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Abstract

To develop an inexpensive, earthabundant, efficient, and stable catalyst is very crucial for the
realization of renewable energy for practical applications, but it is a difficult task. In this research
study, we have deposited Co3zO4 nanoparticles on polyvinylpyrrolidine (PVP) through electro-spun
technique followed by carbonization. The structure and composition studies were carried by
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and powder X-ray
diffraction (XRD) techniques. The Co30O4 nanoparticles are deposited on the nanofibers of PVP
with improved surface area and conductivity, therefore the hybrid material has shown an excellent
oxygen evolution reaction (OER) in alkaline media. The onset potential for the presented OER
catalyst is about 1.46 V versus reversible hydrogen electrode (RHE) and an overpotential of 280
mV is needed to reach a current density of 10 mAcm. The Co3O4 nanoparticles are highly durable
for 20 hrs and very stable. The low charge transfer resistance of 29.23 Ohms is offered by the
Co0304 hybrid material which facilitated the OER kinetics in alkaline media. These obtained OER



results may be utilized for the overall water splitting and the synthetic strategy is low cost, thus it

favors the mass production of functional materials for diverse electrochemical applications.
Keywords. Carbonized Co304 nanoparticles, polyvinylpyrrolidone, oxygen evolution reaction.
1. Introduction

The water splitting reaction on the surface of electrocatalyst describes the [H O — O + 2H>]
production of hydrogen and oxygen gases and it is considered one of the potential strategies for
the generation of green Hz and O: based fuels renewable energy applications [1, 2]. Unfortunately,
the big barrier in water electrolysis is oxidation reaction at the anode which consumes large
overpotential and it demonstrates a dead kinetics for the oxygen evolution reaction (OER) as OER
process is followed by the four-electron transfer [3, 4, 5]. For this reason, numerous research
activities have been carried out for the design of highly active electrocatalysts with a low
overpotential and enhanced OER kinetics [6]. The noble materials like RuO> and IrO2 have been
testified so far as efficient OER electrocatalysts to date [5]. Inherently, these precious materials
are limited in use at large scale due to their high cost, scarcity, and poor chemical stability in basic
media. The development of new nonprecious catalysts for OER application, it is highly needed to
consider the cost of fabrication to capitalize them for industrial applications. At the present, we
have only Ir/Ru based materials as efficient towards OER, however they are restricted by their
high cost. Therefore, it is very important to develop and fabricate a nonprecious, earth abundant
and efficient OER electrocatalysts. For this purpose, an intense progress has been made for the
synthesis of earth abundant and low cost OER electrocatalysts [7, 8]. Despite this, more facile and
low-cost techniques are needed for the fabrication of active electrocatalysts based on earth
abundant materials. The use of first 3d series transition metal based electrocatalysts has been
considered at large extent for the OER application due to their low cost, earth abundance and
tunable 3d electronic properties [9]. These 3d transition metal-based compounds are utilized in
OER catalysis in different forms such as metal oxides [10, 11], perovskites [12], metal
oxy/hydroxides [13,14], metal phosphates [15], and organic frameworks [16]. Among them, cobalt
oxide Co304 in spinel structure is of high importance due to its unique properties like high activity
[17], significant stability [18], and very suitable over wide range of electrolytic pH [19]. Also,
Co304 is low-cost material and has high abundance in nature. The use of Co30s4 as OER

electrocatalyst with large surface area and high-density active sites is appreciated by the scientific



community as it favors Co3O4 for practical applications. Various synthetic methods have been
used to produce nanostructured Co3O4 including hydrothermal [20], casting [21] and plasma
engraving [22]. The Co304 has been produced into various morphologies like nanowires/nanorods,
nanofibers, nanotubes, nanoparticles, nanoflakes and nanosheets through wet chemical and
electrochemical methods [23-26]. Moreover, the electro-spinning method is promising for the
preparation of nanostructured materials like nanofibers which accelerate the ion mobility between
electrode-electrolyte interfaces [27] due to their large surface area and porosity. The electro-
spinning technique has been used for the preparation of Co30Os onto polyvinylpyrrolidone (PVP)
fibers to produce composite nanostructure for oxygen reduction reaction [28]. The electro-spun
composite nanostructure of RuO>—Co304 has been reported with improved catalytic activity for
the oxygen reduction reaction [29]. The work is novel in terms of functional properties by
demonstrating the OER activity in alkaline media for the first time on cobalt oxide nanoparticles
deposited on PVP fibers followed by carbonization. Also, the used strategy is facile, low cost,
environment friendly and highly suitable from mass production of functional materials for the
diverse electrochemical applications. In this study, we present a simple methodology for the
synthesis of OER electrocatalyst using PVP carbon nanofibers as a carbonized source for the
deposition of Co30s nanoparticles by electro-spinning method. The Co3z04 nanoparticles are
characterized by XRD, SEM, and EDs techniques. These nanostructured showed an enhanced
OER activity in 1.0M KOH with an overpotential of 280 mV for 10 mAcm™. Also, the composite

catalysts are durable for 20 hrs.
2. Experimental Section

The Cobalt nitrate hexahydrate, polyvinylpyrrolidine PVP, 20% RuO/C and ethanol were
received from Sigma Aldrich Karachi Pakistan. The chemicals were used as received. The Co304
nanoparticles were deposited on PVP nanofibers by electro-spinning method and a detail
methodology is as described. The PVP fibers were produced according to the reported work [30].
First, 0.4g of cobalt nitrate hexahydrate were mixed in 1.6 mL of H>,O and 0.4 g of PVP in 2.4 mL
of ethanol. Both solutions were kept on stirring for 2 h, then mixed. Then a 19-gauge needle was
filled with this solution and electro-spun was performed at the flow rate of 0.3 mL/h at 20 kV with
separation distance of 15 cm. The nano fibers product was deposited on the aluminum foil and

thermally treated at 500 °C for 5 hrs in air to get carbonized Co304 nanoparticles. . The pristine



Co304 nanostructures were prepared by hydrothermal method using equ-molar concentration
(0.1IM) of cobalt nitrate hexahydrate and urea at 90 °C for 5 hrs. Afterwards calcination was
performed at 500 °C for 5 hours in air. The composition and crystalline structure were studied on
Philips’s powder diffractogram technique using CuKa radiation (A = 1.5418 A), 45KV and 45 mA.
The SEM measurement was done at at 3 kV and' to ' Scanning electron microscopy was carried

out with a ZEISS Gemini SEM 500 equipped with field emission gun.
2.1. Electrochemical experiments

The carbonized Co304 nanoparticles were used to modify glassy carbon electrode (GCE). The
GCE was rubbed with 1pm and 0.05 um alumina pastes then washed with water. Then sonication
was performed on the GCE and rinsed several times with ethanol and left to dry at room
temperature. The geometrical surface area of 0.021 cm? of GCE was used. The catalyst slurry was
as prepared by mixing Smg/ml of each material such as Co3z04 carbonized Co30s nanoparticles
and pristine C0304 in 0.8 mL of ethanol and mechanically stirred then a Sul of 5% Nafion were
added as binder. Afterwards, SuL of catalyst was deposited on GCE with a mass of (0.2mg) and
dried at room temperature. The use of carbonized Co3O4 nanoparticles and pristine CozOg catalyst
ink onto the glassy carbon electrode was done separately. The electrochemical measurements were
performed on three electrode setup including graphite rod as counter electrode, silver-silver
chloride as reference electrode and catalyst modified GCE as working electrode.
The cyclic voltammetry (CV) was used to stabilize the working electrode prior to linear sweep
voltammetry (LSV). The LSV was performed at scan rate of I mV/s in 1.0M KOH the EIS spectra
were recorded from 100 kHz to 1Hz using sinusoidal potential 5 mV and 1.51 V vs RHE in 1.0M
KOH. All the potential is converted into RHE using Nernst equation. For the calculation of current
density, the measured current was divided by the geometrical surface area of GCE. For better
understanding, a brief schematic diagram illustrating the synthesis process and electrochemical

analysis is shown in Figure 1.

3. Results and discussion

To analyze the morphology of different nanostructured materials via scanning electron microscopy

(SEM) as enclosed in Figure 2. It is found that the nanofibers of PVP are successfully formed as



shown in Figure 2c. They are decorated with the nanoparticles of Co30O4 and exhibit a dimension
of several microns and an average diameter of 300-500 nm as shown in Figure 2b. The pristine
Co304 possessed a plate like morphology as shown in Figure 2a. The XRD analysis was carried
on the pristine Co304 and carbonized Co304 nanoparticles and the prominent diffraction patterns
111, 022, 113, 222, 004, 133, 224, 115, 044, 135, 244, 026, 335, and 226 were found as enclosed
in Figure 2d. The XRD results of both pristine Co30O4 and carbonized Co304 nanoparticles are
consistent with the reference card no. 96-900-5895. No another suspicious or impurities were
identified by XRD measurement. The chemical composition analysis by EDS shows that a
quantified amount of 4.3% of carbon is present in the composite samples which revealed the
existence of carbon from PVP fibers as shown in Figure 3. An impurity of Sn was found which
appeared from the fluorine doped tin oxide substrate on which analysis was carried out. The Co
and O are the main elements in the sample as described in Figure 3. The carbonized Co304
nanoparticles have enhanced conductivity and surface area which favored an efficient OER

kinetics.

The OER activity of carbonized Co304 nanoparticles, bare PVP fibers, 20%RuO,/C and pristine
Co304 was tested in 1.0 M KOH electrolyte using three electrodes set up as shown in Figure 4a.
The LSV polarization curves were measured for the pristine Co30s, carbonized Co0304
nanoparticles, bare PVP and 20%RuO>/C. It is highly needed to design nonprecious OER catalysts
with a low overpotential. The pristine Co3O4 nanoparticles are experienced by large over potential
due to their poor electrical conductivity and a smaller number of catalytic sites. Pristine C0304
showed a poor activity, however the carbonized Co30O4 nanoparticles have improved the catalytic
performance with an overpotential of 280 mV to produce a 10 mAcm™2. The use of PVP fibers as
a carbonized source not only increased the electrical conductivity of Co3O4 nanoparticles but it
also has lifted uniform dispersion of Co3O4 nanoparticles, and exposed of large number of active
sites, thus an enhanced OER activity is demonstrated. The bare PVP fibers are found catalytic
inactive; therefore, they only provided a high surface area to the Co304 nanoparticles. The
inactivity of PVP fibers shows that the OER activity is mainly coming from the Co03O4
nanoparticles, and it could be safe to say that the increase in the surface area for a metal oxide
nanostructure may have high potential to accelerate the OER kinetics. The meritorious activity of
20%Ru0,/C was observed with an overpotential 160 mV to reach a 10 mAcm™. As, it is well

known that the RuO> being a noble catalyst is limited by the widespread use due to its high cost
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and rare abundance. However, the carbonized Co3O4 nanoparticles being a low cost, earth
abundant and improved OER activity can be used at large scale for practical applications. The
scale up features of proposed material can be capitalized for the overall water splitting. The
superior OER performance of carbonized Co3O4 nanoparticles might be assigned to their high
surface to volume ratio, excellent conductivity, and fast diffusion of electrolyte. The OER kinetics
is well explained by the Tafel plots extracted from the linear region of LSV curves. From Figure
4b, it is obvious that RuO» exhibited a lower Tafel value of 55 mVdec'compared to our Co3O4
hybrid material 96 mVdec™'. The proposed hybrid material is nonprecious, and the obtained Tafel
slope is still low and acceptable which highlight the favorable OER kinetics. The Tafel slope value
of Co304 hybrid material is comparable to the recently reported results [31]. The pristine Co304
possess a Tafel slope of 103 mVdec! which is bit higher compared to the Co30s composite
material. This illustrates that the PVP nanofibers improved OER kinetics of Co304 by providing
large surface area and improved the conductivity of Co3Os through carbonization. The Tafel
plotting is used to understand the limiting mechanism of the electrochemical process. The OER
kinetics on the surface of Co304 composite, systems were evaluated by Tafel plots under alkaline
conditions. The Co304 composite material exhibits a low Tafel slope as compared to pristine Co3O4
and PVP. The OER mechanism is not well understood in the literature, however, it involves the 4-
electron transfer process, thus considered kinetically sluggish. Generally, the Tafel value of 120
mVdec™! indicates the limiting path involving a first electron transfer step, the slope of 60 mVdec-
!'is revealing that kinetics is controlled by the adsorption, whereas the Tafel slope of 40 mVdec'!
is involving the second electron transfer step [32, 33, 34]. The Tafel slope of Co3O4 hybrid material
i1s suggesting the OER kinetics followed by the chemical step. The long-term usability of

nonprecious catalyst is a big challenge and we investigated it at constant current density.

The durability experiment was performed on the Co30s composite material using
chronopotentiometry test at a constant current density of 20 mAcm for 20 h as shown in Figure
4c. The durability test has verified the stationary state of the catalyst without any drop of the
potential; however, some fluctuation could be seen due to the bubbling of oxygen gas. The
negligible loss of potential at constant current density suggests that the Co3O4 composite material
has high potential for practical applications especially in water electrolyzer. To support the

durability results, we measured the LSV curves before and after the durability test and observed



no decay in the onset potential as shown in Figure 4d. The stability experiment indicates that the

composite material has maintained the overpotential even after the durability test for 20 h.

It has been believed that the activity of a catalytic material is linearly related to the density of
active sites and the intrinsic characteristic of individual active site. For this purpose, the
electrochemical double layer capacitance (Cdl) which is inherently associated to the
electrochemical active surface area (ECSA) was quantified by the CV study at different scan rates
in non-Faradic region as shown in Figure 5 [35]. It can be seen from Figure Sc the Cdl of pristine
Co304is 11.9 uF cm™? and Co304/PVP is 26.4.9 uF cm™. It is obvious that the carbonized Co304
nanoparticles exhibit a double value of Cdl and it suggests that the more density of catalytic sites
are produced in the composite material and it highlights the scientific reason for the improved

OER performance.

To access the deeper insight into the improved catalytic performance of Co3O4 composite material,
the electrochemical impedance spectra were recorded for the frequency 100 kHz to 1Hz at OER
at a potential of 1.51 V versus RHE as shown in Figure 6. Figure 6a, b shows the Bode plots which
indicate the low resistance in the film of Co304 composite compared to the pristine Co3O4. Figure
6¢ shows the Nyquist plots for the Co304 composite and pristine Co3O4 which again confirms the
low charge transfer offered by the Co304 hybrid material during the OER process and these
observations supports the claims made on the LSV results. The simulated impedance results for
the circuit elements are given in Table 1. The Co304 hybrid material bears a low charge transfer
resistance of 29.23 Ohms which is three times lower than the pristine Co304 94.98 Ohms, thus it
explains the reason for the outperform performance of Co30s4 hybrid material. The results of
impedance are strongly supported by the reported studies [36, 37]. The capacitance double layer
value of 1.11 mF was also found for the Co3O4 hybrid material which is higher than the pristine
Co304 0.68 mF. The OER performance of Co304 composite was also compared with already
reported OER catalysts as given in Table 2. The OER activity of Co3O4 composite material is

better in terms of low overpotential compared to the published results.



4. Conclusions

In summary, we have deposited Co3O4 nanoparticles on PVP fibers via electro-spun method
followed by carbonization. The prepared materials of Co3O4 are well characterized by SEM, EDS
and XRD. The high surface area and enhanced conductivity of Co30s composite due to
carbonization have made an advancement in the design of efficient nonprecious electrocatalyst for
OER in 1.0M KOH aqueous solution. The Co304 composite exhibited a low overpotential of 280
mV at 10 mAcm™. Also, they showed a Tafel slope of 96 mVdec™'. Furthermore, EIS analysis
described the low charge transfer resistance of 29.23 Ohms for the Co30s composite and it
confirms the faster charge transport during electrochemical reaction. These results motivate that
the carbonized Co30O4 nanoparticles are the potential materials for several applications particularly

in the field of energy and environment sciences.
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Figure Captions

Figure 1. Schematic diagram showing the synthesis process and electrochemical analysis

Figure 2. a. pristine Co30s, b. Co304/PVP, c. nanofiberes of PVP, d. XRD for pristine Co3O4 and
Co304/PVP

Figure 3. Elemental mapping and EDS spectra of Co3;04/PVP

Figure 4. a. LSV curves at scan rate of 1 mV/s of pristine Co304, Co304/PVP, PVP fibers,
20%Ru0/C in 1.0M KOH, b. Tafel plots, c. chronopotentiometry experiment at 20 mAcm for
20 h, d. stability before and after the durability test

Figure 5. (a-b) CV curves of pristine Co304, and Co304/PVP at different scan rates in 1.0M KOH,
c¢. Linear fitting of current density versus scan rate for the calculation of Cdl of pristine Co304, and

Co304/PVP

Figure 6.EIS spectra for pristine Co304 and Co304/PVP, at 100 KHz to 1Hz, amplitude 5 mV and
OER onset potential in 1.0M KOH, a.b. Bode plots, ¢. Corresponding Nyquist plots

14



Figure 1

Co(NOs)2:6H-0 PVP

Co(NO):-6H:0 PVP = B
— O~ v4)
\/_/ 500 °C for 5
-

Stir Mixture Electrospinni
ol JEN— Y —

Water — Ethanol. — -
= — e

n

— PVP
Pure Co,0,

o Co,0,/PVP
~—— RuO,

Current density (mA/cm?)

15



Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6

d
-40
—— Pure Co,0,
-30 4 —+— Co0,0,/PVP
o)
[9)
=
()
o) -20 4
C
<
o)
8
8 -10-
o
0
10" 10° 10" 10° 10® 10* 10°
C Frequency (Hz)
—— Pure Co,0,
—e—Co0,0,/PVP
401
€
Y -
e
N 20-
O- T T T
20 60 100
Z' (Ohm)

120+

90+

601

12| (Qem?)

304

—— Pure Co,0,

—— Co0,0,/PVP

10"

20

10°

100 102 10°
Frequency (Hz)

10*

10°



Table 1. EIS fitting values for the circuit elements

Catalyst Rct (Ohm) Cdl (mF)
Co0304 94.98 0.68
Co0304 nanofibers 29.23 1.11

Table 2. Comparison of presented Co3O4 nanoparticles deposited on PVP fibers with various

published results.
Catalyst Overpotential | Tafel slope Reference
mV mV dec’!
CoCo LDH 393 59 38
CoOx@CN ~385 N/A 39
Co-P films 345 47 40
MnCo20x >410 84 41
Co0304/N-rmGO 310 67 42
NiCoOx 420 N/A 43
N-G-CoO 340 71 44
NixCos-xO ~370 59~64 45
CoCo LDH 393 59 46
CoOx@CN ~385 - 47
Co-P films 345 47 48
NixCo3-xO ~370 59~64 49
NixCo3-xO ~370 59-64 50
CoCo LDH 393 59 51
CoOx@CN ~385 N/A 52
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Co-P films 345 47 53
MnCo,0x >410 84 54
C0304/N-rmGO 310 67 55
Carbonized 280 96 Present work
Co0304

22




