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Abstract: The reduction of carbon dioxide into valuable chemical products is a promising
solution to address carbon balance and energy issues. Herein, amorphous nitrided copper-iron
oxides are prepared by gas-phase nitriding of CuFe-layered double hydroxide precursors with
urea as a nitrogen source. The obtained materials show high activity for CO, electroreduction
to methane and formic acid, achieving a total Faraday efficiency of 74.7% at —0.7 V vs. RHE
and exhibiting continuous 10 h durability in the H-cell. The uniformly distributed Cu+ sites act
as active sites by losing electrons to activate CO,. During the CO> electroreduction, CO; is
converted to *COOH via proton-electron coupling; *COOH combines directly with a proton in
solution to produce the HCOOH product; and the other part of *COOH undergoes a protonated
dehydration process to form the *CHO intermediate, which dehydrates again to form CHs. This
study provides a new approach for designing CO» electroreduction catalysts.

Keywords: CuFe-LDH; nitrided copper-iron oxides; CO; electroreduction; electrocatalysis

1. Introduction

Carbon dioxide (CO>) is a key contributor to the global warming crisis in modern-
day society. Excessive emissions of CO; have resulted in severe environmental issues,
including the greenhouse effect, acidification of water bodies, and climate change.
These challenges present a significant threat to the sustainable development of society
[1]. The combustion of fossil fuels from anthropogenic sources is the major source of
atmospheric CO; emissions [2]. The main ways to achieve zero CO, emissions are
through the decarbonization of raw materials, carbon sequestration and capture, as
well as carbon recovery and neutralization [3—5]. The most efficient method for
converting CO; into valuable chemicals today is electrocatalytic reduction [6,7].
However, the electrocatalytic reduction of CO; faces challenges such as the hydrogen
evolution reaction (HER) competing with the desired reaction [8]. Additionally, the
high thermodynamic stability and kinetic inhibitory effects of CO, molecules result in
their deactivation [9,10]. Therefore, the top priority in research in electrocatalytic
reduction of carbon dioxide is to design catalysts with low overpotential that can
suppress the HER and effectively promote the reduction of carbon dioxide. These
catalysts should also possess advantages such as low cost, high selectivity, stability,
and durability.

Due to limited reserves and high costs of precious metals, transition metals with
significant stability and high economic feasibility in alkaline media have attracted
considerable attention in the field of electrocatalysis [11]. Therefore, it is necessary to
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search for transition metal catalysts with higher catalytic activity [12—14]. Iron-based
materials are considered to be very promising catalysts due to their low cost and
environmental friendliness [15]. However, iron-based materials continue to face a
significant challenge in terms of low conductivity [16], limiting their electrocatalytic
performance. The reduction intermediate CO in the carbon dioxide is harmful to iron-
based materials because CO can damage the active sites of iron-based catalysts.,
further limiting their effectiveness in electrocatalysis [17]. Scientists are now
extensively overcoming this limitation by coupling iron-based materials with other
materials such as metal oxides or organic carbon frameworks [18,19]. Copper-based
catalysts have garnered significant research attention due to their high efficiency in
converting carbon dioxide into hydrocarbons [20,21]. In recent years, considerable
research has been conducted with the aim of designing efficient Cu-based
heterogencous materials as Carbon Dioxide Reduction Reaction (CO:RR)
electrocatalysts. These materials include monometallic Cu, Cu-based oxides, Cu-
based bimetallic systems, single/dual Cu atoms, and Cu-based metal-organic
frameworks (MOFs) [22]. To improve the CO, reduction activity of catalysts,
structural adaptations such as modification of active sites, morphology, or size [23,24],
introducing other elements [25,26], as well as surface modification and electroplating
[27-29] are being investigated. Among these methods, nitrides of transition metals
exhibit exceptional electronic [30-32], mechanical and optical properties, making
them very suitable for reducing CO; to C; products [32—35]. Nitrides of transition
metals are usually solid compounds with strong metal-nitrogen bonds [36], which
gives them a high degree of structural stability. Compared to other catalysts, transition
metal nitrides cause less corrosion or structural changes during electrochemical
processes. Therefore, it can participate in the reaction stably for a long time [37].
Despite their high electrochemical activity, the limited number of electrochemically
active sites in the nitrides of transition metals may affect their catalytic efficiency in
practical reactions [38]. Amorphous materials are rich in active defect sites, thus
favoring efficient CO, electroreduction. Shan et al. synthesized Cu@CuEu
nanoparticles with amorphous CuEu alloy shells. Defect sites in the amorphous
material, which may interact effectively with CO. molecules or their reduction
intermediates, optimize the reaction pathway for CO, reduction [39]. Yang et al.
prepared Bi-based catalysts with amorphous layers. The disordered arrangement of
atoms in the amorphous materials provides more CO; adsorption sites and may reduce
the activation energy of CO, molecules by changing the electronic structure of the
catalysts. This facilitates the subsequent reduction steps [40].

The structural units of Layered Double Hydroxides (LDHs) primarily exhibit an
octahedral geometry, where hydroxyl ions are situated at the vertices of the octahedron
and the encapsulated metal ions are positioned at the center. LDHs have a general
chemical formula of [M*"\M*"(OH)>]**(A™ )wn'yH20, in which M**, M**, and A
respectively represent divalent cations (e.g., Ni**, Mg?*, Cu?', Ca*"), trivalent cations
(e.g., Fe**, AI*"), and anions [41]. By selecting different metals and anionic species,
various types of LDHs can be synthesized. The high degree of design flexibility gives
LDHs extensive potential applications in various catalytic reactions, such as
photocatalysis, thermocatalysis, and electrocatalysis, including CO,RR [42-44]. Ma
et al. have demonstrated that Cd-MgAI-LDHs exhibit exceptional activity in the
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electrochemical reduction of CO, to CO [45]. Zhang et al. found that
CuoZn,/Cug sZnoAl>04 generated from CuZnAl-LDH enhanced the adsorption of CO
intermediates and promoted C-C coupling, greatly improving the activity of CO.RR
[46].

Our group has previously demonstrated that CuFe-LDH could serve as an
outstanding precursor for electrochemical catalysts due to its unique properties [47].
In this study, we successfully synthesized amorphous nitrided copper-iron oxides
through the gas-phase nitridation of CuFe-LDH, exploiting the distinctive and highly
dispersed metal components present in LDH. To understand the correlation between
the material structure and the performance of CO:RR, the chemical composition and
the existence state of surface elements are analyzed, and the formed gas and liquid
products of CO2RR are detected. The reaction mechanism was studied through X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and in situ attenuated
total reflection fourier transform infrared spectroscopy (ATR-FTIR). The dispersion
of copper in nanoparticles results in a highly uniform distribution, thereby enhancing
its activity in the electroreduction of CO5.

2. Experimental

2.1. Chemicals and materials

The chemical reagents used in this work include Cu(NO3):-3H,O (>99.0%,
Macklin), Fe(NOs);-9H,O (>98.5%, Macklin), NaOH (>96.0%, Tianjin Fuchen
Chemical Reagents), KHCOs (>99.0%, Aladdin), Na,CO3 (=99.0%, Beijing Chemical
Plant), and CO(NHz)2 (=99.0%, Macklin). Deionized water was utilized in the
experiment. Ar (>99.999%), CO> (>99.999%), and N> (>99.999%) were purchased
from Beijing Shunangite Gas. All of the chemicals in this study were used without any
additional purification.

2.2. Fabrication of nitrided copper-iron composite oxides

The CuFe-LDH precursor was prepared using the co-precipitation process.
0.0075 mol of Cu(NOs3),-3H>0O and 0.0025 mol of Fe(NO3)3-9H,O were dissolved in
60 mL of deionized water. 0.02 mol of NaOH and 0.005 mol of Na,CO3 were dissolved
in 60 mL of deionized water. The two solutions were added dropwise into a three-
necked flask under continuous magnetic stirring, maintaining the pH of the mixed
solution at 5 in the above process. After addition, the mixed solution was stirred for
one hour and transferred into a hydrothermal reactor for a 5 h reaction at 110 °C. After
the completion of hydrothermal treatment, the obtained CuFe-LDH samples were
collected through centrifugation, filtration, and drying.

The nitrided copper-iron composite oxides were prepared by the gas-phase
nitridation of CuFe-LDH precursors with urea as a nitrogen source. 0.5 g CuFe-LDH
sample and 5 g urea were transferred to a tube furnace, and then the nitridation reaction
was conducted at 300 °C for 2 h with a heating rate of 1 °C'min! in Na. After the
nitridation, the obtained sample was washed with ethanol, centrifuged, and vacuum
dried.
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2.3. Characterization

XRD patterns were acquired by a Bruker D8A25 instrument with Cu Ko radiation
and a scanning step of 10°min"!. Scanning electron microscope (SEM) images were
captured on a Zeiss SUPRA 55 instrument operated at 10 kV. High-resolution
transmission electron microscopy (HRTEM) images were taken using a JEOL JEM-
F200 instrument equipped with an energy dispersive X-ray spectrometer (EDS), and
the test was conducted at an accelerating voltage of 200 kV. XPS and Cu LMM Auger
spectra were acquired through a Thermo VG ESCALAB 250 X-ray photoelectron
spectrometer with Al Ko X-rays at approximately 2 x 107° Pa. ATR-FTIR was
conducted in situ using a Tensor II (Bruker) FTIR spectrometer with an MCT detector.
The measurements were performed with a VeeMAX III variable-angle specular
reflection accessory (Pike, USA) and a spectroelectrochemical cell, combined with a
CHI660E instrument to control the reduction potential. Gas chromatography (GC,
Shimadzu, GC2014) at 20 °C was utilized to quantify the gaseous product. The
concentration of Cu and Fe in the material was determined using inductively coupled
plasma mass spectrometry (ICP-MS, iCAP6300 Radial, Thermo, US).

2.4. Electrochemical study of CO2 reduction and product analysis

Electrochemical measurements were performed wusing a CHI660E
electrochemical workstation (Shanghai Chenhua Instruments Co., China) in a three-
electrode system within an H-cell. The cathode and anode were separated by a Nafion
115 membrane, which acted as a proton exchange membrane. A 0.5 M KHCOs3
electrolyte was utilized for the measurements. The working, counter, and reference
electrodes are nitrided copper-iron composite oxide powder, graphite rod, and
Ag/AgCl (3 mol-L™! KCIl), respectively. The given potential was converted to a
reversible hydrogen electrode (RHE) using the Nernst equation. The electrolyte that
contained 0.5 M KHCOs saturated with CO; exhibited a pH of 7.12.

During the linear sweep voltammetry (LSV) tests, CO> (>99.999%) or Ar
(>99.999%) with high purity were continuously injected into the H-cell. The
electrolyte was saturated with CO» at a mass flow rate of 30 mL-min~! for over 20
min, following which the cell was hermetically sealed before executing the
measurements. After each measurement that lasted for 1.5 h at various overpotentials,
the formed products were analyzed.

3. Results and discussion

3.1. Structure of as-prepared catalysts

The XRD patterns of CuFe-LDH and nitrided copper-iron composite oxides are
shown in Figure 1a. The spectrum of the CuFe-LDH precursor can observe diffraction
peaks at 12.8°, 25.8°, 33.1°, 36.6°, 43.6°, 60.9°, and 62.5°, which are respectively
attributed to the (003), (006), (009), (015), (018), (110), and (113) crystal faces of the
LDH phase [48]. This indicates the successful synthesis of the hydrotalcite precursor.
The XRD pattern of nitrided copper-iron composite oxides shows that there are no
additional XRD signal peaks except for the C signal peak at 18° indexed to the
standard C (JCPDS No. 48-1449), confirming the amorphous nature of the obtained
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material. Amorphous materials are more likely to produce defective vacancies during
the reaction process, which can serve as active sites for catalytic reactions [49].
Furthermore, a detailed investigation of this composite was conducted by analyzing
XPS spectra. (Figures 1b and 1c¢). It is visible in the spectrum that peaks of Cu 2p at
932.37 and 952.38 eV correspond to zero-valent Cu (Cu’); in addition to that, Cu 2p
at 932.37 and 953.38 eV peaks correspond to Cu 2ps» and 2pi» (Figure 1a), but it
cannot confirm that Cu® or Cu® coexist. They were analyzed in conjunction with the
LMM spectrum of Cu (Figure 1b). The apparent appearance of a signal for Cu’ [50].
So the presence of Cu” was established. Two peaks of Fe 2p at 709.20 and 714.6 eV
are within the scope of the Fe 2ps» binding energy, corresponding to Fe** and Fe’*,
respectively (Figure A1), further confirming the existence of Fe?* and Fe*" in the
composite. The overlapping of the 2Py, and 2P3» peaks of Fe could be due to the
interference of the LMM spectrum of Cu. This suggests that charge rearrangement
may have occurred within the material after nitriding, which may have led to increased
conductivity of the material and enhanced electrochemical activity.

(a) — Nitrided Copper-Fron Composite (b) Cu2p (© Cu LMM
— CPDF4g-1449 -
— CuFe-LDH

Intensity (a.u.)

Intensity (a.u.)
Intensity (a.u.)

T T T T T T T T T T T T T T
10 0 30 40 50 60 ) 960 950 940 930 580 575 570 365

2 Theta (degree) B.E. (V) nB.E. (V)
Figure 1. (a) XRD analyses of CuFe-LDH and nitrided copper-iron composite
oxides; (b) XPS spectra of Cu 2p; (¢) Cu LMM.

SEM images of CuFe-LDH (Figure A2) show that CuFe-LDH has a nanosheet
morphology with a smooth surface and approximately 100 nm of thickness. After the
nitriding reaction, the catalyst was transformed into nanoparticles with diameters
ranging from 50 to 100 nm (as shown in Figures 2a and 2b). The HRTEM image
(Figure 2h) shows no lattice fringing detected, which was considered a typical
characteristic of an amorphous state [51]. This further supports the amorphous nature
of nitrided copper-iron composite oxides. In addition, EDS elemental mapping
(Figures 2¢-2g) confirms the homogeneous distribution of Cu, Fe, O, and N atoms on
the surface of the catalyst. The EDS results indicate that the elemental contents of Cu,
Fe, N, and O are 47.6%, 14.59%, 17.44%, and 20.37%, respectively (Figure A3).

3 3 Y v - Ze %
Figure 2. (a—b) SEM images of nitrided copper-iron composite oxides; (c—g)
EDS mapping results; (h) HRTEM.
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3.2. CO:zRR performance of as-prepared catalysts

The CO; electroreduction performance of nitrided copper-iron composite oxide
was investigated in an H-type cell containing 0.5 M KHCO:s. Figures 3a and 3b show
the stable LSV curves of nitrided copper-iron composite oxide and CuFe-LDH in Ar-
saturated (dashed line) and CO»-saturated (solid line) electrolytes, respectively. The
current density of the catalyst is significantly lower than that of the precursor at the
same overpotential. As shown in Figures 3a and 3b, the current density remained
stable with the increase in overpotential, suggesting that the catalyst did not fall off
throughout the reaction process. Moreover, there was no significant fluctuation in the
current density during the test (Figure 3c¢), indicating the high stability of the catalyst.
In the CO; atmosphere, the catalyst exhibits a lower initial potential (—0.1 V vs. RHE).
Under Ar-saturated and CO;-saturated environments, the maximum difference in total
current density is 14 mA-cm 2 at —0.7 V vs. RHE.
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Figure 3. (a) LSV of nitrided copper-iron composite; (b) LSV of CuFe-LDH; (¢) Chronoamperometry test cyclic

tests; (d—e) the products FE of nitrided copper-iron composite at different test potentials; (f) Cyclic
voltammograms; (g) Linear fit of double layer capacitance current density to scan rate from CV plot; (g) The

Nyquist plots.

The main product of electrocatalytic CO2RR over the catalyst is the C; product,
which includes HCOOH and CHa. The faradaic efficiency (FE) of HCOOH and CH4
is 47.55% and 27.13%, respectively, with a maximum FE of 96.77 % at —0.7 V vs.
RHE (Figures 3d and 3e). In particular, at —0.7 V, the partial current densities of
HCOOH and CHj are 17.29 mA cm ™ and 9.8 mA cm 2, respectively. However, only
a tiny amount of HCOOH is produced due to CO; reduction by CuFe-LDH precursor
(Figure A4). Compared with the literature, it becomes evident that the FE of C,
products achieved by the catalyst in this study exceeds that of numerous copper-based
catalysts (Table 1). During the electroreduction of CO,, the cationic reduction
produced by the catalyst consumes part of the charge, resulting in a total FE of the
obtained product of less than 100%. To confirm the electrochemical stability of
nitrided copper-iron composite oxide, cycling tests were carried out for 10 h at the
optimum potential of —0.7 V (Figure AS5). The results show that the FE of CH4
decreased slightly, indicating that this catalyst has good electrochemical stability. As
revealed in Figure A6, the XPS spectra of the catalyst after cycling tests show no
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obvious change in the valence state or proportion of surface elements, further
confirming the excellent stability of the material.

In addition, the high surface area and fast electron transport kinetics of nitrided
copper-iron composite oxide were confirmed by electrochemical active area (ECSA)
and electrochemical impedance spectroscopy (EIS). As shown in Figures 3f and 3g,
the ECSA value of nitrided copper-iron composite oxide (Cq = 4.50 mF-cm™) is 3
times that of CuFe-LDH (Cq = 1.53 mF-cm ') (Figure A7). The Nyquist diagram in
Figure 3h shows that the semicircle diameter (charge transfer resistance, 1.8 Q) of
nitrided copper-iron composite oxide at operating voltage is also smaller than that of
CuFe-LDH (2.6 Q). The above results indicate that the kinetic performance of the
obtained catalyst through nitridation surpasses that of its precursor.

Table 1. Comparison of the electrocatalytic activity of catalyst in this work with other catalysts for electrochemical

reduction of COs.

Catalysts Concentration of Main products Potential at FEmax (V  Selectivity J(mA-cm™2)  References
electrolyte vs. RHE) FE (%)

CusPdxN 0.5M KHCOs3 CHa4 -1.25 49.7 8.6 [52]
CuO-P NW 0.1 M KCl CHa4 -1.1 34 35 [53]
Cu-PTI 0.5M KHCO3 CHa -0.84 68 236.0 [54]
Cu/Au 0.1M NaHCOs3 CHa4 —0.7 16 - [55]

Cu (II) 1 M KOH CHa4 -1.0 42 100.0 [56]
ESGDE 0.5M KHCO:s HCOOH -1.16 73 34.0 [57]

Cu foam 0.1 M KHCO;3 HCOOH -1.3 48 1.0 [58]
Nitrided copper-iron 0.5M KHCO3 HCOOH; CHa —-0.7 47.5;27.1 17.2;9.8 This work

composite

3.3. Mechanisms of CH4 and HCOOH formation

The catalysts underwent chronoamperometric tests at different potentials for
1000 s with the intention of investigating the reaction mechanism and active sites of
the catalyst. The SEM images of nitrided copper-iron composite oxide after CO,
reduction test at —0.10, —0.30, —0.50, —0.70, and —0.90 V are shown in Figure AS.
The structure of the nitrided catalyst has shown a transition from particles to
agglomerates during CO; electroreduction.

The existence state of surface elements of the catalyst after chronoamperometric
tests at potentials of —0.10, —0.30, —0.50, —0.70, and —0.90 V was analyzed by XPS.
(Figures 4a and 4b). The Cu atoms in the catalyst were shown to be mainly Cu" and
Cu?" during the reaction. In the Cu 2p XPS spectra, peaks at 935.19 eV and 955.01 eV
are attributed to Cu?*, and peaks at 932.37 eV and 953.38 eV are attributed to Cu® or
Cu” (Figure 4a). The precise state of Cu was further identified by AES (Figure 4b);
there is a peak assigned to Cu’ in the Cu LMM spectrum of nitrided copper-iron
composite oxide, but no peak attributed to Cu* appeared [59,60]. The Cu’/Cu** ratio
decreases and then increases with increasing potential as the potential increases from
—0.1 V vs. RHE to —0.9 V vs. RHE (Table S1). This is the same trend as the total FE.
This result indicates that Cu* is converted to Cu®" during the reaction process.
Therefore, it is believed that the reaction process involves the loss of electrons from
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Cu” as the active site to activate CO,. Different from Cu, the existence state of Fe
remained relatively unchanged, as indicated by the lack of significant differences in
the integrated XPS area when compared to the unreacted state (Figure A9). The
overlapping of the 2P1» and 2P3» peaks of Fe could be due to the interference of the
LMM spectrum of Cu. This provides further evidence for the excellent stability of the
catalyst.
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Figure 4. (a) XPS spectra of Cu 2p; (b) Cu LMM; (¢) XRD of material and substrate after the reaction.

To investigate the reaction mechanism in detail, in situ ATR-FTIR was used to
detect the intermediate formation during CO; electroreduction (Figure 5). The peak
at about 2400 cm™! belongs to the stretching vibration of Stretching Vibration of CO..
The peak of the stretching vibration of *COOH appears in the resonant band at around
1490 cm™. (* represents the adsorption state). The vibrational peaks of desorbed *CO,
bridged *CO, and linearly adsorbed *CO should appear at the resonance band of about
2100-2000 cm™'. However, no corresponding signal was detected, possibly due to the
high reactivity of *CO during the reaction process. The *CO readily reacts with
protons to form *CHO for the following reaction, as indicated by the signals of the
*CHO vibrational stretching peaks at 1046 cm™'.

Absorbance (a.u.)

2500 2250 2000 1750 1500 1250 1000
Wavenumber (cm™)

Figure 5. In-situ ATR-FTIR of CO, reduction on nitrided copper-iron composite
oxides during CO, reduction LSV tests with different potentials.

Based on the above analysis, the CO, reduction path was proposed as follows
(Figure 6). During the CO, reduction process, amorphous nitrided copper-iron
composite oxides adsorb CO; first, and then COs is converted into *COOH through
proton-electron coupling. The conversion of *COOH has two pathways: Part of
*COOH directly combines with protons in the solution, forming the HCOOH product.



Energy Storage and Conversion 2024, 2(2), 369.

The other part of *COOH undergoes the process of proton dehydration addition,
forming the *CO intermediate. The unclear *CO signal suggests that it rapidly
proceeds to the subsequent reaction step, combining protons in solution to form
*CHO. *CHO then combines with protons and undergoes dehydration to form CHa,
which is more challenging to carry out compared to the first step, resulting in a lower
FE of CH4 than HCOOH at different potentials. The ¢ during the reaction is supplied
by the active site Cu”.

Hf+e- H*
E S HCOOH
Cco, *COOH £CO

H* - H,0

H+
*co | \ *CHO |\ CH,

Figure 6. Mechanism of nitrided copper-iron composite oxides electro-catalyze
CO2RR reaction.

4. Conclusion and outlook

The nitrided copper-iron composite nanocomposites were synthesized by urea
nitridation of CuFe-LDH precursors at high temperatures. The obtained catalyst has a
low production cost and exhibits good electrocatalytic CO,RR performance. The
nitrided copper-iron composite FE was 47.55 % for HCOOH and 27.13 % for CH4 at
—0.7 V, achieving a total FE of 96.77 %. The performance of the catalyst remained
stable after 10 h of continuous testing, with the FE of CH4 product remaining stable
above 27% at —0.7 V and the structure also remaining stable. In situ ATR-FTIR studies
show that the existence of Cu’ sites can furnish electrons to *CHO. This study
demonstrates the potential of amorphous copper iron oxide nitride as a catalyst for
CO; electroreduction and provides new ideas for the design of efficient catalysts. But
amorphous materials face several major challenges as catalysts in the CO2RR. Firstly,
amorphous materials may have multiple active sites, which may lead to competition
for multiple reaction pathways and products, thus reducing the selectivity of the target
product. Secondly, amorphous materials are often more complex to prepare than
crystalline materials, and their characterization methods are more limited. This may
limit an in-depth understanding of the structure and properties of the materials.
Amorphous oxide electrocatalysts should be studied more thoroughly using more
advanced characterization tools to understand their microstructures (e.g., defects),
active sites, and electrocatalytic processes, which will help to design amorphous
oxides with desirable electrocatalytic properties.

5. Supporting information

Additional tables and figures for characterization of the synthesized materials’
morphology and composition include SEM images of CuFe-LDH, the EDS spectrum
of nitrided copper-iron composite nanocomposites, CO, electroreduction activity of
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CuFe-LDH, stability test results, SEM images of nitrided copper-iron composite oxide
after the chronoamperometric i-t tests at different potentials, Nyquist plots of CuFe-
LDH and nitrided copper-iron composite oxide, XPS spectra of Fe 2p of nitrided
copper-iron composite, and ratios of Cu*, Cu**, and Cu*/Cu*" calculated by Cu 2p
spectra of nitrided copper-iron composite oxide.
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Appendix

Figure Al. SEM images of MoSe;.
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Figure A2. SEM images of NiSe:.
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Figure A3. EDS spectrum of the MoSe»/NiSe..
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Figure A4. XRD patterns of (a) bare MoSe;; (b) NiSe:.
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Figure A5. High-resolution XPS spectra of (a) Mo 3d in the MoSe, and MoSe»/NiSe;; (b) Ni 2p in the NiSe» and
MoSe»/NiSe;.
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Abstract: Aluminum zinc oxide (AZO) is a nontoxic and low-cost material that finds
application as a transparent conducting electrode in photovoltaic devices. In this study, the
(direct current) DC magnetron sputtering of AZO films is carried out at different deposition
times of 5, 10, 15, 20, and 25 min’s at room temperature, and its structural, optical, electrical,
and morphological properties are studied for its use as a front contact for thin film solar cell
application. The structural study suggests that the preferred orientation of grains along the (002)
plane has a hexagonal structure, and the optical and electrical studies suggest that the films
show an average transmission of 70% and a resistivity of the order of 10*Q cm. On the other
hand, the scanning electron microscopy (SEM) images suggest the formation of packed grains
with a homogeneous surface. Moreover, in order to study the optoelectronic properties of
prepared samples, the electronic and optical calculations of the AZO are performed by the first-
principles calculations using density functional theory (DFT).

Keywords: AZO; sputtering; photovoltaic; thin film solar cell; DFT

1. Introduction

Aluminum zinc oxide (AZO) is a transparent conducting oxide (TCO) material
owing to its nontoxicity as well as its tunable optoelectronic properties [1-5]. AZO
thin films are widely used in photonic devices such as light-emitting diodes (LED’s)
[6], thin film solar cells [7,8], flat panel displays [9], as well as sensing devices [10,11].
It is notable that the above applications require conductivity (sheet resistance <10
ohms per square) as well as high transmittance (>80%) in the visible region. There are
different techniques to prepare AZO films, such as sputtering [12], electron beam
evaporation [13], pulsed laser deposition [14], chemical vapor deposition [15], spray
pyrolysis [16], and sol-gel deposition [17], that are well reported for preparing AZO
thin films on different substrates. Direct current (DC) magnetron sputtering is an
industrially acceptable technique due to its convenience, high deposition rate, and
scalability over a large area [18]. Generally speaking, the most commonly preferred
substrate of all TCO films is glass, and the physics properties of sputtered AZO thin
films are highly sensitive to controlled process parameters such as base vacuum, gas
pressure, substrate temperature, and deposition time. Therefore, in this study,
optimized experimental conditions are found to investigate the effect of deposition
time on the physical properties of AZO thin film deposited on soda lime glass
substrate. The effect of deposition time is estimated on the structural, optical,
morphological, and electrical properties in order to achieve the lowest resistivity and
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the highest transparency for the films. On the other hand, the electronic and optical
calculations of the AZO films are also performed by first-principles calculations using
DFT in order to achieve more detailed studies on the prepared AZO thin film.

2. Materials and methods

Figure 1 shows a schematic diagram of a magnetron sputtering system that is
used in these experiments. AZO thin films are deposited using a magnetron sputtering
setup on a 3-inch-diameter target consisting of 98 wt% ZnO and 2 wt% AlOs. It is
worth nothing that the films are deposited at room temperature, and no oxygen is
introduced in this process. First of all, the glass substrates are ultrasonically cleaned
in sequentially distilled water, acetone, alcohol, distilled water, and finally dried with
nitrogen gas. The substrates are then placed at a distance of a distance of 70 mm from
the target. The sputtering chamber is first pumped to a base vacuum pressure of 107
Torr, and the Ar gas is introduced into the chamber. The sputtering gas pressure is set
to be about 2 x 1072 Torr. After the deposition, the samples are self-cooled and later
examined for their physical properties. The surface morphology of the films and the
crystal structure are studied using a field-effect scanning electron microscope
(FESEM) and an X-ray diffractometer (XRD), respectively. A Dektak profilometer is
also used to estimate the film thicknesses. The optical transmission measurements are
also carried out with a spectrophotometer in the spectral region of 190-800 nm, and
the atomic force microscope (AFM) images are also taken under the contact mode to
evaluate the roughness of the films. Moreover, the resistivities of the films are
measured using a four-point probe method.

Vacuum
_ pump

=& Ground

Figure 1. Schematic of magnetron sputtering setup.
3. Results

3.1. Experimental

AZO thin films prepared at different deposition times while keeping other
experimental conditions constant are studied for their physical properties. By
increasing the deposition time, the film thicknesses are also increased. Table 1 gives
the thicknesses of the AZO thin films prepared at different deposition times of 5, 10,
15, 20, and 25 min.
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Table 1. Thicknesses of the AZO thin films prepared at different deposition times.

Thickness Deposition time
210 nm 5 min

350 nm 10 min

520 nm 15 min

710 nm 20 min

1150 nm 25 min

Figure 2a shows the XRD spectra of AZO films grown at different deposition
times. The XRD data’s 5 min is not enough time to form the film, and the XRD data
does not show any AZO peak. However, the film grown at the deposition time of 20
min shows a (002) peak with high intensity, which becomes much stronger, sharper,
and narrower. A small diffraction intensity from (004) planes also appears in the XRD
spectra. As it can be seen from Figure 2b, the (004) peak intensity is very low in
comparison with the (002) peak intensity. Both peaks belong to AZO structures with
two different planes. Moreover, a higher XRD intensity corresponds to improved film
crystallinity for 20 min. It is clear that all the polycrystalline AZO thin films deposited
on the glass substrates exhibit (002) crystallographic orientation due to the minimal
surface energy in the ZnO hexagonal wurtzite structure. The appearance of a (002)
peak in this spectra indicates that the films grown at different deposition times have a
c-axis preferred orientation due to a self-texturing phenomenon [16].

®AZO (002) & AZO (004) 8000 - ®
b ®AZO (002) & AZO (004)
7000 -
” 5 (min) 6000 -
= 10 (min) 3 5000
s
1\ 2 40004
| 4
H s
- 15 (min) S 30004
@ £
| ! 2000
PR \ 20 (min
® \_.s...,,...,.(....l 10004
ol ) 25 (min) e\ ® 20 (min)
T T T . T T T
pA pA 20 100 20 40 60 80 100
260 () 20
(2) (b)

Figure 2. XRD spectra of AZO films deposited at (a) various deposition times; (b) 20 min.

From the XRD spectrum, the crystalline quality of the AZO thin films becomes
weak for the higher deposition times (25 min), and no peaks corresponding to the
Al,Os phase are seen in the XRD pattern, which may be due to the aluminum replacing
zinc substitutionally in the hexagonal lattice. From the XRD data, the average grain
size of the AZO thin film can also be evaluated by the Debye-Scherrer equation [16]
as follows:

Grain size = 0.9 A/Bcos 8 (D)
where A is the X-ray wavelength (0.154 nm), 6 is the Bragg angle, and £ is the full
width at half maximum (FWHM) of the diffraction peak. The calculated crystal sizes
of the thin films are more or less uniform for all the films, ranging from 8 to 19 nm
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(Table 2). The maximum grain size is around 19.231 nm for the sample prepared at

the 20 min deposition time.

Table 2. Calculated grain sizes and FWHM for AZO films grown at different
deposition times for (002) peaks.

Time (min) D-spacing (A) FWHM (degree) Grain size (nm)
5 2.659 0.59 14.483

10 2.656 0.96 8.725

15 2.654 0.72 11.680

20 2.618 0.44 19.231

25 2.673 0.6 14.053

Figure 3 shows the graph of the FWHM of (002) and (004) XRD peaks and the
corresponding grain sizes of the AZO thin films as a function of crystal planes. It is

observable that the grain size for the (004) peak is larger, and the average grain size

for both AZO crystal planes is around 20 nm.
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Figure 3. FWHM and grain size of (002) and (004) XRD peaks corresponding to the
AZO thin film as a function of crystal planes.

Figure 4 shows the optical transmittance of the AZO thin films measured by a
UV-VIS spectrophotometer in the frequency range of 200—800 nm. All the thin films

sputtered at the different deposition times exhibit more than 70% transmittance in the

visible region.
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Figure 4. The transmission over the VIS range for AZO thin film at different
deposition times.
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An excellent surface quality and homogeneity of the film are confirmed by the
appearance of interference fringes in the transmission spectra occurring when the film
surface is reflecting without much scattering/absorption in the bulk of the film [17].
As can be seen in Figure 5, the film, which was prepared at 20 min shows these
interference fringes. The electrical resistivity of the films is also given in Table 3 for
the different deposition times of the prepared samples. The lowest resistivity of the
films is measured to be 4.1 x 107, It can be seen that the resistivity increases as the
deposition time increases to 20 min and then decreases as the deposition time increases
to 25 min. Increasing the crystallite size of AZO thin films can decrease the grain
boundary scattering and increase the carrier lifetime to achieve the lower resistivity of
the AZO thin films.

Figure 5. SEM images of AZO thin films at different deposition times.

Table 3. Electrical resistivities measured for the AZO thin films prepared at
different deposition times.

Resistivity (Qcm) Deposition time
9.8 x 1072 5 min

3.6 x 1072 10 min
3.2x107 15 min

4.1 %104 20 min

1.2 %107 25 min

SEM images of AZO are shown in Figure 5. These images can be used to study
the AZO film surface morphology and microstructure, which show the surface
micrographs of the films as a function of the deposition time. It is found that the
deposition time has a great influence on the film surface structure. The AZO film
deposited at 20 min shows surface features of densely packed grains and the grains
that are aggregating.

Moreover, AFM images are given in Figure 6 for the AZO thin films deposited
at different deposition times. It is known that surface roughness is one of the important
factors in the AZO thin film for many optoelectronic applications because the level of
surface roughness will dominate carrier mobility and light scattering [19,20]. In
Figure 6, the rough and non-uniform surface structures of the AZO thin films at the
different deposition times are observed. The roughness of the films is given in Table
4. As it can be seen, the roughness is increased by increasing the deposition time to 20
min due to the density of the thin film, which is enhanced by increasing the deposition
time.
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Figure 6. AFM images of AZO thin films deposited at different deposition times.

Table 4. Average roughnesses of the AZO thin films deposited at different
deposition times.

Roughness Deposition time
28.4 nm 5 min

334 nm 10 min

48.7 nm 15 min

49.3 nm 20 min

38.4 nm 25 min

3.2. Computational

The electronic and optical calculations of the AZO film are performed by first-
principles calculations using density functional theory (DFT) [21-23]. Solving the
Kohn-Sham equations is done using the full potential method of linear augmented
waves (FP-LAPW) [24], which is used in the WIEN2k package [25]. The PBE-GGA
approximation is used to solve the exchange-correlation potential for greater accuracy
[26]. The optimized input parameters, including RKmax, KPoint, Imax, and separation
energy, are selected as 8.0, 10 x 10 x 2, 10 and —7.0 Ryd, respectively. The muffin tin
values of the Zn, O, and Al atoms are selected at 2.20 a.u., 1.45 a.u., and 1.8 a.u.,
respectively. The force convergence of the relaxation calculations is 107° dyn/a.u., and
the optical calculations are approximated by the random phase approximation (RPA)
with 15 x 15 x 2KPoint in the first Brillouinzone. In Figure 7, panel (a), the density
of electronic states (DOS) of ZnO with an Al impurity of 2% is calculated with an
mBJ approximation. This diagram shows that this compound has a very weak
conductivity because the electron states are partially present in the Fermi level, and in
the region below the Fermi level (valence area), a 2 eV gap is seen. In the —4 eV region,
there are many electron states towards the lower energies of the valence region, and
also in the region of —4 eV to —9.5 eV the Van Hov singularity is observed. Therefore,
during the radiation or applying the heat, there is a suitable source for excited
electrons. In panel (b), the partial DOS are shown.
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Figure 7. (a) the density of electronic states (DOS) of ZnO with Al impurity of 2%:; (b) the partial DOS.

It can be seen that in the valence region, the main contribution of the density of
electronic states belongs to the d-Zn and p-O orbitals, and the p-O, s-O, and s-Al
orbitals have the main role at the Fermi level and conduction region.

In Figure 8, the band structure of ZnO:Al with a 2% impurity percentage is
depicted in the symmetry direction M—K—I'—A —T in the first Brillouin zone. It
can be seen that in the region of —9.5 eV to —4 ¢V, a high density of electron levels is
shown, which is in perfect agreement with the DOS curves. In the region of 4.5 eV
to —1.5 eV and above —1.5 eV of the Fermi level, an energy gap and electron level
belonging to the s-Al orbital are given, respectively, which intersect the Fermi level.
Due to the appropriate slope of this level curve, it helps the excited electrons move to
the conduction region. Another point is that the gradient of the conduction region is
higher than the valence region, so the excited electrons are well placed in the
conduction current.

Energy(eV)

Figure 8. the band structure of AZO with 2% impurity percentage in the first
Brillouin zone.
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In Figure 9, the optical diagrams of this compound are examined. Due to the
inclusion of Al impurities in the ZnO structure, its cubic symmetry is disturbed. Due
to the asymmetry in the arrangement of atoms after the Al impurity atom enters the
ZnO compound, the response of this compound to the light irradiated in different
directions is different. Therefore, the optical behavior of the AIZnO compound was
investigated in two crystal directions, x and z, which we have distinguished in the
optical diagrams. Panel (a) shows the real part of the dielectric function, whose static
value along the z-axis shows poor metallic behavior. However, as soon as the energy
of the radiated photon increases, the diclectric function diagram is strongly reduced in
Dirac form and reduced to zero and negative values, and it reaches 2.7 in the UV and
visible regions. It remains constant up to the range of 8 eV.
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Figure 9. (a) real part; (b) imaginary part; (¢) the spectrum of the loss of dielectric function in both x and z directions.

With radiation along the x-axis, its static value is 2.7, and it remains in this range
up to 10 eV. From 10 eV onwards, this function is reduced in both directions, and at
15 eV to 20 eV, it will have negative values.The low value of the true dielectric
function of this composition can be an indicator of the transparency of this
composition. Panel (b) shows the imaginary part of the dielectric function in both x
and z directions. Along the z-axis, we see a sharp Dirac peak that becomes zero with
the increase of the emitted photon energy at the visible edge, which is consistent with
the metallic behavior of this composition. Along the x-axis up to the range of 4 eV of
the UV edge, a gap that increases with the increase in the energy of the irradiated
photon is seen, and it has reached its maximum values from 15 to 14 eV, therefore,
the electron transition occurs more at high energy. In panel (c), the spectrum of the
loss function can be seen. There is a small peak in the z direction in the infrared range,
which confirms the behavior of the metal. In the visible and UV ranges, the loss values
are very small, and the most loss occurs in the 15 eV region. By comparing this
diagram with the previous two diagrams, the transparency of this optical behavior in
the infrared, visible, and UV regions is confirmed.

In Figure 10, the absorption, reflection coefficient, and refraction coefficient for
the AZO composition are drawn. As can be seen in the absorption diagram, there is
practically no absorption up to the UV edge, except for a very small peak in the
direction of the z-axis, which, compared to the curves in Figure 7, concludes that this
compound acts like a transparent material in the visible, UV, and IR regions. Also,
with the increase in energy of the emitted photon, the amount of absorption increases
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in both directions. In panel (b), the reflection coefficient is specified for these two
directions. In the z direction, its static value is around 30%, which, of course, decreases
sharply with the increase of the radiated energy and increases in the visible region. In
the x direction, the value of the reflection coefficient at low energies is around 8%,
and with the increase in the energy of the radiated photon, even up to the range of 15
eV, the value of the reflection coefficient for both directions is in the range of 5% to
30%, and in the IR, visible, and UV regions, it is below 10%, which again emphasizes
the transparency of this composition. In panel (c), the refractive index shows that its
static value is 3.2 along the z axis and 1.7 along the x axis. In the direction of the z
axis, an anisotropy can be observed at low energies, which is indicative of the poor
metalic behavior, but with the increase in energy of the radiated photon in both
directions, the refractive index is less than 2. 10 ¢V and more indicates the behavior
of a vacuum. It is the kind that has confirmed the transparency of the composition
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Figure 10. (a) absorption, (b) reflection coefficient, (c) refraction coefficient for AZO composition.

4. Discussion

AZO films are magnetron sputtered on the glass substrate at room temperature
using DC magnetron sputtering to find the optimum experimental condition to make
front contact for optoelectronic devices. The structural, morphological, optical, and
electrical properties are studied, which suggest that the preferred orientation of grains
along the (002) plane having a hexagonal structure is grown at a 20-minute deposition
time that shows packed grains with a homogeneous surface. Moreover, this sample
shows an average transmission of 70% and a resistivity of the order of 10* Qcm. On
the other hand, the electronic and optical calculations of the AZO are performed by
first-principles calculations using density functional theory (DFT) to study more
details on the physical properties of the films. DFT calculations also reveal that this
compound acts like a transparent material. Therefore, experimental and theoretical
results are in good agreement and confirm that the grown film has promising TCO
material for optoelectronic applications.

5. Conclusion

The structural, electrical, morphological, and optical properties of AZO films
deposited at room temperature on glass substrates by magnetron sputtering are
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investigated to explore the possibility of producing transparent oxide films through a
simple, low-cost process for photovoltaic applications. It is observed that the AZO
thin films are grown with c-axis preferred orientations without degradation of the
wurtzite ZnO structure. The electrical and optical properties of the AZO films
improved with increasing deposition time. The higher crystallinity, lower resistivity,
suitable roughness, and transmittance were obtained for the sample prepared at a 20-
minute deposition time. The electronic and optical calculations of the AZO are also
performed by the first-principles calculations using DFT for ZnO:Al composition with
a 2% impurity percentage. This work suggests the possibility of producing AZO films
with the required electrical and optical properties by a simple, low-cost process at
room temperature.
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Abstract: The present study reports an experimental investigation carried out for the thermal
management of cylindrical lithium-ion battery simulators using aluminum oxide (nano particle)-
eicosane (phase change material) composites. The experiment involves varying the power input
from 4 to 10 W in 2 W increments and adjusting the weight percentage of nanoparticles (wt%)
from 0.5 to 0.9 in 0.2 wt% intervals. The examination of battery temperature evolutions in
response to heating power, a comprehensive heat transfer analysis incorporating the Nusselt
number, the determination of the maximum temperature difference, thermal resistance analysis,
and the exploration of temperature variations in the absence of Phase Change Material (PCM)
are considered. The results show that an increase in the weight percentage of alumina
nanoparticles in phase-change material cannot always improve the thermal performance. The
results of the present study give guidelines for designing battery thermal management systems.
The power levels used in the experiment vary from 4 W to 10 W in steps of 2 W. For a power
level of 4 W, the heat flux is 1.088 kW/m?, and for a power level of 10 W, the heat flux is 2.72
kW/m?,

Keywords: nanomaterials; thermal management; phase change materials; mock up battery

1. Introduction

The need for power storage and sources has been steadily increasing due to
technological advancements, with approximately 80% of this energy being sourced
from fossil fuels. However, it’s crucial to shift focus towards renewable, sustainable,
and environmentally friendly energy sources. Billions of batteries are manufactured
annually, highlighting their significance in various comfort and safety applications.
Enhancing the power performance and lifespan of batteries is imperative. Factors such
as round-trip efficiency, electrochemistry, reliability, power, energy capability, and
cycle life are greatly influenced by high temperatures. Efficient thermal management
systems are necessary for effective heat dissipation during battery charging and
discharging processes. Integrating phase change materials (PCM) into battery thermal
management systems (BTMS) can offer an efficient, reliable, and eco-friendly
solution, particularly for fluctuating discharge systems. Recent research has
investigated the heat transfer properties of base fluids using suspended nanometer-
sized solid particles, or nanoparticles, which enhance heat transfer efficiency.
Combining PCM with nanoparticles holds promise for maintaining battery
temperatures within safe limits. Khlissa et al. [1] explored the critical role of PCMs in
thermal energy storage, essential for reducing building energy consumption and
achieving net-zero energy goals. Despite their growing importance, PCMs faced
limitations due to subpar heat conductivity. The study extensively categorized and
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examined PCM features, highlighting recent advancements in nanoencapsulated PCM
techniques and thermal energy storage technology. The assessment underscored
researchers’ efforts in enhancing PCMs, particularly through nano-enhanced PCMs.

Many researchers have experimentally studied the thermal management of LIB
using phase change material. Arshad et al. [2] explored the thermal performance
enhancement in pin-fin heat sinks by employing n-cicosane as a PCM. Various
configurations with different volumetric fractions of n-eicosane and aluminum
thermal conductivity enhancers (TCEs) were investigated to optimize cooling
efficiency. Results indicated that a 2 mm-thick pin-fin heat sink with n-eicosane
provided the most effective thermal performance, ensuring reliable temperature
control for electronic packages. In their study, Wang et al. [3] investigated the thermal
performance of cylindrical batteries using a composite paraffin and fin structure. They
found that the composite fin structure effectively managed higher heat densities with
minimal thermal resistance and extended operational durations. Experiments were
conducted with both pure PCM and finned cases, revealing that the composite PCM-
fin system displayed superior thermal performance compared to pure PCM.

Similarly, Hussain et al. [4] conducted experiments employing graphene-coated
nickel foam saturated with PCM to analyze thermal management in lithium-ion
batteries (LIBs). Their findings indicated a significant improvement in the thermal
conductivity of pure paraffin wax by 23 times after infiltration into GecN foam.
Moreover, the freezing and melting temperatures of graphene-coated nickel foam
saturated with paraffin wax were altered compared to pure paraffin. In a separate
study, Babapoor et al. [5] investigated the thermal performance of a LIB simulator in
the presence of PCM. Their results demonstrated that a mixture of PCM with 2 mm-
long carbon fibers at a mass percentage of 0.46% exhibited the most favorable thermal
performance, leading to a reduction in temperature rise within the battery simulator by
nearly 45%.

Situ et al. [6] proposed a double copper mesh-phase change material plate (DCM-
PCMP) method for heat dissipation, specifically tailored for rectangular battery
modules. This approach effectively increased thermal conductivity and, when
combined with air-cooling, significantly improved thermal management, reducing
internal battery temperature and power consumption. Karimi et al. [7] investigated
thermal management in cylindrical lithium-ion batteries (LIBs) using different phase
change material (PCM) composites. By mixing pure PCM with Ag, Cu, and Fe;04
nanoparticles and a metal matrix, they enhanced thermal conductivity. Ag
nanoparticle-PCM composites exhibited superior performance, while metal matrix-
PCM composites loaded with PCMs achieved the lowest battery body temperatures.
Pan and Lai [8] studied the thermal performance of LIBs using copper/paraffin
composite phase change material (CPCM). They tested four heat dissipation methods
under various discharging currents and found that CPCM effectively absorbed heat,
reducing battery temperature by about 50% compared to natural wind cooling with
uniform temperature distribution.

Wang et al. [9] explored the use of paraffin and paraffin/aluminum foam
composite PCM for LIB thermal management. They observed improved melting
processes and temperature uniformity with the addition of aluminum foam, with the
composite PCM exhibiting significantly higher effective thermal conductivity
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compared to pure paraffin. Ling et al. [10] investigated two PCM composites with
different thermal conductivities and their impact on battery thermal performance. They
found that the RT44 HC/EG composite outperformed the RT44 HC/fumed silica
composite, reducing the maximum temperature difference by up to 60 °C. Hussain et
al. [11] developed a nickel foam-paraffin wax composite for thermal management of
high-power LIBs, demonstrating a 31% and 24% reduction in temperature compared
to natural cooling and pure PCM, respectively, at discharge rates less than 2 °C.

Bai et al. [12] proposed a LIB module with a phase change material/water cooling
plate, effectively cooling the battery’s heat generation area and preventing thermal
runaway. The PCM between adjacent batteries improved temperature uniformity. Rao
et al. [13] utilized a battery module with six cells along flow channels to study the
effects of aluminum block length and velocity on thermal performance, finding that
maximum temperature remained under 40 °C with specific inlet conditions.

Wu et al. [14] developed a paraffin/expanded graphite composite-based battery
module (PCM module) and a two-dimensional thermal model, recommending a
weight fraction of 15%—-20% for expanded graphite for optimal thermal management.
Alipanah and Li [15] investigated the thermal management system of LIBs using pure
octadecane, pure gallium, and octadecane-Al foam composite materials, observing
improved discharge time and reduced battery surface temperature with the use of
composite materials. Jiang et al. [16] developed a tube-shell LIB pack with a PCM
passive thermal management system coupled with forced air cooling, ensuring
uniform temperature distribution and high heat dissipation efficiency.

Zhao et al. [17] optimized a steel cell with a PCM thermal management system
using numerical simulation, achieving uniform temperature distribution and increased
energy density. Lazrak et al. [18] studied thermal conductivity enhancement and PCM
melting temperature effects using integrated BTMS, developing a prototype based on
numerical studies. Babu Sanker and Baby [19] provided a review of the thermal
performance of various thermal conductivity enhancers in PCM-based thermal
management of LIBs, summarizing advancements in the field.

The research delves into the characteristics of nano-enhanced PCMs. The study
focuses on investigating the unique properties and performance improvements
resulting from the integration of nanomaterials in PCMs. Insights gained from these
studies contribute to advancing the understanding and potential applications of nano-
enhanced PCMs in various thermal management systems. Liu et al. [20] studied the
impact of optical properties with the use of glazing structures incorporated with PCMs.
The study revealed that the refractive index of the PCM had a limited effect on various
parameters, while the extinction coefficient significantly influenced temperature
characteristics and optical properties. The research suggested caution in using liquid
PCM with a large extinction coefficient for optimal light utilization but deemed a high
extinction coefficient in solid PCM acceptable for efficient energy utilization. Li et al.
[21] investigated the thermo-physical parameters of PCM and the thermal
performance of a PCM-filled double glazing unit. Results indicated that increased
density, latent heat, and melting temperature of the PCM effectively improved thermal
performance, resulting in an elevated temperature time lag and reduced temperature
decrement factor. However, the study found that enhancing thermal conductivity and
specific heat capacity became ineffective beyond certain thresholds, specifically when
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thermal conductivity exceeded 2.1 W/(m K) and specific heat capacity was less than
4460 J/(kg K).

The application of PCM involves harnessing its ability to absorb and release
thermal energy during phase transitions. This technology is widely used in various
industries, such as building construction and electronics, to enhance thermal
performance and energy efficiency. Salih et al. [22] found baffles attached alternately
to the upper and lower walls. The channel contained PCM in the semi-cylinders,
heated at a constant temperature, with cold air inducing convective and conductive
heat transfers, fluid-structure interaction, and PCM melting. The findings, obtained
through solving normalized mathematical equations with the finite element method
and ALE scheme, revealed that increasing Reynolds number and decreasing the
elasticity modulus of flexible baffles retarded the melting volume fraction, with
notable effects on Nusselt number and pressure drop along the channel. Chen et al.
[23] used PCM to cool lithium-ion batteries in electric cars. A cylindrical battery
submerged in a PCM-filled chamber with varying fin configurations aimed to optimize
cooling during the discharging process. Utilizing COMSOL Multiphysics software,
simulations revealed that a battery with 15 fins exhibited optimal PCM melting
performance initially, while the lowest maximum temperature and maximum liquid
volume fraction occurred with 9 fins, providing valuable insights for effective battery
cooling strategies. Ruhani et al. [24] simulated the cooling system of a two-
dimensional LIB pack with nine cells, considering airflow at Reynolds numbers
ranging from 80 to 140. The study, employing the finite element method, individually
examined the temperature of each battery cell, assessed pressure drop, and analyzed
the cooling system temperature. Results indicated that an increase in Reynolds number
lowered the maximum temperature of the battery pack, while variations in intake size
affected the maximum temperature of battery cells and intensified the pressure drop
in the cooling system. Rashid et al. [25] highlighted the efficacy of latent heat energy
storage using PCM to reduce energy consumption. Despite the fluctuating price of
paraffin wax, a common PCM derived from fossil fuels, interest in bio-based PCMs
for sustainable thermal energy storage grew. Bio-based PCMs, derived from readily
available and biocompatible sources such as animal fat combinations and oils, were
explored as a renewable alternative with reduced oxidation risk compared to paraffin
wax. The study reviewed and discussed the selection, phase change mechanisms,
combinations, preparation, and applications of bio-based PCMs, proposing
improvements for diverse utilization in thermal energy storage applications. Kholsi et
al. [26] conducted an investigation of a of a PCM energy storage tank utilizing carbon
nanotube (CNT)-water nanofluid under actual climatic conditions in Ha’il, Saudi
Arabia. Two configurations, with and without conductive baffles, were examined. The
tank, filled with encapsulated paraffin wax as PCM and circulating CNT-water
nanofluid, aimed to raise PCM temperature to 70 °C for thermal energy storage during
night and cloudy weather. Finite element method simulations, based on measured
weather conditions over three months (December, March, and July), revealed that
CNT-nanofluid usage reduced charging time and enhanced performance, with the best
results observed in July due to high solar irradiation. Additionally, baffles showed no
beneficial effects on the melting process.
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From the preceding discussions, it is clear that several investigations have been
carried out to study the thermal management of cylindrical LIB. But experimental
investigations using nanofluids are scarce. Thus, the aim of the present work is to
1) To perform experiments in order to determine the effect of the following

parameters on the heat transfer performance.

e  Different concentrations of nanofluid—0.5 wt%, 0.7 wt% and 0.9 wt%.

e  Various input power levels—4 to 10 W in steps of 2 W.

2) To compare the performance of battery without phase change material.

In the present study, thermal management of lithium-ion batteries (LIB) using
nanophase change material composites in different concentrations (Case 1, Case 2,
Case 3) is done. Case 2 demonstrates optimal battery temperature reduction, enhanced
heat transfer, and the lowest thermal resistance. Nusselt number enhancement of 20%
is observed, with a remarkable 70% reduction in battery temperature. Case 2 limits
the temperature difference to 50 °C and cools the battery below 40 °C within 200
seconds at a 4 W heat input. These findings highlight the effectiveness of nano-based
PCM composites for improved battery thermal management.

2. Experimental setup

The test setup comprised a simulated battery heater enclosed within a metal
casing and filled with phase change material (PCM) in between. The mock battery,
constructed from aluminum, measured 18 mm in diameter and 65 mm in height. It
featured a concentric hole of 6 mm diameter at the center to accommodate a heater
(3.56 cm in diameter and 5 cm in length), replicating the heat generation of a
commercial 18,650 lithium-ion battery (LIB). The battery, with or without aluminum
oxide nanoparticles, was positioned vertically within an aluminum housing with an
inner diameter of 36 mm and a wall thickness of 10 mm. To insulate the battery from
the metal housing, the sides and bottom were shielded with a 25-mm layer of nylon.
With slight modifications to the procedures described by Radhakrishnan et al. [27] and
Kothari et al. [28], nanoparticles are mixed with n-eicosane PCM. Initially, the
required weight percentage of nanoparticles was carefully measured and added to
heated n-eicosane using a Rotek Magnetic Stirrer cum hot plate. After melting, the
nanoparticle-infused PCM underwent sonication at 50 °C for 2 h using an Analab
sonicator. To prevent sedimentation, the mixture was further homogenized for 30
minutes with a stirrer. The same procedure is followed for all weight percentages of
nanoparticles. The PCM and eicosane used in this study were supplied by M/s Sigma
Aldrich.

Nanoparticles with different weight fractions, namely, 0.50 wt%, 0.70 wt%, and
0.90 wt%, are used in conjunction with PCM, and the case without nanoparticles (pure
PCM) is used as a baseline for comparison. The battery temperature was measured by
nine calibrated K-type thermocouples. The experiment was started by turning on the
data acquisition system (Keysight 34972A) and power supply. Figure 1 shows the
photograph of the experimental setup used in the present study.
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Figure 1. A photograph of the experimental setup used.

2.1. Model assembly

The mock-up battery, metal housing, insulation cavity, heater and acrylic plate
are assembled to form the model assembly. Figure 2 represents the design of the
model assembly.

Figure 2. Schematic of the model assembly.

The mock up battery screwed in acrylic plate and bolted top of metal housing.
The cartridge heater was inserted into the hole drilled at the centre of the mock-up
battery. The thermocouple fixed at various positions and PCM composites melted and
poured into the metal housing. The thermocouple wires are taken out through the holes
made at the acrylic plate.

2.2. Equations used in the present study

The PCM (eicosane)-based alumina nanocomposites with mass concentrations of
0.5,0.7, and 0.9 wt% and pure PCM were used to investigate the thermal management
of cylindrical LIB. The temperature drops between the battery temperature at the
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effective thermal control point (7) and the maximum melting temperature of PCM
(T») are of particular interest to evaluate its thermal performance. The overall thermal

resistance of the system is calculated from:
Te =T

—cm 1
Rem 0 (1)

where Q is the heat input. In the present heat transfer analysis, the instantaneous
Nusselt number is defined with the instantaneous battery to the housing temperature
difference, namely,

Qw
= ()

The Nusselt number shows the quality of heat transfer.

Ny

2.3. Uncertainty analysis

The results of the uncertainty analysis of the experiments are reported in Table
1. The final uncertainty in power was estimated to be £2.4% for a power level of 4 W.

Table 1. Results of the uncertainty analysis.

SL no. Quantity measured Uncertainty
1 Temperature +0.2 °C

2 Voltage +0.1V

3 Current +0.01 A

4 Power input +2.4%

3. Results and discussion

The experiment involved utilizing power levels ranging from 4 W to 10 W in
increments of 2 W. At 4 W, the heat flux measured 1.088 kW/m?, while at 10 W, it
reached 2.72 kW/m?. The objective of this investigation is to analyze the thermal
properties of the composite PCM-nanoparticle-based thermal management system.
Table 2 provides the nomenclature list for the samples.

Table 2. List of nomenclatures of samples.

Sample Label
Pure PCM Case 1
0.50 wt % Nano -PCM composites Case 2
0.70 wt % Nano -PCM composites Case 3
0.90 wt % Nano- PCM composites Case 4

3.1. Battery temperature evolutions with heating power

Experiments were carried out on the batteries contained in the housing for various
cases, as described in this section. The detailed battery temperature graph for 8 W is
described in Figure 3. Case 2 shows the lower battery temperature curve. As compared
to the case 1 about 4 °C to 6 °C difference is shown by case 2. All the nano-based PCM
composites show better heat transfer performance than Case 1. The nanoparticle
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addition to pure PCM increases the thermal conductivity of PCM composites and helps
ensure uniform heat distribution inside the composites.
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Figure 3. Battery temperature—time response for a heat input 8 W.

3.2. Heat transfer analysis with Nusselt number

In the case of Nusselt number (Nu) for heat input 8 W, case 2 and case 4 have
superior Nusselt number values. Instantaneous Nusselt number for 8 W heat input is
shown in the Figure 4.

300 600 1200 1800 2400 3000 3600 4200 4800
Time (s)

Figure 4. Instantaneous Nusselt number for heat input 8 W.

3.3. Maximum temperature difference

Battery thermal management has some main objectives, including decreasing
battery body temperature, increasing the effective thermal conductivity of the cooling
medium, and maintaining temperature uniformity inside the system by minimizing the
temperature difference between the battery and cooling medium. The presence of
nanoparticles in PCM can provide a better heat transfer path through the cooling medium.
The maximum temperature difference at 4800 s for 4 W power is shown in Figure 5.
Case 1 shows a greater maximum temperature difference of 13 °C. Case 2 has a lower
maximum temperature difference of 3 °C. There is a temperature difference of around
10 °C between Case 1 and Case 2. Case 4 shows a higher maximum temperature
difference among the three nano-PCM composites.
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Figure 5. Maximum temperature difference at 4800 s for 4 W heat input.

3.4. Thermal resistance analysis

The thermal resistance is obtained from Equation (3)
Tc - Tm

Rep = =1 3
p 3)

The obtained thermal resistance results for different nano-based PCM composites
are discussed below. It is seen that the thermal resistance does decrease with the increase
in percentage weight of nanoparticles in phase-change material. The improved heat
transfer causes a decrease in thermal resistance within the thermal management system.
Figure 6 indicates the thermal resistance at an 8 W power level. Case 1 gives high thermal
resistance, and Case 2 gives low thermal resistance and is suitable for better thermal
management inside the system. Case 3 shows much higher thermal resistance than Case
2 and Case 4.
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»

Figure 6. Thermal resistance for 8 W heat input.

3.5. Temperature variations without PCM

Battery temperature variations and the maximum temperature difference without
PCM are discussed in this section. The battery temperature can be limited within a desired
range using PCM composites. Figure 7 shows the battery temperature variation for
different heat inputs without PCM. For 4 W, 6 W, 8 W, and 10 W, the heat input
temperatures reached at 4800 s were 118 °C, 152 °C, 180 °C and 212 °C respectively.
Table 3 shows the battery temperatures at 4800 s with PCM composites and without
PCM. The effectiveness of the PCM composites in the temperature control of the battery
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can be directly determined from the values in Table 3. The PCM composite reduces the
battery temperature by around 60% to 70% at various power levels.
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Figure 7. Battery temperature variation without PCM.

Table 3. Battery temperatures at 4800 s with PCM composites and without PCM.

SINo Power(W) PCM composite Without PCM
1 4 46 °C 118 °C
2 6 52°C 152°C
3 8 61°C 180 °C
4 10 68 °C 212°C

4. Conclusions

The present work comprises experimental investigations of the thermal behaviour
of a composite structure thermal management system. The following parameters were
analysed:

e  Varying heat inputs (4 to 10 W in steps of 2 W).
e  Varying nanoparticle weight percentages in the PCM (0.50 wt%, 0.70 wt%, and

0.90 wt% of PCM).

The nano-based phase change material composite structure was studied by
examining the representative time points, effects of heat input, and different weight
percentages of nanoparticle PCM composites. To control the temperature and maintain
temperature uniformity inside the BTMS system, the temperature difference between
the battery and cooling medium was decreased. The different trends and results from
the analysis are discussed below.

e  Battery temperature evolution was studied for various heat inputs, revealing

optimal performance with a 4 W heat input in case 4.

e Case 2 consistently demonstrated lower battery temperatures than other nano-

based PCM composite structures and the pure PCM case for heat inputs of 6 W,

8 W, and 10 W. Even at a high heat input of 10 W, case 2 limited the temperature

below 70 °C.
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Nomenclature

Ap
BTMS

e  Nanoparticle PCM composites consistently exhibited lower battery temperatures
than the pure PCM case across all power levels, attributed to increased thermal
conductivity from the addition of nanoparticles.

¢ Instantaneous Nusselt number analysis indicated that case 2 outperformed other
composites at heat inputs of 6 W, 8 W, and 10 W, with a 20% increase compared
to other cases. Improved Nusselt numbers signify enhanced heat transfer within
the cooling medium due to nanoparticle addition to paraffin.

e  The superior Nusselt number in case 2 contributed to an improved temperature
distribution in the BTMS.

e Nano-based PCM composites consistently demonstrated lower temperature
differences between the battery and cooling medium for all heat inputs, indicating
a more uniform temperature distribution within the BTMS. Pure PCM exhibited
higher temperature differences due to its lower thermal conductivity.

e  Case 2 exhibited the least temperature difference between the battery and PCM
medium for all heat inputs, limiting the difference to 50 °C compared to other
cases.

e  Thermal resistance in the cooling medium, affecting heat transfer, was reduced
by the addition of nanoparticles, resulting in lower thermal resistance for PCM
composite structures compared to the pure PCM case. Case 2 had the lowest
thermal resistance, decreasing by 25% compared to other cases.

e In comparison to a case without PCM, the nano-based PCM composite structure
demonstrated a remarkable reduction in battery temperature by up to 70%.

e  The maximum temperature difference between the battery and cooling medium
decreased significantly, reaching a reduction of up to 37 °C. These findings
underscore the efficacy of battery thermal management through the utilization of
nano-based PCM composite structures.

To summarize the experimental investigations, the Case 2 nano-PCM composite
structure has better battery temperature reduction, improved heat transfer within the
medium, lower thermal resistance, and faster battery cooling. Thermal resistance in
this case was found to be the lowest, and a reduction of 25% was observed when
compared with case 1. Nusselt number enhancement of 20% was also observed in case
2. The temperature difference between the battery and cooling medium obtained for
case 2 was a maximum 5 °C and we cooled down the battery below 40 °C within 200
s for 4 W heat input.
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Surface area through which heat is transferred

Battery thermal management systems
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CPCM Composites phase change material

DCM-PCMP Double copper mesh-phase change material plate

Kr Thermal conductivity of the fluid

LIB Lithium-ion battery

Nu Nusselt number

PCM Phase change material

Q Heat input

Rem Overall thermal resistance

Tb Bulk temperature of the fluid

Te Thermal control point

Tm Maximum melting temperature of PCM

T™S Thermal management system

Tw Wall temperature of the surface

w Width of the surface through which heat is transferred
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Abstract: This study provides a technical and financial analysis for the incorporation of a
microgrid structure with a wind energy conversion system for producing electricity. This
study’s primary aim is to provide solutions for issues that arise when isolated induction
generators are employed with microgrids. A closed-loop smart electronic load controller is
used to regulate the loads in the system that are supplied by the generator. A switched variable
capacitor bank is used to supply reactive power initially during a voltage dip at varying winds
and loads to sustain the voltage profile. Additionally, a simple voltage control loop-based
controller for the generator-side converter maintains the voltage at a steady level. Using
HOMER software, an economic study of the suggested wind-based microgrid structure is also
presented. A laboratory experimental setup is used to support the MATLAB/Simulink study of
the proposed method and its control. The findings support the feasibility of implementing the
suggested plan in grid-isolated regions for supplying critical loads.

Keywords: induction generator; microgrid; smart electronic load controller; voltage regulation;
wind power

1. Introduction

Nowadays, the mainstream of the energy used to generate electricity comes from
the burning of fossil fuels like coal, oil, and natural gas. These fossil fuels have finite
stocks, and burning them releases a significant amount of toxic gases into the
atmosphere. Therefore, finding clean and sustainable sources of energy is always
necessary. Wind is a pure and limitless renewable energy source. There are several
ways to transform wind energy into electrical form, but using a wind turbine is by far
the most common method [1]. In theory, any sort of generator may be installed atop a
wind turbine to produce electricity. Even if the generator only produces direct current
or alternating current with variable amplitude and frequency, the requirement for grid-
compatible electric current may currently be satisfied by connecting appropriate
converters.

With its robustness, minimal maintenance requirements, and easy controls, the
induction generator (IG) seems to be an excellent option for these applications [2]. IG
is preferred for producing wind energy due to its ease of use, dependability, and
compact size per generated kilowatt. Moreover, IGs do not require an external power
source to produce the excitation magnetic field. They can therefore be applied in far-
off [3] and grid-isolated isolated locations [4]. The main limitations of IGs, however,
are reactive power consumption and poor voltage regulation at variable speeds,
although the invention of static power converters has made it easier to regulate the
output voltage of IGs [5].
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Because it does not require an external power source to generate the magnetic
field, the self-excited induction generator (SEIG) is an excellent choice for wind-
driven electric generation applications, particularly for variable wind speeds and
isolated places. Although the SEIG scheme was discovered more than 80 years ago, a
significant number of research publications have only recently become increasingly
focused on the examination [6] and uses of SEIGs [7]. This is because voltage and
frequency control techniques have advanced and because the development of
renewable energy sources has received enormous global attention over the past thirty
years.

The SEIG system’s inability to regulate voltage and frequency under variable
load situations is its primary operating issue. The machine excitation is immediately
impacted by a change in the load impedance. This is because both the induction
machine acting as a generator and the load impedance share the excitation capacitors’
reactive power. As a result, when the load impedance is increased, the generator’s
voltage lowers, leading to poor voltage control. On the other hand, even though the
speed of the prime mover is constant, the slip of the induction generator rises with
increasing load, resulting in a frequency that depends on the load. Many studies have
been conducted in the past to regulate the voltage and frequency of a SEIG system
operating with variable loads. A high-cost speed governor is generally used as a
conventional SEIG controller. A sliding mode controller was proposed, showing
controlled dynamic response and behavior of the system upon changes in generator
parameters and load [8]. Regulating the voltage and frequency of a SEIG under
varying load conditions by an electronic load controller (ELC) was examined [9]. With
the adoption of static converters, the voltage regulation problem is somewhat resolved
[10], although the system cost has increased to a considerable extent [11]. Often,
maximum power point tracking (MPPT)-based control techniques are adopted.
Although various MPPT approaches make it easier to operate [12], especially in grid-
connected generation [13], standalone grid-secluded generation is frequently
controlled without MPPT to reduce the system complexity [ 14]. However, maintaining
a constant generation becomes crucial since independent generations are frequently
employed to handle important loads [15]. Hybrid energy storage-based microgrids
with modified controls were recently studied for wind power generation [16]. The use
of SEIG under unbalanced conditions has also been studied for power generation [17].
This method, although cheap, requires derating the machine, and thus IG operates with
reduced capacity. Recent research for wind based renewable power generation focuses
on control based on electric springs for flexible voltage control and wind power
integration at the expense of cost and complexity [18,19]. Lowering the cost of electric
spring-based microgrids is also attempted in the study of Mohanty et al. [20]. Although
sometimes it is difficult to effectively regulate voltage for SEIGs without increasing
the system cost and complexity.

This research includes a technical and economic analysis of the IG system when
feeding varying domestic loads in an effort to aid in the resolution of the
aforementioned operational issues with SEIGs. A dynamic capacitor-based voltage
regulation scheme is proposed in the planned study, which is shown to be promising
in providing variable reactive power initially during load and speed transients. A smart
electronic load controller (SELC) is also proposed for load control, which is unique.
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The transient response is observed to be better using a simple voltage loop-based
converter control for the IG. The IG can then be connected to other renewable
generating sources for providing continuous power to grid-isolated loads.

2. System description

The proposed generation system consists of a three-phase induction machine that
is connected to a wind turbine for generation purposes. The IG is connected to a bus
where system loads can also be connected for supply. To supply the initial reactive
power, the stator windings of the induction machine are linked to a capacitor bank.
The initial excitation is calculated from reactive power balancing [21]. For augmenting
and supporting generation, the IG system can also be connected to a standby PV panel.
A storage battery is also connected via a charge controller to support the loads during
lean generation periods. The overall connected system is shown in Figure 1.

I N

Wind turbine and IG |44

@ Converter
AC loads

Smart ELC
AC DC

Figure 1. Block diagram of the wind-PV hybrid generation system.

The proposed system is envisioned to be used in a grid-isolated location in an
onshore eastern Indian location. The location is not connected to a grid, and hence the
utility of the proposed scheme of generation is of prime importance in supplying power
to the remotely connected loads.

3. Proposed control scheme

The proposed system generation is provided using the IG. With the IG, a
photovoltaic (PV) panel may also be connected. For the control, the microgrid
structure with PV panels is not considered. The control is mainly focused on the IG
side control of the smart electronic load controller (SELC) and the capacitor bank
control with variable wind speeds and variable loads. The control scheme is shown in
Figure 2. The SELC consists of an ESP-based Wi-Fi-enabled controller that can turn
ON/OFF consumer loads based on the generated voltage and load requirements. This
is done with the help of relay control, which is obtained using commands to be
provided by the operator using the ESP board and a visual dashboard. The entire
communication established with the load is done using the Internet of Things (IoT).
Any communication protocol may be used, such as the popular message queuing
telemetry transport (MQTT) [22] or data distribution system as in the study of
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Chatterjee et al. [23]. Here, MQTT is used as it is lightweight and flexible for such
control [24].

G Bidirectional Fixed
frequency
converter .
inverter

Wind I J L
turbine C PV ; :
- panel [ P L)
Variable d
capacitor an SELC

bank battery A

Vdc
V ref o

Figure 2. Block diagram of the control scheme for IG with loads.

For the proposed automatic load control, the DC bus voltage is sensed using a
voltage sensor. The reference is compared, and the set error is sent to a proportional-
integral controller (PI1). The output from the PI1 is taken as the reference data for
sending it to SELC. The variable capacitors are controlled by load and speed
parameters according to necessity. The SELC consists of an ESP8266-based
controller. The operator is thus in a position to control the loads automatically using
the sensed voltage data or can decide to turn ON/OFF loads as per requirement using
the SELC controller.

4. Connection with microgrid

The 1G-based generation system is to be connected with a microgrid, and its cost
will also have to be estimated. The cost estimation and optimization are done using
“HOMER” software [25]. HOMER Energy is the global standard for optimizing
microgrid design in all sectors, from village power and island utilities to grid-
connected campuses and military bases. Originally developed at the National
Renewable Energy Laboratory and enhanced and distributed by HOMER Energy,
HOMER (Hybrid Optimization Model for Multiple Energy Resources) nests three
powerful tools in one software product, so that engineering and economics work side
by side. HOMER is used because it can simplify and compare hundreds of alternatives
to optimization in a single run. This also enables us to observe the effects of external
factors, including wind speed and insolation, and comprehend the effect of fluctuations
in the ideal system.

For the online microgrid simulation, some elements are used. The elements are
an IG-based wind generator, a primary load, a converter, a battery, and a PV panel.
There are two buses used. PV cells should be connected to a DC bus only. It is used
only when the wind power is not enough to start the generator. A battery is also used
there, with the DC bus as the backup source of power. The generator is connected to
the AC bus only since it is an IG. A primary load is connected to an AC bus. The
system simulation model is shown in Figure 3.
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Figure 3. Simulation model of the proposed system.

The converter here is connected to both the AC and DC buses, as shown in Figure
3. After the connection is done, the results can be calculated and optimized with
different numbers of iterations. The solar and wind data are obtained for the proposed
place for setup using the NREL laboratory, as shown in Figure 4.
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Figure 4. Solar radiation data and wind speed data variation for different months in a
year for the installed place.

The PV module is employed when the availability of wind power is low, although
it always remains connected to the system and surplus energy is stored in the battery.
So, the PV module can supply loads in such cases. Whenever the wind power is low,
the PV module provides the power, and whenever the PV module's power is low, the
wind generates the power, as seen in Figure 4. It is concluded that the two powers
complement each other for the proposed place of setup. The HOMER is used mainly
to provide economic analysis along with technological support analysis. Therefore,
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using the software, the tabulated optimized cost output is shown in Table 1.

Table 1. Analysis of the proposed microgrid system with SEIG and PV support.

Initial capital (§) Net present cost ($§) Operating cost ($/year) Cost of energy ($/kwh) Renewable fraction

4580

5350

105 0.158 1.00

The different optimized costs are assessed using the HOMER software when
provided with the initial cost of the system components. These costs are verified using
a market survey. With the 1 kW IG for the setup, two 500W-peak polycrystalline
silicon PV panels are used. Both panels have a voltage rating of 48 V. Deep-cycle lead
acid storage batteries with ratings of 12 V and 150 Ah of four numbers in series with
overcharge/discharge protection are used for the connected system. The peak load is
760 W. The batteries offer a two-hour backup. The 22-A charge controller is used for
charging purposes. The turbine-generator system costs about $3000, and replacing it
will set you back $2500. Annually, the cost of operation and maintenance is estimated
to be 2% of the original cost. The turbine is erected at a hub height of 10 m. The
simulation uses a PV panel rated for 1 kW-peak, 48 V, with a capital cost of $1000
and 2% of the initial cost reserved for annual maintenance. The converter is rated at 1
kW, costs $300 in original capital, and requires $200 in replacement with zero
maintenance annually. The battery costs $100 in capital when purchased, and it costs
$50 to replace. Watering the battery is mostly covered by the $5 yearly operation and
maintenance fee. The table provides the initial capital requirement after discounts, the
net present cost of the system, and the operating cost of running such a system in a
year. The different cost parameters are simulated and optimized in HOMER. To
calculate the Net Present Cost (NPC) of the system, the discounted costs are typically
deducted from the present values of the various power sources. Thus,

NPC=C(C;+C,+C, —(C, +Cy) (1)
C, is the system operation and maintenance cost, C; is the initial system cost, C, is the
cost of system replacement, C, and C are the sold surplus electricity cost and the
salvaging cost of equipment at the end of total project life. The C, value is calculated
per hour and it is dependent on the load demand and power generated from the system.
The value of C, is calculated from the studies of Chatterjee and Banerjee [26], Dufo-

Lopez et al. [27] as,
j

(1 + gk)l]k (2)
Z k(14 1)Uk

where, C, is cost of the replaced component, gy is inflation rate and ;. is the rate of

interest and jj is total lifetime of &£-th component. The value of C can be given as,

= ¢ e L) (};” ) 3)
where, R., R, and R, are respectively the individual component life, total project life
and duration of replacement cost calculation. The cost of operation per year is the
summation of running costs and other expenses which essentially exclude the initial
cost of the system. The initial system cost C; is given as,

C;= thngtg + vava + CenvPenv + CoatPoat + CcFe “4)
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where C denotes unit cost and P denotes the nominal power of the sources of the wind
turbine generator, PV panel, converters, and batteries, respectively. The C. denotes the
unit cost of the controller, and its nominal power is denoted as P. which can be
neglected. The various equations show that the NPC is a variable that may be tuned to
reduce the overall cost of the system. The HOMER is used to do this task. The cost of
energy (COE) is another metric that establishes the optimal net present cost. The ratio
of the yearly cost of electricity production to the total electric load provided is used to
determine this number. It is defined as,
Ca
COE = (5)

N
where total annualized cost of the proposed system is given as C, ($/yr) and the total

load in terms of energy served is denoted as Eg (kWh/yr). It may be roughly
understood as the NPC to total load supplied ratio.

It is estimated that the system is going to be used for a period of 25 years. By this
time, the net present cost of the system can be mostly salvaged. The cost of generation
from fossil fuels is around $0.120 per kWh [28] to $0.140 per kWh [29], which is also
comparable with full renewable energy generation in the present case.

The cost of production of one unit of energy for such a system is shown to be
lower, which is a definite advantage. Such a system, when connected to the grid, can
thus supply power at a very cheap rate.

5. Results and discussion

The hardware implementation of the project is done in two parts. Firstly, the
simulation results are tested using MATLAB/Simulink. It uses the preset models of
the three-phase induction machine and other components. The IG model is considered
to have a stationary reference frame and have the same parameters as the experimental
machine. The hardware implementation is tested using a laboratory prototype.
Secondly, a smart electronic load controller is designed for the proposed 1G hardware
setup.

The 3-phase induction machine operated as a generator is rated at 2 kW, 415 V,
50 Hz, and is wound for 4 stator poles. The machine parameters are provided in
Appendix. The voltage generation initiates at a speed of 1150 rpm at no load without
the proposed control (Figure 2). Although the speed is low for generation, the
capacitor used reduces the operating point of the IG, and thus generation initiates at a
lower speed. However, the generated voltage frequency at this speed is lower than 50
Hz. As the generator reaches a steady state, terminal loads across the main windings
of the generator can be connected. The experimental setup, as shown in Figure 5, uses
an induction machine coupled with a DC machine. The DC machine acts as a prime
mover. The DC machine can be used to emulate wind turbine characteristics with some
modifications. The generator-side bidirectional converter is controlled using a simple
voltage loop-based proportional-integral (PI) controller. This controller is responsible
for providing stable voltage output with load and speed transients. The voltage
reference is taken as a dynamic function of the available wind speed (w,), which is
compared with the generated voltage. The error is fed to the PI controller. The output
of the PI controller is the current reference, which is used to generate pulses for the
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converter using hysteresis band-based control to sense the generator current. The PI
controller is tuned using the Ziegler-Nichols method. Initially, the integral gain is set
to zero, and the proportional gain is increased from zero until sustained oscillations
are observed. This gain value and oscillation time are used to set the integral gain for
minimal overshoot with judicious settling time. The controller is shown in Figure 6.
The fixed-frequency inverter is operated at 50 Hz to supply the connected loads.
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Figure 5. Experimental setup of the IG system with the smart electronic load
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Figure 6. Controller for IG side converter.

However, it is assumed that the prime mover drives the generator at rated speed,
considering that some gears may be used in real practice with the wind turbine to
generate at rated speed for the IG. It was observed that the mechanical contacts of the
laboratory-based experimental IG are competent enough for repeating use. This is due
to mechanical wear and tear, and thus an electronic contactor switch was necessary.
An ESP8266-controlled relay switch is developed for connecting the variable
capacitors and loads. This is done using an electronic relay switch module. The
connection of the relay coil for switching loads and capacitances makes the circuit
better suited for the different loads and wind speed conditions. At first, the system is
simulated using a three-phase induction machine model, which is used as IG in
MATLAB/Simulink using a standard stationary frame model [30].

The simulated model has the same ratings as the proposed experimental setup.
The proposed control is implemented for the simulated model. The generated voltage
profile along with the change in wind speed is shown in Figure 7. With the proposed
converter control, the voltage regulation is shown to be good with minimal change in
voltage when the shaft speed is reduced by 200 r/min. Thus, with speed transients, the
voltage is kept stable.
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Figure 7. Simulated IG generated voltage with change in speed.

Next, the IG voltage variation with change in load from 1 A to 1.8 A at rated
speed is done for the proposed control. It is observed that the generated voltage
minimally changes with change in load. The same is shown in Figure 8. The load
variation is done using the electronic load controller.

A T T
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Figure 8. Simulated IG generated voltage with change in load.

The experimental waveforms for the proposed scheme are also shown. The
generated voltage profile, along with a similar change in load and wind speed as that
of the simulation study, are shown in Figures 9a and 9b, respectively. It is observed
that the simulation and experimental results are in good agreement.
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Figure 9. Experimental IG generated voltage with change in (a) load (CH1, 2 and 3:
Y-axis 200 V/div., CH4: Y-axis: 1 A/div.); and (b) speed (CHI1: Y-axis: 300
r/min/div., CH2, 3 and 4: Y-axis: 200 V/div.).
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The electronic load controller switching transients are observed experimentally.
With a change in load, the observed waveform is shown in Figure 10. It is seen that
the controller transients are minimal. The voltage regulation for such a change in load
is shown in Figure 9a. The observed voltage regulation is better than most
conventional control schemes. The load and speed transients are also better. Moreover,
the cost and complexity of the scheme are also on the lower side, which are the added
advantages.
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Figure 10. Experimental waveform for change in load in SELC.

6. Conclusion

This research presents a technical and economic analysis of a wind energy
conversion system and its integration into a microgrid structure for isolated electricity
generation. The modeling is done in HOMER software, which provides the platform
to simulate the economic viability of the scheme. The cost of generation obtained is
comparable to conventional generation with less system complexity. The bidirectional
converter control helps to provide stable voltage with an active voltage control loop.
The smart electronic load controller also helps to provide flexible switching of loads
with minimal transients for load control.

The characteristics of the SEIG and its proposed control are studied in a
MATLAB/Simulink environment and later validated with a laboratory experimental
prototype. It is found to be a viable solution for providing power to a remote location.
With even proper cost details, the accuracy of the cost optimization can be increased.
Moreover, some meta-heuristic or artificial intelligence-based optimization techniques
can also be applied for further improved results.

In the future, suitable design procedures with further optimizations for the IG can
be implemented. Further, the study of grid integration of the IG with the proposed
controller can be a scope of research, and its performance improvement study can also
be considered.
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Appendix

Table Al. Induction machine parameters.

Parameters

Values per phase

Stator circuit resistance
Rotor circuit resistance
Stator and rotor leakage inductance
Magnetising inductance

Inertia constant

6.44 Q

6.57 Q

8.55 mH
276.55 mH
0.142 kg'm?
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Abstract: Energy shortages and environmental pollution have become one of the important
global issues, and semiconductor photocatalytic technology is considered one of the most
effective means to solve these problems. As a new and efficient green material, ZnO has
attracted wide attention. ZnO is widely used in the field of photocatalysis due to its non-toxicity,
low cost, environmental friendliness, adjustable band gap, high electron density, and chemical
stability. However, the recombination of photogenerated charge carriers in ZnO hinders its
practical application and lowers the utilization efficiency of visible light. On the other hand,
molybdenum disulfide/reduced graphene oxide (MoS,/rGO), as a binary non-precious metal
co-catalyst, has a larger specific surface area, suitable band gap width, and visible light
response capability compared to a single-phase graphene co-catalyst. Therefore, introducing
the MoS»/rGO co-catalyst into the ZnO system can provide more active sites, reduce the
probability of photogenerated charge carrier recombination, and improve the utilization
efficiency of visible light. In this review, we summarize the hydrothermal synthesis methods
for preparing this highly demanded nanocomposite material, including one-step and stepwise
methods. Subsequently, we elaborate on the mechanism of enhancing light absorption and
achieving efficient electron-hole separation behavior in the ternary system heterojunction
structure during the photocatalytic process. Due to its significant advantages, this ternary
system heterojunction structure has been widely applied in the field of photocatalysis,
including applications such as pollutant degradation, sterilization, and water splitting.

Keywords: ZnO; MoS»; graphene; ternary composite materials; photocatalysis

1. Introduction

Since the discovery in 1967 by Fujishima and his colleagues at the University of
Tokyo, Japan, that water can be electrolyzed by illuminating a TiO, electrode, the
application of TiO; in the field of photocatalysis has experienced rapid development,
and semiconductor photocatalysts have also advanced rapidly as a result [1].
Subsequently, in 1976, Frank and his colleagues successfully applied photocatalytic
oxidation technology to the degradation of pollutants in water, achieving breakthrough
progress and laying an important theoretical foundation for the application of this
technology in wastewater treatment [2]. In 2015, a Japanese company developed a
new type of nanophotocatalyst, which is expected to address the increasingly severe
water scarcity issue [3]. Since the beginning of the 21st century, energy shortages and
environmental pollution have become significant challenges for humanity, with water
pollution being particularly prevalent [4]. Therefore, there is an urgent need to explore
efficient and clean new energy sources and technologies for treating pollutants.
Photocatalysts, as a new and effective green material, have attracted increasing
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attention. It is crucial to develop high-performance photocatalysts, with key factors
including high light absorption efficiency, a low recombination rate of photo-
generated electron-hole pairs, and a large surface area.

In the new generation of photocatalysts, ZnO is widely used in the field of
photocatalysis due to its advantages such as non-toxicity, low cost, environmental
friendliness, adjustable band gap, high electron density, and chemical stability [5].
Under the illumination of light with energy higher than its band gap, ZnO
photocatalysts can undergo photocatalytic reactions, generating strong oxidative
radicals and ions, thereby achieving the degradation of organic pollutants [6].
Therefore, ZnO has wide applications in air purification, wastewater treatment,
antibacterial materials, and the degradation of organic pollutants. However, ZnO
suffers from the recombination of photogenerated charge carriers, resulting in low
utilization efficiency of visible light, which hinders the progress of photocatalytic
reactions [7]. On the other hand, MoS,/rGO, as a binary non-precious metal co-
catalyst, has a larger specific surface area, a suitable band gap width, and a higher
utilization efficiency of visible light compared to simply introducing graphene as a co-
catalyst [8]. Therefore, introducing the MoS,/rGO co-catalyst into the ZnO system can
provide more active sites, reduce the recombination probability of photogenerated
charge carriers, and enhance the absorption capacity of wvisible light [9].
ZnO/MoS,/rGO ternary photocatalyst can effectively improve the solar energy
utilization efficiency of semiconductor photocatalysts, and it is one of the important
directions to promote the further development of photocatalytic technology (Figure
1) [10]. However, there are still some problems and challenges to be solved in the
synthesis and application of ternary systems. Firstly, the controlled synthesis of the
ternary system is still in the exploratory stage. In hydrothermal synthesis, the various
physical and chemical properties of different components make the influencing factors
of structure very complicated, which makes it difficult for researchers to control the
formation of morphology while maintaining close contact with heterogeneous
structures. In addition, hydrothermal reactions and other precise synthesis methods
containing more reaction variables and forms remain to be explored. Secondly, there
are still some differences in the catalytic activity of the same system used in the
photocatalytic hydrogen evolution reaction, so the heterostructure of the ternary
system as the excellent activity source of the photocatalyst still needs further study.
This requires more advanced in situ characterization and computational simulation to
further elucidate the reaction mechanism and theoretical explanation of catalysis. In
order to solve these problems and challenges, it is necessary to systematically
summarize the ternary system photocatalysts. Therefore, we summarized the recent
progress of ternary system heterostructures as photocatalysts, including synthesis,
principle, and application, in order to provide some inspiration and guidance for future
researchers.

Herein, this review summarizes the hydrothermal synthesis methods for
preparing such high-demand nanocomposite materials, including one-step and
stepwise methods. Subsequently, we elaborate on the mechanism of how the
heterojunction structure of the ternary system enhances light absorption and achieves
efficient electron-hole separation behavior during the photocatalytic process. Due to
its significant advantages, this heterojunction structure of the ternary system has been

56



Energy Storage and Conversion 2024, 2(2), 523.

widely applied in the field of photocatalysis, including applications such as pollutant
degradation, sterilization, and water splitting. We believe that these studies provide
important references for a deeper understanding of the diversity and application
potential of ternary composites and open up new possibilities for the development of
materials science and energy fields (Figure 2).
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Figure 1. Number of publications ZnO/MoS,/rGO ternary photocatalysts according
to Web of Science (accessed: 7 March 2024).

Figure 2. The comprehensive overview of ZnO/MoS,/rGO ternary photocatalysts.

2. Synthesis of the ZnO/MoS:/rGO ternary system

Due to the complexity of ternary systems, it is often necessary to synthesize
heterostructure nanocomposite materials with high specific surface areas under harsh
conditions. Therefore, hydrothermal and solvothermal methods are the main synthesis
methods. Hydrothermal synthesis refers to the method of forming and growing crystals
through chemical reactions and changes in the solubility of substances in a closed
heating solution at temperatures and pressures higher than ambient conditions [11].
Typically, this high-temperature and high-pressure environment is achieved using a
high-pressure autoclave equipped with a polytetrafluoroethylene (PTFE) container.
The conditions of hydrothermal synthesis can be precisely controlled by adjusting
internal parameters of the system, such as solute concentration and ratio, pH value,
time, pressure, additives, or soft/hard templates, as well as external environmental
conditions, such as the method of inputting energy [12]. The solvothermal method is
a development of hydrothermal synthesis and typically involves the use of non-
aqueous organic reaction systems. Ternary systems require close contact between
different materials to form heterostructures and achieve smaller particle sizes for
obtaining more reaction sites, making the synthesis of composite materials
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challenging. Here, we summarize two different hydrothermal synthesis pathways in
order to provide guidance for future researchers in their synthesis endeavors.

2.1. One-step hydrothermal method

Due to the uniform heating environment and highly controllable reaction
conditions, the hydrothermal method has become an effective approach for
synthesizing high-surface-area nanocomposite materials. In this regard, Guan et al.
[13] utilized a one-step hydrothermal method to synthesize heterostructures in a
ternary system. They dispersed graphene oxide (GO) in distilled water to prepare a
GO solution after subjecting it to ultrasonication for 6 h at 500 W. Then, the GO
solution, ZnO, Na,Mo0O4-2H,0, and thioacetamide were dispersed in distilled water
in specific quantities and stirred. Finally, the mixture was heated at 200 °C for 24 h in
a high-pressure autoclave. The resulting gray precipitate was washed, dried, and
annealed at 300 °C under a nitrogen atmosphere for 2 h, yielding irregular particles
with sizes ranging from 40-400 nm. Additionally, some MoS, nanoparticles were
uniformly dispersed on the surface (Figure 3a). Close contact was formed between
Zn0O, MoS,, and reduced graphene oxide (rGO), which facilitated the transfer of
electrons from ZnO to RGO and/or MoS,, thereby delaying the recombination of
electron-hole pairs (Figure 3b) [13]. Priyadharsan et al. [14], on the other hand,
modified the sulfur source and zinc source to reduce the synthesis temperature and
complexity of the reaction system. They first prepared a suspension of reduced
graphene oxide (rGO) and sonicated it for 1 h to ensure uniform dispersion. Then,
Na,Mo004, CHsN,S, and Zn(CH3COO),-2H,0 were added to the solution in specific
proportions, followed by stirring the solution and heating it at 160 °C for 12 h in a
reaction vessel. The resulting sample was washed, dried overnight at 80 °C, and
became a ternary nanocomposite material (MZG). MZG consisted of uniformly
distributed wurtzite ZnO, flower-like MoS, nanospheres, and wrinkled rGO
nanosheets. It can be observed that the metal oxide nanoparticles were adsorbed on
both sides of the graphene sheets, resulting in a multilayered structure of graphene
(Figures 3c and 3d) [14].

Figure 3. (a) SEM image; (b) HRTEM image of 0.75 wt%5G95M/Zn0O [13]. SEM
images of (¢) and (d) MZG nanocomposites [14].
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2.2. Stepwise hydrothermal method

To achieve more precise control over the proportions of different components in
the ternary system and reduce the limitations of synthesis conditions, researchers have
utilized a stepwise hydrothermal method. This approach involves sequentially
synthesizing the co-catalyst and photocatalyst to explore the optimal content of
different materials for achieving synergistic effects while ensuring close contact
between the heterostructures. Ugur et al. [15] employed a multi-step hydrothermal
method to precisely control the proportion of the co-catalyst in the sample, aiming to
achieve positive synergistic effects in the ternary system. Firstly, they used
Na,Mo0O4-2H>0, CH4N»S, and graphene oxide (GO) as precursors to synthesize MoS;-
rGO (MGQG) through hydrothermal synthesis, adjusting the content of rGO to achieve
different hybridization effects. Subsequently, the obtained MG composite was
dispersed in a 100-mL solution containing 30 mL of ethanol and 70 mL of deionized
water, and 300 mg of ZnO dispersed in 100 mL of deionized water was added
dropwise. The mixture was stirred for 2 h at room temperature. The resulting mixture
was then heated in a high-pressure autoclave at 180 °C for 10 h, followed by cooling
to room temperature, washing, and drying, resulting in the successful synthesis of the
sample (Figure 4a) [15]. Kumar et al. [16], on the other hand, used Na:MoQ4-2H>0,
GO, and L-cysteine as precursors. The precursors were subjected to a high-pressure
autoclave at 180 °C for 24 h. The resulting product was washed and dried overnight at
80 °C to obtain MoS,-rGO hybrid. Subsequently, the hybrid material was dispersed in
deionized water, and a solution containing Zn(CH3;COO),-2H,0 and NaOH was added
to form a homogeneous solution. The solution was then transferred to a high-pressure
autoclave and treated at 160 °C for 2 h. After washing and drying, the desired product
was obtained. This method allows for the control of the MoS,-rGO hybrid content to
optimize the heterostructure (Figure 4b) [16]. Li et al. [17] proposed a microwave-
assisted method to synthesize the MoS,-rGO component in the ternary system. They
added varying amounts of GO to a solution of phosphomolybdic acid hydrate and
adjusted the pH to 7 using a NaOH solution. Then, they added a thioacetamide solution
and stirred for 10 min to generate a homogeneous dispersion. Subsequently, the
mixture was heated at 150 °C for 10 min under microwave irradiation with a power of
150 W using an automated focusing microwave system. After washing and drying the
resulting precipitate, the sample was obtained [17].
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Figure 4. (A) XRD images of ZnO/MG hybrids [15]; (B) XRD patterns of a: ZnO
NP, b: ZMGO.5, ¢: ZMG1 and d: ZMG2 [16].

59



Energy Storage and Conversion 2024, 2(2), 523.

In conclusion, the current synthesis of ternary systems primarily relies on
relatively simple hydrothermal methods. However, there is a lack of in-depth
exploration and understanding of additional reaction conditions (such as external
fields, templates, etc.) and synthesis mechanisms.

3. Photocatalytic applications of ZnO/MoS:/rGO ternary system

For a long time, the photocatalytic activity of semiconductors has been limited
by issues such as low efficiency, narrow light absorption range, and rapid
recombination of photogenerated electron-hole pairs [18-20]. Combining wide-
bandgap and narrow-bandgap semiconductors to form heterostructures with band
offset has been proven to be an effective strategy for improvement [21]. In this
research context, researchers have paid significant attention to the heterostructure of a
ternary system composed of wide-bandgap ZnO, narrow-bandgap MoS,, and zero-
bandgap graphene with a low Fermi level [22-24]. Due to the difference in the
conduction band (CB) positions between ZnO and MoS,, photogenerated electrons
can thermodynamically transfer from ZnO to MoS,, thereby slowing down the
recombination process of electron-hole pairs (Figure 5). At the same time, rGO in
graphene, with its two-dimensional sp?-hybridized conjugated structure, exhibits
favorable band potential and Fermi-level positions. It can act as an electron reservoir,
receiving and transferring electrons from active sites in photocatalytic reactions [25].
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Figure 5. Schematic illustration of the potential and band positions for the ZnO,
MoS, and rGO [13].

rGO also possesses excellent physicochemical properties, which can alleviate the
aggregation issue of MoS, and ensure close contact between semiconductors, thus
forming a stable heterostructure [26]. Furthermore, some literature suggests that
doping MoS; and rGO as co-catalysts into ZnO can effectively adjust the band
positions of the heterostructure, enhance visible light absorption, and improve overall
light absorption capacity. Based on these findings, we have summarized some
understanding of the heterostructure of the ternary system in overcoming challenges
in semiconductor photocatalysis and outlined the research progress of the ternary
system widely applied in photocatalytic hydrogen evolution, pollutant degradation,
and antibacterial applications.

As an efficient photocatalyst that is metal-free, non-toxic, and low-cost, ZnO is
limited by its wide band gap, which can only be excited by ultraviolet (UV) radiation
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[27-29]. However, UV radiation accounts for only about 5% of the solar spectrum,
while the visible light region accounts for approximately 43%. This significantly limits
the energy utilization efficiency of ZnO [30,31]. Therefore, it is necessary to broaden
the light absorption range of ZnO to the visible light region and enhance its light
absorption/capturing capability. In this regard, Kumar et al. proposed the ZnO-MoS,-
rGO heterostructure, which enhances light capture in both the UV and visible light
regions, thereby generating more photo-induced charge carriers. Through diffuse
reflectance spectroscopy (DRS) analysis in the range of 200—-800 nm, they found that
the light absorption capacity of the heterostructure increases with increasing MoS,-
RGO content (Figure 6). This is attributed to the absorption characteristics of MoS,
in the wavelength range of 200—800 nm, and the synergistic effect of MoS,-rGO leads
to a redshift in the absorption spectrum of the heterostructure, enabling better
utilization of the visible light region. For samples with different doping levels, they
explained the variation in the bandgap as a result of chemical bonding at specific sites
between the semiconductor and GO, leading to charge delocalization and optimizing
the optical properties of the heterostructure [16,32].

Absorbance (a.u.)

200 360 460 560 660 760 800
Wavelength (nm)

Figure 6. DRS of GO, ZnO NP, MoS,-RGO, ZMGO0.5, ZMG1 and ZMG2 [16].

In semiconductor materials used for photocatalysis, the photogenerated electrons
in the CB exist in metastable states and eventually recombine with holes in the VB.
The rapid recombination of electron-hole pairs shortens the lifetime of charge carriers,
resulting in lower photocatalytic activity [33]. Extending the charge transfer pathway
is one effective way to enhance the material's capability for photocarrier separation.
Ternary systems composed of semiconductors with different band gaps and rGO
demonstrate significant potential in this regard [34]. Regarding the application of
MoS,-rGO/ZnO in photocatalytic hydrogen evolution, Guan et al. proposed the
reasons behind the high hydrogen evolution activity of the ternary system, attributing
it to the positive synergistic effect between MoS; and rGO, where rGO functions as
both a co-catalyst for hydrogen evolution and a powerful pathway for electron transfer
(Figure 7a). Through characterization techniques such as UV-vis absorption
spectroscopy  (Figure  7d), nitrogen  adsorption-desorption  analysis,
photoluminescence (PL) spectroscopy (Figure 7e), and photocurrent response
measurements (Figure 7b), they ruled out other factors influencing the hydrogen
evolution activity and demonstrated that rGO accelerates the transfer of electrons from
ZnO to MoS;, improving electron transport. This impedes the recombination of
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electron-hole pairs in the material, thereby enhancing the release activity of Ha.
Additionally, they proposed a mechanism to explain the hydrogen evolution process
in the ternary system and provided insights for the design of other multicomponent
photocatalysts [13]. Regarding the photocharge enhancement and charge separation
capability in the ternary system, Kumar et al. [16] provided another insight (Figure
7¢). They noted that in the process of photocatalytic hydrogen evolution, the presence
of catalyst dispersed in the electrolyte (S** and SOs®") enhances the hydrogen
evolution rate (Figure 7f), with the optimal sample exhibiting a performance of 28.616
mmol h™!ge, ! under sunlight irradiation. They attributed this to the in-situ generation
of ZnS, which improves the interface charge transfer between the co-catalyst MoS,
and rGO. Furthermore, rGO provides a large number of active sites available for
photocatalytic reactions. Through characterization experiments such as scanning
electron microscopy, transmission electron microscopy, X-ray diffraction, and energy-
dispersive X-ray spectroscopy, they proved the presence of ZnS and indicated that the
generation of ZnS results in extended absorption in the visible light region.
Additionally, they suggested that the CB of ZnS has a lower potential than that of ZnO,
while the VB of ZnO has a positive potential relative to that of ZnS [35,36]. The more
negative CB potential of ZnS allows electrons to transfer from the CB of ZnS to the
CB of ZnO, while holes transfer from the VB of ZnO to the VB of ZnS. As a result,
the ZnS-ZnO heterostructure facilitates the effective separation of photogenerated
charge carriers at the interface. Furthermore, rGO acts as an electron acceptor and
shuttle, with its high charge transfer mobility extending the lifetime of photogenerated
charge carriers [37].
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Figure 7. (a) mechanism of H, evolution process in the MG/ZnO composite under irradiation; (b) transient
photocurrent responses; (¢) scheme of ZnO-MoS,-rGO ternary nanocomposites; (d) UV-vis absorption spectra; (e) the
PL spectrum of pure ZnO, 0.75 wt% MoS,/ZnO, 0.75 wt% rGO/ZnO and 0.75 wt% 5G95M/ZnO samples [13]; ()
proposed mechanism for enhanced electron transfer across the ZnS-ZnO-MoS,-rGO hetero-junction under sunlight
irradiation for photocatalytic H» generation with Na,S-Na,SO; as a sacrificial reagent [37].
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Figure 8. (a) reusability of rGO/ZnO/MoS, nanocomposite in optimal condition for
degradation process of aniline during the five cycles [38]; (b) photocatalytic
degradation of BR18 dye for 25Zn0O/75MG1 and 75Zn0O/25MG1 [15]; (¢) zone of
inhibition tests for WFG nanocomposites materials towards gram-negative E. coli
bacteria and gram-positive S. aureus bacteria; (d) photocatalytic mechanism scheme
of the MZG nanocomposite [14].

The enhanced light absorption capacity, photocarrier separation ability, and
prolonged carrier lifetime greatly expand the application range of ternary systems in
photocatalytic applications. Ghasemipour et al. [38] applied rGO/ZnO/MoS; ternary
nanocomposites to the photocatalytic degradation of aniline in aqueous solutions and
investigated the effects of operational variables such as solution pH, catalyst dosage,
and initial aniline concentration on achieving maximum degradation efficiency. They
found that under conditions of pH = 4, catalyst dosage of 0.7 g L, aniline
concentration of 80 ppm, and light intensity of 100 W, complete degradation of aniline
was observed. Based on the results of scavenger experiments, hydroxyl radicals were
identified as the main active species in the photocatalytic reaction. Additionally, due
to the synergistic effects between the components in the ternary system, the catalyst
exhibited excellent reusability and stability even after five consecutive uses (Figure
8a). This study demonstrates the tremendous potential of rGO/ZnO/MoS; in treating
various organic pollutants in wastewater. Priyadharsan et al. [38] proposed that MoS,-
ZnO-reduced graphene oxide (MZG) nanocomposites exhibit high antibacterial
activity against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
(Figure 8d). They investigated the antibacterial activity of MZG nanocomposites
against these two pathogenic bacteria using the well diffusion method on Mueller-
Hinton agar plates (Figure 8c). The results demonstrated that the antibacterial activity
of MZG nanocomposites was positively correlated with the dosage. At higher
concentrations (100 pg mL™"), bacterial growth was completely inhibited. The bio-
deactivation mechanism occurred through the production of abundant surface oxygen,
leading to bacterial membrane rupture and ultimately killing the pathogens. This study
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highlights the potential application of ternary materials as effective antibacterial
agents [14,39]. Ugur et al. [15] synthesized a ternary hybrid nanostructure composed
of ZnO nanorods and MG co-catalyst and applied it to the degradation of the water
pollutant BR18 dye commonly found in the textile industry. Under the conditions of
257Zn0/75MG1 heterostructure, 100% dye degradation could be achieved within 180
min (Figure 8b). When the content of GO in the co-catalyst increased to 5%,
257Zn0/75MG?2 achieved complete degradation of the dye solution within the first 30
min. They attributed this excellent photocatalytic performance to the positive
synergistic effect of the MoS,-rGO co-catalyst and highlighted the effective role of
GO content in accelerating charge separation and electron transfer characteristics [15].

4. Conclusions

The ZnO/MoS,/rGO ternary system heterostructure is a highly promising
photocatalyst that benefits from the synergistic interaction between the catalyst and
co-catalyst. This system exhibits significant advantages in terms of solar light
absorption capacity and range, specific surface area, and efficiency of photogenerated
electron-hole separation. This review summarizes the hydrothermal synthesis methods
for preparing such high-demand nanocomposite materials, including one-step and
stepwise methods. Subsequently, we elaborate on the mechanism of how the
heterostructure of the ternary system enhances light absorption and achieves efficient
electron-hole separation behavior during the photocatalytic process. Due to its
tremendous advantages, this ternary system heterostructure has been widely applied
in the field of photocatalysis, including applications such as pollutant degradation,
sterilization, and water splitting (Table 1).

Table 1. Synthesis methods for various heterostructures.

Material

Synthesis Catalytic performance Ref.

ZMG1

0.5 wt%MoS2/ZnO
ZMG4

RGO 10%/Zn0O 20%/MoS:

MZG

25Zn0/75MG1

. The degradation of MB dye and carbendazim under natural sunlight
Stepwise hydrothermal method irradiation: 98% after 60 min
One-step hydrothermal method ~ Photocatalytic Ha evolution: 98.1 pmol g™ h™! [13]
Stepwise hydrothermal method ~ Photocatalytic Hz evolution: 28.616 mmol h™! g™! [37]

In real wastewater, the COD and TOC ratios decreased to zero and

One-step hydrothermal method 7%, respectively after 440 min under the operational conditions. [38]
The growth of E. coli and S. aureus in Mueller Hinton agar in the

One-step hydrothermal method concentration of 100 pg/mL was completely declined [14]

Stepwise hydrothermal method ~ 100% degradation of BR18 dye for 180 min [15]

5. Perspective

Despite the enormous potential of the ZnO/MoS,/rGO ternary system as an
efficient photocatalyst, it still faces significant challenges in both fundamental and
practical aspects:

1) The content ratio of different components in the ternary system needs to be
optimized for specific applications (Figure 9). A high co-catalyst content may
lead to light shielding effects, reducing the number of active sites in ZnO and
hindering the excitation of photogenerated charge carriers. On the other hand, a
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2)

3)

4)

low co-catalyst content may be insufficient to effectively prevent particle
aggregation and achieve efficient charge separation.

The utilization of photocatalytic active sites is influenced by factors such as the
size, morphology, pore structure, phase, and impurities of the highly efficient
catalyst nanostructures. Therefore, the development of more efficient and diverse
synthesis methods is crucial to synthesizing phases with high photocatalytic
activity and achieving precise control.

Further optimization of the co-catalyst is still needed. Strategies such as
heteroatom doping and introducing vacancies can improve the electron state
density of the co-catalyst, leading to enhanced electron mobility and charge
separation efficiency. Further exploration is required in this aspect.

A deeper understanding of the relationship between composition, structure, and
performance requires a collaborative effort between theoretical calculations and
experimental validation.

4 Loading of cocatalysts Excessive loading of
below optimal amount cocatalysts causes

1 -

(i) covering active sites on photocatalyst

(i) promotes charge separation
and transfer (ii) shielding the light absorption by photocatalyst
(i) reduces overpotential for (iii) decreasing the surface area and activity of
gas evolution cocatalysts
(iii) increasing the charge recombination in
cocatalysts

Photocatalytic activi
ey
=
o
=
E
=
2
2
g

The optimal loading value

P

>

Cocatalyst loading amount

Figure 9. A volcano-type relationship between the loading amount of a cocatalyst
and the photocatalytic activity of the cocatalyst-loaded semiconductor photocatalyst
[21].

Addressing these challenges will require further research and exploration to

achieve the efficient application of ZnO/MoS,/rGO ternary system photocatalysts.
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Abstract: In light of climate change imperatives, there is a critical need for technological
advancements and research endeavors towards clean energy alternatives to replace
conventional fossil fuels. Additionally, the development of high-capacity energy storage
solutions for global transportability becomes paramount. Hydrogen emerges as a promising
environmentally sustainable energy carrier, devoid of carbon dioxide emissions and possessing
a high energy density per unit mass. Its versatile applicability spans various sectors, including
industry, power generation, and transportation. However, the commercialization of hydrogen
necessitates further technological innovations. Notably, high-pressure compression for
hydrogen storage presents safety challenges and inherent limitations in storage capacity,
resulting in about 30%—50% loss of hydrogen production. Consequently, substantial research
endeavors are underway in the domain of material-based chemical hydrogen storage that causes
reactions to occur at temperatures below 200 °C. This approach enables the utilization of
existing infrastructure, such as fossil fuels and natural gas, while offering comparatively
elevated hydrogen storage capacities. This study aims to introduce recent investigations
concerning the synthesis and decomposition mechanisms of chemical hydrogen storage
materials, including methanol, ammonia, and Liquid Organic Hydrogen Carrier (LOHC).

Keywords: hydrogen storage; chemical hydride; catalysis; hydrogenation

1. Introduction

Conventional fossil fuels, while meeting global energy demand, generate carbon
dioxide, a major contributor to global warming, making their limited resources and the
quest for securing clean energy sources globally imperative [1-8]. Initially, research
and industrial focus on environmentally friendly energy were primarily directed
towards power production using renewable sources such as solar and wind energy.
However, reliance on these sources can lead to unstable power production due to their
susceptibility to environmental factors [9-18]. Furthermore, the storage of generated
power is limited to short-term storage (~week) through Energy Storage Systems
(ESS), necessitating alternative solutions for long-term (~season) and stable power
supply. In this context, hydrogen has garnered attention as an environmentally friendly
substance with a closed reaction cycle capable of producing water upon reaction,
thereby facilitating the regeneration of hydrogen [19-28]. With significant chemical
energy (142 MJ) and a high energy storage density per unit weight (three times that of
gasoline), hydrogen serves not only as a fuel but also enables long-term storage
(~year), making it viable for energy transportation. In view of the transportation sector,
it is important to achieve sustainable goals by using hydrogen fuel. It also should
consider the real data, which is collected from hydrogen commercial products, to
evaluate direct and indirect effects [29]. However, hydrogen possesses a low
volumetric storage density, posing a significant challenge in safely storing and
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transporting large quantities, which is crucial for transitioning to a hydrogen-based
society that efficiently utilizes renewable energy [30-39]. While hydrogen utilization
technology for fuel, such as fuel cells, has reached a commercially viable stage with
secured infrastructure, efficient large-scale hydrogen storage technology necessitates
extensive research and development efforts for commercialization [40—45].

Various methods exist for hydrogen storage and transportation. Notably, storing
gaseous hydrogen at high pressure (350~700 bar) in storage tanks and transporting it
via tube trailers is a prominent approach, as is liquefying gaseous hydrogen (—253 °C)
and storing it in dedicated storage tanks. These methods require specialized
infrastructure due to the high energy density of hydrogen, and liquefaction, in
particular, incurs significant energy consumption [46—59]. As alternatives, research is
underway on physically adsorbing hydrogen onto porous materials such as Metal
Organic Frameworks (MOFs) and carbon nanotubes for storage and transportation, as
well as chemically binding hydrogen to metals to enable solid-state storage and
desorption, as seen in metal hydrides. Furthermore, compounds formed by combining
hydrogen with carbon, nitrogen, or boron atoms, such as methanol, ammonia, and
Liquid Organic Hydrogen Carriers (LOHCs), offer a chemical hydrogen storage
system with high storage density and ease of storage compared to molecular hydrogen
storage. Figure 1 illustrates these various chemical hydrogen carriers [60—81].
Utilizing such liquid compound-based hydrogen facilitates easy application due to its
compatibility with existing fossil fuel or natural gas infrastructure, thus saving
additional infrastructure construction costs and enhancing its commercial viability.
The dehydrogenation reactions required to get hydrogen from chemical hydrogen
carriers commonly employ catalysts such as Fe, Ni, Pt, and Ru to promote exothermic
reactions. Therefore, the development of catalysts enabling higher hydrogen
production rates and efficiency at lower temperatures, along with high-purity
hydrogen extraction, is imperative [82-96]. The hydrogen produced requires
refinement, with coupling to existing commercial hydrogen production methods such
as Steam Methane Reforming (SMR) with separation and purification facilities
allowing for cost savings in hydrogen production by separating carbon monoxide and
carbon dioxide [97-111].

Transport options
for hydrogen

Derivative

no

yes
Methane
Methanol

Figure 1. Considered intercontinental transport options for hydrogen as a renewable
energy carrier [81].
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This study aims to provide a comprehensive overview of the synthesis methods
and technological advancements for the efficient extraction of hydrogen from
commercially researched and viable chemical hydrogen carriers such as methanol,
ammonia, and LOHCs. It includes the various catalyst studies with hydrogen
conversion rates. Additionally, it seeks to offer an economic analysis of these chemical
hydrogen carriers, comparing them to shed light on factors to consider during the
transition from fossil fuels to hydrogen applications. By doing so, it will contribute to
elucidating the future direction of the chemical industry, which previously held a
dominant position in petrochemistry, considering elements such as chemical hydrogen
carriers.

2. Chemical hydrogen carriers

2.1. Methanol

Methanol, a versatile raw material widely used in various industries such as
hydrogen fuel (road, maritime, etc.), industrial fuel (boilers, etc.), and as a feedstock
in the petrochemical industry (plastics, etc.), forms a large-scale market, producing
approximately 65 million tons globally [21,23-24]. Methanol, being the simplest
compound producible from natural gas and renewable energy sources, exhibits a high
hydrogen storage density of 12 wt%. Utilizing methanol as hydrogen storage offers
several advantages: 1) Methanol reforming can be conducted at much lower
temperatures (150—450 °C) compared to natural gas reforming; 2) It can leverage the
infrastructure of fossil fuels such as gasoline, diesel, and kerosene for various
applications (transportation, fuel, power generation, etc.); and 3) It is relatively stable
as a liquid and easy to store under normal environmental conditions [25-27].
Researchers are actively exploring the utilization of methanol as a fuel synthesized
from biomass and carbon-containing sources, including carbon dioxide, with the aim
of enhancing its economic viability. Figure 2 shows the carbon cycle utilization of
methanol [30,39,83—84]. The synthesis reactions of methanol are presented in Table
1[26].

Figure 2. Anthropogenic carbon cycle within the Methanol Economy [25].
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Table 1. Processes and Conditions for hydrogen production from Methanol [26].

Process T(K) Reaction Advantage/Disadvantage
MSR 423-623  CH30H + H20 <> CO2 + 3H2 Low Temperature
(Methanol steam High Methanol conversion
reforming) Low CO content

/Steam preheating
Water waste management

MD 373-723  CH3OH < CO + 2H» /High CO content
(Methanol

decomposition)

POM 300-723  CH3OH + 0.502 «» CO + 2H2 Reduction of heating cost
(Partial oxidation) /High CO content
ATRM 473-823  CH30H +rO2+ (1-2r)H20 < (3- Hydrogen-rich gas
(Autothermal 2r)CO2 + 2H2 Reduction of heating cost
reforming) /Need catalyst

Methanol can be synthesized by the reaction of carbon dioxide and hydrogen
through endothermic reactions in Methanol Steam Reforming (MSR) processes to
produce hydrogen. Among the introduced processes, MSR has the longest history and
operates at relatively low temperatures (200-350 °C) without producing carbon
monoxide. When carbon monoxide is present, it reacts with hydrogen to synthesize
methanol, which is primarily employed in large-scale methanol production. Methanol
Partial Oxidation (POM) methods, widely used in hydrogen production, offer the
advantage of fast reaction rates and exothermic processes, enabling cost savings
through heat application. However, POM entails complex oxidation, steam reforming,
and decomposition reactions and tends to produce relatively impure hydrogen due to
its high carbon monoxide content. A hybrid process combining MSR and POM,
known as Autothermal Reforming (ATR), utilizes the heat generated in the exothermic
POM reaction to drive the MSR reaction, simplifying the process. ATR offers
advantages such as low energy requirements and rapid gas generation compared to
other processes but needs optimized catalysts for obtaining appropriate products [84—
91]. Catalysts used in the reforming reaction of methanol should possess excellent
catalytic activity and stability to ensure large-scale hydrogen production and high
conversion rates. Additionally, considering the generation of carbon monoxide during
reforming, which can affect the purity of hydrogen, it is necessary to inhibit its
formation by having high selectivity. Up to now, catalysts primarily based on Cu, Ni,
and Pd have been utilized in methanol reforming reactions, and various research
efforts are underway to enhance these catalyst properties. For instance, although
Cuw/ZnO/AlL,O3, commonly used in commercial methanol synthesis, exhibits high
activity, its stability decreases at high temperatures, leading to natural ignition,
sintering, and deactivation. Consequently, various studies have been conducted to
improve stability [94,95,104]. Cu-based catalysts typically involve a reaction between
oxygen and hydrogen at two adsorption sites, as shown in Figure 3 [89].
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Figure 3. Catalysis cycle for MSR over Cu-based catalysts including two different
kinds of reactive sites SA (adsorption and desorption of oxygenates) and SB

(adsorption and desorption of hydrogen) [89].

Cu-based catalysts, commonly supported on materials such as Cu/ZnO or
Cu/TiO; using Al-based supports, undergo research involving the addition of elements
to improve methanol conversion rates and stability. Additives such as Mg and Ni
enhance catalyst particle nanostructuring, dispersion, and activity. Notably, the
addition of optimized Mg to Cu/ZnO/Al-5Mg catalysts has shown a reduction in
particle size from 7.8 nm to 3.5 nm and an improvement in methanol conversion rates
from 56% to 68% [96-98].

Similarly, Ni-based catalysts, predominantly supported on Al-based supports,
exhibit enhanced catalytic performance with various additives. Using Ti oxide-based
materials instead of Al-based supports in Ni catalysts revealed superior properties such
as excellent oxidation-reduction characteristics, high concentrations of chemisorbed
oxygen, and a hierarchical porous structure. Through simulations of methanol steam
reforming reactions on Ti oxide-based catalysts using the Vienna Ab initio Simulation
Package (VASP), NiTiO; catalysts were found to enhance the adsorption energy and
activation of methanol molecules on the Ni-Ti-Ox catalyst surface (Figure 4),
exhibiting methanol conversion rates (873 K) and H» selectivity of 99.9%. This
demonstrates superior catalytic characteristics compared to Ni-Al,O3 catalysts mixed
with Al-based materials, which exhibit methanol conversion rates of 77% and H,
selectivity of 91.2% [97,99-102].

.. -.- |L 4‘ - ‘?1. \‘ *» ._ - ﬂ
e o 22 At s

Figure 4. Scanning of particle size in the follow research: (a) Field emission
scanning electron microscopy (FESEM) image; (b) Transmission electron
microscopy (TEM) image; (¢) Typical Dislocation free zone in fine particle [96-98].
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Recent research in methanol reactions has witnessed active investigations into
Pd-based catalysts, comparing the methanol reactions of Pd and PdZn catalysts using
various supports. Comparisons of methanol production with Pd/TiO, and Pd/Al,Os
catalysts with and without Zn inclusion at constant pressure (20 bar) in the temperature
range of 175~250 °C revealed increased methanol production and decreased methane
selectivity when Zn was incorporated into the catalysts. This demonstrates the superior
stability of PdZn alloys compared to other bimetallic alloys. Pd/Ga,O; catalysts,
regardless of the presence of Zn, exhibited high methanol selectivity when using
Ga;O3 as a support material [95]. Methanol production using various Pd-based
catalysts can be compared in Figure 5, and the various characteristics of catalysts used
in methanol reactions are summarized in Table 2.
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Figure 5. Reaction mechanism diagram of Ni-Ti—Ox catalyst [93].

Table 2. Comparison of catalytic performance of Methanol production [30-32,96-102].

Catalyst T(K) Electrochemical surface area (m?/g) Cycle(hour)  H:selectivity (%)  Conversion (%)
NiPd-C 298 14.5 2 N/A N/A
NiPd-MSN 298 19.53 2 N/A N/A
Pd-NiOx-P/C 298 5.76 3 N/A N/A
Pd/C 298 2.56 3 N/A N/A
Pd-NiOx/C 298 4 3 N/A N/A
Pd/Z102-TiO2 523 N/A 5 66 22
MoC 573 N/A 12 N/A 30
Cu/ZnO/AL203 523 N/A 1 82.3 98.8
Ni/Al203 773 N/A N/A 91.2 77
Ni-Cu/ALOs3 773 N/A 24 99.1 86.3
10La-10Ni/AL2O2 300 N/A 3 68 99
Cu-Ni/TiO2 573 N/A 10 92.7 92.6
Cu/TiO2 573 N/A 10 90 90.2
Pt/TiO2 573 N/A 10 94 95.5
Ru/TiO2 573 N/A 10 97.8 98.9

Furthermore, the cost of methanol production is heavily dependent not only on
catalysts but also on the costs of hydrogen and carbon dioxide. Economic analysis
conducted on the utilization of methanol produced from renewable sources (clean

73



Energy Storage and Conversion 2024, 2(2), 1136.

methanol) as an energy carrier indicates that to ensure methanol production within the
current market price range, hydrogen costs must be below 2.5 €/kg within ten years.
Therefore, improvements in catalyst performance should be accompanied by
reductions in raw material costs. The cost analysis of methanol is shown in Figure 6
[81].
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Figure 6. Methanol productivity as a function of CO; hydrogenation reaction
temperature over Pd and PdZn supported catalyst [95].

2.2. Ammonia

Ammonia is one of the oldest and most widely produced compounds in the world,
with sufficient infrastructure established for its production, transportation, and
distribution. Currently, over 85% of the ammonia production in most plants (more
than 200 million tons annually) is used as fertilizer, with the remainder primarily
utilized in the chemical and processing industries. Ammonia (NHs) is a stable binary
hydride and the simplest hydride of nitrogen. From the perspective of hydrogen
production, ammonia serves as an excellent hydrogen carrier, demonstrating a
hydrogen storage capacity of 17.7 wt% at 20 °C and existing in a liquid state at around
—30 °C, making it easy to store and transport. Consequently, there is active
development of storage compounds and fuel cell technologies utilizing ammonia
[103-122].

However, due to the substantial emission of carbon dioxide during the synthesis
process and its inherent toxicity, technological development to address these issues is
essential to utilizing ammonia as an environmentally friendly hydrogen energy carrier.
The comparison of hydrogen storage capacities using ammonia is shown in Figure 7
[104].

Currently, most of the ammonia is produced using the Haber-Bosch process,
which utilizes catalysts based on Fe catalysts at high- temperatures (above 673 K)
under high pressure (2040 MPa). The synthesis and decomposition mechanisms of
ammonia are shown in Figure 8 [107].
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Assumptions
+ H; production and distribution costs were taken
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Figure 7. Hydrogen and methanol production and distribution costs for the four
investigated origin/destination combinations [81].
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Figure 8. Mass and volume of 10 kg hydrogen stored reversibly by 8 different methods, based on the best obtained
reversible densities without considering the space or weight of the container [104].

Ammonia synthesis is an exothermic reaction between nitrogen and hydrogen,
requiring high temperatures and pressures to break the chemical bonds within nitrogen
molecules. Due to the significant emission of carbon dioxide and the need to reduce
energy consumption caused by the high temperatures and pressures required for
ammonia synthesis, the development of new production processes is essential for
using ammonia as an environmentally friendly hydrogen energy carrier. Research is
actively underway to utilize catalysts to lower reaction temperatures and increase
reaction rates to reduce energy consumption. Various ammonia synthesis processes
are summarized in Table 3 [106—109].

Table 3. Processes and Condition of Ammonia reaction based hydrogen Production [106—109].

Process Condition Reaction Advantage/Disadvantage
Haber-Bosch method 573-773 K N2+ 3H2 <> 2NH High conversion rate/High COz content
200-350 atm High temperature and pressure
Photocatalysis method 300-500 K N2+ 3H20 «» 2NH3 + 1.502 Low temperature and pressure/Need catalyst technology
1 atm
Electrocatalysis 773 K 1) 3H2 <> 6H" + 6¢~ Low energy consumption/Low efficiency
method 1 atm 2) N2+ 6H + 6¢” < 2N H Low production rate of ammonia
3) N2+ 3H2 <> 2NH;
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Ammonia catalysts typically use carbon-based supports and employ a variety of
materials such as Pt, Rh, Co, Cs, Fe, and Ru as catalysts. Researches have been
conducted on various carbon-supported catalysts, including carbon nanotubes,
graphene, and carbonaceous materials doped with boron or nitrogen. Studies have
shown that when using supported catalysts, a uniform dispersion of catalytic particles
can be achieved, leading to improved catalyst activity and durability. Indeed, when
boron-doped carbon materials were used as catalysts for synthesizing ammonia, a
decrease in activation energy was observed, as depicted in Figure 9 [108].

Adsorption
AH = -70 to -40 kl/mol
+MX,
NH (1) M(NH:). X,
%
&H = -46 kJ/mol % Desorption
Catalyst f/,o) AH = 40 to 70 kJ/mol
Ammonia synthesis 0 -MX;

3H,+N, «—— NH;(g)

AH = 46 kl/mol
Catalyst

Fuel Cell Ammonia decomposition Fuel Cell
Low Temperature High temperature
PEM, AFC SOFC, DAFC

Figure 9. The life-cycle of hydrogen stored as ammonia in metal ammines,
M(NH;),X> [107].

Research on nanostructuring previously used Fe-based catalysts has
demonstrated improvements in efficiency and long-term stability during operation.
Moreover, introducing Cs into Fe catalysts has been shown to increase the rate of
ammonia production, as depicted in Figure 10 [110].

N, —= N,"—=NNH*—=NNH,* —=N* —= NH*—=NH," ——~ NH,"—NH

3o

Figure 10. Free-energy diagrams of Boron-doped carbon samples for
electrochemical Nirogen Reduction Reaction (NRR) [108].

In addition to carbon-based supports, research on catalysts using various supports
is also underway. One such study aimed to enhance stability using a catalyst supported
on MgO for Cs/Ru alloy, comparing the catalytic activity over 680 h of operation. It
was observed that while the catalyst exhibited consistent activity at an initial
temperature of 325 °C for 150 h, the activity decreased at higher temperatures,
maintaining only 42% of its initial activity after 680 h. Therefore, the development of

76



Energy Storage and Conversion 2024, 2(2), 1136.

long-term active catalysts for ammonia production as energy carriers is crucial.
Structural changes in the catalyst over time are shown in Figure 11 [111].
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Figure 11. Structural changes in the catalyst over time for the ammonia synthesis
reaction. (A) Pressure effect at 400 °C; (B) Temperature effect at 1 MPa; (C)
Specific at 400 °C and 3 MPa; (D) Time dependence of the catalytic activities for
stability testing in the range of 400-520 °C and 3—7 MPa [110].

Research has also been conducted on Ni-based catalysts, such as NioMg;Al-HT,
which demonstrated the highest NH3 conversion rate and H, productivity at 500 °C.
The ammonia conversion rate is shown in Figure 12. The structural characteristics of
the catalyst significantly influence its activity, with parameters such as particle size,
dispersion, crystalline structure, surface area, acidity, and thermal stability playing
important roles. Optimization of structural characteristics enhances catalyst activity;
for example, smaller particle size, higher dispersion, and acidity lead to increased
catalytic activity, while higher thermal stability extends catalyst lifespan [112].

a)

400 nm 400 nm 400 nm,
— m— N

Figure 12. HAADF-STEM images with elemental mapping for Mg, Ru, and Cs: (a)
as-synthesized catalyst; (b) after a time on stream of 680 h [111].
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Research focusing on the durability of catalysts has proposed the use of pellet-
shaped catalysts instead of powdered forms. By synthesizing highly durable Ru/La-
AL Os pellet catalysts and designing catalyst reactors accordingly, a high catalyst
activity and stability of 83.6% for reforming efficiency were achieved (Figure 13). It
was confirmed that there was almost no CO, emission during the reaction process,
introducing an environmentally friendly ammonia synthesis process [113].
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Figure 13. The influence of the reaction temperature on NH; conversion over
NixMg,Al,-HT catalysts [112].

Such reactors are capable of reforming processes for systems ranging from 10
kW to 10 MW for ammonia, showing significant potential for reducing CO; emissions.
Ultimately, an investigation and analysis of the technical and economic feasibility of
ammonia reforming for hydrogen production have been reported, showing the
possibility of obtaining hydrogen at relatively similar prices to conventional
production pathways (fossil fuels), as shown in Figure 14 [112]. Various catalysts for
ammonia synthesis are summarized in Table 4 [114-123].
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Figure 14. (a) NH; reformer efficiency over NH; flowrate using iso-butane and a
product mixed gas of the system (Ha: 75%, Na: 25%) as heat sources; (b) H»
production flow and power generation (fuel cell equivalent) of the operated system
continuously over 2 h [113].
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Table 4. Comparison of catalytic performance of reported Ammonia catalysts [114—123].

Catalyst T(K) Electrochemical Surface Area (m%*g) Cycle(hour) Conversion (%) H: production rate(ml/min)
PtCO 473-573  74.48 30 N/A N/A
Pt/C 823-973 747 30 N/A N/A
Ir/C 353 85 24 N/A N/A
Rh/C 353 67 24 N/A N/A
Pt-NiO/C 298 7.2 500 N/A N/A
NiMgsAlL-HT 773 N/A 5 20.7 16.6
Ni2MgsAlL-HT 773 N/A 5 29.6 23.8
Nio.sMgo3Alo.60n 773 N/A 5 42 14.1
Ru-Cs/MIL 673 N/A 10 98 25
Co/CNT 723 N/A 2 30 0.02
Cs20/Ru/PrsO11 623 N/A 75 45 10
Cs-Ru/graphene 723 N/A 4 85.8 N/A
Fe/CNT 873 N/A 4 513 N/A
CoFes/CNT 873 N/A 17 24 36
Ru/CNT 573 N/A 2 95.69 50

2.3. Liquid organic hydrogen carrier

In recent research and development fields, there has been attention drawn to the
technology of synthesizing and storing hydrogen in the form of liquid organic
molecules due to its relatively low cost and compatibility with existing fuel
transportation infrastructure. Among various liquid compound-based hydrogen
storage technologies, liquid organic compounds containing C-C double bonds have
been extensively researched for their ability to store and transport large amounts of
hydrogen at ambient pressure. These liquid organic compound-based hydrogen
carriers are referred to as Liquid Organic Hydrogen Carriers (LOHC) [124]. LOHCs
have several advantages: 1) They possess a high hydrogen storage capacity of
approximately 7 wt%; 2) hydrogenation/dehydrogenation reactions occur reversibly
under certain conditions; and 3) they are similar to gasoline and can utilize existing
fossil fuel storage and transportation infrastructure without significant initial
investment costs [123—127]. LOHCs allow for the repeated binding and release of
hydrogen through chemical reactions without performance degradation. Therefore,
optimization studies for LOHC-based hydrogen storage and transportation systems are
actively conducted worldwide, and demonstration projects are underway to integrate
LOHC systems with existing hydrogen infrastructure. However, continuous research
and development efforts are needed due to the relatively low hydrogen density and
availability compared to other hydrogen storage compounds (such as methanol and
ammonia) [124,128-135]. Various LOHCs based on substances including benzene
and toluene have been researched, and their characteristics are summarized in Table
51126].
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Table 5. Typical examples of potential LOHCs and their physicochemical properties [136].

H: Capacity Enthalpy Melting Point (K) Boiling Point (K) Flash Point (K)

LOHC System
(wt.%) (kJ/mol) H:-Rich H:-Lean H:-Rich H:-Lean H:-Rich H:-Lean

Methylcyclohexane — Toluene

-3 H, 6.2 68.3 147 178 378 384 270 279
—_—

Decalin — Naphthalene

" 5 Hz
) 7.3 63.9 236 352 462 491 330 353

Perhydro-dibenzyl toluene — dibenzyl
toluene Perhydro-benzyl

O 6.2 654 N/A 239 N/A 671 N/A 463
-9 H,
lé O~ I‘ @

toluene — benzyl toluene

-6 H, 6.2 63.5 N/A 243 443 553 N/A N/A
.

Dodecahydro-N-ethyl carbazole — N-ethyl
carbazole

-6 H,
—_— 5.8 50.6 188 343 N/A 439 N/A 459
” Q

1-methylperhydro indole — 1-methy indole

-4 H,
@— — N 5.8 519 N/A 368 453 511 333 383
N N
\ \

2-methylperhydro indole — 2-methy indole

-4 H,
CC>_ —_ N 5.8 N/A N/A 333 451 545 331 414
N N
H H

1,2-perhydrodimethyl indole — 1,2 dimethyl

. 5.23 N/A <258 328 >533.5 533.5 >503 >503
indole

Perhydro-phenazine — phenazine

H
N
O:ND @ D 72 N/A N/A 447-450 N/A 630.2 N/A 4333
-,
N N
H

Perhydro-2-(n-methylbenzyl pyridine) — 2-
( n-methylbenzyl pyridine)

SO~

6.15 67.3 253.7 2229 566 564 N/A N/A

Various catalysts are being researched to enhance the hydrogen density of
LOHCs and facilitate hydrogen adsorption-desorption reversible reactions. Metal-
based catalysts such as Pt, Ru, Pd, and Ni are primarily used, and typically, inorganic
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oxides such as Ti and Si are used as supports. Studies using Pt catalysts supported by
v-Al,O3 and TiO; have been conducted, revealing that y-Al,O3 enhances the dispersion
of highly nanosized Pt catalyst particles. Additionally, sulfurization improves
hydrogen desorption reactions, with desorption rates of 97% and 87% reported for y-
AlLOs3 and TiO, as support materials, respectively. Because the addition of sulfur
seems to enhance the catalyst activity, leading to an extension of the fast
dehydrogenation period. The structure and hydrogen desorption of these materials are
shown in Figures 15 and 16 [137].
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Figure 15. (a) The scale-up effect on minimum hydrogen selling price (MHSP). The
error bars represent the average values of sensitivity parameter. Sensitivity analysis
for 10 kW to 10 MW systems for parameters; (b) ammonia bulk price; and (¢)
reformer efficiency variation around a given data point [113].

A5 QAR o

Figure 16. Rever51ble Dehydrogenation and Hydrogenatlon Scheme of the Perhydro
Dibenzyltoluene/Dibenzyltoluene LOHC System [137].

Research on Pd catalysts supported by Al,O3 supports, specifically on Pd/a-AlOs,
investigated the coking of the catalyst due to hydrogen adsorption-desorption reactions
with Methylcyclohexane (MCH)-based LOHCs. Under varying Ar flow conditions,
two sizes of catalysts (6 nm and 15 nm) were compared, showing that smaller Pd nano-
particles (6 nm) decomposed after generating the Pd6C phase and carbon deposition
due to carbon separation, while larger Pd nano-particles (15 nm in diameter) coexisted
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with two Pd carbide phases, Pd6C and PdxC, upon exposure to MCH, followed by
carbonaceous precipitation and carbide decomposition (Figure 17). Consequently, it
indicates that catalysts may exist in various carbide forms with different carbon
contents under LOHC dehydrogenation conditions, and structural changes in catalyst
nanoparticles are highly reversible. Other types and characteristics of LOHCs and
catalysts are summarized in Table 6 [124,131-132,135-136,138-146].
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Figure 17. Hydrogen productivities normalized to metal dispersion (left column of
each catalyst) in comparison to total Pt amount (right column of each catalyst) of the
four catalysts [137].

Table 6. Comparison of catalytic performance of reported LOHC catalysts [124,131-132,135-136,138-146].

LOHCs T (K) Capacity (wt%) Enthalpy (kJ/molHz2) Conversion (%) Catalysts Yield (%)
Ru 85
Ru/TiO2 95
N-ethylcarbazole = 543 5.8 50.6 90 Ni 86.2
Pd/Si0x-TiO(OH)2 98.72
Pd-Pt/SiO2 914
MCH-Toluene 593 6.2 68.3 95 Pd/SiO2 85.4
Pt 90.8
Pt 97.6
Naphthalene 553 7.3 63.9 99 Pd 7315
. Ni/AlISiO 85
Dibenzyl toluene 583 6.2 65.4 97 PUALO: 9
Pd-Pt/ SiO2 90.8
Benzene 453-593 5 686 N/A PA/SiOs R4.1

Additionally, a comparative analysis of the technology and economic prospects
of hydrogenation systems using high-density storage technologies and liquid organic
hydrogen carriers (primarily ammonia or methanol) for large-scale hydrogen storage
was conducted. Through analysis of the main system components of each technology,
it was found that the cost of conventional liquid hydrogen storage is more than twice
that of gaseous storage methods and more than four times that of storage methods
using LOHCs. Although ammonia and methanol are considered suitable for large-
scale hydrogen transportation as they can utilize existing fossil fuel infrastructure, they
have the drawback of consuming energy and capital for synthesis and decomposition
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compared to LOHCs. The comparison of energy consumption and equipment costs for
storage is shown in Figure 18 [134].
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Figure 18. Schematic representation of the structural changes in the model
Pd/Al,03(0001) catalysts as a function of the flow rate of the reactant, size of
supported Pd nanoparticles, and time of the catalyst on stream at 500 K [133].

LOHC:s appear to be an economically producible technology for large-scale fixed
hydrogen storage, but they must overcome the challenge of lower hydrogen storage
density compared to other hydrogen carriers in Figure 19. The hydrogen storage
densities of each material are compared in Figure 20. There is an urgent need for high-
efficiency catalyst development, enhancement of durability for reversible reactions,
and the development of synthesis processes from small to large-scale production for
LOHCs.
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Figure 19. Hydrogen storage technologies and their energy densities [134].
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Figure 20. Estimation of power and capital cost for NH3;, CH30H, and LOHC
hydrogenation plants [134].

3. Conclusions

The global shift from conventional fossil fuels to hydrogen as a clean energy
alternative is gaining momentum, driven by growing environmental awareness and the
imperative to reduce greenhouse gas emissions. However, the widespread adoption of
hydrogen as a primary energy source faces significant challenges, particularly in the
realm of storage and transportation infrastructure. Despite substantial research efforts
directed towards developing viable storage solutions, such as porous carbon-based
materials, metal-organic frameworks (MOFs), zeolites, and chemical hydrogen
carriers, the scalability and efficiency of these options remain limited due to factors
like low hydrogen capacity, high costs, and the lack of appropriate infrastructure.

As we strive to harness hydrogen’s potential as a clean energy carrier, it becomes
increasingly evident that technological innovation is essential to overcome these
obstacles. Key considerations for hydrogen storage materials include their ability to
maintain a liquid state during hydrogenation and dehydrogenation processes, operate
at temperatures below 200 °C to minimize energy consumption, and ensure safety and
environmental sustainability throughout their lifecycle. Chemical hydrogen carriers
present a particularly promising avenue, offering lower energy losses, compatibility
with existing infrastructure, and simpler handling compared to conventional storage
methods. However, realizing their full potential hinges on advancing various
technologies, including production, separation, catalyst development, and recovery, as
well as refining dehydrogenation processes.

In essence, achieving a sustainable hydrogen economy requires a multifaceted
approach that extends beyond mere technological advancements. It necessitates
strategic collaborations between governments, industries, and research institutions to
drive innovation, streamline regulatory frameworks, and invest in critical
infrastructure. By continuously pushing the boundaries of scientific knowledge and
engineering expertise, we can optimize catalysts and reaction systems, enabling the
reversible, stable, and economically viable utilization of chemical hydrogen carriers
for storage and transportation purposes. This holistic approach not only addresses the
energy-intensive compression or liquefaction processes but also minimizes hydrogen
loss, paving the way for a cleaner, greener future powered by hydrogen.
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