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Abstract
In this study, a new strategy has been produced to use a rotten apple juice as a source for the
surface modification of Co304 nanostructures, giving rise to efficient electro-catalysts for driving

oxygen evolution reaction (OER) at relatively low over potential. We have studied the



morphology, chemical composition, and crystalline aspects of Co3O4 nanostructures using
different analytical techniques. The Coz04 nanostructures grown with rotten apple juice were
observed with low impurity of Fe and P, surface modification, reduced particle size, high
concentration of oxygen vacancies, defects and cubic phase of Co3z0,4. Furthermore, we have
used the surface modified Co3O,4 nanostructures for water electrolysis and noticed the significant
performance towards OER in alkaline conditions. The electrochemical characterization revealed
that the Co3O,4 nanostructure prepared with 20 mL of rotten apple juice exhibits an overpotential
value of 269 mV at 20 mA/cm? current density. The charge transport resistance (Rct) at the
interface was estimated around 118.9 Q, confirming an excellent reaction kinetics on the Co304
nanostructures and highly supported efficient performance towards OER. The Co0304
nanostructures prepared with 20 mL of rotten apple juice has shown an acceptable durability for
40 h, verifying the long-term use. The performance of Co3zO4 nanostructures with apple juice
could be attributed to high oxygen vacancies due to high density of Co?* ions on the surface,
impurities of Fe and P, reduced nanoparticle size, defects in the structures, and favorable
chemical composition. At the end, surface modified Co3;O,4 nanostructures was observed as an
outperformed electrocatalyst when prepared with rotten apple juice. Therefore, this can be used
in diverse purposes including energy conversion and storage applications.

Keywords: Rotten apple juice, Natural reducing agents, Co3zO4 nanostructures, Oxygen evolution
reaction

1. Introduction

In 2008, world energy consumption was approximately 11306.83 Mtoe and it has been increased
about 13864.9 Mtoe in 2018 with a significant difference of 255.8 Mtoe/year [1]. For this reason,
United Nations postulated the sustainable goals for renewable energy [2]. Therefore, the
production of renewable energy resources has been grown successfully among various forms like
solar [3], hydro [4], geothermal [5], bio waste [6], fuel cell [7-8] etc. Fuel cell development has
gotten much attention because of higher efficiency, low capital cost, durable [9] and can be used
directly for various purposes such as automotive [10-11] and electricity generation [12]. The
development of efficient fuel cells, we need high amount of green fuels like hydrogen (H) and
oxygen (O) [9-12]. The hydrogen gas is considered a high-density fuel compare to that of
gasoline and methane [13], however there is no free avaiablity of hydrogen gas in nature.

Hydrogen production from various chemical compounds has been carried out, however it



requires high energy demand and consequently the hydrogen production seems very costly [14].
Hence, researchers are focused on the hydrogen production from simple and toxic free
environment, especially water splitting. Hydrogen generation from water dissociation is found to
be the most efficient, environment friendly and renewable technology. Thermodynamically,
1.23 V energy is required to produce half mole of hydrogen gas from water molecule, this is an
enormous amount of energy. Therefore, scientists are investigating large number of
electrocatalysts to lower this energy barrier and bring it close to minimum potential value [15-
19]. Currently, hydrogen production approximately 4% is obtained from water electrolysis [20],
this low amount of hydrgen genration from water splititn is mainly associated to high energy
demand and cost. Furthermore, water splitting involves two parallel processes: hydrogen
evolution reaction (HER) at cathode and oxygen evolution reaction (OER) at anode. The HER is
followed by two electron transfer and OER involves four electrons transfer process. Another
challenging aspect for the efficient production of hydrogen gas from water splitting is due to
difficulty of four electron transfer during OER process and it is known as a bottleneck barrier for
the complete exploitation of hydrogen generation from water splitting to date. To overcome this
barrier, an efficient OER electrocatalyst is need of immediate time for active and complete
successful water catalysis process. At the moment, OER process is mainly characterized by the
noble materials based electrocatalysts such as ruthenium oxide (RuO), palladium oxide (PdO)
and Iridium oxide (IrOy) [21,22,16], however their noble and scared nature is a big barrier to
capitalize them for large scale water electrocatalysis. Thus, various nonprecious and earth
abundant OER electrocatalysts have been developed including metal chalcogenide [23], metal
hydroxide [24], metal phosphide [25], nano-carbons [26] and metal oxides [22] etc. The
transition metal based electrocatalysts, particularly metal oxides of Sc, Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, and Zn [27-29] are found to be catalytically active due to partial electronic view of d-
subshell [17].

Among them, cobalt oxide (Co30,) is a low cost, earth abundant, environment friendly and
exhibiting a spinel like crystal structure governed by mixed oxidation states of Co?* and Co**
enabling it as a strong candidate for the development of new generation of Co3zO4 based OER
electrocatalysts [30-32, 33-36]. After knowing the scientific uniqueness and attarctive aspects of
d subshell electronic environment Co in Co30,, and its prodctuon from earth abudnant materials,

that makes the curisou researcherfs to investigate and enhance its perforamnec toarwds



electrochemcla reactions. Howeevr, its perfroamnce is limited by several factors such as poor
chemisrption, durability issue, and low catalytic actvitiy. The extended research studies have
been carried out to address the weak aspects of Co30,4 through improvement in crystal arrays,
morphology and adapting specific synthetic strategies [22,37-39]. The reducing agents like
glucose, sucrose, fructose, starch and ascorbic acids have been used previously during
hydrothermal-combustion methods for tuning the physical and chemical properties of Co304
nanostructures [40-45]. Numerous methods have been used to prepare nanostructured materials
like mechanical milling [46-48], co-precipitation [46-48], hydrothermal [47-52] and biological
[48-53]. Among them, the biomass waste based synthetic approach is green, low cost and
involve minimum toxic chemical compounds for tuning the functionality of nanostructured
materials [48-52] . Different parts of plants have been studied like leaf, root, latex, seed, and
stem during the synthesis of various nanostructured materials [50-52]. The =plant extracts offer
the wide range of favorable chemical compounds like flavonoids, saponin and different phenolic
with chelating/ reducing/ capping agent properties. They have been found highly useful to
control on the size and dimension of different nanostructured materials [50-64]. Very
surprisingly 1.3 million biomass waste of apple is being thrown away every year and the rotten
apple his high source of rare iron and phosphorous dopant and containing the variety of naturally
reducing agents. Hence, it has been wasted since long time irrespective of its favorable chemistry
for tuning the functional properties of nanostructured materials. The rotten apple juice not only
contains Fe/P but is rich with many of the reducing agents like glucose, sucrose, starch,
polyphenols and ascorbic acid [65], and they can be considered as potential candidates for the
surface modification of nanostructured electrocatalysts. The presented approach of using rotten
apple juice is green and innovative, and it could be of great interest for enhancing the

performance of a wide range of nanostructured materials.



It has been shown that the chemistry of fresh apple and rotten apple is almost same.
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Figure 1: Main reducing constituents of rotten apple juice with their chemical structural view

Keeping the importance of green energy, unique features of Coz0,, and useful aspects of green
synthesis, we have focused on the surface modification of Co3O4 nanostructures using rotten
apple juice. There is no work done on the use of rotten apple juice for tailoring the surface based
electrocatalytic properties of nanostructured Co3;O4 material due to the presence of natural
reducing agents such as glucose, sucrose, starch, polyphenols and ascorbic acid  towards
efficient OER reaction. Furthermore, the point of care in this study, we presented was the useful
utilization of biomass waste of rotten apple juice. This is a natural raw material and it has
potentially changed the catalytic properties of Co3O4 nanostructures and contributed its
alternative role by lowering the cost of fabrication of material, limited the high use of toxic
chemicals, involving the eco and environment friendly nature. The biomolecules carried by the
rotten apple juice are associated with high density of oxygenated groups which could effectively
modify the surface of Co304 nanostructures, consequently an enhanced OER activity is expected.
Such aspects of rotten apple juice were not studied for the enhancement of catalytic properties of

any nanostructured material and we for the first time realized and exploited theses beneficial



aspects of rotten apple juice for the development of improved Co3O,4 based electrocatalyst for the

OER half-cell reaction of water splitting.

In this study, we have used green approach of biomass waste of rotten apple juice for surface
modification of Co304 nanostructures using hydrothermal method. We have studied the surface
chemical composition, morphology, crystal arrays, and OER aspects of produced Co304
nanostructures. The doped Co3O4 nanostructures with iron and phosphorus with the volume of
20 mL of rotten apple juice has demonstrated an overpotential of 269 mV at 20 mAcm™ and it

has been observed highly durable for 40 h.

2. Experimental Section

2.1 Materials

Cobalt chloride hexahydrate (CoCl,.6H,0), rotten apple juice, urea (CH, N, O), 85% potassium
hydroxide (KOH), alumina 3um (Al,O3) slurry, 20%ethanol (C,HsOH), and silicon paper,
purchased from Sigma Aldrich Karachi, Sindh Pakistan. The desired solutions related to material

synthesis and electrolyte were prepared in the deionized water.

2.2. Synthesis of surface modified CozO4 nanostructures using rotten apple juice

The preparation of surface modified CozO4 nanostructures was done with the use of various
volumes of rotten apple juice by hydrothermal method. In a typical synthesis, 0.1M cobalt
chloride hexahydrate and urea were mixed in 250 mL of deionized water. To optimize the effect
of rotten apple juice, three separate beakers were taken and 0.1M cobalt and urea precursors
were added in each beaker and different volumes of rotten apple juice (20, 20, and 30 mL) were
added. They were labelled as cobalt apple (CA) with different volume of rotten apple juice (CA-
10, CA-20 and CA-30) samples. Similarly, a beaker containing 0.1M cobalt and urea precursors
was also used without rotten apple juice, and labeled as pristine Co304 nanostructures sample.
The hydrothermal reaction was performed on these growth solutions covered with an aluminum
sheet at 95 °C for 5h in an electric oven. Finally, the cobalt hydroxide product with pink color
was collected on to an ordinary filter paper, washed several times with ethanol followed by
deionized water and dried for overnight at 60 °C. For the collection of black color Co304
nanostructures, we performed the calcination at 500 °C for 3 h in air. Then, the pristine and



surface modified Co30,4 nanostructures with rotten apple juice were further used for different

investigations like structural and electrochemical characterizations.

2.3.Structural and surface composition studies of surface modified Co304

nanostructures

The morphology of as ready nanomaterials was studied finished scanning electron microscopy
(SEM) by JEOL JSM-6480A, operating voltage of 20kV, with (EDS) energy dispersive
spectroscopy was functional to determine sample composition.

For finding the purity and crystalline phase of surface modified Co3O,4 nanostructures, powder X-
ray diffraction (XRD) was used (Philips PANanlytical) with CuKo radiation (A = 1.5418 A) was
used as X-rays source, using 45 kV and current45 mA, and analysis was carried out with High
score plus software [60,66]. X-ray photoelectron spectroscopy (XPS) was used for quantitative
information about the chemical state and surface chemical composition of surface modified
Co304 nanostructures using a model “the scienta ESCA 200” working through monochromatic x-
ray source Al (k-alpha) of photons at 1486 eV under ultra-high vacuum using a pressure of 10™°
mbar. The obtained XPS experimental results were analyzed using 0.651 eV Auf 7/2 line of full
width at half maximum. Transmission electron microscopy (TEM) was performed on a JEOL
JEM ARM 200F-Cold FEG functional at 200 kV, equipped with spherical aberration (Cs).

2.4. Modification of glassy carbon electrode with surface modified Co3O4nanostructures
All the electrochemical tests were done with VERSASTAT 4-500 analytical potentiostat
using various electrochemical modes such as linear sweep voltammetry (LSV), cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS) and chronopotentiometry in
1.0 M KOH aqueous solution. Three electrode configurations were used for the electrochemical
measurements. Glassy carbon electrode (GCE) as the working electrode, a silver-silver chloride
(Ag/AQCI) filled with 3M potassium chloride solution (3MKCI) electrolyte as a reference
electrode and a platinum wire as counter electrode. The Ag/AgCl was used in the glass rod and
silver wire has no direct contact with alkaline electrolyte, hence the prevented by the effect of
alkaline aqueous on the stability issue of reference electrode. We have applied large surface area
of platinum wire of 0. 13cm?. We have used low concentrated 1.0M KOH solution which has



less likely issues of instability for both the counter and reference electrodes. The catalyst
dispersion of pristine and various surface modified CozO4 nanostructures using rotten apple juice,
and noble metal ruthenium oxide (RuO,) for the modification of GCE was prepared by mixing
10 mg of each in 20 mL of deionized water with 0.3 mL of Nafion (5 %) and homogenous
mixture was obtained in ultrasonic bath for stirring for 10-15 min. Alumina paste with silicon
paper was used for the cleaning of GCE and GCE with a geometric area of 3 mm was used in the
presented research work. The catalyst ink of 5 uL (0.02mg) was used to modify the surface of
GCE and dried with the blow of air. The charge transfer resistance was measured by EIS with
experimental conditions of 100 kHz to 0.1 Hz (as sweeping frequency range), sinusoidal
potential of 5 mV and 1.4 V vs reversible hydrogen electrode (RHE) as a (OER Over-Potential).
The raw EIS experimental data was further simulated by Z-view software in order to identify the
right circuit to calculate accurate charge transfer resistance. The durability experiments very
essential to confirm the performance evaluation of electrocatalyst for long term applications,
therefore we did this measurement at conditions of current density of 20 mA/cm™ for 40 h. The
active surface area of electrocatalyst is very important for understanding the actual number of
active sites involved in electrochemical reaction, hence cyclic voltammetry (CV) was adapted as
method for this measurement at different scan rates. The electrochemical active surface area is
represented by (ECSA) and the Nernst equation was used to transform experimental potential of

reference (Ag/AgCl) electrode into reversible hydrogen electrode (RHE).

Erre = E agiagel + 0.059pH + E° pgiage (1)
Whereas E°agagel IS 0.2412
Overpotential (yy = Onset potential (Erne)v) — 1.23 (v) 2

Tafel equation was applied to LSV curves for the calculation of Tafel Slopes.

n =blogj+ta (3)

Herein, b is Tafel slope, » overpotential and j is current density.

3. Results and discussion

3.1. Structural and surface chemical composition analysis surface modified Co30,
nanostructures using rotten apple juice

The phase purity of as synthesized Co3;0O4 nanostructures with different volumes of rotten apple

juice were examined through powder XRD. Figure 2 shows the diffraction patterns of as

synthesized Co304 nanostructures. The reflections of pristine CozO,4 nanostructures were well



matched with standard (JCPDS card no: 01-080-1534) and exhibiting cubic crystallography. The
crystallographic planes of pristine Co30,4 were observed such as (220), (311), (222), (400), (511)
and (440) at 20 angle of 31.139°, 36.556°, 38.384°, 44.612°, 59.082° and 64.929° respectively.
The biomass waste assisted Co3zO,4 nanostructures including (samples CA-30, CA-20 and CA-
10) have shown well defined diffraction patterns and they are in full agreement with the standard
reference card (JCPDS card no: 01-080-1534). The measured diffraction patterns of rotten apple
juice assisted Co304 nanostructures by XRD have shown slight two theta shift to right side due
to induction of impurities of iron and P. Furthermore, the organic molecules present form the
rotten apple juice during the crystal growth have created stressed which could be connected to
the shift of two theta angle, consequently defects in the structure of Co30,4 were possibly found.
The defects of crystal arrays changed the surface features of material, hence it could favor the
reaction kinetics. The amount and nature of these defects within the Co3O4 nanostructures
require additional studies in order to understand the role of them for lowering the overpotential
during OER process. Moreover, after the calcination of prepared material at 500 °C for 5 hours,
then all the organic stuff is removed from the surface of Co3O,. As it is already described that the
organic molecules modified the surface of Co3zO4 nanostructures during the growth process at

certain limit due to their reducing nature, hence catalyst performance was also altered.
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Figure 2: XRD-pattern of pristine Co3O,4, and rotten apple juice assisted Co3O,4 nanostructures
(CA-10, CA-20, and CA-30 samples).

Figure 3 showing scanning electron microscopic (SEM) images analysis, was performed to
explore the morphology of as grown Co30,. Figure 3a shows pristine Coz04 exhibits needle like
shape with a porous structure. The use of 10 mL and 20 mL of rotten apple juice induces
significant modification of Co3O4 nanostructures which appear as sea urchin-like structures
(Figures 3 b to d). The presence of organic matter from rotten apple juice is revealed here to play

a significant role in the Coz0,4 growth mechanism and certainly acts as modifying surface agent
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leading to strongly impact on the morphology of Co3zO,4 nanostructures. The reducing agents like
glucose, sucrose, starch, polyphenols and ascorbic acid from rotten apple juice have dramatically
transformed the morphology from needle like into aggregated and clusters of Co304
nanostructures. The presence of these types molecules during the growth process, suggesting
that they have decreased the length of nanostructures and enabled the nucleation of to be grown
particles and assembled them into aggregate and clustered morphology. Therefore, SEM study

has revealed large impact of rotten apple juice on the morphology of Co3zO, from platelets to

short range nanoparticles.

Figure 3: Typical SEM images (a) pristine Co30,4 (b) Co3s04 nanostructures with 10 mL (CA-
10) of rotten apple juice, (c,d) Coz04 nanostructures with 20 mL (CA-20) of rotten apple juice

The complete structural, size and morphological properties of the samples were characterized by
transmission electron microscopy (TEM). Figure 4 shows that pristine Co3O4 is composed of
particles with diameter of 50-60 nm assembled in needle-like shape (Figures 4a-b) as already
seen by SEM, while CA-20 is composed of aggregated particles with sizes between 6 and 20 nm
(Figures 4e-g). Importantly, the particle size of CozOy4 is highly reduced with the use of rotten
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apple juice, consequently swift OER Kkinetics is expected. Moreover, the EDX analyses
indicating that the CA-20 sample contains also Fe and P as impurities in the sample (Figure 4h)
compared to pure pristine CozO,4 (Figure 4d). Fast Fourier transforms (inserts of Figures 4c, f and
g) present spots at 4.7, 2.8 and 2.4 A, corresponding to (111), (220) and (311) planes of the cubic
structure of Co304, as already shown by XRD experiments. Furthermore, the impurities of Fe
was confirmed through EDX analysis, however additional presence of P was also observed. The
presence of impurities of Fe and P in the chemical composition could have contribution towards
the enhanced OER performance of as prepared Co3O,4 nanostructures.
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Transform (FFT) (in insert), EDS spectra for pristine Co3O4 (d) and sample CA-20 (h)



14

Further information about the surface composition of the samples as well as the oxidation
states of the elements on the surface was obtained from X-ray photoelectron spectroscopy (XPS).
Figure 5 includes Co 2p and O 1s and core level spectra of pure CozO4 and apple one (CA-20).
The decomposition of Co 2p signal evidences five contributions (doublets) each one containing
the Co 2ps/, (solid line) and Co 2py/, (dotted line) with an intensity ratio 2:1. Pure Co304 sample
shows the contributions typical of Co®* at 779.8 eV, Co** at 781.5 eV, Co(OH), at 782.6 eV and
two broad contributions at higher binding energies due to shake-up satellites (surface and bulk
plasmons) of cobalt ions, as observed in previous works [21,38,67] . The Co30O4 nanostructures
(CA-20) sample shows the same contributions. However, the proportion Co**/Co?* changes from
2.8 10 1.8 by including apple juice during the synthesis, i.e., the proportion of Co?* ions is higher.
Figure 5b shows O 1s signal, where three components are clearly noticeable at 529.7 eV, 531.5
eV and 532.7 eV, due to lattice oxygen related to Co-O bonds in cobalt spinel [66]; low
coordination (O,, O*" and O7) or surface oxygen species adsorbed over the surface oxygen
vacancy (Osyug); and chemisorbed oxygen (Oche), respectively. By comparing both samples,
Osurf/OLat ratios changed from 0.36 to 0.69 for pristine Co30, and CA-20, respectively,
indicating that CA-20 sample shows more oxygen vacancies on the surface probably associated
due to an increase in the percentage of Co?* ions on the surface. These are the surface atomic
composition of CA-20 sample and observed results suggest that C1s, Ols, Fe2p, a Co2p and
P2p25.16, 51.72, 0.18, 22.94 and 3.9 respectively. There is still room for the future studies to
understand the induction of Fe and P into Co3O4 crystal arrays, and at the same time the
oxidation states of P and Fe have to be studied. Furthermore, the XPS study has revealed the
amount of oxygen vacancies and relative ratio of different oxidation states of Co which played
together a significant role for driving OER reaction at low overpotential. The enhanced
performance of sample CA-20 is mainly coming from the combined effects of crystal defects,
variation in oxidation states of Co, transformation of morphology and addition of impurities of
Fe and P.
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Figure 5: (a) XPS spectra of Co-2p for pure Co3zO, and apple juice assisted Co0304
nanostructures, (b) O-1s core level signals for pure Co3O4 and apple juice assisted Co304
nanostructures

3.2. OER characterization onto surface modified Coz04 nanostructures

The OER characterization was done with different surface modified Co3;O4 nanostructures using
linear sweep voltammetry (LSV) at scan rate of 1 mV/s in 1.0 M KOH electrolytic solution. For
the comparison of pristine Co3zO4 nanostructures and noble metal catalyst like RuO, were also
studied under similar conditions. It was found during OER testing that each material exhibited
has shown different value of overpotential like pristine Co304 (369 mV), RuO; (214 mV), CA-10
(330 mV), CA-20 (269 mV) and CA-30 (294 mV) as shown in Figure 6a. These overpotential
values of various surface modified CozO, nanostructures suggest that rotten apple juice has
drastically lowered the energy demand for OER process particularly for the sample CA-20 (269
mV). Importantly, the performance of CA-20 (269 mV) is not only related to rare doping of Fe
and P but rotten apple juice is rich with variety of natural like reducing agents such as glucose,
sucrose, starch, polyphenols and ascorbic acid which have effectively created the defects in the
crystal structure Coz04 nanostructures, and reduced the nanoparticle size as verified by XRD and
TEM studies Furthermore, the EDX analysis with TEM has confirmed the presence of iron and

phosphorous in the chemical composition of Co3zO4 nanostructures, and they have played a
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significant role in driving OER reaction at low energy demand. The surface science of Co304
nanostructures (CA-20) has revealed the high density of oxygen vacancies due to high
concentration of Co®* ions on the surface as confirmed by XPS analysis, therefore they have
driven OER reaction relatively at low overpotential. The physical characterization of Co304
nanostructures (CA-20) evidently proved that the combined effects of reduced nanoparticle size,
defects in the structure, presence of impurities of Fe and P and high density of oxygen vacancies
together played a leading role towards increased OER performance. The biomolecules carried by
the rotten apple juice are associated with high density of oxygenated groups which have driven
effectively the surface modification of Co3zO,4 nanostructures as clearly seen by the SEM and
HRTEM studies, consequently an enhanced OER activity was demonstrated. The sample CA-30
(294 mV) has shown relatively poor performance compare to the sample CA-20 due to two main
reasons. The optimum volume of rotten apple juice was confirmed afterwards the use of rotten
apple juice has limited the performance of as prepared Co3O,4 nanostructures towards OER. The
deactivation of sample CA-30 could be attributed to the removal of favorable surface for the
OER after high amount of reducing agents from higher volume of rotten apple juice.

Additionally, the activity of noble metal catalyst is superior or close to the sample CA-20 (269
mV), however high cost of noble metal catalyst and rare abundance restrict its large scale
applications but the newly developed, low cost, innovative and green approach for the surface
modification of Co30,4 nanostructures can be used effectively for the complete exploitation of
hydrogen gas from water splitting. The Tafel analysis was carried out on the obtained LSV OER
polarization curves using Tafel equation for understanding the reaction kinetics as shown in
Figure 6b. The Tafel calculation was done at using a linear range of LSV curve of particular
catalytic material. The Tafel values for various samples were noticed as 55 mVdec™?, 64 mVdec’
1 85 mVdec?, 89 mVdec?, and 96 mVdec™ for RuO,, CA-20, CA-30, CA-10, and pristine
Co304 nanostructures respectively as shown in Figure 6b. The Tafel value of CA-20 is found
close to noble catalyst, confirming that OER kinetics is highly favorable when surface of Co3O4
nanostructures was modified with certain chemical compounds present in the rotten apple juice.
For the simplicity of representation of overpotential, a plot of overpotential of each material
against 20 mA/cm? is enclosed in Figure 6¢c. The same overpotential value for the current density

of 10 and 50 mA/cm? has also been done and shown in Figure S2.
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Active surface area of each Co30O4 nanostructured material was also estimated using CV
measurement at various scan rates as provided in (S1) using following relationship:

ECSA = Cy /C; 4)

Where, Cs = 0.04 mF/cm?for KOH electrolyte [66,68].

A linear fit of ECSA against different scan rates is shown in Figure 6d, indicates that CA-20
sample is rich with surface active sites 510 cm?as confirmed from the slope of linear fitting and
its relative specific capacitance 20.4 pF/cm? was also observed higher compare to other samples.
For the simplicity, the ECSA and specific capacitance values of all the catalytic materials are
given in Table 1. The durability of CA-20 was performed to evaluate its features for long term
application when it could, be used for the development of industrial water electrolyzer. For this
purpose, we used a chronopotentiometry technique at constant current density 20 mA/cm? for the
time period of 40 h as shown in Figure 6e. It is obvious that there was a negligible potential drop
and the OER process could take place without any disturbance for the period of 40 h. The
significantly enhanced durability might be attributed to the high compatible contact of Co30,
material with GCE due to the use of mimic molecules from the rotten apple juice, uniform access
of electron transport throughout the sample due to the surface modification of as prepared CozO4
nanostructures with mimic environment of rotten apple juice. Moreover, we also studied the
stability of (CA-20) material after the durability test using LSV measurement and obtained
results confirm that the catalytic features of as prepared Co3O,4 nanostructures are stable and can
be used for long term applications as shown in Figure 6f.

The catalytic performance of newly prepared and rarely iron doped Co30,4 nanostructures is
briefly described by onset potential as given in following order RuO, > CA-20 > CA-30 > CA-
10 > Co30, at 20 mAcm™ and the Tafel slopes order is shown as RuO, < CA-20 < < CA-30 <
CA-10 < Co304as enclosed in (Table 1).

The performance evaluation of CozO4 nanostructures (CA-20) was compared with recently
Co304 nanostructures based electrocatalyst as given in Table (S1). It is obvious that presented
approach is simple, low cost, innovative, and green which confirms that methodology is useful
and the performance of CA-20 sample is either equal or superior with respect to low energy
demand and favorable reaction kinetics to many of the enclosed materials in Table (S1). In the
presented study, we aimed to show the green approach for the use of surface modifying agents

from rotten apple juice and addition of impurities of Fe and P into CozO4 nanostructures for
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driving the OER at low overpotential. Hence, we offer an alternative electrocatalyst based on

surface modified Co3z04 nanostructures for the practical water catalysis.
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Figure 6: (a) LSV polarization curves at a scan rate of 1 mV/s in 1.0 M KOH of RuO,, pristine

C0304, CA-10, CA-20 and CA-30. (b) Overpotential value chart (c). Tafel Plots in mV/dec. (d)
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Double Layer Capacitance values from CV curves at different scan rates. (e)
Chronopotentiometry at 20mA/cm? current density for finding durability of the CA-20 for 40
hours at 1.39 V (versus RHE) in 1 M KOH. (f) LSV curve for checking stability of CA-
20

& before and after durable test.

The complete OER mechanism is not known yet, however a general approach have been
used to represent the possible OER process onto the metal oxide nanostructures as shown in
equation (5)

2H,0 = 4H" + O, + 4¢ (5)
Furthermore, the Tafel analysis is used to describe the reaction intermediates involved in the
OER as reported by [33], hence following sub steps which can be taken from equation (5) are

used to show the generation of successful to reaction species as given below

M* + OH = M* - OHggs + € Tafel slope value >120 (6)
M* - OHggs + OH = M* - Oy + H,O Tafel slope value 60 (7
M* - Oags = M* - Oggs + € Tafel slope value 40 (8)
2M*-0ggs=2M*+ 0, 4 Tafel slope value 15 9)

Based on the above sub reactions, we correlated the Taflel value oif CA-20 sample is well
described by the sub step (7) for the occurrence of OER reaction onto rare iron doped Co304

nanostructures.

To have deep insight on the interface of electrode and electrode for the demonstration of charge
transfer resistance, EIS measurement was done and supported by the possible of equivalent
circuit using Z-view software as shown in Figure 7 a,b,c. The Nquist plots suggest that the
surface modified Co304 nanostructures (CA-20) is experiencing a low charge transfer resistance
of 1189 Q and high capacitance value of CPE. 1.09 which verifies that the Co304
nanostructures exhibited high electrical conductivity and are highly efficient in producing the
favorable interface chemistry via charge transfer as shown in Figure 7a. Additionally, we also

identified that the sample CA-20 is associated with lower value of maximum oscillation
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frequency (f max) than others samples, revealing the sample CA-20 exhibits high electron

1
2nf ma

recombination lifetime (t , = x), consequently high adsorption of reactive species onto the

surface of CA-20 sample as shown in Bide plots Figure 7 b, c. The obtained values of charge
transfer resistance, capacitance double layer from EIS data of pristine Co3z04, CA-10, CA-20 and
CA-30 are enclosed in the Table 1. The EIS analysis strongly supports the claims made on the

low energy demand, high ECSA values and low Tafel value of CA-20 sample for the foster OER

process.
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Figure 7: Electrochemical impedance measurement in the frequency range from 0.1 Hz to 100
kHz in 1.0 M KOH with sinusoidal potential 10 mV and OER onset potential. (a) Nyquist plots
for Pristine Co30,4, CA-10, CA-20 and CA-30. (b,c) for Bode plots I and Il obtained from
impedance data of Pristine Co30, CA-10, CA-20 and CA-30 nanoparticles.

Table 1: A summary of obtained results from LSV, EIS and CV.

Catalyst Calculated from LSV  Calculated from EIS  Calculated from CV

Over-potential Tafel Charge  Double Double Electrochemical
Slope  Transfer |[Layer Layer active  surface

Resistance Capacitance Capacitance area

@ 20 mA/cm® B Rot CPEca Cal ECSA
mV mV/dec  Q mf (WF/cm?)  cm?®
Pristine 369 96 1924.0 0.21 15 375

C030,4
CA-10 330 89 597.1 0.63 4.8 120.0



22

CA-20 269 64 118.9 1.09 20.0 500.0
CA-30 294 85 150.0 0.98 16.7 417.5

4. Conclusions

In summary, we have highly exploited the biomass waste of rotten apple juice for the surface
modification of Co3zO4 nanostructures using hydrothermal method. For the sake of optimization,
different volumes of rotten apple juice were used to modify the surface properties of Co30,4. We
have found a cubic crystal arrays of Co3zO4 using XRD and TEM analysis. We have observed the
presence of impurities of Fe and P into CozO4 nanostructures. A surface oxygen vacancies and
mixed oxidation states of cobalt into the Co304 sample (CA) strongly enhanced the OER activity
with a low energy demand of 269 mV. Moreover, the optimized sample Coz0O, (CA-20) was
further well characterized by low Tafel slope of 64 mVdec™ and high durability of 40 h. The
superior performance of Co3z0,4 nanostructures (sample CA-20) was attributed from the rich
amount of catalytic sites, impurities of Fe and P, enhanced electrical conductivity, low charge
transfer resistance, large oxygen vacancies, reduced particle size, defects in the structure, and
tuned surface properties by the wide range of natural reducing agents available in the rotten
apple juice. After the performance of sample CA-20, it is safe to say that newly approach can be
of high interest for the design of new generation of electrocatalysts for the wide range of
applications including water splitting, batteries and fuel cell technology.
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Table S2. Comparison of CA-20 nanoparticles as OER electrocatalysts with recently reported electrocatalysts.

Electrocatalyst Electrolyte Current Density Overpotential [Tafel Slope  Reference
CA-20 1 M KOH 20 mA cm’® 269 mV 64 mV dec ' | This work
MgO-C030, 1 M KOH 10 mA cm™ 274 mV 64 mV dec ' | [1]
Fe304-Co30, 1 M KOH 10 mA cm™ 370 mV 80 mV dec ' | [2]
CdO - Co30,4 1 M KOH 10 mA cm™ 310 mV 62 mV dec’ | [3]
Cu0-C030y4 1 M KOH 40 mA cm™ 144 mV 74 mV dec ' | [4]
CoFe,04/graphene 1 M KOH 10 mA cm™ 300 mV 68 mV dec [5]
TiO,-Co30, 1 M KOH 10 mA cm™ 270 mV 60 mV dec ' | [6]
C0304 x-C@Fe,—yCo,03, 1 M KOH 10 mA cm™ 290 mV 37.6 mV dec ' | [7]
Ni - Co30, 1 M KOH 10 mA cm™ 300 mV 82 mVdec ' |[8]
C030,@Co 1 M KOH 10 mA cm™ 273 mV 61.8 mV dec ' | [9]
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