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Solid‑state synthesis of CdFe2O4 
binary catalyst for potential 
application in renewable hydrogen 
fuel generation
Abdullah M. Asiri1,2*, Waheed A. Adeosun2, Sher Bahadar Khan1,2, Khalid A. Alamry2, 
Hadi M. Marwani2, Shaik M. Zakeeruddin3 & Michael Grätzel3*

Clean energy is highly needed at this time when the energy requirements are rapidly increasing. The 
observed increasing energy requirement are largely due to continued industrialization and global 
population explosion. The current means of energy source is not sustainable because of several 
reasons, most importantly, environmental pollution and human health deterioration due to burning 
of fossil fuels. Therefore, this study develops a new catalyst for hydrogen and oxygen evolution by 
water splitting as a potential energy vector. The binary metal oxide catalyst CdFe2O4 was synthesized 
by the solventless solid-mechanical alloying method. The as-prepared catalyst was well characterized 
by several methods including field emission scanning electron microscopy (FESEM), X-ray diffraction 
spectroscopy (XRD), X-ray photoelectron spectroscopy (XPS), Fourier Transform infrared red 
spectroscopy (FTIR), energy dispersive X-ray spectroscopy (XEDS). The as-prepared catalyst, CdFe2O4 
was successfully applied for water electrolysis at a moderate overpotential (470 mV). Specifically, the 
onset potential for the oxygen and hydrogen evolution reactions (OER and HER) were 1.6 V/RHE and 
0.2 V/RHE respectively (vs. the reversible hydrogen electrode). The electrode potential required to reach 
10 mA/cm-2 for OER (in alkaline medium) and HER (in acidic medium) was 1.70 V/RHE (corresponding to 
overpotential η = 0.47 and − 0.30 V/RHE (η = − 0.30 V) respectively. Similarly, the developed OER and HER 
catalyst displayed high current and potential stability for a period of 12 h. This approach is seen as the 
right track of making water electrolysis for hydrogen energy feasible through provision of low-energy 
requirement for the electrolytic process. Therefore, CdFe2O4 is a potential water splitting catalyst for 
hydrogen evolution which is a clean fuel and an antidote for world dependence on fossil fuel for energy 
generation.

Clean energy sources attract much needed attention these days as the effect of environmental pollution becomes 
more evident. The combustion of fossil fuels has been the major source of energy supply and has been implicated 
with environmental pollution resulting in the release of serious contaminants such as nitrous and sulfur oxides 
(NOx, SOx). The environmental problems combined with dwindling fossil fuel supply has called for a sustainable 
and clean energy source. Electrochemical water splitting using electricity generated by solar energy conversion 
or other environment-friendly processes is a process capable of generating a huge amount of hydrogen as a 
fuel cell carrier gas and industrial processes essential feedstock1. Although there are several ways of hydrogen 
generation, for example by natural means and wet synthesis (chemical method)2, electrochemical hydrogen 
generation provides carbon-free hydrogen at a large volume suitable for industrial continuous use. Hydrogen 
gas generation from water electrochemical splitting suffers huge setbacks in practical application because of the 
high overpotential needed for the process3. The use of noble metals as electrocatalysts is associated with a low 
overpotential, but its high cost and limited availability for industrial use make them unattractive. Several efforts 
have been channeled towards the development of inexpensive and effective catalysts to perform the hydrogen 
and oxygen evolution reactions.
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For instance, Liu et al. reported use of bimetallic 2D-MOF for oxygen evolution reaction. In their study, stoi-
chiometric ratios of Ni and Co were harnessed for synthesis of bimetal 2-methylimidazole based 2D-MOF. The 
overpotential to achieve 10 mA/cm2 in alkaline solution was 310 mV. The catalyst also showed high stability4. 
In another study by Djara et al., lanthanum series based composite was exploited for overall water splitting 
application. The electrocatalysts made up of polyaniline-iridium and polyaniline-ruthenium had overpotential 
of 36 mV (HER) and 240 mV (OER) for generating 10 mA/cm2 respectively. The observed low overpotential 
was attributed to the synergistic effect of conducting polyaniline and iridium and ruthenium5. Phosphides have 
also been explored for application in electrochemical water splitting. For instance, Kumar et al. developed nickel 
phosphide on carbon support. In other study, low overpotential of HER and OER reactions were recorded (137 
and 360 mV) respectively at 10 mA/cm2 current density6. In addition, non-noble metal based electrocatalysts 
using solvothermally synthesized Ni3S2 was reported for water splitting application. Although the catalyst had a 
relatively high overpotential of 660 mV and 350 mV for OER and HER respectively, the catalyst displayed very 
high stability7. In another study by Yang et al., Fe2O3 was doped with Co3O4 by hydrothermal method. The syner-
gistic effect between the transition metals and unpaired d-orbitals in Fe and Co ensures efficient charge transfer 
on the composite. This resulted in improved catalytic performance towards oxygen evolution reaction. In another 
effort by Xie et al. Co3O4-MnO2-CNT nanocomposite was synthesized and applied for water splitting applica-
tion. The result of their studies indicate that oxygen evolution occurred with a current density of 10 mA/cm2 at 
overpotential of 500 mV with Tafel slope of 58 mV/dec8. Likewise, Wang et al. reported synthesis of CoFe2O4 
based catalyst by wet chemical approach for use as OER catalyst. They claimed that an overpotential of 540 mV 
was required to attain current density of 10 mA/cm2. The onset potential for the OER was reported to be 1.64 V.

While great efforts have been expended on development of cheap, effective non-noble metal based water split-
ting catalysts, most of the developed candidates suffer setback in terms of high overpotential, cumbersomeness 
synthesis, environmental unfriendly method of synthesis and finally, long term instability of their performance. 
The trend of OER and HER electrocatalysts development warrants highly effective, environment friendly, cheap 
and stable electrocatalysts and this phenomenon informed the current study. Therefore, in this work, a binary 
non-noble metal-based catalyst (CdFe2O4) was developed to provide cheap, effective and stable water splitting 
catalysts. In this new approach increased active sites exposure of Cd/Fe2O4 as well as synergistic effect between 
the two transition metals is believed to have aided the charge transfer process, involved in the OER reaction to 
proceed at low over-potentials. The insight into this binary material (Fe2O3/CdO) was conceived as a result of 
excellent catalytic and conductivity of the constituent composite. For instance, CdO is n-doped material due to 
the presence of oxygen vacancies9. Likewise, Fe2O3 being a weakly ferro-magnetic material based on its unpaired 
d-electron in Fe3+, supports variable oxidation states of the precursor metal ion, thereby increasing its redox-
catalytic property. Equally important to the nature of electrocatalysts for water splitting is the method of catalyst 
synthesis. Several materials such as chalcogenides10, nitrides11, sulfides12, carbides13, phosphides14, and oxides15 
have been explored for electrochemical water splitting process. Oxides are the most promising because of their 
catalytic function and ease of synthesis. Conventionally, the major means of metal oxides (MOx) synthesis are 
solvo-thermal method16, electrochemical method17, chemical precipitation method18, hydrothermal method19,20, 
sputtering method, laser-deposition, chemical vapour deposition etc. However, lately solid-state synthesis of 
MOx is gaining much attention because of its ability to generate large surface area of nanoparticle, and less 
environmental footprint (solventless reaction). In addition, pryrolitic treatment of the synthesized composite 
ensures elimination of likely interferents/inbitors and promotes orderliness of the composite interfaces. Other 
studies have indicated that ordered heterostucture ensures provision of more active sites, which improves overall 
water splitting efficiency21. Therefore, this study aims to design a composite with ordered heterostucture having 
activated large surface area for electrochemical water splitting at low overpotential comparable to noble-metal 
based catalysts.

To the best of our knowledge, this study describes solventless synthesis of the CdFe2O8 mixed oxide heter-
ostucture for the first time. This study also applies this novel material as catalyst for OER and HER reactions at 
moderate overpotentials (0.47 V and 0.3 V to drive 10 mA/cm2) for OER and HER respectively. The synthesized 
CdFe2O4 also displayed good stability over an electrolysis period of 12 h.

Experimental
Reagents & apparatus.  The reagents used for this experiment include: Iron (II) chloride (FeCl2) (Sigma-
Aldrich, USA); cadmium (II) nitrate (Cd(NO3)2) (Sigma-Aldrich, USA); sodium hydroxide (Sigma-Aldrich, 
USA); sodium dihydrogen phosphate (Sigma-Aldrich, USA), disodium hydrogen phosphate (Sigma-Aldrich, 
USA), potassium hydroxide (Sigma Aldrich, USA), sulfuric acid (Sigma-Aldrich, USA); nafion solution (dis-
solved in 5% ethanolic) and distilled water. All the reagents used are analytical grade and were used as pur-
chased. Moreover, the apparatus used for this study include mortal and pestle, muffle furnace (model), powder 
X-ray diffraction (XRD) spectrometer (model), field emission scanning electron microscope (FESEM), Fourier 
transform infrared spectrometer (FTIR). In addition, electrochemical measurements (water splitting studies) 
were conducted with an electrochemical workstation (Autolab Potentiostat AUT83887) connected to a three-
electrode cell—working, reference and counter electrode. The working electrode at any point in time is bare gold 
electrode (BGE) (1.6 mm diameter) or CdFe2O4 deposited on a gold electrode. Reference electrode is made up 
of Ag/AgCl (in 3 M KCl), henceforth to be reported as AgCl reference electrode, while the counter electrode is 
a platinum wire (1 mm diameter).

Preparation of CdFe2O4 ternary composite.  Solid-state synthesis approach was applied by taking a 
stoichiometric quantity of Cd(NO3)2, FeCl2 and NaOH in ratio 1:1:1. The measured chemical components was 
grinded and well homogenized using lab-grade mortar and pestle. The grinding was maintained for a period of 
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30 min to allow proper intercalation of Cd2+ and Fe2+ precursors. After a visibly change in coloration from light 
brown to black, fine textured and well-mixed mixtures were obtained. The precursor mixture was then subjected 
to pyrolytic treatment in a muffle furnace at 600 °C for 4 h. After pyrolytic treatment, the precursor mixtures 
turned dark-grey and was kept at room temperature until use.

Characterization procedures.  The synthesized CdFe2O4 binary composite was characterized using sev-
eral techniques. The crystallinity and structure orderliness of the synthesized materials was investigated with 
powder X-ray diffraction (XRD) (Arl Xtra) using Cu-Kα (radiation source) at a scan rate of 5° min−1 and 2θ 
range of 15° to 80°. The morphological study was conducted using SEM (JEOL, JSM-7600F) which was fitted 
with EDX (Oxford) for elemental composition investigation. The binding energy and elemental composition 
was also assessed by X-ray photoelectron spectroscopy (XPS) (Kα 1, 1066). The functional group (metal-oxide, 
M–O) was investigated by Fourier transform infrared spectroscopy (FTIR) (Thermo-Scientific). Electrochemi-
cal characterization of the as-prepared CdFe2O4 was conducted by electrochemical impedance spectroscopy 
(EIS) and cyclic voltammetry (CV) using potentiostat (PGSTAT302N-AUT85887). For the EIS, the spectra fre-
quency range was from 100 kHz to 1 mHz. The equivalent circuit diagram for the acquired EIS data was fitted 
by in-built Autolab EIS fit. The electron mobility in the as-prepared CdFe2O4 was also investigated with CV at a 
potential range of 0 V to 1.0 V using a scan rate of 100 mV and a step potential of 8 mV.

Water splitting studies.  The conditions of electrochemical experiments have been reported in Sect. 2.1. 
As regards the electrocatalyst preparation, 100 µg of the as-prepared CdFe2O4 was dispersed in ethanolic solu-
tion (10%). The dispersed materials was then casted on GE surface with the aid of 1 drop of liquid nafion. Linear 
sweep voltammetry (LSV) was employed for current–voltage measurements. For OER study, the supporting 
electrolyte used was 1 M KOH aqueous solution (purged before experiment). The LSV was conducted in the 
potential range of 0.6 V to 1.8 V (vs. Ag/AgCl), scan rate of 100 mV/s, amplitude of 5 mV and step potential of 
8 mV. For HER study, the supporting electrolyte used was 0.5 M sulfuric acid aqueous solution. The LSV was 
conducted in the potential window of 0 V to − 1.5 V (vs. Ag/AgCl), scan rate of 100 mV. AC amplitude of 5 mV 
and step potential of 8 mV. The working electrode potential was converted to the relative hydrogen electrode 
(RHE) scale using the Nernst equation;

where E/RHE and E/AgCl is the electrode potential vs. the reversible relative hydrogen electrode (RHE) and EAg/AgCl 
denotes working cell potential respectively.

Faradaic efficiency for electrochemical water oxidation to oxygen.  The amount of oxygen pro-
duced was quantified by gas chromatography (Trace GC Ultra, Thermo Scientific). The gas chromatography is 
equipped with a shincarbon micropacked column (Restek) for separation and a pulse discharge detector (Vici) 
for analyzing the amount of product. A 100 μL sample loop (Vici) was used and the gaseous aliquot was taken 
automatically via a 6-port switching valve (Vici). The oven was set at an initial temperature of 40 °C for 2 min, 
followed by a temperature ramp at 40 °C/min to 200 °C. The oven was then held at 200 °C for 2 min. Each run 
was 8 min and about 6 min is needed to cool down the oven for the next run. The gas chromatography was cali-
brated by injecting known concentration of oxygen gas dissolved in Helium matrix (99.9999%). The peak area 
was plotted against the concentration (in ppm) of oxygen, resulting in a linear fitting curve, (Figure S2).

The electrochemical oxygen evolution reaction was carried out in a custom-built two-compartment cell, made 
of Teflon material. The cathodic chamber was gas-tight and Helium gas (99.9999%) was used as the inert gas to 
purge out the evolved oxygen gas to the sample loop at the constant rate of 10 sccm during the electrolysis. The 
oxygen evolution was tested at 10 mA cm−2 for 120 min. 9 injections were taken during the electrolysis and the 
average of them (except the first one since it takes ~ 15 min to equilibrate the headspace) were used for calculat-
ing the average faradaic efficiency.

Results and discussion
Material characterization.  The morphology of the as-prepared CdFe2O4 was investigated with FESEM 
and the obtained images are presented in Fig. 1a–c. As shown in the Fig. 1a, the low magnification reveals a 
mixture of nanostructures with varying shape majorly cuboid and rhombic phases. The higher magnification 
(Fig. 1b,c) shows well defined cuboid nanostructures. The edges of these nanostructures are suggested as poten-
tial active sites for the catalytic activity. The active sites in CdFe2O4 in addition to the O-vacancies, ensure excel-
lent electron transport between the catalyst and the electrolyte. The cuboid and rhombic phases create a kind 
of defect on the catalyst surface which is ultimately needed for electron transport. The obtained FESEM image 
indicate the crystallinity nature of the synthesized materials and hence, suggesting that the choice method of 
synthesis yielded well defined nanocrystals.

In addition, the synthesized CdFe2O4 was investigated for elemental composition by XEDS. The obtained 
results are presented in Fig. 1d. The XEDS spectrum (Fig. 1d) reveals that the synthesized material was made 
up of cadmium, iron and oxygen. The obtained result is consistent with the elemental composition of CdFe2O4. 
Therefore, the obtained XEDS result confirms the material to be composed of cadmium oxide and iron oxide. 
Absence of any other peaks and/or element indicates absence of any impurity or contaminant in the material.

The structural investigation of the synthesized CdFe2O4 was conducted by XRD analysis and the obtained 
XRD spectrum is presented in Fig. 2a. The obtained spectrum indicate the prepared nanoparticle composite to 
be moderately crystalline. Due to the moderate calcination temperature of 550 °C, the crystallinity is relatively 

E/RHE(V) = E/AgCl) + 0.207 V + 0.059 V · pH
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low but this could be improved with higher calcination temperature (700 °C and above). The XRD spectrum of 
CdFe2O4 presented in Fig. 2a showed characteristic peaks at 2θ angle of 20.2°, 30.1°, 35.11°, 37.2°, 43.09°, 52.14° 
and 57.39° corresponding to crystal phases of (111), (220), (311), (222), (400, (422) and (511) respectively which 
indicate a rhombic structure of Fe2O3 (PDF 89-2810; PDF No: 01-079-007; JCPDS Card No. 01-084-0307)22. 
Also, the observed peaks at diffraction angle 2 θ of 32.2°, 38.1°, 55.38°, 65.2° and 70.3° corresponding to the 
(111), (200), (220), (311) and (222) facets, respectively could be attributed to CdO cubic phases (JCPDS Card 
No. 05-064023. The CdFe2O4 crystallite size was determined using Debye Sherrer equation24 as given below;

Figure 1.   (a) FESEM image of CdFe2O4 (low magnification). (b,c) high magnification FESEM image. (d) XEDS 
spectrum of CdFe2O4.

Figure 2.   (a) XRD spectrum of CdFe2O4. (b) The obtained FTIR spectrum of CdFe2O4.
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where the crystal size is denoted with D; K denotes a constant (0.9) while the X-ray wavenlength (0.154 nm) 
is represented by λ. The width measured at half maximum is dented by β while the Bragg’s diffraction angle is 
denoted by θ. The obtained particle size was 60 nm as calculated from the above. equation.

The FTIR study was conducted to reveal the metal oxide functionalities in the synthesized material. The 
obtained FTIR spectrum is presented in Fig. 2b. The spectrum shows peaks at the fingerprint region of IR spec-
trum chart for metal oxides. Specifically, the peaks at 1050 cm−1 and 795 cm−1 may be assigned to metal oxygen 
stretch of Cd–O and Fe–O23,25. Likewise, the observed peak at 545 cm-1 could be ascribed to stretching vibrations 
of CdO while the obtained peak at 480 could be attributed to Fe–O (Fe2O3)22,26.

CdFe2O4 catalyst performance for OER reaction.  Supporting electrolyte optimization was first con-
ducted by using different electrolyte of different pH medium such as 1 M KOH, 1 M PBS (pH 7.0) and 0.5 M 
sulfuric acid. The obtained linear sweep voltammogram for OER activity optimization with different supporting 
electrolytes is presented in Fig. 3.

The smallest onset potential (1.6 V vs. RHE) (overpotential 0.371 V if the electrolyte is saturated with pure 
oxygen at 1 bar) for OER reaction was achieved with 1 M KOH. The least effective SE was PBS solution, having 
highest onset potential (2.0 V vs. RHE). (Overpotential 0.77 V if the electrolyte is saturated with pure oxygen at 
1 bar). In addition, the least overpotential to drive 10 mA/cm2 (0.47 V) was achieved with 1 M KOH, indicating 
the optimum condition for the OER. This current density corresponded to a turnover frequency (TOF) of 0.01 s−1.

Therefore, 1 M KOH was selected as the optimum SE. In an alkaline medium, oxidation of oxygen is enhanced 
as a result of excess hydroxyl ion. However, in acidic medium, shortage of hydroxyl ion and presence of H+ makes 
water oxidation difficult and subsequently limit amount of oxygen evolved. This indicates that oxygen is liberated 
from the alkaline media at no overpotential. These phenomena buttresses the obtained optimization results.

The faradaic efficiency of oxygen produced on CdFe2O4 was evaluated using gas chromatography over two 
hours electrolysis at 10 mA cm−2. The calibration curve of oxygen for gas chromatography is given in Fig. S2 
(ESI). The gas stream was sampled every 840 s and the faradaic efficiency of oxygen ranges from 96.5–102.6%. 
The average value was 99.86% with a standard deviation of 2.16%. (Table S2). This demonstrates that practically 
all the currents density was used for producing oxygen.

The obtained result is very comparable to performance of some commercially used OER noble-metal based 
catalysts such IrO2. In the previous study, the onset potential for present commercially used noble-metal OER 
catalyst, IrO2 had onset potential of 1.55 V and an overpotential of 0.49 V to drive a current density of 10 mA/
cm2 in an alkaline medium27. The high efficiency of the as-prepared catalyst for OER could be attributed to 
large and exposed surface area of CdFe2O4, which was achievable due to the solid-state method of preparation. 
In Table S2a (ESI), list of highly effective OER catalysts reported in recent time are listed for comparison with 
CdFe2O4. CdFe2O4 compares very well with the mentioned catalysts, in terms of onset potential, and low over-
potential (at 10 mA/cm2) as well as general high current density. Figure 3b presents the control study (in 1 M 
KOH) where the current density of CdFe2O4 was compared with bare GE. It could be observed that CdFe2O4 
modified GE attained 10 mA/cm2 current density at 1.7 V while that of bare GE had a current density of 0.2 mA/
cm2 at the same potential.

The electrochemical active surface area (ECSA) of the CdFe2O4 modified GE was also evaluated from the 
plot of scan rate against oxidation current (Fig. 3c,d). The plot of Δj against the scan rate was used to calculate 
the double layer capacitance (Cdl) which is also correlated to the ECSA. Corresponding to Cdl = 6.8 mF/cm2, 
and assuming that for a flat electrode it is Cdl = 30 μA/cm2, the electrode roughness factor (real electrochemical 
active area/geometrical area) is 227, corresponding to ESCA = 4.56 cm2 for the CdFe2O4 layer (with an electrode 
cross section of 0.0201 cm2).

Compared to the geometric area of the GE (0.07 cm2), CdFe2O4 catalyst increased the active surface area of 
the electrode by > 2 times fold. This higher ECSA makes exchange of anions /charges between the substrate and 
the electrolyte very easy which eventually leads to improved OER reaction, compared to bare GE28–31. Apart from 
the improved active sites of CdFe2O4 surface, Fe is a transition metals with partially filled d-orbitals. D-orbitals 
of Fe2+ and Fe3+ overlap and this promotes catalytic activity of Fe active sites.

In addition, as shown in Fig. 3e, the Tafel slope for OER with CdFe2O4 was 104 mV/dec which indicates 
a faster reaction kinetics than bare GE with higher Tafel slope (458 mV/dec). The obtained Tafel slope OER 
CdFe2O4 catalyzed reaction compares well with the literature (Table S3a). The typical OER mechanism on metal 
oxides substrate (catalyst) is given in Fig. 4.

The above mechanism depicts the OER as multi-electron process as indicated in steps a-d. The obtained Tafel 
slope (104 mV/dec) suggests a three- electron transfer reaction for the OER.

Likewise, electrochemical characterization results in Fig. 3f also established improved electrochemical per-
formance of CdFe2O4. Typically, in EIS, the charge transfer resistance (Rct) is represented by the semi-circle of 
the Nyquist plot; and the smaller the Rct, the better the electron/ion transfer on the substrate and electrolyte 
interface32. The Rct for CdFe2O4 was 343 Ω while that of bare GE was 596 Ω (Fig. S1a-b and Table S1a-b). The 
lower Rct value of CdFe2O4 indicates better conductivity and electron mobility. This also might be responsible 
for its excellent OER activity.

Hydrogen evolution reaction (HER) activity of CdFe2O4 catalyst.  The HER study was conducted 
using linear sweep voltammetry and the obtained voltammograms are presented in Fig. 5.

D =
K�

β cos θ



6

Vol:.(1234567890)

Scientific Reports |         (2022) 12:1632  | https://doi.org/10.1038/s41598-022-04999-1

www.nature.com/scientificreports/

The optimization of hydrogen evolution catalysis by CdFe2O4 was conducted by varying the pH of the aque-
ous medium (water). The onset potential for HER reaction occurred at the lowest onset potential in the acidic 

Figure 3.   OER reaction studies: (a) Supporting electrolyte optimization. (b) Control study. (c) Effect of 
scan rate on OER. (d) Double layer capacitance (Cdl) determination (e) Tafel slope for OER reaction. (f) EIS 
spectrum of CdFe2O4.
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medium (− 0.2 V vs. RHE) as compared to in 1 M KOH (− 0.41 V) and 1 M PBS (− 0.30 V vs. RHE) solutions 
(Fig. 5a). CdFe2O4 exhibited high current density at a very low potential in acidic medium. The conventional 
10 mA/cm2, corresponding to TOF of 0.02 s−1, was achieved at 220 mV overpotential with CdFe2O4 (Fig. 5b). On 
a bare Au electrode, the HER reaction was initiated at an overpotential above 800 mV. The HER electro kinetics 
were assessed with Tafel plots (Fig. 5c). In general, HER in acidic medium follows Volmer-Heyrovsky model 
involving transfer of two electrons catalyzed by the active catalysts. In this study, CdFe2O4 reduce the energy 
barrier in electron transfer reaction. The mechanism for this reaction is as follows:

Figure 4.   Suggested OER mechanism on metal oxides (MOx) catalyst. Where MX = CdFe2O4, a-d are reaction 
steps.

Figure 5.   (a) effect of supporting electrolyte on HER reaction. (b) control study for HER reaction. (c) HER 
Tafel slope.
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•	 Volmer step (Tafel slope of ~ − 120 mV/dec): This involves release of hydroxonium ion and adsorption of 
intermediate Had* on the active sites of CdFe2O4 
–	 H3O+  + [act site] + e− →[H* adsorbed int] + H2O

•	 Heyrovsky step (Tafel slope of ~ − 40 mV/dec): In this step, the discharged hydroxonium ion reacts with 
adsorbed intermediate H*ad to generate hydrogen gas 
–	 H3O+  + H*[adsorbed int] + e− →[act site] + [H*ad adsorbed int.] + H2 + H2O

•	 Tafel step (Tafel slope of ~ − 30 mV/dec): This reaction is governed by diffusion with faster kinetics. 
–	 2H[adsorbed int] → H2+[active site]

In the current study, the Tafel slope of CdFe2O4 was 118 mV/dec corresponding to Volmer step rate determin-
ing reaction. Compared with unmodified GE with Tafel slope of 800 mV/dec., CdFe2O4 greatly facilitated the 
HER evolution while that of unmodified GE depicts a kinetically impaired reaction. Compare with the literature, 
CdFe2O4 compares well with HER performance (Table S3b).

Catalyst stability test.  The developed CdFe2O4 electrocatalyst was subjected to chronoamperometric, 
chronopotentometric and multiple linear sweep studies. The obtained chronoamperograms, multiple linear 
sweeps and chronoamperograms for OER reactions are displayed in Fig. 6a,b.

The developed catalyst displayed high stability with current degradation of just 3% (Fig. 6bi); while the 
potential drop and linear sweep current density were 30% (Fig. 6bii) and 11% (Fig. 6a) respectively. For HER 
study, CdFe2O4 exhibited high stability in acidic medium with current density and potential degradation of 10% 
(Fig. 6di) and 20% (Fig. 6dii) respectively. Also, after 1000th cycle, the linear sweep current density only dropped 
by 2% at the current density of 10 mA/cm2 (Fig. 6c). These data indicate that CdFe2O4 is highly stable for OER 
and HER reactions especially at the current density of 10 mA/cm2.

Conclusion
This study demonstrated facile synthesis of bifunctional electrocatalyst based on the mixed oxide CdFe2O4. The 
newly developed material was characterized and applied for electrochemical water splitting. The synergistic 
effect through sharing of active sites and electrochemically surface area of the composite material ensures good 

Figure 6.   (a) OER sweeps (1000th cycles). (b) chronoamperometric and chronopotentiometric stability studies 
for OER. (c) HER sweeps (1000th cycles). (d) chronoamperometric and chronopotentiometric studies for HER.
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electrocatalytic property of the resulting composite, CdFe2O4. For HER reaction, the onset potential for the reac-
tion was − 0.2 V with overpotential of 220 mV (to reach 10 mA/cm2) and Tafel slope of 118 mV/dec in acidic 
medium. The moderate Tafel slope indicates that the HER reaction proceeded by a Heyvsroky process. In addi-
tion, for OER reaction, the onset potential was 1.6 V, with overpotential of 0.47 V and Tafel slope of 104 mV/dec 
in alkaline medium. The developed catalyst displayed high catalytic stability with very low current density and 
potential drop in both OER and HER reactions after continuous use for up to 12 h. This study therefore presents 
a low cost approach for OER and HER catalyst synthesis for potential hydrogen gas generation to support clean 
fuel production and sustainable development.

Received: 10 September 2021; Accepted: 30 December 2021

References
	 1.	 Hu, H. S. et al. NiCoP nanorod arrays as high-performance bifunctional electrocatalyst for overall water splitting at high current 

densities. J. Power Sources. 484, 229269. https://​doi.​org/​10.​1016/j.​jpows​our.​2020.​229269 (2021).
	 2.	 Perveen, R., Nasar, A., Inamuddin, S. & Kanchi, H. A. K. Development of a ternerry condunting composite (PPy/Au/CNT@Fe3O4) 

immobilized FRT/GOD bioanode for glucose/oxygen biofuel cell applications. Int. J. Hydrogen Energy. https://​doi.​org/​10.​1016/j.​
ijhyd​ene.​2020.​02.​175 (2020).

	 3.	 Liu, Q. et al. Facile fabrication of hierarchical Rh2Ir alloy nanodendrites with excellent HER performance in a broad pH range. 
New J. Chem. 44, 21021–21025. https://​doi.​org/​10.​1039/​d0nj0​4512h (2020).

	 4.	 Liu, Q. et al. Directly application of bimetallic 2D-MOF for advanced electrocatalytic oxygen evolution. Int. J. Hydrogen Energy. 
46, 416–424. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2020.​09.​182 (2021).

	 5.	 Djara, R. et al. Iridium and ruthenium modified polyaniline polymer leads to nanostructured electrocatalysts with high perfor-
mance regarding water splitting. Polymers (Basel). 13, 1–16. https://​doi.​org/​10.​3390/​polym​13020​190 (2021).

	 6.	 Kumar, P. et al. Carbon supported nickel phosphide as efficient electrocatalyst for hydrogen and oxygen evolution reactions. Int. 
J. Hydrogen Energy. 46, 622–632. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2020.​09.​263 (2021).

	 7.	 Cui, K. et al. Facile synthesis and electrochemical performances of three dimensional Ni3S2 as bifunctional electrode for overall 
water splitting. Mater. Sci. Eng. Solid State Mater. Adv. Technol. 263, 114875. https://​doi.​org/​10.​1016/j.​mseb.​2020.​114875 (2021).

	 8.	 Xie, K. et al. Co3O4–MnO2–CNT hybrids synthesized by hno3 vapor oxidation of catalytically grown CNTs as OER electrocata-
lysts. ChemCatChem. 7, 3027–3035. https://​doi.​org/​10.​1002/​cctc.​20150​0469 (2015).

	 9.	 Sankarasubramanian, K. et al. A new catalyst Ti doped CdO thin film for non-enzymatic hydrogen peroxide sensor application. 
Sensors Actuators B Chem. 285, 164–172. https://​doi.​org/​10.​1016/j.​snb.​2018.​12.​161 (2019).

	10.	 Majhi, K. C. & Yadav, M. Bimetallic chalcogenide nanocrystallites as efficient electrocatalyst for overall water splitting. J. Alloys 
Compd. 852, 156736. https://​doi.​org/​10.​1016/j.​jallc​om.​2020.​156736 (2021).

	11.	 Ye, K. H. et al. Enhancing photoelectrochemical water splitting by combining work function tuning and heterojunction engineer-
ing. Nat. Commun. 10, 1–9. https://​doi.​org/​10.​1038/​s41467-​019-​11586-y (2019).

	12.	 Li, J. et al. Insights into the interfacial Lewis acid-base pairs in CeO2-Loaded CoS2 electrocatalysts for alkaline hydrogen evolution. 
Small 17, 2103018. https://​doi.​org/​10.​1002/​smll.​20210​3018 (2021).

	13.	 Wei, Y., Soomro, R. A., Xie, X. & Xu, B. Design of efficient electrocatalysts for hydrogen evolution reaction based on 2D MXenes. 
J. Energy Chem. 55, 244–255. https://​doi.​org/​10.​1016/j.​jechem.​2020.​06.​069 (2021).

	14.	 Li, J. et al. A fundamental viewpoint on the hydrogen spillover phenomenon of electrocatalytic hydrogen evolution. Nat. Commun. 
12, 3502. https://​doi.​org/​10.​1038/​s41467-​021-​23750-4 (2021).

	15.	 Zhang, X. et al. Regulating crystal structure and atomic arrangement in single-component metal oxides through electrochemical 
conversion for efficient overall water splitting. ACS Appl. Mater. Interfaces. 12, 57038–57046. https://​doi.​org/​10.​1021/​acsami.​0c166​
59 (2020).

	16.	 Yuan, B. et al. Cu-based metal-organic framework as a novel sensing platform for the enhanced electro-oxidation of nitrite. Sensors 
Actuators, B Chem. 222, 632–637. https://​doi.​org/​10.​1016/j.​snb.​2015.​08.​100 (2016).

	17.	 Adeosun, W. A., Asiri, A. M. & Marwani, H. M. Real time detection and monitoring of 2, 4-dinitrophenylhydrazine in industrial 
effluents and water bodies by electrochemical approach based on novel conductive polymeric composite. Ecotoxicol. Environ. Saf. 
206, 111171. https://​doi.​org/​10.​1016/j.​ecoenv.​2020.​111171 (2020).

	18.	 Mhlongo, G. H., Motaung, D. E., Cummings, F. R., Swart, H. C. & Ray, S. S. A highly responsive NH3 sensor based on Pd-loaded 
ZnO nanoparticles prepared via a chemical precipitation approach. Sci. Rep. 9, 9881. https://​doi.​org/​10.​1038/​s41598-​019-​46247-z 
(2019).

	19.	 Han, Y., Zhang, R., Dong, C., Cheng, F. & Guo, Y. Sensitive electrochemical sensor for nitrite ions based on rose-like AuNPs/MoS2/
graphene composite. Biosens. Bioelectron. 142, 111529. https://​doi.​org/​10.​1016/j.​bios.​2019.​111529 (2019).

	20.	 Han, Y. et al. Two flowers per seed: Derivatives of CoG@F127/GO with enhanced catalytic performance of overall water splitting. 
J. Energy Chem. 54, 761–769. https://​doi.​org/​10.​1016/j.​jechem.​2020.​06.​051 (2021).

	21.	 Zhao, H. & Yuan, Z. Y. Surface/interface engineering of high-efficiency noble metal-free electrocatalysts for energy-related elec-
trochemical reactions. J. Energy Chem. 54, 89–104. https://​doi.​org/​10.​1016/j.​jechem.​2020.​05.​048 (2021).

	22.	 Vargas, M. A., Diosa, J. E. & Mosquera, E. Data on study of hematite nanoparticles obtained from Iron(III) oxide by the Pechini 
method. Data Br. https://​doi.​org/​10.​1016/j.​dib.​2019.​104183 (2019).

	23.	 Kumar, S., Ahmed, B., Ojha, A. K., Das, J. & Kumar, A. Facile synthesis of CdO nanorods and exploiting its properties towards 
supercapacitor electrode materials and low power UV irradiation driven photocatalysis against methylene blue dye. Mater. Res. 
Bull. 90, 224–231. https://​doi.​org/​10.​1016/j.​mater​resbu​ll.​2017.​02.​044 (2017).

	24.	 Zare, E. N., Lakouraj, M. M. & Ashna, A. Synthesis of conductive poly (3-aminobenzoic acid) nanostructures with different shapes 
in acidic ionic liquids medium. J. Mol. Liq. 271, 514–521. https://​doi.​org/​10.​1016/j.​molliq.​2018.​09.​028 (2018).

	25.	 Arun, K. J., Kumar, K. S., Batra, A. K., Aggarwal, M. D. & Francis, P. J. J. Surfactant free hydrothermal synthesis of CdO nanostruc-
ture and its characterization. Adv. Sci. Eng. Med. 7, 771–775. https://​doi.​org/​10.​1166/​asem.​2015.​1755 (2015).

	26.	 Singh, S. & Goswami, N. Structural, magnetic and dielectric study of Fe2O3 nanoparticles obtained through exploding wire 
technique. Curr. Appl. Phys. 22, 20–29. https://​doi.​org/​10.​1016/j.​cap.​2020.​11.​009 (2021).

	27.	 Kundu, J., Khilari, S., Bhunia, K. & Pradhan, D. Ni-doped CuS as an efficient electrocatalyst for the oxygen evolution reaction, 
Catal. Sci. Technol. 9, 406–417. https://​doi.​org/​10.​1039/​c8cy0​2181c (2019).

	28.	 Wang, S. et al. High valence state of Ni and Mo synergism in NiS2-MoS2 hetero-nanorods catalyst with layered surface structure 
for urea electrocatalysis. J. Energy Chem. 66, 483–492. https://​doi.​org/​10.​1016/j.​jechem.​2021.​08.​042 (2022).

	29.	 Li, M. et al. Iron doped cobalt fluoride derived from CoFe layered double hydroxide for efficient oxygen evolution reaction. Chem. 
Eng. J. 425, 130686. https://​doi.​org/​10.​1016/j.​cej.​2021.​130686 (2021).

https://doi.org/10.1016/j.jpowsour.2020.229269
https://doi.org/10.1016/j.ijhydene.2020.02.175
https://doi.org/10.1016/j.ijhydene.2020.02.175
https://doi.org/10.1039/d0nj04512h
https://doi.org/10.1016/j.ijhydene.2020.09.182
https://doi.org/10.3390/polym13020190
https://doi.org/10.1016/j.ijhydene.2020.09.263
https://doi.org/10.1016/j.mseb.2020.114875
https://doi.org/10.1002/cctc.201500469
https://doi.org/10.1016/j.snb.2018.12.161
https://doi.org/10.1016/j.jallcom.2020.156736
https://doi.org/10.1038/s41467-019-11586-y
https://doi.org/10.1002/smll.202103018
https://doi.org/10.1016/j.jechem.2020.06.069
https://doi.org/10.1038/s41467-021-23750-4
https://doi.org/10.1021/acsami.0c16659
https://doi.org/10.1021/acsami.0c16659
https://doi.org/10.1016/j.snb.2015.08.100
https://doi.org/10.1016/j.ecoenv.2020.111171
https://doi.org/10.1038/s41598-019-46247-z
https://doi.org/10.1016/j.bios.2019.111529
https://doi.org/10.1016/j.jechem.2020.06.051
https://doi.org/10.1016/j.jechem.2020.05.048
https://doi.org/10.1016/j.dib.2019.104183
https://doi.org/10.1016/j.materresbull.2017.02.044
https://doi.org/10.1016/j.molliq.2018.09.028
https://doi.org/10.1166/asem.2015.1755
https://doi.org/10.1016/j.cap.2020.11.009
https://doi.org/10.1039/c8cy02181c
https://doi.org/10.1016/j.jechem.2021.08.042
https://doi.org/10.1016/j.cej.2021.130686


10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:1632  | https://doi.org/10.1038/s41598-022-04999-1

www.nature.com/scientificreports/

	30.	 Zha, M., Pei, C., Wang, Q., Hu, G. & Feng, L. Electrochemical oxygen evolution reaction efficiently boosted by selective fluoridation 
of FeNi3 alloy/oxide hybrid. J. Energy Chem. 47, 166–171. https://​doi.​org/​10.​1016/j.​jechem.​2019.​12.​008 (2020).

	31.	 Liu, Z., Zhang, C., Liu, H. & Feng, L. Efficient synergism of NiSe2 nanoparticle/NiO nanosheet for energy-relevant water and urea 
electrocatalysis. Appl. Catal. B Environ. 276, 119165. https://​doi.​org/​10.​1016/j.​apcatb.​2020.​119165 (2020).

	32.	 Asiri, A. M., Adeosun, W. A. & Rahman, M. M. Development of highly efficient non-enzymatic nitrite sensor using La2CuO4 
nanoparticles. Microchem. J. 159, 105527. https://​doi.​org/​10.​1016/j.​microc.​2020.​105527 (2020).

Acknowledgements
The authors extend their appreciation to the Deputyship for Research & Innovation, Ministry of Education in 
Saudi Arabia for funding this research work through the project number (425). The authors acknowledge Dr. Dan 
Ren (EPFL) for the support in measuring faradaic efficiencies and Dr. Nick Vlachopoulos for helpful scientific 
discussions and for critical reading of the manuscript.

Author contributions
W.A.A. did the experimental work, A.M.A., S.B.K. wrote the manuscript, K.A.A., H.M.M., S.M.Z. and M.G. 
prepared the figures and reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​04999-1.

Correspondence and requests for materials should be addressed to A.M.A. or M.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1016/j.jechem.2019.12.008
https://doi.org/10.1016/j.apcatb.2020.119165
https://doi.org/10.1016/j.microc.2020.105527
https://doi.org/10.1038/s41598-022-04999-1
https://doi.org/10.1038/s41598-022-04999-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Solid-state synthesis of CdFe2O4 binary catalyst for potential application in renewable hydrogen fuel generation
	Experimental
	Reagents & apparatus. 
	Preparation of CdFe2O4 ternary composite. 
	Characterization procedures. 
	Water splitting studies. 
	Faradaic efficiency for electrochemical water oxidation to oxygen. 

	Results and discussion
	Material characterization. 
	CdFe2O4 catalyst performance for OER reaction. 
	Hydrogen evolution reaction (HER) activity of CdFe2O4 catalyst. 
	Catalyst stability test. 

	Conclusion
	References
	Acknowledgements


