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Abstract

Cobalt ferrites (CoFe2O4) for oxygen reduction reaction (ORR) electrocatalytic activity
were synthesized by solution combustion synthesis, with varied amounts of borax as
additive (10 to 50 at% B). Synthesized catalysts were characterized by X-Ray diffraction,
X-Ray Photoelectron Spectroscopy (XPS) and Scanning Electron Microscopy (SEM)
techniques. XPS showed the presence of Fe’" and Co** in prepared samples. Brunauer-
Emmet-Teller (BET) isotherms indicated the positive effect of borax as an additive on
the surface area. Rotating Disk Electrode (RDE) voltammetry studies indicated that, with
increasing amount of borax (10 to 50 at% B), for synthesis of CoFe>O4, ORR current
density increased from 0.15 to 3.56 mA/cm?. Highest onset potential value of 0.77 V vs.
reference hydrogen electrode was observed with lower Tafel slope value for FeCo,
10FeCo and 20FeCo, at 66.4, 80.9 and 75 mV/dec, respectively. Koutecky-Levich plot
revealed a ~4e ORR process for 20FeCo, which was found to be the best catalyst.

Keywords: borax; cobalt ferrites; electrocatalysis; oxygen reduction reaction; sustainable
energy; Tafel plot.

Introduction®

The global energy demand is increasing dramatically due to the rapid soaring need
of energy in emerging economies and in human life. However, the limited amount
of natural resources, high cost of fossil fuels, ecological and environmental
concerns based on fossil fuel consumption have tempted the interest of
contemporary research community in finding alternative solutions to meet the
worldwide growing energy need [1]. In this regard, electrochemical energy
conversion and storage systems have gained much importance owing to their

*The abbreviations list is in page 409.

395



Disha Soni et al. / Portugaliae Electrochimica Acta 45 (2027) 395-412

sustainability. Among these systems, Polymer Electrolyte Membrane Fuel Cells
have attracted special attention due to their high energy density and low carbon
emissions [2]. However, the key impediment in its commercialization is the
utilization of expensive platinum based catalysts for sluggish Oxygen Reduction
Reaction (ORR) kinetics at the cathode. Therefore, the development of catalysts
with high activity, long-term stability and low cost is of paramount importance to
override platinum-based catalysts for ORR [3, 4].

Transition metal oxides are being explored as one of the cheapest alternatives to
platinum for electrocatalysis [5]. Mixed transition metal oxides and their
nanocomposites, such as Fe and Co, have been extensively used in energy-related
applications like super capacitors, [6, 7] lithium ion batteries [8] and fuel cells [2,
5]. Among the catalysts to reduce or replace platinum-based catalysts for ORR,
nitrogen-coordinated transition metals in a carbon matrix (M-N-C) have been
extensively studied, owing to their extremely effective catalytic activity for ORR,
especially in acidic solutions [9, 10]. Single and mixed metal oxides based on Fe,
Co, Mn, Zn, Ni, and their composites, with diverse carbon support, such as
graphene and carbon nanotubes, have been reported in literature for their efficient
electrocatalysis [2, 3, 5, 10-15]. Researchers have reported superior
electrocatalytic performance of mixed metal oxides [16- 21].

Various synthetic methodologies have been used for preparing nanomaterials.
Solution combustion synthesis method, based on the concept of propellant
chemistry, has the advantage of economic and rapid production of fine and
homogeneous nanocrystalline powders with high surface area [22-25]. It involves
a unique combination of precursors such as metal nitrates as oxidant and a fuel
such as urea to yield nanocrystalline metal oxides [22, 25, 26]. Additives
incorporated along with precursors during combustion synthesis have been
reported to influence structural properties of the final product [27, 28, 29]. Borax
as an additive has been reported to promote crystallization process and lower
crystallites size during combustion synthesis [30]. Herein, effect of borax as an
additive in synthesis of cobalt ferrites (CoFe2Os) through solution combustion
route, and its consequences on the ORR electrocatalytic activity, was investigated.

Experimental

Materials

Structural and chemical measurements

Surface analysis of the samples was performed with the aid of X-ray photoelectron
spectrometer (XPS) using ESCA+ (omicron nanotechnology, Oxford Instrument
Germany), equipped with monochromator Al K, (1486.7 eV) source.
Measurement parameters involved 20 and 50 eV pass energy for short and survey
scans, respectively. X-ray diffraction (XRD) was performed to examine crystal
structure and phase purity of samples. All CoFe2O4 samples were characterized by
XRD at room temperature. Powder samples were analysed within 20 range from
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20 to 80°. Phase identification was carried out by XRD PANalytical Empyrean
using Cu K, radiation, at a scanning rate of 0.02° from 10° < 6 < 90°. Surface
morphological studies were carried out using SEM JEOL 6010LA (Japan).
Brunauer-Emmet-Teller (BET) measurements were carried out using BELSORP
MINI II (Japan) analyser. Prior to analysis, the powder sample was oven-air dried
at 363 K, for 48 h, and then under flowing nitrogen, for 6 h, at 573 K.

Electrochemical measurements

Electrochemical measurements were performed with Autolab PGSTAT 302N
workstation (EcoChemie BV, Netherlands). A three-electrode assembly of
Ag/AgCl (reference electrode), platinum wire (counter electrode) and active
material (working electrode) formed the electrochemical cell. The working
electrode was fabricated by casting a Nafion®-impregnated catalyst ink onto a
glassy carbon disc electrode (3 mm diameter). For preparing catalyst ink, 5 uL each
Nafion® and isopropanol were mixed with 1 mg of the material and sonicated for
30 min. Then the ink was drop-casted on the glassy carbon electrode and air-dried.
Linear Sweep Voltammetry (LSV) and Rotating Disk Electrode (RDE)
experiments were performed in an oxygen-saturated 0.5 M H>SOs electrolyte
solution at room temperature. Current density reported in this paper is based on the
electrode’s geometrical disk area. The working electrode was cathodically scanned
from 0.8 t0 -0.2 V (vs Ag/AgCl), at a scan rate of 0.01 Vs in all RDE experiments,
with varying speed of rotation.

Catalyst preparation

Solution combustion method was employed for CoFe>O4 synthesis. In a typical
synthesis of CoFe,04 samples, stoichiometric amounts of Fe(NO3)3; and Co(NO3)2
were dissolved in minimum amounts of deionised water, with subsequent addition
of urea (amount calculated based on propellant chemistry concept) [22] and borax.
The prepared samples were designated as FeCo, 10FeCo, 20FeCo, 35FeCo and
50FeCo, where numerals represent atomic percentage of B from borax added to
the starting reaction mixture.

The obtained homogenous solution was neutralized with ammonia, and kept for
heating, at around 343 K, until a viscous gel was formed. On temperature
increment to 423 K, for 1 h, the gel-like material converted to fine powder, with
visible sparks from the reaction mixture. The obtained fine powder was oven-dried
and calcined at 773 K, for 2 h.

Results and discussion

X-Ray diffraction

Fig. 1 shows diffraction peaks of CoFe>O4 with Miller’s hkl indices of (111), (220),
(311), (400), (422), (511), (333), (440), (533) and (622).

The as-obtained XRD pattern, when compared with CoFe;0s, indicated cubic
phase [31]. Bulk compositions of the samples were found to be unaffected by the
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addition of varying amounts of borax during combustion synthesis. Broadening of
diffraction peaks can be attributed to smaller crystallite size. Average crystallite
size was calculated using Scherrer equation [32], as given below.

- lecc'(/)lse (1)
where k = 0.9, A is wavelength of X-ray, s is full-width half maxima (FWHM)
and 0 is scattering angle.
XRD of a standard silicon sample was recorded prior to measuring samples. In this
method, XRD peak fitting was done, and § value was calculated for each fitted
peak for Bi and B¢ samples. The corrected broadening (Bs) was calculated as:

Bs= (B> - )" 2)

By inserting s value in Scherrer equation, crystallite size was obtained. Average
crystallite size was determined after measuring it for each peak, as above, and it
was found to be 47, 33, 3 and 5 nm, for FeCo, 20FeCo, 35FeCo and 50FeCo,
respectively.
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Figure 1: XRD pattern of synthesized CoFe>Oas.

Scanning Electron Microscopy analysis

SEM images of synthesized samples are shown in Fig. 2.

Samples represent agglomerates of irregular shape. From the micrographs, 20FeCo
was observed to possess more crystallinity, as compared to FeCo, and well-formed
inter-granular pores. On the other hand, FeCo has more flake like layered
appearance with pores. 10FeCo represented a lump like surface, whereas S0FeCo
surface morphology exhibited low porosity. It can be concluded from SEM
micrographs that the catalyst’s surface morphology was modified by the effect of
borax addition in varying amounts during combustion step.
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20FeCo —|_50FeCo
Figure 2: SEM for as-synthesized catalysts.

BET isotherms
Fig. 3 (a) and (b) shows N»-adsorption desorption isotherms for FeCo and 20FeCo.
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Figure 3: BET isotherm of (a) FeCo, (b) 20FeCo, and BJH plots for (¢) FeCo (d) 20FeCo
catalysts.
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Based on IUPAC classification, [33] adsorption isotherms of both samples were
attributed to type IV, with existence of H3 hysteresis loops. A clear hysteresis at high
relative pressure was observed, which is related to capillary condensation associated
with large pore channels. A sharp inflection appeared in adsorption branch of each
isotherm at relative pressure values ranging from 0.4 to 0.7, which indicates capillary
condensation in mesopores. Barret-Joyner-Halenda (BJH) plot depicted in Fig. 3(c)
demonstrates that, in FeCo, pore diameter was in the range from 2 tol0 nm, with
highest pore size distribution of ~6 nm. In Fig. 3(d), pore diameters for 20FeCo were
found to vary from 2.5 to 4.5 nm, exhibiting maximum distribution along ~2.5 to ~3.7
nm range. Specific surface area of FeCo and 20FeCo was found to be 12.66 and 27.68
cm?/g’!, respectively. Specific pore volume of FeCo and 20FeCo was determined to
be 4.1 x 102 and 5.9 x 102 cm?/g, respectively. This incremental effect on surface
area was attributed to the use of borax, as reported earlier [34].

Surface elemental analysis

XPS technique was employed for analysing spinels oxidation state and surface
chemical composition. XPS survey spectra in Fig. 4 shows Co 2p, Fe 2p and O 1s
peaks in synthesized CoFe;Os materials. High-resolution spectrum for each
element was deconvoluted to gain information related to oxidation state.
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Figure 4: XPS survey spectra of CoFe;Os.

In FeCo (Fig. 5), Co 2p3; peaks at 779.53 and 781.84 eV were ascribed to Co?*, at
octahedral and tetrahedral sites, respectively.

Peaks at binding energy of 794.74 and 796.76 eV are due to Co 2p1,2 of hkl indices,
at octahedral and tetrahedral sites, respectively. Shakeup satellite peaks of Co 2p3.2
were observed at 785.37 and 789.31 eV [35, 36], while those of Co 2pi, are at
802.14 and 805.39 eV. In Fe 2p region, the presence of two spin orbit doublets, at
710.69 and 712.45 eV of Fe 2p32, suggests occupation of octahedral and tetrahedral
sites by Fe*". Two spin orbit doublets at 723.61 and 726.30 eV are for Fe 2pi»
region [36]. Peaks at 731.76 and 717.68 eV are satellite peaks for Fe 2pi» and Fe
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2p3n, respectively. These results indicate the presence of Fe’" [35]. Further
quantitative analysis of Fe 2p and Co 2p peaks shows Co/Fe atomic ratio of 1:1.5.
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Figure 5: High resolution deconvoluted XPS spectra of (a) Fe and (b) Co for FeCo.

In 10FeCo (Fig. 6), peaks at binding energy of 782.60 and 797.56 eV represent Co
2p32 and Co 2pin, respectively. Satellite peaks at around 804.34 and 788.19 eV
correspond to two shake-up type of Co?", at high binding energy side of Co 2p3
and Co 2p12 edge, respectively. These indicate the presence of Co?" in the sample.
Peaks at 713.06 and 725.77 eV correspond to Fe 2p3»2 and Fe 2p1» of Fe 2p region,
respectively. Peak at 713.06 suggests the presence of Fe*" in tetrahedral position
[35]. Peak at binding energy 721.03 eV is satellite peak for Fe 2p3». Co/Fe ratio,
as calculated from XPS spectra of 10FeCo, is 1:2.2.
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Figure 6: High resolution deconvoluted XPS spectra of (a) Fe and (b) Co for 10FeCo.

712.34 and 725.38 eV peaks correspond to Fe 2ps2 and Fe 2p1.2, for 20FeCo (Fig.
7). At 717.4 eV, lies satellite peak for Fe 2p32, where Co region was deconvoluted
into 4 peaks. Peaks at 781.61 and 797.14 eV are responsible for Co 2ps, and Co
2p1n, respectively. Shake-up satellite peaks at 786.76 and 803.29 eV represent Co
2p32 and Co 2pin, respectively. Energy difference of about 4 to 6 eV above Co
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2p3» peak is characteristic of Co?" ion [35-38]. Atomic ratio of Co/Fe was
calculated to be 1:0.98, for 20FeCo.
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Figure 7: High resolution deconvoluted XPS spectra of (a) Fe and (b) Co for 20FeCo.

In 35FeCo (Fig. 8), binding energy of 712.29 and 725.04 eV represents Fe 2ps»
and Fe 2p1,, respectively, and 717.13 eV is satellite peak for Fe 2p3/2 [36]. Binding
energy of 781.88 and 797.09 eV was due to Co 2p3» and Co 2pi12, respectively.
Binding energy of 786.72 and 803.31 eV correspond to satellite peaks for Co 2p3»2
and Co 2p1.2, respectively. Co/Fe ratio for 35FeCo was calculated as 1:1.
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Figure 8: High resolution deconvoluted XPS spectra of (a) Fe and (b) Co for 35FeCo.

In 50FeCo (Fig. 9), peaks at binding energy of 712.64 eV and 725.50 eV were due
to Fe 2ps2 and Fe 2p1., respectively. At 718.82 eV lies satellite peak for Fe 2p3)».
In Co 2p region, peaks associated with binding energy of 781.90 and 796.94 eV
were due to Co 2ps3» and Co 2pip, respectively. Binding energies of 786.57 and
790.67 eV are assigned as satellite peaks of Co 2p3. Peak at 802.05 eV was due
to Co 2p1/2. Absence of a high-resolution spectrum obtained for Co 2p, around Co**
A-site position (798.5 eV), indicates the presence of Co?" in catalysts [36]. Surface
atomic ratio Co/Fe was found to be 1:2.3 for 50FeCo.
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Fe and Co 2p and shake-up satellite peaks confirmed +3 and +2 oxidation states of
Fe and Co in prepared catalysts, respectively. These results demonstrate that the
catalyst has a surface composition of Fe*" and Co?" metal ions. Fe and Co were
present in octahedral and tetrahedral sites of the spinel, respectively.
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Figure 9: High resolution deconvoluted XPS spectra of (a) Fe and (b) Co for 50FeCo.

Electrochemical characterization
To assess ORR electrocatalytic activity of synthesized CoFe>O4, LSV polarization
curves were recorded in a nitrogen and oxygen purged 0.5 M H>SO4 electrolyte
solution (Fig. 10). A substantial cathodic current peak was observed for FeCo
catalyst (Fig. 11) in oxygen-saturated electrolyte, as compared to a featureless LSV
in nitrogen-saturated electrolyte. This behaviour suggests electrocatalytic activity
of as-prepared catalysts towards cathodic ORR.
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Figure 10: LSV of FeCo in 0.5 M N> and O»-saturated.
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RDE voltammograms of all catalysts at various rotation rates are shown in Figs.
11to 15.
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Figure 11: RDE voltammograms of FeCo at various rotation rates in 0.5 M H>SOa.
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Figure 12: RDE voltammograms of 10FeCo at various rotation rates in 0.5 M H2SOa.
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Figure 13: RDE voltammograms of 20FeCo at various rotation rates in 0.5 M H2SOa.
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Figure 14: RDE voltammograms of 35FeCo at various rotation rates in 0.5 M H2SOa.
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Figure 15: RDE voltammograms of 50FeCo at various rotation rates in 0.5 M H>SOa.

RDE polarization curve for each catalyst at 2000 rpm is depicted in Fig. 16.
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Figure 16: RDE voltammograms of different CoFe>O4 catalysts at 2000 rpm in 0.5 M

H2SOs4.
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Increasing trend of current density from 0.15 to 3.56 mA/cm? was observed in
ascending order for catalysts labelled FeCo to 50FeCo. This behaviour is
accounted to the increase in amount of borax additive from 10 to 50 at% B during
synthesis process, indicating that higher quantity of oxygen molecules are
adsorbed and reduced on the metal oxide catalyst’s surface. This positive trend in
current density may be attributed to the incremental effect of surface area, as
evident from BET surface area analysis (vide supra).

It is also observed in Fig. 16 that onset potential for ORR 1s 0.67 V for FeCo and
10FeCo. ORR onset potential shifted to 0.77 V, for 20FeCo, 35FeCo and 50FeCo.
This behaviour indicates that borax additive has a beneficial effect on
electrocatalytic activity of FeCo spinel.

As evident from onset potential for ORR of these samples, activity order was: FeCo
~ 10FeCo <20FeCo ~ 35FeCo =~ 50 FeCo. Onset potential is much lower compared
to 0.84 to 0.86 V, reported for M—Ti/carbon black (M: Fe, Co) [12] and
FeCo/MWCNT electrocatalysts prepared by [11]. Onset potential of ~0.8 V was
showed by CoxMoi1xNy/N-doped carbon nanocage hybrids with x > 0.35 developed
by [13]. ORR peak potential for different CoFe>O4 in Fig. 16 was observed to be
0.51 and 0.48 V, for FeCo and 20FeCo, respectively. ORR peak potential shifted
to much lower values of 0.28 V and 0.21 V, for 35FeCo and 50FeCo, respectively.
Here, the increase in peak current is due to the change in number of electrons
transferred, in accordance with Eq. (4). Non-involvement of any carbon support
material in this present study may be the reason for lower onset potential and higher
overpotential. It is surmised that some structural changes might have hindered
oxygen adsorption on the catalyst surface and hence catalysis.

The number of electrons transferred during ORR process can be obtained from the
analysis of Koutecky-Levich (K-L) plot, which involves following equations [39]:

1 1 1 (3)
—_ =4 —
I 1,
2 11 4)
Ii= O.ZOInFACozDg2 v sw2and [y = nFkCy

where [r and [; are kinetic and diffusion limiting current, A is electrode area (in
cm?), D is diffusion coefficient, ® is rotation rate in rpm, v is kinematic viscosity
of electrolyte solution, C is bulk oxygen concentration in electrolyte, n is number
of electrons transferred and £ is electron transfer rate constant.

The number of electrons involved in ORR was calculated based on K-L equation
from their best linear fitted slopes. Slope of K-L plots for different catalysts (Fig.
17) revealed transfer of ~2e™ for FeCo and 10FeCo. For catalysts labelled 20FeCo
and 50FeCo, electrons involved on ORR were calculated to be ~4e™. For 35FeCo,
~3e transfer was accounted for ORR process. It should be noted that four-electron
transfer during ORR is desirable for achieving high electrocatalytic efficiency [2].
During 4e~ transfer process in ORR, oxygen is reduced to oxide ion (O*), which
forms H>O in the presence of H' ions at cathode-electrolyte interface. But a 2e”

406



Disha Soni et al. / Portugaliae Electrochimica Acta 45 (2027) 395-412

transfer process in ORR results in formation of peroxide ion, which is detrimental
to the electrode catalyst.
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Figure 17: K-L plot derived from RDE voltammograms at various rpm.

Diffusion current corrected Tafel plot was plotted for each catalyst, as shown in
Fig. 18. Tafel slopes obtained for different catalysts at 1600 rpm are compared in
Table 1. Lower Tafel slope values of 66.4, 80.9 and 75 mV/dec were obtained for
FeCo, 10FeCo and 20FeCo, respectively, which signifies faster charge transfer
ORR kinetics on these catalysts. However, Tafel slope values of about 233.5 and
149.5 mV/dec, for 35FeCo and 50FeCo, respectively, established sluggish ORR
kinetics.
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Figure 18: Tafel plot of different catalysts derived from RDE voltammograms at 1600 rpm.
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Table 1: Comparison of electrocatalytic parameters for the catalysts.

Tafel slope @ No. of electrons Iorr ORR Onset
Catalysts (mV/dec) (charge transfer  transferred (mA/cm?) potential potential
coefficient) (0] (0]
FeCo 66.38 0.88 ~2 0.15 0.51 0.67
10 FeCo 80.87 0.73 ~2 0.19 0.49 0.67
20 FeCo 75.02 0.78 ~4 1.44 0.48 0.77
35 FeCo 233.46 0.25 ~3 1.82 0.28 0.77
50 FeCo 149.45 0.39 ~4 3.56 0.21 0.77

Since lower Tafel slope values indicate favourable kinetics, they have been
associated with excellent ORR activity. A higher Tafel slope is indicative of the fact
that the overpotential increases readily with current density, leading to lower ORR
catalytic activity. Lower Tafel slope values for FeCo, 10FeCo, and 20FeCo are
comparable to the ones reported in literature. Tafel slopes from 65 to 68 mV/dec™,
for carbon-supported Fe-doped graphitic carbon nitride (Fe-g-C3Ns@C), have been
reported by [14]. Different FeCo-N-rGO materials synthesized by [14] have
exhibited Tafel slopes of 81 and 151 mV/dec, respectively. CoFeNy/C catalysts
prepared by pyrolysis of cobalt porphyrin and hemin, as reported by [16], indicated
a higher Tafel slope of 135 mV/dec. Charge transfer coefficient (o) values are shown
in Table 1. The larger value of a signifies higher fraction of interfacial potential at
the electrode-H>SOs4 electrolyte interface, which helps in lowering free energy
barrier and hence, creates greater catalytic efficiency. a values were higher for
FeCo, 10FeCo and 20FeCo and lower for 35FeCo and 50FeCo spinel oxides.

This study established that the catalyst’s surface property overpowers bulk
behaviour. XPS and electrochemical analysis of the catalysts, as discussed earlier,
established that elemental composition of Fe:Co = 1:0.98, for 20FeCo, showed
better ORR performance amongst studied CoFe2Os.

Conclusions

CoFe204 were synthesized by an economic energy efficient solution combustion
method. Borax was added in varied amounts (10 to 50 at% B) during synthesis, to
induce crystallization process with low crystallite size. BET surface area results
established the effect of borax as an additive. ORR electrocatalytic activity of
CoFex0O4 studied by RDE voltammetry indicated that catalytic current density
increased from FeCo onwards to 50FeCo. Lower Tafel slopes and overpotential
were observed for FeCo, 10FeCo and 20FeCo. Herein, it was established that
among studied catalysts, 20FeCo is superior, due to electrochemical parameters
such as lower Tafel slope, higher charge transfer coefficient and lower ORR
overpotential.
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