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Abstract: Low-cost, sustainable hydrogen production requires noble metal-free electrocatalysts for
water splitting. In this study, we prepared zeolitic imidazolate frameworks (ZIF) decorated with
CoFe;O4 spinel nanoparticles as active catalysts for oxygen evolution reaction (OER). The CoFe;O4
nanoparticles were synthesized by converting agricultural bio-waste (potato peel extract) into eco-
nomically valuable electrode materials. The biogenic CoFe,O4 composite showed an overpotential
of 370 mV at a current density of 10 mA cm~2 and a low Tafel slope of 283 mV dec™!, whereas the
ZIF@CoFe;O4 composite prepared using an in situ hydrothermal method showed an overpotential
of 105 mV at 10 mA cm~2 and a low Tafel slope of 43 mV dec™! in a 1 M KOH medium. The results
demonstrated an exciting prospect of high-performance noble metal-free electrocatalysts for low-cost,
high-efficiency, and sustainable hydrogen production.
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1. Introduction

Due to the increasing global demand for renewable energy and the effects of cli-
mate change, developing clean, environmentally sustainable energy sources has become
extremely important in the twenty-first century [1-3]. Although sunlight and wind are
abundant natural sources of renewable energy, their harvest requires highly sophisticated
processing techniques and strongly depends on the geographical location [4,5]. Hydrogen
is the primary sustainable source of renewable energy. Since the last century, water electrol-
ysis has emerged as a promising method of producing high-purity hydrogen. Due to the
increasing availability of electricity generated from renewable sources, water electrolysis
has recently gained immense attention in hydrogen production.

The general water-splitting reaction comprises two half-responses: i.e., the oxygen
evolution reaction (OER) at the anode and the hydrogen evolution reaction (HER) at the
cathode [6,7].

HER 2H' +2 =H, 1)
OER  2H,0 =0, + 4H" + 4e™
Overall 2H20 = 02 + 2H,

Both the HER and OER are kinetically favorable and require some overpotentials to
achieve the desired reaction rate. Water splitting theoretically requires a Gibbs free energy
(G) of approximately 237.2 k] mol ! to enable the thermodynamically uphill reaction in
the electrolyzer [8]. However, the unfavorable thermodynamics and the resulting large
overpotential of water electrolysis limit large-scale hydrogen generation [9,10]. The highest
water splitting efficiency to date was reported using noble metal-based electrocatalysts,
particularly Pt-based catalysts, for the HER and Ir/Ru-based catalysts for the OER [11-13].
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Nonetheless, the scarcity and high cost of precious metals significantly restrict their ap-
plications in commercial water splitting. Therefore, the development of non-precious
alternatives with excellent activity and durability is imperative [14].

Biogenic materials are drawing increasing attention due to their sustainability. Some
biogenic materials are renewable and can be obtained from waste products, which sig-
nificantly reduces their production cost [15-17]. More importantly, biogenic materials
can be engineered to have specific catalytic properties, making them useful for selective
reactions [15]. These materials become environmentally friendly alternatives to synthetic
catalysts because they are biodegradable and non-toxic. In addition, biogenic materials
exhibit improved stability and activity compared to synthetic catalysts, suitable for spe-
cific applications in fuel cells and water splitting. Overall, using biogenic materials in
electrocatalysis can potentially contribute to the development of more sustainable and
environmentally friendly technologies.

Metal-organic frameworks (MOFs) [18,19], which are composed of organic ligands
and metal ions or clusters, are a new class of highly porous materials with high crystallinity
and a long-range order [20]. Numerous MOFs have been employed for electrochemical
water splitting due to their intrinsic properties, such as their large surface area, customiz-
able chemical components, configurable pore architectures, and various topologies [21-24].
Additionally, the characteristics of MOFs can be modified by coupling them with a variety
of functional materials, including polyoxometalates, metal compounds, carbon nanotubes
(CNTs), and other conductive substrates to generate MOFs or MOF/substrate compos-
ites [25-30]. The excellent water-splitting performance of such composites can be attributed
to their increased active sites and conductivity due to functionalization. Furthermore, the
MOF-based template enables the molecular and atomic-level rearrangement of the compo-
nents during stacking with other materials. Over the past decades, various MOF-based
electrocatalysts have been reported. Among them, zeolite imidazolate framework (ZIF),
composed of imidazole linkers coordinated to transition metals, such as Zn%*, is a suitable
MOF to support heterogeneous catalysts because its large pore size can allow the transport
of large reactant and product molecules [31,32]. Moreover, the metal centers within the
ZIF-8 structure can undergo redox reactions, enabling efficient electron transfer during
electrochemical reactions. This redox activity contributes to the catalytic performance of
ZIF-8 as an electrocatalyst, facilitating the desired electrochemical transformations. The
unique structural features of ZIF-8, such as the presence of confined nanocages and open
metal sites, allow for selective catalytic activity towards target reactions. This selectivity,
combined with the high catalytic efficiency, makes ZIF-8 electrocatalysts promising for
energy conversion and storage applications [33-35]. The porous nature of ZIF-8 facilitates
the efficient mass transport of reactants and products. Its interconnected framework enables
the diffusion of species through the catalyst, improving reaction kinetics and minimizing
concentration polarization [33,36]. On the other hand, magnetic materials are ideal catalyst
supports as they can be recovered easily without centrifugation or filtration [37]. However,
pure magnetic nanoparticles tend to aggregate and cannot disperse uniformly through-
out the reaction system. Incorporating magnetic nanoparticles into porous materials can
prevent their aggregation and create a magnetic heterogeneous catalyst [32,37-39]. The
magnetic composites have several advantages, including catalytically active surfaces and
a magnetic separation capability. Moreover, some magnetic nanoparticles have multiple
oxidation states and are expected to be electrocatalytically active, such as NiCo,O; [40],
NiMoOy [41], Co304 [42], NiO [43], and MnO; [44]. Spinel ferrites, denoted as MFe,Oy
(M = Mn, Co, Ni, Zn, Cu, etc.), are a type of binary/ternary metal oxide. These ferrites
are highly desirable because of their low cost, earth abundance, magnetism, catalytic ac-
tivity, and conductivity [45-47]. They are composed of Fe, Co, and Ni, which are typically
used to fabricate highly efficient OER catalysts [48-51]. However, only a few studies have
focused on the application of spinel ferrites as OER electrocatalysts. For instance, Guo
et al. prepared a series of MFe,O4 (M = Co, Ni, Cu, and Mn) spinel nanofibers for the
OER. Among them, CoFe;,O4 showed the lowest overpotential of 408 mV at the current
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density of 5 mA cm 2 [46]. Furthermore, polyaniline CNTs and carbon were used to
modify the spinel CoFe;0y, and their overpotentials decreased to 314 and 378 mV, respec-
tively [52,53]. Additionally, in 2017, Lu et al. reported a MOF-based CoFe;O4/C composite
with an overpotential of 240 mV, which is one of the lowest values reported for ferrite-based
catalysts [54]. However, this overpotential is still too high for a practical OER.

Inspired by these observations, herein, we report a unique strategy to utilize food
waste to synthesize biogenic electrode materials in a cost-effective, eco-friendly, and simple
manner (Scheme 1). Potato peels were used as a precursor for the synthesis of ZIF@CoFep; Oy
composites. According to the US import/export report, South Korea produces approxi-
mately 530,000 metric tons of potatoes annually. Potato peel comprises starch, polysaccha-
ride, protein, acid-soluble and acid-insoluble lignin, and lipids. The lipid fraction contains
long-chain fatty acids, alcohols, triglycerides, and sterol esters. This composition can be
used as a natural polymeric precursor. Therefore, waste potato peels can be a great source
of chemical precursor, such as biogenic surfactant, for the synthesis of metal nanoparticles
that can control the growth of the NPs and inhibit aggregation. Therefore, waste potato
peels can be a great source of biogenic precursors for the synthesis of metal nanoparticles.
Interestingly, the synthesized ZIF@CoFe;O4 composite showed excellent electrocatalysis
toward the OER in a 1 M KOH solution. The enhanced catalytic activity of the composite
was attributed to the synergistic interaction between the transition metals Co-Fe and Zn.
This facile approach may open up new opportunities for the utilization of bio-waste in the
preparation of well-defined nanostructures.

| i
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“ ) 0.65g Co(NO3);  CH,COONa [ 2 g
3 180°C,5h | B Sagtg
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CoFe,0,@ZIF-8
Scheme 1. Scheme for synthesis of CoFe, O4@ZIF-8.

2. Results and Discussion
2.1. Characterization

Figure 1a displays the Fourier-transform infrared (FT-IR) spectra of the ZIF-8, CoFe; Oy,
and CoFe,O4@ZIF-8 samples. All the samples showed a broad band at approximately
3500 cm~! corresponding to the hydroxyl group [37,53,55]. The band at approximately
3000 cm~! corresponded to the stretching of the C-H bond. The peak at approximately
1150 cm~! indicated the presence of the carboxylic/C-O-C group [37,55]. The stretching
vibration of the imidazole ring in ZIF-67 was observed at 605-1450 cm~!. Further, the
stretching vibration near 3400 cm ! was related to N-H and ~OH groups. The CoFe,Oy4 and
CoFeyO4@ZIF-8 samples showed metal oxide peaks at approximately 520 cm ™!, indicating
the successful incorporation of CoFe,O, into ZIF-8 [54]. Furthermore, powder X-ray
diffraction (XRD) was conducted to obtain the diffraction patterns of the ZIF-8, CoFe;Oy,
and CoFe,O4@ZIF-8 samples (Figure 1b). The diffraction pattern of ZIF showed a series
of strong diffraction peaks at 26 = 7.30, 10.35, 12.70, 14.80, and 16.40°, corresponding to
the (110), (200), (211), (220), (310), and (222) planes of Zn, respectively [37]. The diffraction
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peaks for the pure spinel cobalt ferrite phase could be indexed to those in PDF #4-006-
4147 [56]. In addition, several peaks corresponding to «-Fe,O3 and Co3O4 were observed in
Figure 1b, implying that x-Fe,O3 and Co3O4 impurities were formed during the synthesis
of CoFe; Oy [53,54]. For example, the weak diffraction peaks at 20 = 31.27 and 36.84° were
associated with the (220) and (311) planes of cubic CozO4 (PDF #04-005-4386) [54].
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Figure 1. (a) FT-IR spectra; (b) powder XRD patterns; (¢) VSM analysis; (d) TGA curves of the
CoFeyOy4, ZIF-8, and CoFe; O4@ZIF-8 samples.

Figure S1 shows the adsorption-desorption isotherms of the CoFe;Oy4, ZIF-8, and the
CoFeyO4/ZIF-8 composite. The CoFe,O,/ZIF-8 had a larger Brunauer-Emmett-Teller
(BET) area than CoFe;O4 due to the large surface area of ZIF-8. The specific BET surface
areas of the CoFe;Oy4, ZIF-8, and CoFepyO4/ZIF-8 were approximately 620, 1040, and
580 m? g~ !, respectively. ZIF-8 showed a typical type-I nitrogen adsorption—desorption
isotherm [32]. The list of average pore diameter from BET measurements have been
summarized in Table S2.

The thermogravimetric analysis (TGA) of the CoFe;O4, ZIF-8, and CoFe,O,/ZIF-
8 composite was performed in a nitrogen atmosphere. As shown in Figure 1d, the TGA
curve of ZIF-8 exhibited a total weight loss of 75% up to 700 °C. In contrast, the weight loss
of CoFe,O4 was only 40%, which was attributed to the elimination of the H,O adsorbed
on the particle surfaces. Moreover, in the initial stage, the weight loss of CoFe;O4/ZIF-8
(31%) was caused by the vaporization of the adsorbed water or methanol. Due to the rapid
disintegration of the ZIF-8 molecules, significant weight loss was observed at 250-500 °C.
When the temperature reached 600 °C, the ZIF-8 molecules transformed completely to ZnO.

Figure 1c illustrates the room-temperature magnetic behavior of CoFe,O4 and its com-
posite measured using a vibrating sample magnetometer (VSM) in the —10,000-10,000 G
magnetic field range. Bare CoFe,O4 exhibited ferromagnetic behavior with nonzero rem-
nant magnetization (Mr) and coercive force (Hc), and its saturation magnetization was
6.36 emu g~ . In contrast, the saturation magnetization of CoFe,O,@ZIF-8 (Figure S2) was
4.009 emu g~ !. The decreased magnetization value in the composite was because of the
non-magnetic nature of ZIF-8.
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The optical reflectance spectra were measured using an ultraviolet diffuse reflectance
spectroscopy (UV-DRS, JASCO, Kingsgrove, NSW, Australia, V-770) with an integrating
sphere attachment. CoFe;O4 and CoFe,O4@ZIF-8 were mixed with tetrahydrofuran (THF)
and subjected to ultrasonic dispersion. The UV-Vis absorption spectra were recorded
from 200 to 800 nm (Figure S4). The spectra of CoFe;O4 and CoFe; O4@ZIF-8 were similar,
with peaks at 312 nm and 349 nm, respectively. Also, as a reference, absorbance was
analyzed using FT-IR (Figure S5) and peak position is matching with the Figure 1a Ft-IR in
reflectance mode.

The morphology analysis was performed using transmission electron microscopy
(TEM). Figure 2a—c shows the TEM images of the ZIF-8 synthesized in this work, wherein a
homogeneous and hierarchical structure was observed with regular polyhedron shapes.
Additionally, the as-synthesized ZIF-8 exhibited no obvious aggregation, and its particle
size varied between 100 and 140 nm. The hierarchical porous structures are favorable for
improving the ionic conductivity of the composite materials.

(a) (b)

Figure 2. TEM, HRTEM images of (a—c) ZIF-8, (d—f) CoFe,Oy, and (g-i) CoFe,O,@ZIF-8.

The TEM and high-resolution TEM (HR TEM) images in Figures 2d—f and 3a illus-
trate the CoFe,O4 heterodimer nanoparticles with a spherical Co component (8-9 nm,
darker contrast) attached to a rhombohedral Fe;O3 domain (13-15 nm, brighter contrast).
Figures 2g—i and 3b show the TEM and HR TEM images of the CoFe,O4@ZIF-8 composite.
The CoFe;O4 nanoparticles grew on the surface of the ZIF framework. However, a slight
agglomeration of the CoFe;O4 nanoparticles was observed on the ZIF surface, likely due
to their magnetic property [37]. The energy-dispersive X-ray spectroscopy (EDS) analysis
and mapping in Figure 3c showed the uniform distribution of the main elements Zn, C,
N, and O throughout the MOF, whereas the elemental Fe and Co were only detected on
the surface. The corresponding scanning electron microscopy (SEM)-EDS of the controlled
samples is provided in Figure S3 and Table S1.
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Figure 3. HR-TEM images of (a) CoFe;Oy4 and (b) CoFe,O4@ZIF-8, (Red circles are CoFe;O4 and
yellow circle is ZIF) and (c) Elemental mapping of CoFe, O4@ZIF-8.

2.2. Oxygen Evolution Reaction (OER)

In this study, we used a three-electrode system to perform water oxidation, and iR
correction was applied to the Tafel plots and polarization curves. To assess the bifunctional
electrocatalytic activity of the synthesized catalysts, linear sweep voltammetry (LSV) mea-
surements were performed for the OER in a basic electrolyte (1 M KOH) over the potential
range of 0.00-1.5 vs. a reversible hydrogen electrode (RHE) (Figure 4a). As a reference, a
catalytic current density of —10 mA cm~2 was used because this is the typical value for
photoelectrical cells with a solar capacity of ~10% [14-16].

The blank carbon paper electrode (CPE) was not active for OER, whereas the ZIF-
8 electrode showed a current of 20 mA at 1.5 V vs. RHE. In contrast, the cathodic current
for CoFe,O4@ZIF-8 shifted toward a more positive potential and reached 40 mA at 1.5 V vs.
RHE. However, the LSV curve of the pure ZIF-8 and CoFe,O4 had some fluctuating signals
due to their overly compensated iR. Moreover, Figure 4c shows that CoFe; O,@ZIF-8 re-
quired a much lower overpotential (105 mV) than CoFe;O4 (370 mV) and ZIF-8 (310 mV) to
achieve a current density of 10 mA cm 2. The lowest overpotential for CoFe,O4@ZIF-8 com-
posite was attributed to the synergistic interaction between Zn and the transition metals
present in CoFe;Oy4. CoFe;O4 decoration increased the charge transfer capability of ZIF-8,
decreased the energy barrier of the CoFe, O4@ZIF-8 composite, and accelerated the OER
kinetics. CoFe; O4@ZIF-8 exhibited the lowest onset potential of 1.35 V among all the cata-
lysts investigated (1.59 V for ZIF-8). This indicated that the oxygen ion adsorption capacity
of CoFe,O4@ZIF-8 increased, and the catalytic activity toward the OER was improved
because of the synergistic effect between the transition metals. Table 1 summarizes the over-
potentials and Tafel slope values of the electrode materials. The combination of CoFe;O4
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nanoparticles with ZIF-8 in a composite structure can lead to synergistic effects. CoFe;Oy
nanoparticles possess catalytic activity for OER, while ZIF-8 can provide a high surface
area and facilitate reactant diffusion. The composite structure allows for the integration of
both materials’ properties, resulting in improved electrocatalytic performance.
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Figure 4. (a) OER polarization curves; (b) Tafel plots, with 75% iR correction; (¢) Comparative
overpotentials at 0.2 and 10 mA /cm?; (d) Nyquist plots, (e) Linear plot of CV at different scan rates
(20-120 mV) (f) chronoamperometry stability of CoFe,O4@ZIF-8 at potentials of 1 V and 1.5 V in
1M KOH.

Table 1. Comparison of ECSA, overpotential, and Tafel slopes for synthesized catalysts during OER
in1 M KOH.

OER
Catalyst
ECSA (cm?)  Overpotential at —10 mA cm~2 (mV)  Tafel (mV dec™1)
CPE 0.95 151.1 403
CoFe,04 35 370 283
ZIF-8 85 310 120
CoFe;O4@ZIF-8 260 105 43

As shown in Figure 4b, CoFe,O4@ZIF-8 possessed the lowest Tafel slope (43 mV /dec),
possibly because of the strong electron coupling between Co, Fe, and Zn. In contrast, the
Tafel slopes of the ZIF-8 and CoFe;O4 were 120 and 283 mV /dec, respectively. The lowest
Tafel slope of CoFe,O4@ZIF-8 indicated that it had the fastest charge transfer kinetics
during the OER, and the rate-determining step followed the Volmer OER mechanism.
The OER activity of the CoFe,O4@ZIF-8 catalyst was compared with those of previously
reported Co—Fe metal oxide-based catalysts (Table 2). The CoFe,O4@ZIF-8 composite is a
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promising high-performance OER electrocatalyst because of its low overpotential and Tafel
slope.

Table 2. Comparison of the OER performance of various catalysts according to the Tafel slope
(mV/dec) and overpotential (mV).

Catalyst b (mVdec™1) Overpotential at 10 mA cm—2 (110 (mV)) Reference
CoFe,Oy4 (powders) 45 295 [571]
CoFeyOy4 (powders) 126 435 [58]

CoFe, 04 (hollow nanofibers) 95 414 [59]
CoFe, Oy (thin films) 54 490 [60]
CoFeyOy4 (nanoparticles) 73 387 [53]
CoFe;Oy4 (nanoplates) 61 360 [61]
CoFe, 04 (nanofibers) 107 340 [62]
Co3S,4/EC-MOF 120 226 [63]
S—-CoFe-PBA/CFP 35.2 235 [64]
FeMOFs-SO3 36.2 218 [65]
CoFe-MOF-OH 310 [66]
Fe (OH);@CoMOF-74 292 [67]
Fe—Co-P Hollow Sphere 33 252 [68]
ZIF@CoFe;0q4 43 105 This work

As shown in the Nyquist plots (Figure 4d) obtained through an electrochemical
impedance spectroscopy (EIS), the CoFe, O4@ZIF-8 composite exhibited a smaller semicircle
than the other two catalysts, indicating its higher conductivity, which could positively
affect the electrocatalytic activity of an electrode. The Nyquist plots of the catalysts were
fitted using EC laboratory software (Version B11.41). An equivalent circuit consisting of
an Ohmic resistance (R;), charge transfer resistance (R.), and constant phase element (Q)
was built. The space charge layer capacitance (C) of the composite was calculated using the
Brugg Equation (2).

C=(RQ*/R

1 1 1

R~ Rs " R @

The R value of ZIF-8 (210 )) was lower than that of CoFe,O,@ZIF-8 (57 (}). The
CoFe;O4@ZIF-8 composite showed the lowest impedance, indicating that the synergistic
effect of Co and Fe effectively improved the charge transport kinetics of the MOF.

The electrochemical active surface area (ECSA) plays an important role in electrocataly-
sis. To calculate the ECSA, cyclic voltammetry (CV) was measured with different scan rates
in a non-faradic potential window of 0-0.25 V. The double layer capacitance (Cg;) of the
bare electrode, ZIF-8, CoFe;O4, and CoFe,O4@ZIF-8 composite was calculated by plotting
the current density between anodic and cathodic sweep vs. the scan rate (20-120 mV).

As shown in Figures 4e and S6, the fitted slope is twice the Cy; and all the fitted graphs
show high linearity. The ECSA was calculated by using the bellow equation: ECSA = Cy;/Cs,
where Cj is the specific capacitance in an alkaline electrolyte (0.040 mF-cm~2). CoFe,O,@ZIF-
8 composite had a higher ECSA (260) than bare electrode (0.95), ZIF-8 (85), and CoFe,Oy4 (35),
indicating a higher density of catalytic active sites in CoFe;O4@ZIF-8 due to the synergistic
interaction between Zn, Fe, and Co.

The long-term stability of the CoFe,O4@ZIF-8 composite electrode was tested using a
chronoamperometry method at two different potentials (1 V and 1.5 V). At 1V, the electrode
material was stable for up to 10 h. After increasing the potential to 1.5 V, a significant
increment in current was observed (Figure 4f). Post-OER stability characterization showed
that the crystallinity and morphology of the CoFe, O4@ZIF-8 composite electrode remained
unchanged (Figure S7).
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3. Materials and Methods
3.1. Materials

All organic solvents were purchased from local companies (Daejung Chemicals, and
Samchun Chemicals, Gyeonggi-Do, Republic of Korea). The other chemicals were pur-
chased from Sigma Aldrich. All the chemicals used were of an analytical grade and
used without further purification. All the experiments were performed using deionized
(DI) water.

3.2. Instrumentation

Wide-angle powder XRD analysis was performed on a Rigaku diffractometer (X-ray
generator output: 3 kW, target material: Cu, 20-60 kW, 2-60 mA) at a scan rate of 4 °min~1.
Field-emission SEM (Jeol, Tokyo, Japan, JSM-7500F, 1.0 nm at 15 kV) and TEM (Tecnai
2010, Oregon, United States, at a voltage of 300 kV and a resolution of 1.4) were used to
examine the morphologies of the catalysts. HR resolution images were achieved using a
fully embedded high-angle annular dark field detector. All the electrochemical experiments
were conducted on a ZIVE SP1 compact electrochemical workstation equipped with smart
manager software. The N, adsorption isotherm measurements were performed using a
Micromeritics ASAP-2020 system to calculate their specific surface areas and pore diameters.
High-purity N gas (99.999%) was used for the measurements. TGA was performed using
a Scinco TGA N-1000 instrument at a heating rate of 20 °C min~_.

3.3. Synthesis of ZIF-8

Typically, 0.8 g of Zn (NO3),-HpO was dissolved in 40 mL of methanol in a 50 mL
beaker. Then, 0.526 g of 2-methyl imidazole was dissolved in 40 mL methanol. These two
solutions were mixed and transferred to a 100 mL autoclave, followed by stirring at room
temperature [37]. The resultant suspension was then transferred to a preheated oven at
100 °C for 12 h. Finally, the mixture was collected from the autoclave and washed with
methanol and water repeatedly through centrifugation at 10,000 rpm and dried at 80 °C to
obtain the ZIF-8 power.

3.4. Extraction of Potato Peels and the Synthesis of Spinel CoFe;Oy4

The collected potato peels were washed with DI water to remove any impurities and
dried in a hot air oven at 40 °C. The dried potato peels were cut into fine pieces and crushed
in a mortar to a powder form. The powdered peels (20 g) were mixed with 200 mL of
water in a round bottle flask. The flask was refluxed at 80 °C for 12 h to obtain a pale
yellowish slurry (Scheme 1). Later, this yellowish slurry was centrifuged and filtered
through a cheesecloth. The resulting filtrate was used as a natural biogenic precursor
for the synthesis of CoFe;O4 nanoparticles. To synthesize the spinel CoFe;O4, 1.31 g of
FeCls and 0.65 gm of Co (NOs); were dissolved in a mixture of 10 mL of DI water and
30 mL of the biogenic precursor. The resulting mixture was stirred for 30 min at room
temperature to obtain a homogeneous solution. The reducing agent, CH3COONa (2.45 g),
was then added to the homogeneous solution under stirring. The resulting solution was
transferred to a 50 mL autoclave and kept in a preheated oven at 180 °C for 10 h. Then,
the obtained product was extracted and washed with ethanol several times to remove
unreacted chemicals. Subsequently, the resulting particles were separated using a magnetic
bar. The final product was obtained after drying at 100 °C overnight.

3.5. Synthesis of CoFe;O4@ZIF-8

To synthesize the CoFe,O,@ZIF-8 composite, 0.65 g of FeCls and 0.32 g of Co(NO3);
were dissolved in 30 mL of the biogenic potato peel precursor, followed by adding 1.2 g of
CH3COONa. Under stirring at room temperature, 0.7 g of the pre-synthesized ZIF-8 was
added gradually, and the mixture was stirred for another 30 min. (Scheme 1) Finally, the
resulting mixture was transferred to a 50-mL steel autoclave and heated at 180 °C for 10 h.
The resulting product was decanted through centrifugation, followed by washing with
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ethanol and water. The final product was separated from the solution using a magnet bar
and dried under vacuum at 100 °C for 12 h.

3.6. Electrochemical Experiments

All the electrochemical measurements were performed in a three-electrode system in
1 M KOH. A CPE was used as the working electrode, whereas Pt and Ag/AgCl were used
as the counter and reference electrodes, respectively. To prepare the working electrode,
7 mg of the synthesized catalyst was dispersed in a mixture of 500 uL of ethanol, 485 pL of
water, and 15 pL of Nafion, where ethanol and Nafion were used as the drying agent and
binder, respectively. The mixed solution was ultrasonicated to obtain a homogeneous ink.
Subsequently, 30 uL of the homogeneous ink was drop-cast and loaded onto a 1 cm? area of
a previously cleaned CPE. Drop-casting was performed to modify the CPE with a catalyst
loading of 0.2 mg cm~!. The modified electrodes were dried for 10 h in a hot air oven at
80 °C. All the polarization experiments were conducted at a scan rate of 5mV s~ ! overa
potential window of 0-1.5 V. EIS measurements were performed in the frequency range
from 100 kHz to 0.1 Hz. The capacitances of the double layers were determined using a
cyclic voltmeter over the potential window of 0.0-0.2 V, and the scan rate was gradually
increased from 20 to 120 mV s~ 1.

4. Conclusions

Inspired by nature, we developed a unique, cost-effective method to synthesize bio-
genic CoFe,O4-decorated ZIF-8 composites for highly effective OER. A potato-peel-derived
extract was used as a natural precursor for the synthesis of the CoFe,;O4 particles. The
average particle size of CoFe,O4 was approximately 15 nm. The spherical CoFe,O4 parti-
cles and highly porous ZIF-8 in the CoFe,O4@ZIF-8 created many catalytically active sites
and facilitated the diffusion of the electrolyte ions to the active electrode. The synthesized
CoFe,O4@ZIF-8 composite exhibited a low onset potential (0.5 V at the current density
of 10 mA cm™!). In addition, the composite demonstrated excellent cycle stability and
chronoamperometric stability for up to 10 h and retained 95% of its initial capacity. The
overpotential of the CoFe,O,@ZIF-8 composite was 105 mV, the lowest value reported for
spinel metal oxide materials. Thus, the eco-friendly synthesis approach proposed in this
study paves the way for preparing magnetic materials from biogenic waste. Overall, the
current research on CoFe;O4@ZIF-8 as an electrocatalyst highlights its promising prospects
in energy conversion and storage technologies. Its unique composite structure and syner-
gistic effects provide new opportunities for designing efficient and stable electrocatalysts,
contributing to the development of sustainable energy solutions. Furthermore, because the
CoFe,O4@ZIF-8 composite prepared in this study shows high electrocatalytic efficiency
and low overpotential, the synthesis method is a potential approach for preparing green
renewable energy sources.
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