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Green synthesis of an efficient and low-cost electrocatalyst for the hydrogen evolution reaction (HER) in
a basic medium is highly desirable for renewable energy conversion. Herein, cobalt-ferrite (CoFe,Oy)
was prepared by green coprecipitation synthesis using a precipitating agent (citrate) extracted from
rotten passion fruit. The preparation followed two steps, in which the cobalt—iron citrate precursor was
first obtained by coprecipitation, followed by pyrolysis in the air at 850 °C. While Fourier transform infra-
red (FTIR) and thermogravimetry (TG) confirmed the successful preparation of the precursor, X-ray
diffraction (XRD), Raman spectroscopy and scanning electron microscopy (SEM) revealed without
any doubt the formation of polyhedron-like shape CoFe,O,4. The electrocatalytic properties of the as-
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prepared material for the HER in 1 M KOH have been investigated. CoFe, O, demonstrated good

electrochemical performance with an overpotential of 440 mV at a current density of 10 mA cm™2, a
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. an electrical double layer capacitance (Cg4) of 0.43 mF cm™2 and very high

stability with an overpotential loss of only 13.07 mV after 12 hours. This paper provides a simple, easy
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1. Introduction

The conversion of protons into hydrogen from an inexpensive,
stable and robust electrocatalyst has nowadays become a
promising source of sustainable and carbon-free energy.'™
The use of noble metals like platinum and palladium as
appropriate electrocatalysts so far, however, has some
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method for HER catalyst preparation by recycling waste fruit.

limitations, not only because of their rarity but also the
requirement of costly operations for industrial implementa-
tion.>® Thus, the devolution of researchers towards the search
for stable alternative electrocatalysts, at low cost and promoting
large-scale applications, remains a current challenge.””® Very
recent studies have revealed that transition metal ferrites in
general and cobalt ferrite in particular, which can be obtained
chemically in inexhaustible quantities, are prominently among
the most efficient of these alternatives.”"* The work of Hamza
Belhadj et al has elucidated the excellent electrocatalytic
activity of some transition metal ferrites, foremost among
which is cobalt ferrite (CoFe,0,), for the hydrogen evolution
reaction (HER). Owing to its remarkable physicochemical prop-
erties, this material is perceived as an ideal candidate for the
HER." It belongs to the family of ferrites with the chemical
formula MFe,O, (where M is a divalent metal ion: Co**, Fe**
Zn*"). It has an “inverse” spinel structure, with an ionic
distribution as follows: (Fe**),(Fe**C0*")30,>~. With this struc-
ture, the oxygen ions whose ionic size is relatively larger, form a
face-centered cubic network (CFC), defining tetrahedral A and
octahedral B cationic sites. In this configuration, the Co>"
occupies the octahedral sites, hence the name reverse
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spinel."” Several synthesis methods such as sol-gel reaction,"
the hydrothermal method,"* mechanosynthesis,'® the combus-
tion method'® and coprecipitation'” have been used for the
synthesis of this material with remarkable properties. The
coprecipitation method is of particular interest because it is a
simple, low-cost method of realization and it offers the possi-
bility to control the stoichiometry of the desired material.'® It is
a wet synthesis process initiated by a reaction in an aqueous
medium of two or more metal ions with a precipitating agent in
order to obtain metal-organic compounds (precursors for the
oxide materials). The process is followed by the thermal decom-
position of these precursors to obtain inorganic materials
under some conditions.'® The coprecipitation method for the
synthesis of oxide materials has been widely employed and
many works have been devoted to the synthesis of CoFe,0,. But
the ligands (hydroxide, carboxylates, etc.) usually used in these
methods are from commercial sources. They generate addi-
tional costs related to their prior synthesis and they have a
negative impact on the environment. Recently, the idea to
produce these oxide materials with carboxylate molecules com-
ing from vegetable resources was developed and the interest in
the field is constantly growing. Using this type of precipitating
agent exhibits two main advantages: first, it reduces the envir-
onmental impact of the synthesis of metal oxides by the
coprecipitation route, and second, it valorizes the local natural
bioresources by recycling rotten fruits, which in general are
waste and constitute another source of pollution. Some illus-
trations of these works include the synthesis of iron-doped
cobalt oxide nanoparticles from palm kernel oil as the precipi-
tating agent/ligand,'® the synthesis of nanomaterials of CaCuj.
Ti,O1, from Carambola fruit juice,20 and many others reported
to date.?’”° In Cameroon as well as many developing countries,
some fruits like passion fruit are abundant in a particular
season but their conservation is difficult and their transforma-
tion is not yet developed. A lot of waste is then produced with
these fruits when they are not eaten and to the best of our
knowledge, no use, recycling or valorisation processes are done
for these wastes. Passion fruit contains a great quantity of citric
acid, which can be used as a complexing agent for the synthesis
of oxide materials. We report in this work the green synthesis of
CoFe,0, material from rotten passion fruit juice and its appli-
cation as an efficient electrocatalyst for the hydrogen evolution
reaction (HER).

2. Experimental section

2.1. Reagents

The passion fruit or passiflora used in this work is of the variety
Edulea of the species Passiflora edulis and of the genus passi-
flora. Its choice was guided by the highly acidic flavor, com-
pared to other varieties. The rotten passion fruits used in this
work were not suitable for consumption. In the field, they were
directly picked from under the trees and amongst decaying
leaves. Other reagents used in this work include potas-
sium hydroxide (KOH, 85%, Carl Roth), lithium hydroxide
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monohydrate (LiOH-H,0, 98%, Sigma Aldrich), cobalt(u) nitrate
hexahydrate (Co(NOj),-6H,0, 99.0%, Sigma Aldrich), and
iron(m) chloride hexahydrate (FeCl;-6H,0, 98.0%, Sigma
Aldrich). These reagents were used without any purification
process.

2.2. Extraction and titration of the passion fruit juice
(passiflora)

The fruits were cut, opened and a spatula was used to extract all
the juice, pulp and seeds contained in the fruit into a beaker.
Vacuum filtration was used to obtain juice completely devoid of
fibers and the percentage of the juice as well as that of the fiber
contents were calculated by eqn (1).

. m; x 100

%i 1)

mt
m; and my are the mass of the filtrate (or fibers for the
percentage of the fiber) and the total mass of juice (or the
mass of fibers in the case of the percentage of the fiber)
extracted, respectively.

The juice extract, which contains citric acid, was then
titrated with 0.2 M potassium hydroxide solution with phe-
nolphthalein as the indicator. This titration aims to evaluate
the citric acid content in the passion fruit juice.

2.3. Synthesis of the precursors

For the synthesis of the Co-Fe carboxylate precursor of
CoFe,0,4, 15 mL of passion fruit juice (~2.70 mmol of citric
acid) and a mass of 0.45 g (~10.80 mmol) of lithium hydroxide
monohydrate were used. Then, 0.39 g (~1.35 mmol) and 0.73 g
(~2.70 mmol), respectively, of cobalt(u) nitrate hexahydrate
and iron(i) chloride hexahydrate were dissolved in two beakers
each containing 10 mL of distilled water and mixed in a single
beaker. The mixture of these metallic solutions was added
dropwise into the mixture of passion fruit juice and lithium
hydroxide solution (with stirring) at a temperature of 80 °C.
The precipitate of the Co-Fe precursor obtained was
filtered, washed with distilled water, ethanol and acetone,
and then dried.

The synthesis of simple precursors (Co-precursor and Fe
precursor), the results of which are illustrated in the ESIL¥
obeyed the protocol mentioned above with differences in
quantity. For example, for the Co-precursor, we reacted 15 mL
of passion fruit juice (~2.70 mmol of citric acid) with 0.34 g
(~8.10 mmol) of lithium hydroxide monohydrate dissolved
in distilled water and 0.31 g (~4.05 mmol) of cobalt(u)
nitrate hexahydrate dissolved in distilled water. As for the Fe-
precursor, we reacted 15 mL of passion fruit juice (~2.70 mmol
of citric acid) with 0.34 g (~8.10 mmol) of lithium hydroxide
monohydrate and 0.73 g (~2.70 mmol) of iron(m) nitrate
hexahydrate.

2.4. Characterization of the synthesized materials

The functional groups or bonds present in the synthesized
materials were elucidated by Fourier transform infrared (FTIR)
spectrometry using a Nicolet Nexus 870 brand IR spectrometer.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The thermal behavior of the three precursors was studied by
thermogravimetric analysis (TGA) using a Linseis STAPT-1000
device operating from room temperature to 1000 °C in air, at a
heating rate of 10 °C min . Powder X-ray diffraction (PXRD)
measurements on the residues obtained after the thermal
decomposition of the precursors were performed using a Sie-
mens kristalloflex 0-20 D5000 powder diffractometer with the
Bragg-Brentano geometry. These measurements were done in
the 20 range of 10 to 90° steps size of 0.02° s '. Further
evaluation of the material structure was performed using the
Raman microscope (Renishaw, England). For this analysis, a
0.75 mW laser power and 532 nm laser with a 50x magnifica-
tion objective were applied to the sample at different locations
with an exposure time of 20 s between 100 and 900 cm™ . The
scanning electron microscope (SEM) brand Zeiss ultra 55 was
used to determine the morphology and the average size of the
particles of the materials. This microscope is equipped with an
energy-dispersive X-ray (EDX) spectrometer from Oxford Instru-
ments, Oxford, England. For this purpose, the experiments
were carried out at 15 keV with a working distance (distance
between the sample and the part of the lower pole in the SEM
system) of 8 mm. A probe current of 1 nA and an acquisition
time of 300 s were used to collect the chemical spectra.

2.5. Determination of the potential of CoFe,0, for the
electrocatalysis of the HER

A three-electrode system was used for the electrochemical HER
measurements. All experiments were performed at room tem-
perature on a PGSTAT 204 electrochemical workstation
(Utrecht, the Netherlands, NOVA version 2.1.4) using a glassy
carbon (GC) electrode coated with our material as the working
electrode, Hg/HgO as the reference electrode (RE), and a carbon
rod as the counter electrode. To prepare the working electrode,
20 pL of the as-prepared suspension containing approximately
0.12 mg of CoFe,0, was drop-cast onto the GC and dried under
vacuum, leading to a catalyst loading of 1.7 mg cm™ 2. Then, a
drop of Nafion solution (5 wt%) was deposited on top and dried
at 60 °C for 2 hours. The measured potentials were recalculated
against a reversible hydrogen electrode (RHE) according to the
Nernst equation: Egrpg = Epg/HgO + 0.098 + 0.059pH, where
0.098 V corresponds to the potential of the reference electrode
at 0 pH. Linear sweep voltammetry (LSV) was measured in 1 M
KOH (pH = 14) with a scan rate of 2 mV s~ ', and the over-
potential was evaluated using the following equation # =0 — E
(vs. RHE (V)). The Tafel slope (TS) was extracted using the
equation = a + blog|j|, with #, a, b, and j corresponding to
overpotential, Tafel constant, TS, and current density, respec-
tively. Electrochemical impedance spectroscopy (EIS) was per-
formed in the frequency range of 0.1-1000 Hz and the
amplitude of the applied AC potential was 10 mV. The stability
of the material was investigated by chronopotentiometry for
12 h. Cyclic voltammetry (CV) for the three samples at different
scan rates was recorded in the potential range of (0.0-0.1 V).
The electrical double layer capacitances (Cq) were calculated
from the recorded CV at a potential of 0.05 V, using the formula
Ca1 = (Ja + |Je|)/2v, in which J, and J. are the anodic and cathodic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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current density, respectively, recorded at 0.05 V and v is the
scan rate.

3. Results and discussion

3.1. Analysis of passion fruit juice

Table 1 presents the juice and fiber content of the passion fruits
used in this work.

The dietary fiber content (8.93%) is within the range of
values from 1.5% to 14.3% predicted by Favier.”” This result
reveals a non-negligible quantity of dietary fibers, which would
have had an influence on the analysis results if they had not
been eliminated by filtration during the extraction of the
passion fruit juice.

Table S1 of the ESI{ presents the volumes of NaOH solution
(45 mL) obtained during the titration of the passion fruit juice
used in this work.

The mass percentage (P') of citric acid in the solution
obtained by using eqn (2) is 3.46%. This value is between
2.50% and 3.50% as predicted in the literature.?” This result
confirms that rotten passion fruit is a potential source of citric
acid that can be used for the synthesis of oxide materials like
CoFe,0,.

_ CMV x 100
T

P (2)
(C,: the molar concentration of the citric acid; M: the molar
mass of the citric acid; V: the volume of the solution, m;: mass
of passion fruit juice).

3.2. Analyses of the carboxylate precursors

3.2.1. Fourier transformed infrared (FTIR) result. The
infrared spectrum of the Co-Fe precursor is shown in Fig. 1
and those for the single metal Co-precursor and Fe-Precursor
are given in Fig. S1 and S2 (ESIY), respectively.

Table 2 presents the major vibration bands of some char-
acteristic chemical groups of the synthesized compound.

Fig. 1 shows a broad absorption band at 3311 cm™*, which
can be attributed to the vibration of the O-H group associated
with a sp® carbon. The peaks at 2920 cm™ " and 2850 cm ™'
ascribed to the CH, group correspond to v,5(CH,) and v4(CH,)
vibrations, respectively. They are very weak as expected and
appear as the shoulder of the wide band of the O-H group.
Indeed, the Rayleigh criterion, which states that “two lines of
the same intensity are separated if the maximum of one

3 29

corresponds to the first minimum of the other”,” is not

Table 1 Juice and fiber content in passion fruit

Total number of fruits (sample): 13

Mass (g) Mass percentage (%)
Passion fruit (mr) 420.00 £+ 0.01  100.00
Passion fruit juice containing  109.30 £ 0.01 26.02
fiber (m;e)
Passion fruit juice () 71.80 £ 0.01 17.09
Fibers (my) 37.50 + 0.01 8.93
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Fig.1 FTIR of the Co-Fe precursor.

Table 2 FTIR absorption bands of the Co—Fe precursor
Experimental Reference
frequencies (cm™") frequencies®

Functional group

v(OH) associated 3311 3570-3200

,5(CO07) 1579 1610-1550

Vas(CH,) 2920 2935-2915

v5(CHy) 2850 2865-2845

v5(CO0™) 1386 1420-1300

(ter) v,C-C 1052 ~1000

3(M-0) 381 ~400

satisfied for these bands. Fig. 1 also shows absorption bands at
1579 em™ ', 1386 cm ™' and 1052 cm ', which respectively
correspond to the asymmetric stretching of the CO bond in
the COO™ group, the symmetric stretching of the CO bond in
the same group, and the symmetric stretching of the C-C bond
of the carbon skeleton. By comparing the IR spectra of citric
acid®® and that of the precursor, it can be seen that the peak at
1720 cm™ " linked to CO in the COOH group observed in the
spectrum of citric acid is shifted to 1579 em . This could be
related to the fact that the carboxylate group interacts with the
cobalt ion in the precursor via a coordination bond. So, this
FTIR result confirms that a coordination compound with the
citrate as a ligand has been synthesized as expected. The FTIR
spectra of Co and Fe precursors are also shown in Fig. S1 and S2
of the ESI, respectively. These figures show the appearance of
similar absorption bands, corresponding to the same vibration
frequencies of the chemical bonds found in the as-prepared
compound treated in this article.

3.2.2. Thermal analysis of the precursors. Fig. 2 shows the
TGA curves of the Co-Fe precursor and Fig. S3 and S4 of the
ESIt respectively the Co and Fe precursors.

The TGA curve of the Co-Fe precursor shows that its
decomposition takes place in four steps. Stage 1 (mass loss of
9.53%) occurs between 50 °C and 180 °C (maximum reaction
temperature of 174 °C) and corresponds to the loss of three
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Fig. 2 Thermogravimetric (TGA) curve for the Co—-Fe precursor.

water molecules with the theoretical percentage of 9.23% from
the proposed Co-Fe formula of CoFe,(C¢H50;)-2H,0. Step 2
(29.42% of experimental mass loss) occurs between 180 °C and
365 °C (maximum temperature of 342 °C). It can be attributed
to the loss of four molecules of CO, (theoretical percentage of
30.08%). Step 3 (12.61% of experimental mass loss) occurs
between 365 °C and 650 °C (maximum temperatures of
498 °C and 643 °C) and it can be attributed to the loss of three
molecules of CO (theoretical percentage of 14.36%). The last
stage (7.51% of experimental mass loss) occurs between 650 °C
and 850 °C (maximum reaction temperature of 800 °C) and can
be due to the loss of an organic molecule of CH,CO (theoretical
percentage of 7.18%). Beyond 850 °C, the residue of this
thermal decomposition has an experimental percentage of
40.99%. This can be related to the formation of one mole of
CoFe,0, (theoretical percentage of 40.17% close to the experi-
mental value). The same analysis done for the Co and Fe
precursors (see Fig. S3 and S4 respectively, ESIt) shows that
their residues are Co;0, and a mixture of Fe,O; and Fe;O,,
respectively.

3.3. Analyses of the synthesized oxides

3.3.1. The PXRD result of the decomposition residue. Fig. 3
shows the powder diffraction (PXRD) pattern of the residue
after the thermal decomposition of the Co-Fe precursor and
Fig. S5 and S6 of the ESI,f that of the Co and Fe-precursors.

CoFe,O4
2000 -

311

1500

1000 ﬁ

Intensity (a.u)

511

500 S §

20 30 40 50 60 70 80 20
260 (°)
Fig. 3 X-ray powder diffraction pattern of the residue from the thermal
decomposition of the Co—Fe precursor.
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As shown in Fig. 3, almost all the peaks are well indexed with
the CoFe,0, structure (CDD reference of 1533163), and the very
weak peaks that remain are those of the Fe;LiOg structure (CDD
reference 1541958). This material with a quantity less than
5 wt% would come from the few lithium ions that would have
remained during the synthesis of the Co-Fe precursor synthe-
sized from the rotten passion fruit in this work. Also, the peaks
in Fig. S6 and S7 (ESIY) are well indexed, respectively, with the
Co;0, structure (COD reference 9005888) and the mixture of
63% of a-Fe,03 and 37% of Fe;0, (COD references 2108027 and
9005814). All these results are in agreement with those of the
thermogravimetry analysis shown above and they indicate that
the juice obtained from the rotten passion fruit is a suitable
reagent for the synthesis of these oxide materials, particularly
CoFe,0, for which its application for the HER is studied below.
Such green synthesis of CoFe,O, materials was reported in
some previous works in the literature but to the best of our
knowledge,* * this is the first time that rotten passion fruits
were used for this purpose.

3.3.2. Raman spectrum of the residue from the thermal
decomposition of the Co-Fe precursor. Fig. 4 shows the Raman
spectrum of the thermal decomposition residue of the Co-Fe
precursor and Fig. S7 and S8 of the ESIt show the decomposi-
tion residues of the Co and Fe-precursors, respectively.

Fig. 4 clearly shows peaks in the range of 200 to 750 cm™
region. The peak that occurs at 202 cm ™' is attributed to the
T,y(1) vibration mode corresponding to the translation motion
of the whole tetrahedron in the CoFe,0O, material.>* The peak at
300 cm ™ is attributable to the E, vibration mode related to the
symmetric bending of the Fe(Co)-O bond in agreement with
the literature.®® The peak at 485 cm ™' is attributable to the
T,y(3) vibration mode of the asymmetric bending Fe(Co)-O
bond. The peak at 611 cm ™ is attributed to the A;4(2) vibration
mode of the symmetric stretching Fe(Co)-O bond; the peak at
703 cm ' is attributable to the A;4(1) vibration mode of the
Fe-O symmetric stretching. All these peaks are similar to those

1

2000
* FegLiOg(trace) CoFe204
A1g(1)

5 1500
&
2
(7]
c
(]
£ 1000

500

200 300 400 500 600 700 800 900
Raman Shift (cm'1)

Fig. 4 Experimental Raman spectrum of the residue from the thermal
decomposition of the Co—Fe precursor.
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of a CoFe,0, spinel crystal found in the literature®* and this
confirms our interpretation of TGA and PRXD analysis. This
analysis also confirms that the peaks at 202 ecm™*; 263 cm ™%,
300 cm %; 318 cm %5 358 em™ ;610 cm ... in agreement with
the literature,®® show the presence (in the trace state) of the
Fe;LiOg materials ascribed to the PXRD analysis. This analysis
also confirms that the residues obtained from the thermal
decomposition of the Co and Fe precursors are, respectively,
Co30, (see Fig. S7, ESIT) and a mixture of Fe,O; and Fe;0, (see
Fig. S8, ESIt) in agreement with the TGA and PXRD results.

3.3.3. Energy dispersive X-ray (EDX) analysis of CoFe,0,.
The chemical composition of the elements that constitute the
crystalline phase of cobalt ferrite, obtained experimentally, is
determined and presented in the spectral analysis shown
in Fig. 5.

The EDX spectra clearly confirmed the presence of the
expected elements (Fe, Co and O). Moreover, the semi-
quantitative analysis performed indicates that the experimental
Fe/Co ratio obtained is 1.8, which is close to the expected value
(~2). The slight difference observed between the expected and
obtained values can be explained by the presence of some
impurities such as residual Cl and C. This result confirms the
hypothesis that the synthesized material is CoFe,O,.

3.3.4. SEM result of the CoFe,0,. In order to determine the
morphology and approximate particle size of the synthesized
oxides, photographs were taken using a scanning electron
microscope. Fig. 6 presents the SEM image of the cobalt ferrite
and Fig. S9 and S10 (ESIt) show the SEM image of Co;0, and
Fe,0;/Fe;0,, respectively.

It can be observed that cobalt ferrite has a polyhedral-like
shape with a size ranging from 100-300 nm, almost similar to
that obtained for iron oxide. However, cobalt oxide exhibited
mainly spherical particles with an average grain size of less
than 100 nm.

3.4. Electrocatalytic HER performance of the synthesized
CoFe,0,4

Fig. 7 presents the HER characteristics of the experimentally
synthesized material.

The catalytic performance of the synthesized material with
respect to hydrogen release reactions is elucidated in Fig. 7.
Fig. 7(a) displays the LSV plots of different CoFe,0, electrodes
and those of reference (GC). The CoFe,O, electrocatalyst
synthesized in this work required an overpotential of 440 mV
to reach a current density of 10 mA cm™?, a satisfactory HER

At (%)

Fe: 26.21
Co: 1441
O: 58.92

Fig. 5 Energy dispersive X-ray analysis of the decomposition residue.
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Fig. 6 Left: SEM image of (left) CoFe,O,4 on a reduced scale ~200 nm;
Right: enlargement of the framed part of left image.
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Fig. 7 (a) LSV curve of CoFe,O,. (b) Tafel plot of CoFe,Oy. (c) Cq plot of
CoFe,0O4 obtained from the cyclic voltammetric curve at different sweep
speeds. (d) Nyquist plot of CoFe,Og,.

value if we stick to an application offered by a material resulting
from green synthesis. This value is comparable and more or
less lower than those of Pt/C-20% (70 mV), NiFe,O, (420 mV)
and ZnFe,0, (520 mV) obtained by Hamza Belhadj et al. (using
chemical reagents)." Similar work on nickel ferrite doped with
cobalt at x% reports overpotentials, almost all of which are
between 450 and 600 mV at a current density of 10 mA cm ™ 2.3°
This would justify the quality of our synthesized material
compared to those which would be located in this zone of the
overpotentials mentioned above. From the point of view of the
kinetics limiting the dihydrogen evolution reaction process, the
value of the Tafel slope (which is 98 mV dec ' as depicted
on Fig. 7(b)) is significantly lower than that of CuFe,O,
(124 mV dec™'), NiFe,O; (133 mV dec ') and ZnFe,0,
(144 mV dec™ "), obtained by Hamza Belhadj et al." This shows
that the adsorption of H,O is energetically less favorable,
according to the Volmer mechanism (eqn (3)), on the synthe-
sized CoFe,0, compared to the ferrites of CuFe,0O,, NiFe,O,
and ZnFe,0, obtained by Hamza Belhadj et al..' Very recent
work on the study of the electrocatalytic performance of
NiCo,0,4 nanostructures prepared by the hydrothermal method
and post-annealing heat treatment, presented the Tafel of
various samples of NiCo,0, nanostructures annealed at differ-
ent temperatures. It follows from this optimization that almost
all of these samples have Tafel between 98 mV dec ' and
168 mV dec™';*” which is higher compared to the value found
experimentally in our work. The value of the Tafel slope
obtained experimentally suggests that dihydrogen is produced
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according to the Volmer-Heyrovsky mechanism.*®*° The first
step, called the Volmer step, consists of the adsorption of a
molecule of water on the surface of a catalytic site M. The second
step is a step of recombination of the previously adsorbed hydrogen
atom with a hydrogen atom resulting from the dissociative adsorp-
tion of a water molecule (Heyrovsky step). Eqn (3) and (4) illustrate
the rate limiting step of the process (rate determining step),
determined from the Tafel slope.

H,O0+M +e” < MH,4 + HO® Volmer step (3)
H,0 + MH,qs + € < H, + M+ HO~ Heyrovsky step  (4)

The dihydrogen produced from the electrocatalysis of water by
the synthesized material offers a promising prospect for the
green synthesis of CoFe,0, as a cost-effective ecological elec-
trocatalyst for an electrochemical reaction of hydrogen evolu-
tion. Fig. 7(c) illustrates the linear relationship between the
current density difference and the scan rate at a potential of
0.05 V. This plot is obtained from the cyclic voltammetric
curves at different scan rates (see Fig. S11 for additional
information, ESIt). The Cgq value of 0.43 mF cm™ > obtained
in this work is comparable to the 0.412 mF value for ZnFe,0,
obtained by Hamza et al." and the Cq values include between
0.0064 and 0.318 mF cm 2 for various samples of NiC0,0,4
nanostructures annealed at different temperatures, obtained by
Azhar et al.®” This result reveals a non-negligible number of
active sites exposed to reactions on the surface of the synthe-
sized material. This confirms the electrochemical activity of the
as prepared CoFe,O, which is in agreement with previous
results. The Nyquist plot (Fig. 7(d)) obtained from the EIS
measurements revealed that the charge transfer resistance of
the CoFe,0, catalyst (147 U) is comparable to that of CuFe,0,
(120.7 U) and much smaller than that of NiFe,0, (265.7 U) and
ZnFe,0, (486.1 U) obtained by Hamza et al." This indicates a
higher electronic conductivity, fastest charge transfer rate and
easier electrocatalytic kinetics of CoFe,0, synthesized with the
aforementioned ferrites. Furthermore, although the character-
istics of the HER activity of the material synthesized in this
work are appreciable, they are not optimal when compared to
that of the material synthesized from chemical reagents. This is
the case for example of cobalt ferrite, obtained by coprecipita-
tion, by Hamza Belhadj et al.,, having an overpotential of
270 mV, a value of the Tafel slope of 98 mV dec™ " and a value
of Cqy = 2.127 mF ecm™>," and that obtained by a hydrothermal
method, by Atano Panda et al, having an overpotential of
370 mV, a value of the Tafel slope of 283 mV dec™* and a value
of Cq; = 1.400 mF cm ™ 2.*° However, the recovery of waste and
the production cost are the assets for this work.

Concerning the long-term stability during the HER of the as
prepared electrocatalyst, chronopotentiometry was performed
at a fixed current density of 10 mA cm ™2 for 12 h.

The result presented in Fig. 8a shows a small drop of
13.07 mV in the overpotential after 12 h, indicating, therefore,
its good stability during the HER process. After the stability
test, EIS was carried out on the sample and the result is shown
in Fig. 8b. The R calculated from the graph has a value of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Chronopotentiometry of CoFe,O4. (b) The electrochemical
impedance spectrum, after the stability test.

146 U, which is almost similar to that calculated before the
stability test (¢f 147 U), revealing the same charge transfer
capacity and, therefore, no considerable alteration of the elec-
trical properties. This demonstrates that the prepared material
is an effective and stable electrocatalyst for the HER in alkaline
medium.

4. Conclusion

In this research, the aim was to carry out the green synthesis of
cobalt ferrite by a coprecipitation route by using rotten passion
fruit juice. The compound with a prismatic shape and particle size
of less than 300 nm, was successfully synthesized and character-
ized by XRD, Raman spectroscopy, EDX and SEM analyses. This
route was also used to successfully synthesize the Co;O, and a
mixture of Fe,O; and Fe;O,. HER characteristics were assessed
using LSV, Tafel slope (TS), electric double-layer capacitance (Cyj),
and EIS. The CoFe,0, electrocatalyst synthesized in this work
required an overpotential of 440 mV; a TS of 98 mV dec™ ', a Cg =
0.43 mF cm 2, a charge transfer resistance R = 147 U and good
stability with an overpotential loss of only 13.07 mV after 12 h. By
comparing these data with those found in the literature, we can
conclude that the CoFe,O, electrocatalyst synthesized from the
rotten passion juice fruit is a suitable catalyst for the hydrogen
evolution reaction, which is a renewable and clean energy source
for the environment. These characteristics could be improved by
adjusting certain parameters such as the calcination temperature
and the cooling time of the material after calcination. Such
synthesis from the juice of rotten passion fruits is easy, sustainable
and it can be an illustration of a promising step towards a totally
green technology.
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