 6.4 38.5 48.0
Ni70Fe30/CA 29.6 15.6 34.8 20.0 10.2 5.7 58.8 25.3
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 Ni70Fe30/CA catalysts are mostly nanospheres, in a mixed-
shaped structure consisting of nanoshells and nanocubes. 
In  Ni50Fe50/CA and  Ni30Fe70/CA catalysts, the distribution 
of spherical nanoparticles is generally dominant. It is seen 
that the Ni–Fe catalyst nanoparticles are generally homo-
geneously distributed on the CA support surface, although 
they are locally agglomerated. Zhang et al. synthesized the 
unsupported Fe–Ni catalyst by the reduction-substitution 
method. Due to the lack of support and interaction at the 
nanoscale, it was observed that the aggregation of the pre-
pared catalyst particles occurred easily [63]. CAs have been 

accepted as ideal support materials due to their superior 
surface properties (porosity, ideal pore size distribution, 
low density, etc.). TEM and HR-TEM images of Ni–Fe/CA 
catalysts show that metal nanoparticles have dark and bright 
areas. In the literature, it is estimated that the dark black area 
is kamacite without phase transition and the bright area is 
the formed γ-Fe–Ni taenite phase [47]. During the catalyst 
synthesis, the synthesis method, the type of precursor salts, 
reactant concentrations, pH, the properties of the support 
material used, and the presence of the support material are 
the parameters that affect the structure of the final catalyst. 

Fig. 7  TEM (left column) 
and HR-TEM (right column) 
images of catalysts a Fe/CA, b 
 Ni30Fe70/CA, c  Ni50Fe50/CA, 
d  Ni70Fe30/CA, and d SAED 
analysis of  Ni70Fe30/CA
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The size, shape, and distribution of metal nanoparticles are 
the most important parameters affecting catalyst perfor-
mance. For example, the shape of the crystal changes the 
catalyst surface properties and therefore the atomic arrange-
ments at each surface, which has a profound effect on the 
various properties of the crystal. Sayed et al. synthesized 
iron oxide in different shapes (nanorod, nanoshell, degraded 
cubes, nanocubes, porous spheres, and self-oriented flowers) 
using the same synthetic method and different Fe precursor 
salts [64].

SAED analysis was performed for the  Ni70Fe30/CA cata-
lyst to help identify the different crystalline phases present. 
The diffraction pattern of the  Ni70Fe30/CA catalyst are given 
in Fig. 4d. With this analysis, various crystal forms such 
as Ni, Fe and their alloys or oxides that may be present in 
the catalyst can also be identified. A few circular lines are 
clearly visible in the diffraction pattern of the catalyst. These 
circular lines correspond to the (111), (200), (220), (311), 
(110) and (113) crystal planes, respectively, from the inner 
ring to the outer ring. These results are also in agreement 
with the XRD spectrum of the  Ni70Fe30/CA catalyst [65, 66].

4.2  Electrochemical characterization

To investigate the electrochemical behavior of Fe/CA, 
 Ni70Fe30/CA,  Ni50Fe50/CA, and  Ni30Fe70/CA in 1  M 
KOH followed by the addition of methanol at a scan rate 

of 100  mVs−1, linear sweep voltammetry was performed. 
Comparative cyclic voltammograms of each catalyst in 1 M 
KOH solution are shown in Fig. 8a. Fe/CA showed mini-
mum peak current among all catalysts, which confirmed that 
the inclusion of Ni in the catalyst enhanced the OER activity. 
Congling Hu and co-workers [67] proposed the universal 
OER mechanism in which the M-OH bond is formed by the 
oxidation of OH ion adsorbed on the catalyst surface, while 
the second step involves the formation of metal oxide (M–O) 
by proton-electron transfer. Here, two M–O species convert 
either directly to oxygen while leaving the active sites of the 
catalyst or transform into M–OOH and then release oxygen 
after another proton-electron coupled reaction.

In this regard, OER responses were recorded in KOH 
electrolyte in the presence of methanol. The OER activity 
was enhanced multi-fold, and CV profiles are presented in 
Fig. 8b, c, rendering methanol a strong facilitator for OER. 
The formation of salt-like species (MeO-K +) decreases 
the diffusion of OH- ions towards the electrode–electrolyte 
interface and increases their adsorption of the catalyst sur-
face, hence improving the kinetics of the water oxidation 
process [68–74]. Voltammetry measurements reveal that 
methanol significantly enhances the small current associated 
with OER in KOH, leading to a large peak current shown 
in Fig. 4c. Onset potential is an important parameter for 
the determination of the efficiency of a catalyst [75]. It is 
the potential that each electrochemical process starts and 

Fig. 7  (continued)
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increases in output current observed in a cyclic voltammo-
gram.  Ni30Fe70/CA showed the lowest onset potential which 
is represented in Fig. 8d. This observation serves as strong 
evidence for the effectiveness of methanol as a facilitator for 
OER and confirms the superior electrocatalytic performance 
of the synthesized materials.

4.2.1  Calculation of kinetic parameters

The mechanism of the oxygen evolution reaction was 
studied through kinetic analysis, which involves a vari-
ation of several parameters like scan rate and methanol 
concentration. To investigate the diffusion-controlled 
mechanism of OER, the scan rate was increased from 20 
to 100   mVs−1. The results revealed that the process is 

diffusion-controlled since the peak current increased with 
the scan rate (Fig. 9a). From the Randles–Sevcik equation, 
the experimental diffusion coefficient was derived [76, 77].

where  Ip is anodic peak current (A), n is a total number of 
electrons (4 for OER), α is transfer coefficient,  nα is number 
of electrons in rate determining step  (nα = 1), A is active sur-
face area (0.07cm2), C is concentration of electrolyte (mol.
cm−3), D° is diffusion coefficient  (cm2.s−1), and ν is scan rate 
(V.s−1) respectively.

The slope of the curve between the peak current and 
the square root of the scan rate exhibited in Fig. 9b was 
used to compute the diffusion coefficient. the following 
equation was used to determine the mass transfer coef-
ficient [76, 77]:

(1)Ip =
(

2.99 × 105
)

n
(

(1 − �)n
�

)1∕2
A C D◦1∕2�1∕2
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Fig. 8  Comparative linear sweep voltammograms of prepared elec-
trocatalyst in a 1 M KOH and b 1 M KOH + 1 M Methanol, c com-
parison of I-V response in bare GC (blue), 1  M KOH (red), 1  M 

KOH + 1 M Methanol (black) of  Ni30Fe70/CA modified electrode, and 
d voltammogram indicating onset potential for  Ni30Fe70/CA modified 
electrode
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where,  mT is mass transport coefficient (cm.s−1), D° is diffu-
sion coefficient  (cm2.s−1), R is gas constant (J  k−1  mol−1), T 
is temperature (K), F is Faraday’s constant (96,500 C.mol−1) 
and ν is scan rate (V.s−1).

Transfer coefficient (α) was calculated from the Eq. 3 in 
which Ep is peak potential, Ep/2 is potential when Ip = Ip/2, α 
is transfer coefficient and n is total number of electrons [77].

(2)mT =
[

D◦∕(RT∕F�)
]1∕2

(3)Ep − Ep∕2 =
0.048

(1 − �)n

Onset potential was recorded with respect to Ag/AgCl 
reference electrode and then converted to RHE by using the 
following equation [37].

Onset potential was observed for all prepared electro-
catalysts which is in the range of 1.501 to 1.543 V in 1 M 
KOH + 1 M methanol at 100  mVs−1 sweep rate.

Retrieved electrochemical parameters are summarized in 
Table 4. 

From Table 4, the compositions with Fe-70% showed 
excellent activity toward oxygen evolution reaction. Low 

(4)ERHE = EAg∕AgCl + 0.197 + 0.0591pH
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Fig. 9  a Cyclic voltammograms in 1 M KOH + 1 M Methanol at scan 
rate of 20–100   mVs−1 for  Ni70Fe30/CA modified electrode, b Plot 
between anodic peak current and the square root of scan rate for OER 
at all Carbon aerogel supported modified GCE, c Cyclic voltammo-

grams in different Methanol concentrations (0–2  M) at 100   mVs−1 
scan rate for  Ni30Fe70/CA modified electrode, and d Plot between 
anodic peak current and methanol concentration for OER at all Car-
bon aerogel supported modified GCE
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onset potential for this catalyst is witnessed for better 
performance.

The concentration of methanol was increased from 
0.25 M to 2 M, and the LSV response was assessed for all 
materials. Figure 9c illustrates the effect of changing metha-
nol concentrations on the OER using a CA-supported NiFe-
modified electrode. An explicit trend of increasing current 
density with methanol concentration is demonstrated. We 
can see from the electrochemical response that methanol 
speeds up the OER process and raises the output current. 
We did not increase KOH concentration because it decreases 
the stability of the reference electrode. Primarily, a sharp 
rise in OER current was observed that was evident to the 
optimal composition  (Ni30Fe70/CA). Upon increasing metha-
nol concentration, the formation of MeO-K + (hence more 
hydroxyl ions form) increases, which facilitates the rate of 
the OER process. However, at higher methanol concentra-
tions because of the formation of the complex-like molecule 
catalyst active sites become less available for hydroxyl ions 
hence there is a decrease in OER rate and output current [77, 
78]. The data acquired from plots between the peak current 
and methanol concentration were also used to compute the 
heterogeneous rate constant. Calculation of the heterogene-
ous rate constant was done by using the Reinmuth equation 
[77, 78].

In this equation,  Ip is peak current (mA), n is the total 
number of electrons, F is Faraday’s constant (96,500 
C.mol−1), A is the active surface area of the electrode 
(0.07  cm−2), C is the concentration of methanol, and k° is 
the heterogeneous rate constant.

(5)Ip = 0.227 n F A C K

The plot of  Ip vs. methanol concentration for different 
modified electrodes is presented in Fig. 9d. All the calcu-
lated electrocatalytic parameters are summarized in Table 5.

From the results, it can be concluded that  Ni30Fe70/CA 
electrocatalyst showed excellent performance among all, 
with a larger diffusion coefficient, mass transport coefficient, 
and heterogeneous rate constant.

4.2.2  Determination of active surface area

To calculate the active surface area, cyclic voltammetry was 
used in a solution of 5 mM Potassium ferricyanide and 1 M 
potassium chloride at a scan rate of 100  mVs−1 and a poten-
tial window of −0.2 to 0.6 V. Reversible peaks for the  Fe2+/
Fe3+ redox pair were recorded on the cyclic voltammogram 
(Fig. 10). Peak current was noted, and the active surface area 
was computed using the equation below.

where  Ip
a is anodic peak current (A), n is total number 

of electrons (1), A is active surface area, C is concentra-
tion of electrolyte (mol.cm−3), D° is diffusion coefficient 
(0.76 ×  10–6  cm2.s−1), and ν is scan rate (V.s−1), respectively.

4.2.3  Stability test

High activity and long-lasting stability are crucial for cata-
lysts to be useful in real-world applications [79]. The synthe-
sized material needs to be both mechanically and chemically 
stable in the environment in which it will be used. Chrono-
amperometry is a sophisticated electrochemical technique 
used to assess the stability of electrocatalyst material [80].

Chronoamperometric responses for all prepared elec-
trocatalysts were recorded in 1 M KOH electrolyte using a 
potential of 1.4 V for 3600 s. The I-V response demonstrated 
that the current densities remained stable throughout the 
chronoamperometric scans, as shown in Fig. 11a.

Current-overpotential plots (Tafel plots) are used to fur-
ther assess the kinetics and mechanism of OER [81]. The 
anodic polarization curves for OER were recorded in 1 M 
KOH and 1 M Methanol at the scan rate of 100 mV  s−1. 
Tafel slopes were determined using the Tafel equation [82]:

(6)Ia
p
= 2.69 × 105n3∕2A D1∕2

v
1∕2C

Table 4  Electrochemical parameters of synthesized electrocatalysts

S.No Catalyst Ip (mA) Ep (V) Eonset vs. RE(V) Transfer 
coefficient 
(α)

1 Fe/CA 4.474 1.938 1.523 0.941
2 Ni70Fe30/CA 4.633 1.866 1.505 0.931
3 Ni50Fe50/CA 4.606 1.926 1.543 0.944
4 Ni30Fe70/CA 4.618 1.912 1.501 0.945

Table 5  Electrochemical 
parameters for OER at 
CA-supported modified GCE

Sample code Diffusion coefficient, 
D°/ ×  10−8  (cm2.s−1)

Mass transport coefficient, 
 mT/ ×  10−4 (cm.s−1)

Heterogeneous rate con-
stant, k°/ ×  10−4 (cm.s−1)

Fe/CA 1.7 2.5 5.2
Ni70Fe30/CA 1.8 2.6 5.8
Ni50Fe50/CA 2.0 2.7 5.9
Ni30Fe70/CA 2.1 2.8 6.1
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where a is the Tafel constant measured in volts, b is the Tafel 
slope in mV  dec−1, and J is the current density in mA.cm−2. 
The obtained Tafel slopes in 1 M KOH and 1 M KOH + 1 M 
Methanol are shown in Fig. 11b, c respectively, where the 
catalyst  Ni30Fe70/CA shows the Tafel slope of 94.5 mV/dec 
(in 1 M KOH + 1 M Methanol), which is the lowest among 
all catalysts. Obtained Tafel slope value is also smaller than 
the previously reported catalysts. Such a small value of the 
Tafel slope indicates the more desirable OER kinetics for the 
as-prepared FeNi/CA catalysts. Calculated Tafel slopes for 
all electrocatalysts in both mediums and the change in Tafel 
slope upon the addition of methanol is shown in Table 6.

Standard current density (10 mA.cm−2) was chosen for 
the calculation of overpotential. A minimum overpotential 
of 608 mV was observed for the  Ni30Fe70CA catalyst in 
1 M KOH electrolyte. However, in the presence of metha-
nol, overpotential was decreased remarkably (i.e. 377 mV 
at 10 mA.cm−2 current density) for this electrocatalyst. 
Overpotential in the presence and absence of methanol at 
10  mAcm−2 current density is shown in Fig. 11d.

Turnover frequency (TOF) provides a precise description 
of the intrinsic properties of the catalysts. It is simply the 
measure of the ratio of the amount of product formed in a 
specific time to the amount of catalyst used. TOF for all the 
prepared electrocatalysts was calculated using the equation 
(TOF = i/4*F*m), where i is the current produced during 
the OER process, F is Faraday’s constant, and m is moles of 
catalyst. Calculated TOF for all electrocatalysts at different 
overpotential values is shown in Fig. 11e. The measured 
TOF for  Ni70Fe30/CA is the highest among all prepared elec-
trocatalysts (1.09  s−1 at 300 mV overpotential) and also high 
compared to previous reported catalysts, where Fe and Ni 
are used as efficiency booster [25, 83–85].

Yang and co-workers synthesized NiO-NiFe2O4 nano-
particles anchored on rGO support as an efficient OER 
electrocatalyst. As-synthesized nanohybrid electrocatalyst 

(7)� = a + b logj showed a low overpotential of 296 mV at a current density of 
10 mA  cm−2. This outstanding electrocatalytic activity was 
attributed to the interaction between the active NiO-NiFe2O4 
and conductive rGO substrate [86]. Goodenough and co-
workers prepared  Ni3FeN with a large specific surface area, 
porous structure, high conductivity, and excellent efficiency 
towards OER. As-prepared catalyst delivered (η10 = 335 mV) 
overpotential and low Tafel slope of 70 mV  dec−1 in alkaline 
media [87]. Some kinetic parameters of FeNi-based electro-
catalysts for OER are summarized in Table 7.

4.2.4  Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy was performed for 
the investigation of electron transfer capacities of prepared 
electrocatalysts for OER. 5 mv of AC voltage was supplied 
in addition to 1.1 to 1.5 V DC voltage in 1 M KOH and 1 M 
KOH + 1 M Methanol from 0.1 Hz to 20 k Hz of frequency. 
The resultant Nyquist plots were recorded and shown in 
Fig. 12.

In Fig. 12a, comparative Nyquist plots in 1 M KOH at 1.1 
DC voltage are presented. The Fe/CA modified electrode 
delivers the lowest charge transfer resistance, Rct (230.6). 
The EIS results and the electrocatalyst's CV response are in 
good agreement. In 1 M KOH (without methanol),  Ni70Fe30/
CA and  Ni30Fe70/CA exhibited high resistance. But as can 
be shown in Fig. 9c, these materials possessed the lowest 
resistance when methanol was added. Figure 12b displays 
the Nyquist plot for the Fe/CA modified electrode at 5 mV 
AC voltage and 1.1 to 1.5 V DC voltage. Results showed 
that while charge transfer resistance (Rct) decreases as DC 
voltage is raised, solution resistance (Rs) is unaffected by the 
applied voltage. The electrode/electrolyte interface, which 
is a charge transfer barrier, is represented as an unfinished 
semicircle on the Nyquist plot of the OER reaction at low 
frequency. The semicircle at high frequency corresponds 
to the ionic resistance. The Nyquist plot clearly shows two 
types of resistance: ohmic resistance  (Rs), caused by the 

Fig. 10  Cyclic voltammograms 
of electrocatalyst-modified 
electrodes recorded in 5 mM 
 K4[Fe(CN)6] + 1 M KCl at 
100  mVs−1 Catalyst Ip (µA)  Area 

(cm2)  
Fe/CA 60.3 0.051 

Ni70Fe30/CA 74.2 0.063 

Ni50Fe50/CA 86.9 0.074 

Ni30Fe70/CA 106.3 0.091 

-0.2 0.0 0.2 0.4 0.6

-30

0

30

60

90

Scan direction

Ni30Fe70/CA
Ni50Fe50/CA
Ni70Fe30/CA
Fe/CA

I(
A

)

E (V) vs. Ag/AgCl (3 M KCl)



1796 Carbon Letters (2024) 34:1779–1801

Fig. 11  a Chronoamperometric 
stability test for all electrocata-
lysts in 1 M KOH for 3600 s, 
b Tafel slopes of all prepared 
electrocatalysts in 1 M KOH 
electrolyte, c Tafel slopes of 
all prepared electrocatalysts in 
1 M KOH + 1 M Methanol, d 
overpotential at various current 
densities in 1 M KOH (with 
and without methanol), and e 
turnover frequency at different 
overpotential values
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Table 6  Calculated TOF and 
Tafel slopes of all prepared 
electrocatalysts in 1 M KOH 
and 1 M KOH + 1 M methanol

# Change in Tafel slope upon addition of methanol

S.No Catalyst TOF  (s−1) at 
300 mV

1 M KOH TS 
(mV  dec−1)

1 M KOH + 1 M Methanol 
TS (mV  dec−1)

ΔTS# 
(mV 
 dec−1)

1 Fe/CA 0.84 139.9 130.9 9.0
2 Ni70Fe30/CA 1.09 132.1 123.8 8.3
3 Ni50Fe50/CA 0.8 121.7 114.7 7
4 Ni30Fe70/CA 1.06 107.0 94.5 12.5
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resistance provided by the ionic electrolyte, and polariza-
tion resistance  (Rct), which reflects the impediment pro-
vided by the charge transfer process. Warburg resistance 
 (Rw), which is a straight line in the low-frequency domain, 
is considered to exist. To describe the not ideal behavior of 
capacitors, constant phase elements (CPE) were first devel-
oped. There are two parameters in it: and Q. In the absence 

of frequency dispersion, Q reflects the capacitive behavior, 
and is the exponent (0 ≥ α ≥ 1); for an ideal capacitor, α = 1 
[98]. Figure 12d represents the comparative Nyquist plots in 
the presence and absence of methanol. With the addition of 
methanol, the diameter of the semicircle decreases, depicting 
ease in the electron transfer process. Charge transfer resist-
ance decreased which is witnessed for high peak current, 

Table 7  Reported NiFe-
based electrocatalyst for OER 
electrocatalysis

Electrocatalyst Electrolyte Overpotential (mV) at 
10 mA  cm−2

Tafel slope (mV 
 dec−1)

References

Au/Cr-NiFe 0.1 M KOH 323 33 [88]
Ni3FeAl0.91–LDH/Ni foam 1.0 M KOH 304 57 [89]
NiFeCr-6:2:1 1.0 M KOH 280 130 [90]
NiO–NiFe2O4/rGO 1.0 M KOH 296 43 [86]
NaNi0.9Fe0.1O2 1.0 M KOH 290 44 [91]
Ni3FeN-NPs 1.0 M KOH 280 46 [92]
NiFe@PCN 1.0 M KOH 310 38 [93]
NG-NiFe@MoC2-2 1.0 M KOH 320 31 [94]
NiFe MOF/OM-NFH 1.0 M KOH 270 123 [95]
TA-Ni3Fe 1.0 M KOH 290 280 [96]
NiFe-NC 1.0 M KOH 271 48 [97]

Fig. 12  a Nyquist plots for 
all electrocatalyst modified 
GC electrodes in 1 M KOH 
with 5 mV AC and 1.1 V DC 
voltage, b Nyquist plots for 
Fe/CA modified electrode in 
1 M KOH with 5 mV AC, 
and (1.1–1.5 V) DC voltage, 
c Comparative Nyquist plots 
for all modified electrodes in 
1 M KOH + 1 M Methanol 
with 5 mV AC and 1.1 V DC 
voltage, and d Comparison of 
Nyquist plots of  Ni30Fe70/CA 
modified electrode in 1 M KOH 
and 1 M KOH + 1 M methanol 
with 5 mV AC and 1.1 V DC 
voltage. Inset represents the 
equivalent circuit model for 
parameter calculation
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low onset and overpotential values [70]. Same results are 
obtained for the calculation of overpotential in the presence 
and absence of methanol shown in Fig. 11c. Using Eq. (8), 
the values of the apparent electron transfer rate constant for 
all the prepared electrocatalysts were estimated.

where R is the universal gas constant, T is the absolute tem-
perature of the system, F is the Faraday constant and C is the 
concentration of the probe molecule.

EIS parameters are calculated from model fitting and 
represented in Table 8 recorded in 1 M KOH (a) and in 1 M 
KOH + 1 M methanol (b). 

Nyquist plots show that upon increasing the DC voltage, 
the resistance of the electron transfer process decreases and 
upon the addition of methanol as well.

5  Conclusions

Sol–gel and microwave irradiation processes have been 
employed for the synthesis of Fe/CA and  NixFe100-x/CA 
(x = 30, 50, 70). The physical and electrochemical proper-
ties of the prepared material were investigated. The high 
surface area and porous structure of the CA support material 
were supported by BET analysis, making it an ideal sup-
port for analyte species and transition metals. The variation 
of metal mass loading on CA support material was further 
supported by ICP-MS data. It can be seen that the synthesis 

(8)Kapp = RT∕F2RctC

was successful with the physical characterizations (XRD, 
XPS, SEM, EDAX, TEM, HR-TEM and SAED) made on the 
catalysts. An extensive electrochemical investigation shows 
that the produced electrocatalysts exhibit outstanding activ-
ity toward OER.  Ni30Fe70/CA, the most effective electro-
catalyst with a high diffusion coefficient (2.1 ×  10−8  cm2s−1), 
mass transport coefficient (2.8 ×  10−4 cm  s−1), heterogeneous 
rate constant (6.1 ×  10−4 cm  s−1), and minimum Tafel slope 
(94.5 mV  dec−1). The effect of methanol was remarkable on 
the electro-kinetics of OER.  Ni30F70/CA showed very less 
overpotential when methanol was added. The high surface 
area obtained from CV also witnessed excellent activity of 
the catalyst. Stable electrocatalytic performance in alkaline 
media was observed over 3600 s. EIS analysis demonstrates 
low solution resistance (21.09 Ω), charge transfer resistance 
(10.18 Ω), and high apparent electron transfer rate constant 
(2.613 ×  10−5 cm  s−1) for  Ni30Fe70/CA modified electrode. 
All materials demonstrated excellent OER activity and 
inspired the development of highly efficient NiFe-based 
catalysts for OER and opened the doors for numerous elec-
trochemical applications.
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Table 8  Retrieved EIS parameters from circuit model fitting

(a)

1 M KOH

AC = 5 mV, DC = 1.1 V AC = 5 mV, DC = 1.5 V

Rs (Ω) Rct (Ω) CPE (µF) α kapp  (10−5  cms−1) Rs (Ω) Rct (Ω) CPE (µF) α kapp  (10−5  cms−1)

Fe/CA 21.49 230.6 2.39 0.94 0.115 23.42 15.49 1.45 0.97 1.717
Ni70Fe30/CA 16.96 525.5 2.61 0.95 0.051 18.02 16.56 3.09 0.95 1.606
Ni50Fe50/CA 26.24 308.3 2.37 0.95 0.086 23.39 38.31 3.83 0.86 0.694
Ni30Fe70/CA 15.01 445.7 2.56 0.96 0.059 13.26 20.34 3.45 0.87 1.308

(b)

1 M KOH + 1 M methanol

AC = 5 mV, DC = 1.1 V AC = 5 mV, DC = 1.5 V

Rs (Ω) Rct (Ω) CPE (µF) α Kapp  (10−5  cms−1) Rs (Ω) Rct (Ω) CPE (µF) α Kapp  (10−5  cms−1)

Fe/CA 29.48 34.63 3.08 0.92 0.768 21.01 10.23 3.02 0.97 2.601
Ni70Fe30/CA 19.01 34.33 2.61 0.97 0.775 21.41 10.77 6.89 0.88 2.470
Ni50Fe50/CA 31.04 35.03 3.07 0.91 0.759 31.38 14.39 5.32 0.87 1.849
Ni30Fe70/CA 17.72 32.06 2.51 0.92 0.829 21.09 10.18 4.04 0.95 2.613
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