JPSE (Journal of Physical Science and Engineering), Vol. 9, No. 2, 2024, Page 4965
DOI: 10.17977/um024v9i22024p49-65

A
JP S E \?J\!%(Iﬂ http://journal2.um.ac.id/index.php/jpse
TS| EIssN: 25412485

(Journal of Physical Science and Engineering)

The Influences of Carbon Composition on the Performance
of Zn-Mno.25Fe27504@C Thin Films as Zinc-Ion Battery

Electrodes

Received Mohammad Naim Bahar', Eny Latifah', Nadiya Miftachul Chusna', Kormil

£) . . .

’ Saputra®®, Fadhil Fathurochman', Abdul Majeed Himat’, and Sunaryono
Revised *
26e Jusnee 2024 Sunaryonol’z
Accepted ! Department of Physics, Faculty of Mathematics and Natural Sciences, Universitas Negeri Malang,
27 July 2024 JI. Semarang No. 5, Malang 65145, Indonesia
Available online 2 Centre of Advanced Materials for Renewable Energy, Universitas Negeri Malang, Jalan Semarang
31 October 2024 No. 5, Malang 65145, Indonesia

3 Department of Physics, Faculty of Mathematics and Natural Sciences, Universitas Brawijaya, J1.
Veteran No.10-11, Malang, East Java 65145, Indonesia

4 Physics Study Program, Universitas Mataram, JI. Majapahit No.62, Gomong, Kec. Selaparang,
Mataram, Nusa Tenggara Barat. 83115, Indonesia

5 Physics of Magnetism and Photonics Research Division, Physics Program Study, Faculty of
Mathematics and Natural Sciences, JI. Ganesha 10, Bandung, West Java, 40132, Indonesia

*Corresponding Author’s E-mail: sunaryono.fmipa@um.ac.id

Abstract
Batteries based on Zinc-ion (ZIB) have a high capacity, low cost, low redox potential,
—— and impressive electrochemical stability in water due to their hydrogen evolution.
s B Fe;Os NPs with carbon coated can significantly increase the electrical
o conductivity of battery. This study investigates the impact of carbon addition on the
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performance of Zn-Mno2sFe27504@C as an electrode material for zinc-ion batteries.
The research focuses on developing Zn-MnoxsFex27sO4@C, which combines the
advantages of zinc-ion batteries with the improved magnetic and electrical properties
of magnetite materials. The material was synthesized using a spin coating method and
characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), vibrating sample magnetometry (VSM), transmission electron microscopy
(TEM), cyclic voltammetry (CV), and charge-discharge (CD) tests. The addition of
carbon was found to enhance specific capacitance, energy density, power density,
cycle stability, and magnetic properties of the battery electrodes. FTIR
characterization indicated the presence of O-H, C-O, Fe-O, Mn-O, C=C, C-N, and C=0
groups. XRD revealed a cubic crystal structure with particle sizes between 6.10 nm
and 11.53 nm. VSM analysis demonstrated a reduction in magnetization, coercivity,
and magnetic remanence with carbon addition. TEM analysis showed an average
particle size of 11.5 nm and aggregation of magnetite nanoparticles. CV results
indicated the significant potential for Zn-MnosFe27504@C as a battery electrode with
the highest specific capacitance in MCF2. Charge-discharge tests highlighted that
MCF?2 is ideal for large energy storage, MCF3 for fast charging, and MCF4 for low-
performance applications.

Keywords: zinc-ion battery, Mno2sFe27504@C nanocomposites, Zn-Mno.2sFe2750:@C
thin films, battery electrode.
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1. Introduction

The battery is one of the electric cells used to store chemical energy for conversion into electrical
energy [1]. There are numerous types of batteries that we encounter in our daily lives. One of these
types is single-use batteries, and another is rechargeable batteries, which have their respective
advantages and disadvantages. Batteries typically contain various chemical substances, including
mercury, manganese, lead, nickel, lithium, and cadmium, which are commonly found in secondary
batteries [2]. Thus, despite technological advancements, the performance of batteries remains
unsatisfactory for evolving globalization. Among the technologies mentioned above, the lithium-ion
battery (LIB) is considered a significant milestone in energy storage. The future of LIB in large-scale
applications is hindered by several important factors, such as cost, lifespan, and safety issues [3],[4].

Additionally, other types of batteries, known as aqueous batteries, use water-based electrolytes,
which have natural advantages in the factors above compared to expensive and flammable non-aqueous
LIBs. Another benefit of aqueous batteries is lower fabrication costs, as they do not require strictly
controlled oxygen and water production environments. Advances in aqueous battery systems have been
rapid in recent years, including monovalent systems with Li", Na', and K cations as well as divalent
systems with Mg>" and Zn** [5], [6]. Due to their low cost and high operational safety, water-
rechargeable batteries are considered a promising class of batteries for grid-scale electrochemical
energy storage. Moreover, compared to non-aqueous electrolytes, aqueous electrolytes offer much
higher ionic conductivity, supporting high-rate capabilities.

Recently, rechargeable multivalent ion batteries such as zinc-ion batteries (ZIBs), aluminum-
ion batteries (AIBs), and magnesium-ion batteries (MIBs) have attracted many researchers due to their
high volumetric energy density (based on metal anodes, Zn: 5851 mA h mL™', Al: 8046 mA h mL",
Mg: 3833 mA h mL™") [7], [8],[9],[10]. Aqueous zinc-ion batteries (ZIBs) based on chemical Zn*
intercalation have received considerable attention among researchers due to their high capacity (820
mA h/g), abundance, low cost, low redox potential (-0.76 V vs. standard hydrogen electrode), and
impressive electrochemical stability in water due to their high hydrogen evolution overpotential [11].

Furthermore, dendritic zinc issues in alkaline zinc cells can be addressed by replacing the
alkaline electrolyte with a mildly acidic (or slightly acidic) neutral solution, which in turn reduces
environmental impact and operational costs [12]. In their development, magnetite materials have been
combined with various support materials to enhance mechanical properties and energy capacity. Among
them, Zhang et al. synthesized Fe;O4/FeS; as a high-performance electrocatalyst for oxygen evolution
reactions and a zinc-air battery, resulting in a specific energy capacity of about 560 mAh.gzn" and
significant cycle stability [13]. Meanwhile, Han synthesized Fe;O4@CNF from cellulose acetate in Li-
Ton batteries, producing a specific energy capacity of 773.6 mAh and 596.5 mAh g after 300 cycles
[14]. Additionally, Wang et al. developed a double-buffering strategy to boost the lithium storage
potential of Fe;Os with MIL-100 (Fe) MOF framework embedded on graphene oxide, as a template
arranged through an in-situ solvothermal approach, transforming into well-dispersed ultrafine carbon-
coated Fes04-QDs, embedded with well-dispersed, and mesoporous (4 nm) embedded on reduced
graphene oxide (Fe304-QDs@C/rGO), by pyrolysis. This strategy resulted in high reversible capacity
with prolonged cyclic stability after 2000 cycles (505 mAh g ' at 2.0 A g'") [15]. In some of these
studies, the Fe3O4/FeS, nanocomposite material has lower specific energy compared to the carbon-
based Fe;04@CNF nanocomposite. This weakness presents an opportunity to combine carbon-based
materials with magnetite materials. Moreover, in nanocomposite materials like Fe;04-QDs@C/rGO,
the addition of carbon material enhances cyclic stability, as evident from cycles up to 2000 repetitions.
Another drawback is the lower magnetization side of Fe3Os, thus doping with Mn ions will enhance the
magnetization ability, which in turn increases prolonged cyclic stability and specific energy capacity.
Yan, et al reported that Fe;Os NPs with carbon coated can significantly increase the electrical
conductivity of Fe;O4 NPs with result a high specific capacity of 730 mAh/g after 300 cycles at a high
current density of 2 A/g, and a reversible capacity of 433 mAh/g at an ultrahigh rate of 10 A/g [16].

Therefore, research using Fe;O4@C material doped with Mn atoms as the battery cathode and
Zn as the battery anode to form a Zn-MngsFes 7504@C battery is necessary. Sunaryono et el. has
conducted doping optimization that obtained optimum magnetothermal activity at Mno.sFe» 7504 [17],
[18]. Core-shell carbon is also an alternative as a conductivity-enhancing alloy in its electrical properties
[19]. Then, similar research was conducted regarding the fabrication of Zn-Fe;O4@C battery electrodes
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with flexible characteristics based on zinc-ion batteries. However, in that study, the specific capacity of
Zn-Fe;04@C batteries at a current of 100 mA g’ maintained more than 58 mAh g with ~100%
Coulombic efficiency over 200 cycles, and the capacity retention after 200 cycles was 81% of the initial
capacity of 66 mAh g'. [20] Therefore, further development of this research is needed with the hope of
producing iron sand-based battery electrodes with increased magnetic and electrical properties through
Mn doping that is approaching or even higher than batteries on the market. This research focuses on the
influence of carbon mass variation in Zn-Mny.sFe» 7504@C battery electrodes fabricated using the spin
coating method. Then, the focused analyses include crystal structure analysis, nanocomposite magnetic
property analysis, morphology analysis, battery electrode magnetic property analysis, and voltammetry
cycle analysis (CV) in Zn-MnysFe».7504@C battery electrodes.

2.  Experimental Method
a. Materials

Natural iron sand from Sine Beach, Hydrogen chloride (HCI, 12.063 M, Merck Germany),
ammonium hydroxide (NH4«OH, 6.5 M, Merck Germany), MnCl>4H20 (197.90 g/mol, Merck
Germany), DI Water (WaterOne), Ethylene Glycol (Merck Germany), Nitric Acid (65% Merck
Germany), multi-walled carbon nanotubes (MWCNT 3-15 nm), Carbon Black, poly vinylidene fluoride
(PVDF 99.5% Arkema), N-methyl-2-pyrrolidone (NMP, Mw 99.13 Merck Germany), Ti-foil (thickness
0.05 mm), Zn-foil (thickness 0.05 mm).

b. Synthesis of Mno.2sFez.7504 Nanoparticles

Natural sand from Sine Beach, Tulungagung, Indonesia is washed with distilled water and dried
in the sun until completely dry. The dry sand is then separated using a permanent magnet to obtain a
pure iron sand powder. 20 grams of pure iron sand powder are reacted with 58 mL of HCI using a
magnetic stirrer hotplate at a temperature of 25 °C and a rotation speed of 720 rpm for 30 minutes. The
solution is then filtered to obtain FeCl, and FeCls solutions. The FeCl, and FeCls solutions are mixed
with 0.544 grams of MnCl, powder and stirred for 15 minutes at 720 rpm at room temperature. The
solution is titrated with 25 mL of NH4OH on a hotplate for 30 minutes. The resulting mixture is filtered
and then washed with distilled water until the pH reaches 7. After filtering, it is calcined at a temperature
of 100 °C for 1 hour. The calcination results are then ground using a mortar.

c. Synthesis of Mny.2sFe2 7504@C Nanocomposite

The pure Mny »sFe» 7504 nanoparticles obtained were dispersed in 50 mL of DI water to prepare
for the next step. 5 mL of MngsFe» 7504 nanoparticle seed solution, 1 mL of ethylene glycol, and 20 mg
of sucrose were thoroughly mixed with 35 mL of DI water in a 100 mL glass beaker. They were then
transferred to a special 50-mL Teflon container, which was sealed in a stainless-steel autoclave. The
autoclave was heated to 160 °C in a drying oven for 4 hours to grow the carbon shell. The purified core-
shell Mny2sFe2.7504@C nanoparticles were obtained by repeated centrifugal washing in DI water. The
obtained Mny 2sFe;.7504@C core-shell nanoparticles were treated with nitric acid (5 mol/L) for 1 hour
and then repeatedly centrifugally washed in DI water until neutral. The powder sample was prepared
by drying in a vacuum furnace. The sample code and composition of carbon is shown in Table 1.

Table 1. The sample code and composition of carbon on Mny,sFe 7504@C nanoparticles

Carbon compositions Sample Variation Code
Carbon mass variation 2% in Mno.2sFe27504@C nanocomposite MFC1
Carbon mass variation 4% in Mno.2sFe27504@C nanocomposite MFC2
Carbon mass variation 6% in Mno.2sFe27504@C nanocomposite MFC3
Carbon mass variation 8% in Mno.2sFe27504@C nanocomposite MFC4
Carbon mass variation 10% in Mno.2sFe2 7504@C nanocomposite MFC5
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d. Fabrication of Zn-Mny.25Fe2.7504@C Thin Films

The preparation process for the MngsFe» 7504@C electrode is as follows: Mng2sFez7504@C powder,
MWCNT, carbon black, and PVDF are mixed in a mass ratio of 28:7:10:5 in NMP. The obtained mixture is
then coated onto a Ti-foil substrate using a spin coater at 3000 rpm for 30 seconds. After that, the mixture is
dried in a vacuum oven at 70 °C for 12 hours, and the substrate is then cooled. The fabrication process for
the Zn electrode is similar to that of the Mno2sFe,7504@C electrode. Zinc powder, MWCNT, and PVDF are
mixed in a mass ratio of 8:1:1 in NMP. The obtained mixture is then coated onto a Zn-foil substrate using a
spin coater at 300 rpm for 30 seconds. After that, the mixture is dried in a vacuum oven at 70 °C for 12 hours.

e. Characterization

The characterization methods used in this research include X-ray Diffraction (XRD, PANalytical
X'Pert PRO Cu-Ka 1.5406 A) for characterizing the crystal structure, Fourier Transform Infrared
Spectroscopy (FTIR, SHIMADZU IRPrestige21) for identifying functional groups, Vibrating Sample
Magnetometry (VSM) for analyzing magnetic properties, Transmission Electron Microscopy (TEM
TEM JEOL JEM 1400) for observing morphology, Cycling and Durability Testing (CD) for testing
battery cycles, and Cyclic Voltammetry (CV) using Potensiostat Correst CS350M for assessing the
electrochemical performance of the battery cells. The data analysis methods involve several techniques
and software tools. The XRD data is analyzed using Riefica to determine the particle size and lattice
parameters of the Zn-Mny.2sFe» 7504@C nanocomposite. VSM OXFORD 1.2 H recorded from -30 until
30 kOe data is resulted the hysteresis curves to get information about magnetic properties of the samples
and analyze using the Langevin Type 2 model. CV curves are used to calculate specific capacitance and
energy density. TEM data is analyzed with Image J to evaluate particle size distribution and morphology.
The galvanostatic Neware BTS4000 SV6A was used to charge-discharge of samples and conducted to
assess battery lifespan, with data analyzed using Origin to determine battery capacity.

1. Result and Discussion
a. Functional Groups of Mny.2sFe2 7504@C Nanocomposite

Characterization using the FTIR instrument was conducted to determine the functional groups of both
bending and stretching bonds in the samples. In this study, FTIR characterization was performed on each
Mny2sFez 7504 sample and five variations of carbon mass in the Mng2sFe27504@C nanocomposites. The
FTIR characterization results of the MngsFe» 7504 sample are shown in Figure 1. In the functional groups of
O-H, C-O, Fe-O, and Mn-O at 3386 cm™, the O-H stretch is typically associated with hydroxyl groups.
These are present due to surface hydroxylation of the material or adsorbed moisture [21], [22], [23], [24].
The C-O bond at 2303 ¢cm™ is due to carbonates or carboxyl groups that have formed during sample
preparation or due to the interaction with CO, in the atmosphere [25][26]. The Fe-O stretching vibration at
420 cm™ is a characteristic of ferrite structures, confirming the presence of Fe in the oxide lattice [23], [24],
[25]. The Mn-O bond at 451 cm™ is indicative of manganese oxide, confirming the Mn content in the ferrite
structure [26] [27] [28], confirming the MngsFe; 7504 material. Subsequently, the FTIR characterization
results of the Mng2sFe 7504@C nanocomposites are also shown in Figure 1. Hydroxyl groups O-H, Mn-O,
Fe-O, C-0O, C=C, C-N, and C=0 were observed in the five samples at 3572-3672 cm™".

Similar to the Mny 2sFe» 7504 sample, the O-H stretch indicates the presence of hydroxyl groups, likely
due to surface hydroxylation or moisture. The Mn-O stretch at 420441 cm™ confirms the incorporation of
manganese within the ferrite structure [23], [24], [25]. The Fe-O stretch at 414460 cm™ reaffirms the
presence of iron oxide within the composite. [23], [29], [30]. The presence of C-O stretching vibrations at
2301-2309 cm is likely due to carbonates or carboxyl groups, which are more prominent in the carbon-
coated samples [25][26]. The C=C stretch at 1626—1637 cm™ indicates the presence of sp, hybridized carbon,
typical of graphitic or aromatic structures in the carbon coating [31][32]. The C-N stretch at 1447-1467 cmx’
! suggests the presence of nitrogen-containing functional groups, which were introduced during synthesis or
due to the carbon source used [33], [34], [35]. The C=0 stretch at 1663—1683 cm™ indicates carbonyl groups,
which are common in oxidized carbon materials and can form due to exposure to air or specific synthesis
conditions, respectively, confirming the MngsFe 7504@C nanocomposites.
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Figure 1. FTIR spectra of Mng2sFe; 7504, and Mng 2sFe; 7504@C samples (MCF1, MCF2, MCF3, MCF4, MCFS5).

Thus, in the FTIR characterization of two types of samples, Mng 2sFez 7504, and five variations of
carbon mass in the MngsFe»7504@C material, the obtained results indicate the presence of specific
bonding functional groups in each sample. Comparison between Mng»sFe» 7504 and Mng »2sFes 7504@C:
In Mny2sFe» 7504, functional groups O-H, C-O, Fe-O, and Mn-O were detected. In MngsFe» 7504@C,
in addition to the detected groups in Mng,sFe» 7504, there were additional groups of C-O, C=C, C-N,
and C=0, indicating the presence of carbon in the material.

FTIR characterization provides information about bonding functional groups in both types of
samples. Table 2 illustrates that the addition of carbon to MngsFe» 7504 forms additional bonding
groups, such as C-O, C=C, C-N, and C=0. Variations in carbon mass in MngsFe7504@C result in
changes in the intensity and position of bonding functional group peaks, indicating the influence of
these variations on the material's chemical structure. This discovery offers further insight into the
chemical properties and structure of MngosFe27504 material and carbon mass variations in
Mny 25Fez.7504@C material [36][37][17][19].

Table 2. Functional Groups of MngsFe; 7504 and Mng 2sFe 7504@C.

Functional Wavenumber (cm!)
Group Data References
Mno.2sFe2.7504
O-H 3618 3300-3600 [21][22][23][24]
C-0 2303 2300-2310 [25][26]
Fe-O 420 411-460 [38][30][25][29]
Mn-O 451 419-531 [26] [27][28]
Mno.25Fe2.7504@C
Functional  \ ey Mpc2 MFC3 MFC4 MFC5 References
Group
O-H 3572 3638 3618 3588 3598 3000-4000 [21][22][23][24]
Mn-O 433 441 420 427 423 419-531 [26][27][28]
Fe-O 460 414 451 458 444 411-460 [38][30][25][29]
C-0 2309 2305 2309 2309 2301 2300-2310 [25][26]
C=C 1630 1637 1631 1626 1636 1625-1642 [31][32]
C-N 1464 1467 1464 1450 1447 1400-1470 [33][34][35]
Cc=0 1670 1663 1673 1683 1674 1670 -1687 [39][40][41]
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b. Crystal Structure of Mny.zsFez 7504,@C Nanocomposite

Characterization using an XRD instrument was used to get information about the phase formed
in the diffraction pattern between the 260 angle and intensity. Other information that can be obtained
includes crystallographic data such as crystal system, space group, lattice parameters a, b, ¢, o, f, and
v, as well as the atomic coordinates of each phase found. This can be found after further analysis using
the Rietveld method, which utilizes crystallographic databases and performs refinement. Figure 2 is the
XRD pattern of MngsFe» 7504 and Mng2sFes 7504@C samples.

In Figure 2, peaks of the Fe;O4 phase are identified with small black circles (o) marked. These
peaks indicate that Mng2sFe» 7504 is in the crystal phase based on the Fe;Os phase. Carbon is in the
amorphous phase materials. The amorphous phase cannot be detected in XRD analysis due to its
amorphous nature, which lacks a regular crystalline structure. When X-rays pass through the sample, it
resulting diffraction pattern is a result of the crystal patterns generated by the arrangement of atoms in
the sample [42]. In this case, carbon peak was not detected because the composition of carbon in sample
to low. In sample MFC1, MFC2, MFC3, MFC4, and MFC5, composition carbon is about 2, 4, 6, 8, and
10%, respectively from overall total mass of samples. The Mny »sFe» 7504 phase exhibits a cubic crystal
structure with lattice parameters a=b=c, a==y=90°, space group Fd3m, and five major peaks on the
Bragg planes (220), (311), (400), (511), and (440), as reported in previous studies [43], [44], [45]. After
refinement using model data from the American Mineralogist crystal structure database no. 0002400,
additional information was obtained: lattice parameters a = b = ¢ = 8.344-8.385 A. As for the crystal
size values, they range from 6.10 to 11.53 nm. The detailed information is shown in Table 3.
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Figure 2. X-ray diffraction patterns of Mng2sFe> 7504 and Mng 2sFe; 7504@C nanoparticles.

Table 3. Lattice parameters of Mng2sFe; 7504, and Mng 2sFe» 7504@C nanoparticles.

Sample Rp Rwp x Lattice parameters a=b=c (A) Crystal size (nm)
Mno2sFe2,7504 20.85 28.30 1.299 8.369 8.42
MEFC1 21.36 2947 1.292 8.386 10.45
MEFC2 21.22 2944 1.336 8.385 6.10
MEFC3 20.44 28.35 1.155 8.364 10.19
MEFC4 5.07 6.44 1.039 8.350 8.95
MECS5 433 542 1.522 8.347 11.53

Table 3 presents the lattice parameters of Mng2sFe27504 and Mng2sFes7504@C MFC1, MFC2,
MFC3, MCF4, and MFC5 samples from XRD analysis. The parameters include Rp, Rwp, y2, lattice
parameters a=b=c (4), and crystal size (nm) [46]. The data show that adding carbon affects lattice
parameters and crystal sizes. Mng»sFe 7504 has a lattice parameter of 8.369 A and a crystal size of 8.42
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nm. Carbon addition generally increases crystal size and alters lattice parameters, with MFC4 having
the best model fit (y* = 1.039) and MFCS5 showing the largest crystal size (11.53 nm). the rise and fall
in lattice parameters and crystal sizes are primarily due to the complex interplay between carbon doping,
structural distortion, variations in carbon content, potential formation of secondary phases, and
experimental conditions. These factors collectively influence the final structure of the nanocomposites,
leading to the observed variations [47][48].

c.  Morphology of Mny.2sFez.7504@C Nanocomposites

The Mny.2sFe2 7504@C nanocomposite was characterized by TEM to determine the particle size
and morphology formed in the samples tested. The characterization results obtained are in the form of
images up to manometers size. TEM data analysis was carried out using ImagelJ software. Then it was
plotted using Origin software to determine the particle size distribution of samples MFC3 and MFCS.
The results of TEM data analysis for samples MFC3 and MFCS5 show an average particle size of 11.5
nm, which is similar to the XRD crystal size of Mng.2sFe 7504@C in this experiment (~ 6 —13 nm) and
from other experiments reported previously [49]. Evidence of the aggregation process in magnetite
nanoparticles is shown in Figure 3, showing that the nanoparticles tend to cluster due to the strong
attraction between one secondary particle and other similar secondary particles.

Frequency(a.u.)
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Particle Size Distributions (nm)
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— Fitting
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Figure 3. The particle size distribution histograms and TEM images of (a) MFC3 and (b) MFC5 samples.

Composition of carbon in Mny.2sFez 7504@C samples to low (2-10% mass of carbon in the total
mass of samples). This is confirmed by the TEM image in Figure 3. Figure 3 shows that the material
with a light image is dominant over the darkness. This caused the atomic number of dominant elements
in the sample. The dominant element in the sample is Fe (atomic number = 26) because contains
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MnygsFes 7504 and C for carbon (atomic number = 6). The higher of number of atoms, the higher the
lightness image. Otherwise, the lower atomic numbers resulted in a darkness image. So, this confirms
that the composition of carbon is lower than Mnyg 2sFez.7504.

d. Magnetic Properties of Mny.2sFez.7504@C Nanocomposite

VSM is an instrument used to measure the magnetic properties of a sample. When a sample is
placed in a magnetic field, VSM can measure the magnetic response of the sample. This magnetic
response is expressed in magnetization units, which describe how much magnetization the sample
produces in a given magnetic field. The hysteresis curve of test results using VSM for all samples in
this study is shown in Figure 4. Further analysis of Figure 4 is carried out using the Langevin equation
which corresponds to Equation 1 [50].
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Figure 4. Hysteresis curves and their fitting lines using Langevin equation of the Mng»sFe» 750:@C: MFC1, MFC2, MFC3,
MCF4, and MFC5 samples.
where M is the total of magnetizations, M, is magnetization saturations, M, is magnetization remanent,
x 1s susceptibility, and x4 is magnetic moment. The results of the analysis in Figure 4 are presented in
Table 4. It can be seen that H. is a measure of the strength of the external magnetic field required to
cancel the remanent magnetization of a material. The higher the value of H., the more difficult it is to
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cancel remanent magnetization, meaning to remove the magnetization remaining in the material after
the external magnetic field is removed or turned off, and the stronger the material is as a permanent
magnet.

From Figure 4 we can draw several conclusions that there are variations in the coercivity values
(M, H., and M,) between the Mno2sFe;7504@C nanocomposite samples. This indicates that the
magnetic properties of each sample can vary, possibly due to differences in the synthesis process or
experimental conditions [51]. Uniform Range of Values: Despite variations, the range of coercivity
values for each parameter (M,, H., and M,) is relatively uniform among samples. This shows that despite
variations, all samples have consistent magnetic properties within a certain range [52][53]. Inconsistent
Behavior Patterns: Note that there are inconsistent changes in coercivity values between samples. For
example, M, and H. values can increase or decrease from one sample to another. This shows that the
factors influencing the magnetic properties may vary between the samples [54]. Importance of Magnetic
Analysis: Coercivity data can provide valuable insight into the magnetic properties of Mnog2sFe2 7504@C
nanocomposite materials. Understanding variations in coercivity between samples can help in
optimizing the synthesis process and further understanding the properties of the material [55][52].
Based on the data provided, we can conclude that the type of magnet formed is a superparamagnetic
magnet. This can be indicated by the values of H. and M. in Table 4 Superparamagnetic is a form of
magnetism that appears in small ferromagnetic or ferrimagnetic nanoparticles. In small enough
nanoparticles, the magnetization can change direction randomly under the influence of temperature
[50]. The influence of carbon on the Mng 2sFe2.7504@C nanocomposite material may affect its magnetic
properties. Carbon is usually introduced in the form of a layer of carbon that coats or mixes the magnetic
material.

Table 4. The magnetic parameters of Mng »sFe» 7504@C nanocomposite samples.

sample M; (emu/g) H: (T) M, (emu/gr) X u <103 (J/T)
MEFC1 0.88 0.002 0.048 0.00193 2.724
MFC2 0.75 0.002 0.045 0.00196 3.246
MFC3 0.82 0.001 0.041 0.00218 3.302
MFC4 0.85 0.001 0.036 0.00278 4.062
MFC5 0.83 0.001 0.029 0.00284 4.249

Table 4 shows that the M, value of the sample is in the range of 0.75-0.88 emu/g, with MFC1
having the highest M, value and MFC2 having the lowest M; value. The M, value shows how much
magnetization a material can achieve when subjected to a very strong magnetic field. Thus, MFC1 has
better magnetization ability compared to MFC2, MFC3, MFC4, and MFC5. Meanwhile, the H. value
of all of the samples is in the range of 0.001-0.002 T, with MFC1 and MFC2 having almost the same
H_ value. The H. value shows how large a magnetic field is needed to demagnetize a material. Thus,
MFC1 and MFC2 have lower H,. values compared to MFC3, MFC4, and MFCS. The M, value for each
nanocomposite sample is in the range of 0.029-0.048 emu/g, with MFC1 having the highest M, value
and MFCS having the lowest M, value. Retention magnetization indicates how much magnetization a
material can maintain when subjected to a weak magnetic field. Thus, MFC1 can resist magnetization
better than MFCS5. Thus, the influence of carbon on the Mng »2sFez 7504@C nanocomposite material may
affect to value of several magnetic parameters. Carbon is usually introduced in the form of a layer of
carbon that coats or mixes the magnetic material. So, the addition of more carbon to the
Mny 25Fe;.7504@C nanocomposite material can cause a decrease in the magnetization, coercivity, and
magnetic remanence values because carbon can disrupt the crystal structure and magnetic properties of
the original material [24], [50].

e. Cyclic Voltammetry

Measurements using CV aim to determine the reduction-oxidation process in the anode.
Measurements were carried out on Zn-MngsFes 7504@C thin films with MFC2, MCF3, and MFC4
samples with the scan rate set at 100 mVs. The voltammogram graph by CV measurement of the
samples in this study is shown in Figure 5.

Figure 5 shows that the Zn-Mno2sFe>7504@C thin films especially MFC2, MFC3, and MFC4
samples provide deep insight into the electrochemical properties and potential for application as battery
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electrode materials [56][57]. Oxidation reactions are processes in which atoms or molecules lose
electrons, which in turn causes an increase in potential. The anodic peak in the voltammogram is the
point where the oxidation level reaches its peak, indicating the occurrence of a significant oxidation
reaction in the material [58][59]. The position of the anodic peak in the voltammogram of the Zn-
Mny 25Fe;.7504@C thin films for sample MFC2 was found to range from 0 to 0.872 V, while for MFC3
it ranged from 0 to 0.757 V, and for MFC4 it ranged from 0 to 0.64 V. Previous research found that the
anodic peak position for Fe;Oj is between 0 to 0.5 V. The similarity of these positions indicates that the
Zn-Mng2sFe; 7504@C thin films especially MFC2, MFC3, and MFC4 samples have similar
electrochemical properties to Fe3O4, which can provide additional insight into the potential use of this
material in battery applications [60][61].

In addition to position, peak current and voltage values on a voltammogram also indicate the
electrochemical quality of the material. Peak current reflects the rate of electrochemical reactions
occurring on the electrode surface, while peak voltage indicates the energy released or absorbed during
the reaction. High peak current and voltage values indicate that the material has a good electrochemical
response, which in turn indicates its potential ability to be used in battery applications [62]. A high peak
current indicates that the material can support a large current flow, which is a desirable characteristic
in high-power battery applications. Meanwhile, a good peak voltage indicates that the material is
capable of storing energy efficiently during the charging and discharging process, which is important
to ensure stable and reliable battery performance [56][63].
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Figure 5. The voltammogram graph of Zn-Mny »sFe» 7504@C MFC2, MFC3, and MFC4.

The presence of an anodic peak in the voltammogram shows that this material has
electrochemical properties that support oxidation reactions, which are important in the battery charging
and discharging process. The similarity of the anodic peak position with Fe3O4 also indicates that this
material has electrochemical properties similar to the materials that have been studied [62][56]. In
addition, good peak current and voltage values indicate that this material has high electrochemical
qualities, which strengthens the argument for its use in battery applications. The ability of materials to
support large currents and store energy efficiently is a key factor in creating reliable and high-
performance batteries [57]. The measurement results show the presence of an anodic peak which
indicates the occurrence of an oxidation reaction, as well as good peak current and voltage values which
indicate high electrochemical quality [64].

f Charge-discharge

The charging-discharging test aims to determine the specific capacitance of the material being
tested. Specific capacitance is obtained by dividing the test results in the form of capacitance by the
mass of the active material. The test was carried out at a current of 0.1 mV/s and a scan rate of 0.1 C.
The test results are shown in Figure 6 and Table 5.
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From Figure 6, we can see that MCF2 has higher specific capacitance and energy density than
MCF3 and MCF4, but its power density is slightly lower than that of MCF3. this is due to Material
Structure: MCF2 has a better material structure or more optimal pore configuration, which allows it to
accommodate more electrical charge per unit mass, thus having a higher specific capacitance and energy
density, this is a Chemical Composition, the chemical composition of a material can affect its ability to
hold an electric charge and store energy. MCF2 has a composition that is more favourable for storing
electrical charge. [65] [66][67]. Test results show that intermittent charging is effective in maintaining
consistent battery performance during charge and discharge cycles. In addition, the use of certain
materials, such as Zn-MngsFe;7504@C MFC2, MFC3, and MFC4, can increase the charging and
discharging capacity, which in turn increases the overall battery life [68].
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Figure 6. The result of charge and discharge in graph of (a) specific capacitance vs cycles and (b) voltage vs time.

The specific capacitance of supercapacitors is influenced by carbon materials, magnetic
properties, and structural characteristics. Carbon materials enhance charge storage and conductivity due
to their high surface area and porosity. Magnetic properties improve electrochemical stability and
conductivity through synergistic effects. Structural characterization is crucial for understanding
performance, with well-ordered crystalline structures facilitating electron transport and unique
nanostructures enhancing charge storage. Composite materials combining carbon with metal oxides or
conducting polymers exhibit synergistic effects, enhancing capacitance through conductive networks
and pseudo-capacitance. Effective integration of these components enables advanced electrode
materials with high specific capacitance, rate capability, and stability for supercapacitor
applications.[69].

Table 2. Specific capacitance for three samples.

Sample Specific Capacitance (F/g)  Energy density (Wh/kg) Power density (W/kg)
MCF2 8.44 1.42 104.40
MCEF3 553 0.76 94.35
MCF4 4.87 0.59 88.66

In Table 5 In the results of data analysis of specific capacitance, the test results were analyzed
using the Origin application, energy density, and power density of the Zn-Mny»sFe» 7504@C thin films,
especially MFC2, MFC3, and MFC4 samples. The MCF2 sample shows the highest maximum specific
capacitance (8.44 F/g) and energy density (1.421 Wh/kg), which means a good choice for applications.
However, its power density is slightly lower (104.40 W/kg), which may reduce its ability to deliver
power quickly. The MCF3, although having lower capacitance and energy density than the MCF2,
features a slightly higher power density (94.35 W/kg), making it a good choice for applications where
the speed of charging or discharging energy is important. The MCF2 shows good performance in
capacitance and energy density but has a slightly lower power density. While MCF3 offers higher power
density, but with slight sacrifices in capacitance and energy. The MCF4 displays lower performance
overall but can be a more economical or suitable choice for applications with lower performance
requirements. Previous research found an energy density of 21.07Wh/kg and a power density of
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103.98W/kg[70]. Therefore, the results highlight the importance of considering the specific needs of
the intended application when selecting energy storage materials, taking into account the balance
between capacitance, energy density, and power density.

The results of data analysis of specific capacitance of MCF2, MCF3, and MCF4 have the opposite
result with the value of magnetization saturations and magnetic moment (« in Table 4). The specific
capacitance value decreases when the saturation magnetization and magnetic moment value increases.
The large saturation magnetization and magnetic moment value causes the magnetic moment to be
unstable. It tends to be more reactive, making it difficult to detect reduction and oxidation reactions
during charging and discharging occurs. The low values of specific capacitance and energy density in
this study are caused by several factors, including the material used is a magnetic material, where the
magnetic material itself has low electrical conductivity, thereby limiting the speed of electron transport.
So, the percentage of carbon mass has an impact on specific capacitance values.

2. Conclusion

The XRD analysis revealed that the Mng2sFe».7504 phase exhibits a spinel cubic crystal structure
with lattice parameters a=b=c, a=£=y=90° and space group Fd3m. After refinement, the lattice
parameters were determined to be a = b = ¢ = 8.344-8.385A4, with particle sizes ranging from 6.10 nm
to 11.53 nm. The addition of carbon induced changes in crystal structure and particle size, supporting
the hypothesis of an inverse spinel cubic crystal structure in the Mno.sFe27504@C nanocomposite.
VSM analysis demonstrated that increasing carbon content in the Mnyg 2sFez 7504@C nanocomposite led
to decreased magnetization, coercivity, and magnetic remanence due to disrupting the original material's
crystal structure and magnetic properties. This finding supports the hypothesis that higher carbon mass
decreases saturation magnetization, remanent magnetization, and coercivity values, affecting both the
nanocomposite and the Zn-MngssFe»7504@C battery electrode. TEM analysis indicated an average
particle size of approximately 11.5 nm for samples MFC3 and MFCS5, consistent with the XRD crystal
size of Mng2sFe27504@C (~6—13 nm). Evidence of aggregation in magnetite nanoparticles suggests that
varying carbon mass alters the morphology and particle size distribution of Zn-Mny.sFe27504@C
battery electrode layers. CV measurements showed the formation of an anodic peak in Zn-
Mnyg 25Fe;7504@C variations (MFC2, MFC3, MFC4) during battery operation, with peak positions
indicating good electrochemical reaction rates and energy efficiency. These results highlight Zn-
Mny 25Fe;7504@C's potential as a reliable and high-performance battery anode. Charging-discharging
tests revealed that MCF2 exhibited the highest specific capacitance (8.44 F/g) and energy density (1.421
Wh/kg), making it suitable for applications requiring large energy storage per mass. MCF3 showed
lower capacitance and energy density but higher power density (94.35 W/kg), making it ideal for
applications with high charging speeds. MCF4 displayed lower overall performance but could be a cost-
effective choice for applications with lower performance requirements. These findings underscore the
importance of selecting energy storage materials based on application needs, considering the balance
between capacitance, energy density, and power density. So, this study confirms that adding carbon to
the Mnyg»sFe» 7504@C nanocomposite affects its crystal structure, magnetic properties, morphology, and
electrochemical performance.
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