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Spinel-type FesO4and its Co-substituted products were synthesized at 80°C by a co-precipitation method
and investigated for their electrocatalytic properties in the form of oxide film electrode on Ni-support
towards oxygen evolution reaction (OER) in alkaline medium. X-ray diffraction study indicated the
formation of almost pure spinel ferrite phase with some impurities, which is found basically in the case
of CoosFe2504 oxide. The formation of spinel ferrite was also confirmed by recording the IR spectra.
The cyclic voltammogram was carried out in the potential region 0.0 — 0.7 V and shows a pair of redox
peaks; one an anodic (Era = 524+36) and corresponding cathodic (Erc = 351+6) peak prior to the onset
of oxygen evolution reaction. The anodic polarization study showed that the substitution of Co for Fe in
the FesO4 lattice strongly affects the electrocatalytic properties of the materials. The optimum
improvement in the activity is being with 1.0 mol Co-substitution. At E = 850 mV vs Hg/HgO/1M KOH
(25°C), the current density with CoFe2O4 (j = 315.6 mA cm™) oxide was about 13 time higher than
FesOs. The Tafel slope values also decreased from 68 mV decade™ to 44 mV decade™ with Co-
substitution. The thermodynamic parameters have been calculated for the oxide electrode, CoFe>O4, at
different potentials. It appears that as the potential is increased, the electrochemical standard enthalpy of
activation (AH_Y) of the oxide is decreased. SE-micrograph indicates that the substitution of Co for Fe
decreases the crystallite size of the materials.
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1. INTRODUCTION

In the present era of fast-moving global development, energy is one of the most important issues.
The conventional sources of energy like fossil fuels and oils deposits are limited and it is expected that
these fossil fuels and oils will be exhausted by the mid of current century [1]. Also, the pollution caused
by using these fuels is a giant problem in front of us. In this scenario, hydrogen can be a clean and
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effective option and would be the fuel of the future. Production of hydrogen and oxygen gases at
industrial scale by the electrolysis of alkaline water is a problematic task because high amount of
electrical energy consume in the process due to hydrogen and oxygen overpotentials. Use of efficient
electrocatalyst can reduce the overpotential values to the great extent and also prevent the electrode from
early polarization. Various types of electrocatalysts like metals, metal alloys, metal oxides, metal mixed
oxides etc. are being used. An electrocatalyst may be in the form of coating at any substrate or may be
itself as an electrode. Transition metal mixed oxides with spinel and perovskite type structure are found
to be very promising electrocatalytic materials for anodic evolution of oxygen and cathodic evolution of
hydrogen. In the recent years, spinel type ferrite materials have been intensively explored because of
their remarkable physical and chemical properties and broad practical applications in various fields like
data storage systems, magnetic tapes & filters, medical diagnostics, drug delivery, transformer cores etc.
These materials also extensively been used for decomposition of hydrogen peroxide [2,3], synthesis of
ammonia [4], oxidation of butadiene [5] and for the synthesis of chlorine and chlorates [6]. Various
synthetic methods have been developed for the preparation of these oxides like thermal decomposition
[7,8], freeze drying [9], citrate precursor technique [10], coprecipitation [11], sol-gel [12,13],
hydrothermal [14], etc.

The electrocatalytic properties of these materials depend on the various factors like preparation
method, temperature, metal ion substitution and pH of the precursor solution. It has been observed that
the earlier used high temperature preparation methods [9,15] produced the oxides with low specific
surface area, high resistivity and hence low electrocatalytic activity. Aiming to improve the
electrocatalytic activity to a reasonable high extent, some low temperature methods have been developed
in past few decades, namely coprecipitation [16, 17], sol-gel [13,18,19]. Also, it has been found that
optimum substitutions of certain metal cations in the oxide improve their catalytic activity towards
oxygen reaction [19-24]. Singh et al [16, 23-27] synthesized a series of metal substituted binary and
ternary ferrospinels at pH = 11 by adopting low temperature co-precipitation method and observed
augmentation in the electrocatalytic properties of materials towards OER. In the preparation of each
series, they used metal sulfates as staring materials. Very recently [28-33], we have studied the
electrocatalytic properties for OER of some spinel ferrites obtained by novel low temperature routes and
observed significant influence of preparation methods, precursors and metal ions substation. Recently,
Tao et al [34] prepared copper substituted ferrite by using another coprecipitation method to study its
gas sensing properties. We adopted the same method [34] and produced Co-substituted spinel ferrites
and studied their physicochemical and electrochemical properties for OER in alkaline medium. The
results, so obtained, in study are described in this paper.

2. MATERIALS AND METHODS

Spinel type nano sized CoxFeszxOs (0 < X < 1.5) oxide materials were synthesized by using
coprecipitation method [34]. Metal nitrate salts were used as cation precursors in each preparation.
Analytical grade cobalt (II) nitrate hexahydrate [Co (NO3)2.6H20], iron (Ill) nitrate nonahydrate
[Fe(NO3)3.9H20] and sodium hydroxide (NaOH) were used as starting materials. In a typical procedure,
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a stoichiometric amount of metal nitrates was dissolved in 100 ml double distilled water and a 75 ml hot
4M NaOH solution was slowly added to get a precipitate. The precipitate was heated at 90°C for 2 hours
and then filtered, washed several times with redistilled water and finally dried for overnight at 80°C to
get the desired oxide material.

Materials, so obtained, were characterized physiochemically by using Powder X-Ray diffraction
(XRD) (XPERT-PRO X-Ray diffractometer, Model: PW 3050/60) using Cu-Ka (A= 1.54048 A)
radiation source. Surface morphology of oxide powders was determined by scanning electron
microscope (SEM, Model: LEO430). Spinel ferrite phase of the oxide materials was determined by FTIR
spectroscopy (Thermoscientific, Nicole-6700). The spectra of each composition were recorded in the
frequency range of 4000-400 cm™ in the form of pellet with analytical grade KBr.

The electrocatalytic properties of prepared oxides was tested in the form electrode, which was
prepared by coating over a pretreated nickel plate of approximate area 1.5 cm? using oxide slurry painting
technique [35,36]. In this technique, a small amount of dried oxide was mixed with few drops of Triton
X-100 in an agate pastel-mortar and mixed thoroughly to get a pasty mass. This paste was coated over
one side of a pretreated Nickel plate using a fine brush. The coated plate was heated in an electrical
muffle furnace (ASCO) at 380°C for 1.5h. For the better adherence of oxide film over the nickel plate,
the plate was removed only when the furnace was attended the temperature below 80°C. If required
second and third coating was also performed to get the desired loading in mg.cm. Copper wire and
silver paint were used to make electrical contact of plate by applying the technique as described in
literature [36]. Both surfaces of the nickel plate were finally coated with a layer of Araldite epoxy
adhesive except 0.5 cm? oxide coated area. This uncoated area was used for all types of electrochemical
study of oxide material. Electrochemical analysis of film electrodes was performed in a conventional
three electrode single compartment glass cell. Electrodes were connected to a Potentiostat/Galvanostat
associated to a personal computer with corrosion and physical electrochemical study software (Gamry
Reference 600 ZRA). A platinum foil having approximate area 2 cm?and Hg/HgO/1M KOH were used
as counter and reference electrodes, respectively. The reference electrode was connected with the cell
solution through a Luggin capillary (KCI/Agar-Agar salt bridge) to minimize the solution resistance (iR
drop) between working and reference electrodes.

3. RESULT AND DISCUSSION
3.1 Physicochemical Study

3.1.1 Scanning Electron Micrograph (Sem)

The scanning electron micrographs of the oxide powders, recorded at the magnification of x500,
are shown in the Fig. 1 (a-d). The morphology of oxide powders was observed to be almost same and
found to be crystalline in nature. Co-substitution in the base oxide reduces the crystallite size and seems
to be minimal for 1.0 mol cobalt substituted ferrite.
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Figure 1. SE Micrograph of oxide powder heated at 80°C for 12 hrs at magnification x500. a: Fe3Oa; b:
CoosFe,504; c: CoFez0y4; d: Co1sFe1504
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Figure 2. IR Spectra of the oxide powder synthesized at 80°C.
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IR spectra of pure and cobalt substitutes ferrite oxide powders was recorded in the wave length
region of 4000 to 400 cm™. The two characteristic strong peaks, obtained at 586 cm™ and ~ 456 cm™
correspond to the pure spinel ferrite [37, 38]. The broad peak at ~3415 cm™ and poorly intense peak at
~1629 cm™ indicated the O-H stretching vibrations interacting through H-bonds. The characteristics
bands found with these materials are very much similar to that reported in literature [29, 31].

3.1.3 Powder X-Ray Diffraction (Xrd)

Fig. 3 represents the powder X-Ray diffraction pattern of the three representative oxides
namely,CoosFe2504, CoFe204 and CoisFe150a, recorded in the scan window 26 = 20° to 80°.With
exception of CoosFe2504, the X-ray diffraction patterns indicated he formation of almost pure spinel
phase and best matched with JCPDS-ASTM file 22-1086. In the case of CoosFe2504, some additional
spectral lines of a-Fe>03 or a-FeO(OH) (JCPDS ASTM file 3-0249), Fe;O3 (JCPDS ASTM file 33-664)
and d-Fe20O3 (JCPDS ASTM file) have been observed alongwith spinel phase. The average crystallite
size was estimated by using Scherrer equation [39] and were found 17, 11 and 6 nm for CogsFe2504,
CoFe204 and Co1sFe1504 oxides, respectively.
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Figure 3. XRD powder patterns of oxide powder synthesized at 80 °C. a: CoosFe2504, b: CoFe20s4, C:
Co15Fe1504

The strain and grain size for the oxide, CoosFe2504, were also calculated with the help of
Williamson-Hall plot [40,41]. For the purpose, values of BCos6/A were plotted against €Sin6/A, and
represented in Fig. 4. The value of strain () was calculated by measuring the slope of the straight line.
The reciprocal of intercept at y-axis gives the value of crystallite size of the oxide powder. The estimated
values of strain and grain size were found to be 0.0008 and 21 nm, respectively. The very low value of
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strain indicated the approach of synthesized oxide towards homogeneity. The value of grain size for
Coo:sFe2504 oxide as calculated by Williamson-Hall plot and Scherrer’s equation was observed to be

almost similar.
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Figure 4. Williamson-Hall plot for CoosFe2 504 oxide.
3.2. Electrochemical Study

3.2.1 Cyclic Voltammetry (Cv)

The redox behavior of oxide film electrodes was determined by recording cyclic voltammogram
in 1M KOH at 25 °C at the scan rate of 20 mV seclin potential window 0.0 to 0.7 V vs
Hg/HgO/KOH(1M) (E°=0.098 V Vs. NHE). The recorded voltammograms as shown in Fig. 5 exhibited
a single anodic (Epa = 524£36) and single cathodic (Epc = 351+6) peak prior to the onset of oxygen
evolution reaction. The observed cathodic and anodic peak potentials are very much equivalent to the
redox potential of pure Ni [16]. Such redox peaks were supposed to be originated from the substrate (Ni
support) due to the contact with electrolyte [42] through pores, cracks, intercrystalline gaps formed in
the catalytic film during experiment. Also, the oxide synthesized at low temperature are hydrophilic in
nature and they undergo rapid hydration in aqueous solution resulting the wetting the whole film
thickness [16] without affecting the stability of the catalytic overlayer. The estimated values of anodic
(Epa) and cathodic (Epc) peak potentials, peak separation potential (AEp = Epa - Epc) and formal redox
potential (E° = (Epa- Epc)/2) for surface redox reaction are given in the Table 1.
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Figure 5. Cyclic voltammograms of pure and Co-substituted ferrite film electrode on Ni in 1M KOH at
25°C (scan rate = 20 mV sec™); a: FesOa, b: Co1sFe1504, ¢: CoFe20s, d: CoosFez50a.
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Figure 6. Cyclic voltammograms of the FezO4 film on Ni at different scan rates in 1M KOH (25°C).
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Figure 7. Plot of voltammetric charge (q) vs. (scan rate) /2 for the oxide electrode in 1M KOH (25°C).



Int. J. Electrochem. Sci., Vol. 15, 2020 6612

To evaluate the effect of scan rate at the nature of cyclic voltammograms, the CV curves were
recorded at varying scan rates in the range from 20 to 120 mV sec™ under similar experimental conditions
with each oxide film electrode. A representative set of voltammogram for FesO4 oxide film electrode is
shown in the Fig. 6. The nature of voltammogram was found to be similar at each scan rate. However, a
shift in the value of anodic and cathodic peak potential towards higher and lower potential sides,
respectively, was observed with the increase of scan rate from 20 to 120 mV sec™. The observed shifting
of cathodic and anodic peaks in either side with increase in scan rate indicates that the redox process is
quasireversible. The estimated shift in anodic peak was 52-96 mV in positive direction whereas 24-27
mV in negative direction for cathodic peak. Such type shifting in the anodic and cathodic peak potential
has also been observed with other spinel ferrites [29-33] obtained by different synthetic routes. The plots
of voltammetric charge (g) vs. (scan rate)™’> were also constructed for each oxide electrode and shown
in the Fig. 7. The straight line, as obtained in Figure 7, indicates that the surface redox process is diffusion
controlled. The voltammetric charge was estimated by integrating the CV curve upto the potential just
prior to the oxygen evolution reaction at each scan rate. It has been observed that values of voltammetry
charge decrease with the increase of scan rate.

Table 1. Values of the Cyclic Voltammetric parameters of Ni/CoxFes3.xO4 (0 <X <1.5)in 1 M KOH at
25 °C (scan rate = 20 mV secl)

Electrode Era Erc AEp = E°= |jPa| |ch| / |jPa| q
ImV | ImV | (Epa-Epc) | (EPatErc)/2 | /MA mA /mC
mV mV cm? | cm? | [jp] | cm?
FesOq4 487 | 345 142 416 0.6 0.4 15 8.4
CoosFe2504 522 | 352 170 437 0.8 0.5 1.8 | 10.1
CoFez04 560 | 353 207 456 3.0 16 | 1.9 | 396
Co15Fe1504 527 | 356 171 442 2.9 1.9 1.5 | 393

3.2.2 Electrocatalytic Activity
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Figure 8. Anodic polarization curve for the oxide film electrode on Ni in IMKOH at 25°C (scan rate:
0.2mVsec™) a: FesO4 b: CoosFe2504, ¢: CorsFer 504, d: CoFez0a.
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In order to determine and compare the electrocatalytic activity of oxide film electrodes towards
oxygen evolution reaction (OER) in alkaline medium iR compensated anodic polarization curves (E vs.
log j) were recorded in 1M KOH at 25°C, at slow scan rate of 0.2 mV sec™. The polarization curves, so
obtained, with each oxide film electrodes are shown in Fig. 8.
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Figure 9. Anodic polarization curve for the CoFe;Os4 film electrode on Ni at varying KOH
concentrations (u = 1.5) at 25°C.
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Figure 10. Plot of log j vs. log [OH] for CoxFesxO4 (0 < x < 1.5) film electrode on Ni at 25°C.

The nature of the polarization curve was observed to be similar with each oxide film electrode
regardless of cobalt content. The values of Tafel slope (b), and electrocatalytic activity in terms of current
density at a fixed potential as well as in terms of potential at a fixed current density were estimated from
the polarization curve and given in the Table 2. It has been found that the substitution of cobalt in base
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oxide reduces the values of Tafel slope and found minimum for 0.5 mol Co-substituted oxide film
electrode. From table 2, it is observed that the substitution of Co for Fe in the FesOg4 lattice increased the
electrocatalytic activity greatly and the value was found to be highest with CoFe2O4 (ja = 315.6 mA cm’
2 at 850 mV).At a certain potential of 850 mV, the electrocatalytic activity of the oxide electrode towards
OER follows the order:

CoFez04 (ja = 315.6 mA cm2) > Co15Fe1504 (ja = 219.2 mA cm2) > CoosFe2504 (ja = 183.5 mA
cm?) > Fes0s4 (ja= 60.25 mA cm™)

The reaction order for OER was determined by recording the anodic polarization curve in varying
hydroxide ion concentration (0.25 to 1.5M) at 25°C.The ionic strength of the electrolytic solution was
maintained by using inert electrolyte (KNOs. Representative curve, so obtained, for CoFe>O4 oxide film
electrode is shown in Fig. 9.

From the data of the polarization curve, a plot of log j vs. log [OH] (Fig. 10) was constructed at
a certain applied potential for each film electrode. Order of reaction was determined by measuring the
slope of the straight line and given in the Table 3.

Table 2. Electrode kinetic parameters for oxygen evolution reaction on pure and Co-substituted ferrite
electrodes in 1 M KOH at 25°C

Electrode Tafel | Order E/mV at j (mA cm?) at E/mV
slope (p) j (mA cm?)
fmva 10 100 | 650 | 750 850
FesO4 68 2.4 787 965 0.6 5.9 23.7
CoosFe2504 44 1.9 689 790 1.8 52.5 183.5
CoFez04 47 1.7 635 722 18.1 144.9 315.6
Co15Fe1504 57 1.6 660 762 7.2 85.9 219.2

It is noteworthy that the most active, CoFe204, oxide electrode reported in this study has been
found to electrocatalytic more beneficial than those of other spinel ferrite electrodes reported in
literature. For example, lwakura et al. [7,8] observed overpotential (no,) 440 and 580 mV at current
density 10 mA cm2in 1 M KOH at 25 °C. Mendonca et al. [43] and Godinho et al. [44] prepared
CoFe1.7Nio.304 oxide film electrodes on Fe-support by using ceramic and solid state reaction methods,
respectively. A current density, j = 1.0 mA cm, was reported at overpotential ng,= 430 mV for the
oxide electrode obtained by ceramic method. Godinho et al. found Tafel slope of 63 mV decade™ with
the exchange current density jo = 1.50 x 10°%% A cm for the similar oxide. Similarly, Orehotsky et al.
[9] observed oxygen overpotential, no,= 340 mV at current density 10 mA cm2in 30 wt% for NiFe2Oa.
Table 3 represents a list of electrocatalytic data of some spinel oxides synthesized by other low
temperature methods. From the table, it is observed that in some cases, the electrocatalytic activity of
the oxides conveyed in the present study is found to be better. However, in the case of others, they show
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lower activity. With some exceptions, the Tafel slope of the oxide electrodes is very similar to those
reported by other researchers.

Table 3. Comparison with reported spinel oxides for oxygen evolution reaction in 1 M KOH

Electrocatalysts Tafel Slope E/mV (vs Preparation method Ref.
(mV/decade) Hg/HgO/1M
KOH) at
j =100 mA cm™

Ni/MnFe204 36-42 641 COP [16]

Ni/CoFe1.2Cros04 40 615 COP [23]

Ni/Coy15Fe1504 46 693 COP [24]

Ni/Co1.0MngsFe1 504 55 646 COP [24]

Ni/NiosFe2504 42 674 COP [26]

Ni/CuFeCrO4 50 728 COP [25]

Ni/MMo00O4 37-44 658-685 Thermal Decomposition [27]

(M =Fe, Co & Ni)
Ni/Coy15Fe1504 44 828 NH4OH Sol-gel Auto [28]
combustion

Ni/NiosFe2504 102 865 Egg-white sol-gel [29]

Ni/CoFez04 49 806 Glycine sol-gel [30]

Ni/MnosFe2504 52 765 Egg-white sol-gel [31]

Ni/C01.25Nio.25F€1.504 55 792 NHsOH COP [32]

Ni/NiosFe2504 72 886 NHsOH COP [33]

Pt/CoFeCrO4 51 675 COP [45]

Ni/NiFe204 42 j=18.7mA cm? Hydrothermal [46]

at 750 mv
Ni/NiFe15Vo504 40 j=122.0 mA cm? COP [47]
at 700 mVv

Ni/NiMoOg4 70 790 Precipitation [48]

Ni/CoMo00g4 60 731 Precipitation [49]
Ni/CoFe204 47 722 COP Present

work

3.2.3 Thermodynamic Study

To explore the effect of temperature variation and to estimate the values of thermodynamic
parameters, such as standard electrochemical energy of activation (AH‘e’]9£ ), standard enthalpy of
activation (AH?) and standard entropy of activation (AS°?), anodic polarization curves were recorded
at different temperatures in electrolytic solution from 20°C to 50°C in 1M KOH. During the experiment,
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the temperature of reference electrode was kept constant at 25°C. The representative polarization curve
for most active oxide film electrode (CoFe204) is shown in the Fig. 11.

800.0
750.0
E 700.0 2
w
650.0
600.0
1.000 10.00 100.0
j(mA/cm?)

Figure 11. Anodic polarization curve for the CoFe204 film electrode on Ni at different temperatures in
1 M KOH; a: 20 °C; b: 30 °C; ¢: 40 °C; d: 50 °C.
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Figure 12. The Arrhenius plot at different constant applied potentials for CoFe2O4 in 1M KOH.

These curves were furnishing the values of current densities at different temperatures and by
using this data, Arrhenius plot (log j vs. 1/T), was constructed at a various applied potential (Fig. 12).
The slope of the straight line gives the value of AH.?. Values of standard enthalpy of activation (AH"")
and standard entropy of activation (AS°*) were estimated by applying following relations (1) and (2)
[50];

AHST = AH*- aFn

Where, o is the transfer coefficient equal to 2.303RT/bF. The Tafel slope (b) is calculated from
the polarization curves obtained at different temperatures. and R, F and T are the gas constant, Faraday
constant and absolute temperature, respectively. n is the overpotential.
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o#

AS” =23R [ logj + 3~ log (MoFaCoir)] ... )

Where, o (= ksT/h) is the frequency term and n = 2, kg and h are the Boltzmann constant and
Plank’s constant, respectively. The calculated values of thermodynamic parameters are listed in the
Table 4. It has been observed that the value of standard electrochemical energy of activation (AHY)
decreases with increase in applied potential. The reduction in AHEf is also expected as per relation (1)
and reported by us earlier [31, 51].

Table 4. Thermodynamic parameters for Oz evolution on Ni/ CoFe2O4 in 1M KOH

E/mV AH.Y (KJ mol?) AS’# (J deg? mol?) AH#(KJ mol?)
650 76.5 66.4 119.2
675 58.5 121.1 104.2
700 41.2 174.9 90.1

4. CONCLUSIONS

X-ray study indicates that the co-precipitation method produced oxide with some impurities
basically in the case of CoosFe2s04. Substitution of Co in the base oxide (Fez0.) influenced the
electrocatalytic activity of the materials. The electrocatalytic activity of most active oxide film electrode
(CoFe204) was found to be about 13 times more than base oxide. It produced current density, j = 315.6
mA cm at potential 850 mV in 1 M KOH at 25°C. A pair of redox peaks was observed in the cyclic
voltammogram of each oxide electrode.
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