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Preface

As the global energy system shifts toward sustainability, high-performance energy storage

technologies have become pivotal for integrating renewable energy and powering advanced

electronics, electric vehicles, and grid storage. Inorganic electrode materials stand out for their

high theoretical capacity, structural stability, abundant reserves, and tunable properties, making

them key to pushing the limits of energy storage devices. However, critical bottlenecks—including

low conductivity, significant volume expansion, sluggish ion diffusion, and the shuttle effect

in lithium–sulfur batteries—persist, driving urgent needs for innovative material design and

optimization. This Reprint aims to showcase cutting-edge research progress in this field, providing a

platform for knowledge exchange and inspiring future advancements.

The collected studies cover a diverse range of energy storage systems, including

lithium–sulfur batteries, lithium-ion batteries, aqueous zinc-ion batteries, sodium-ion batteries,

hybrid supercapacitors, and methanol-mediated water splitting. Featured works address

core challenges through innovative strategies: structural engineering (hollow architectures,

carbon nanofiber encapsulation, porous nanosheet design), composition optimization (bimetallic

synergistic effects, heteroatom doping, high-entropy alloying), and simplified scalable synthesis

(EDTA-based synchronous carbonization–doping, two-step thermal annealing). These efforts deliver

remarkable improvements in cycling stability, rate capability, and energy density—from long-cycle

sodium-ion battery anodes to low-overpotential water-splitting catalysts—while shedding light on

structure–performance relationships and practical industrialization pathways.

We sincerely thank all authors for their high-quality contributions and reviewers for their

rigorous feedback, which have elevated the Reprint’s quality. Gratitude also goes to the Inorganics

editorial team for their professional support. Looking ahead, inorganic electrode materials will

remain central to advancing sustainable energy storage. We hope this Reprint fosters interdisciplinary

collaboration, accelerates the translation of fundamental research into practical technologies, and

unlocks new possibilities for high-efficiency, low-cost energy storage solutions to address global

energy challenges.

Ting Deng

Guest Editor
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Editorial

Inorganic Electrode Materials in High-Performance Energy
Storage Devices

Ting Deng

Key Laboratory of Automobile Materials of MOE, School of Materials Science and Engineering, and Jilin
Provincial International Cooperation Key Laboratory of High-Efficiency Clean Energy Materials, Jilin University,
Changchun 130012, China; tdeng@jlu.edu.cn

1. Introduction

This special issue focuses on the design, synthesis, optimization, and application of
inorganic electrode materials in high-performance energy storage devices, covering lithium–
sulfur batteries [1], lithium-ion batteries [2,3], aqueous zinc-ion batteries [4], sodium-ion
batteries [5], hybrid supercapacitors [6,7], and methanol-mediated water-splitting sys-
tems [8]. It systematically presents the latest research progress in addressing key challenges
such as the low conductivity, poor cycling stability, volume expansion, and sluggish reac-
tion kinetics of inorganic electrode materials, providing comprehensive insights for the
development of advanced energy storage technologies [9,10].

2. Core Research on Battery Electrode Materials

2.1. Lithium–Sulfur (Li-S) Batteries

A critical challenge regarding Li-S batteries lies in the shuttle effect of lithium poly-
sulfides (LiPSs) and slow redox kinetics [11–14]. Against this background, Tan et al.
designed a two-step thermal annealing strategy to derive wormlike N-doped porous
carbon-nanotube-supported low-crystalline Co nanoparticles (a-Co-NC@C) from binary
Zn-Co ZIF [1]. Ammonia-induced thermal annealing not only reduces the crystallinity
of Co nanoparticles but also promotes the growth of highly graphitized N-doped carbon
nanotubes. The composite structure provides sufficient sulfur accommodation space and
enhanced LiPSs adsorption/catalytic activity, enabling a specific capacity of 559 mAh g−1

after 500 cycles at 1 C and 572 mAh g−1 at 3 C, with excellent stability even at high sulfur
loadings (e.g., 579 mAh g−1 after 400 cycles at 1 C with a 2.55 mg cm−2 sulfur loading).

2.2. Lithium-Ion Batteries (LIBs)

For LIB anode materials, addressing volume expansion and improving conduc-
tivity are key [15–22]. Jin et al. synthesized a novel spinel high-entropy oxide
(Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4 via a simple solution combustion method [3]. Benefiting
from the entropy stabilization effect, the material exhibits outstanding cycling stability
(132 mAh g−1 after 100 cycles at 100 mA g−1 and 107 mAh g−1 after 1000 cycles at 1 A g−1)
and rate performance (96 mAh g−1 at 2 A g−1).

Xie et al. encapsulated ultrafine In2O3 particles in a carbon-nanofiber framework
through electrospinning and thermal annealing [2]. The 1D carbon network inhibited In2O3

agglomeration, buffered volume changes, and accelerated ion/electron transport, achieving
571 mAh g−1 after 200 cycles at 0.3 A g−1 and 264 mAh g−1 at 3.2 A g−1, significantly
outperforming pure In2O3 electrodes.

Inorganics 2025, 13, 375 https://doi.org/10.3390/inorganics13110375
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2.3. Aqueous Zinc-Ion Batteries (AZIBs)

AZIBs are gaining attention for their safety and inexpensiveness, but their cath-
ode stability and ion storage capacity need improvement [23–27]. Li et al. developed
a Co(OH)2/CoOOH mixed-phase cathode via two-step electrochemical preparation [4].
The mixed phase reduces local structural disorder and enhances thermal stability and
mechanical strength, delivering a maximum capacity of 164 mAh g−1 at 0.05 A g−1, a high
energy density of 275 Wh kg−1, and 78% capacity retention after 200 cycles.

2.4. Sodium-Ion Batteries (SIBs)

Sodium-ion batteries are considered a potential alternative to lithium-ion batteries
because of the abundance and inexpensiveness of sodium resources [28–33]. However,
the larger ionic radius of Na+ leads to significant volume changes in electrode materials
and slow ion diffusion kinetics. Wang et al. designed and prepared carbon-shell-wrapped
hollow-structured cobalt–nickel bimetallic transition metal selenides (HS-CoxNiγSe2@C)
via a three-step approach of PAN coating-ZIF-67 ion exchange selenization [5]. The hollow
structure provides sufficient space for buffering volume expansion during charge–discharge
processes, and the synergism between Co and Ni enhances material conductivity and
electron mobility. The performance is closely related to the Co-Ni ratio: an excessive amount
of Ni2+ leads to hollow structure collapse and a reduced electrochemical surface area. The
optimized material (Co:Ni ≈ 1.05:0.95) exhibits excellent electrochemical performance—a
reversible capacity of 334 mAh g−1 after 1000 cycles at a high current density of 5.0 A g−1,
and a discharge capacity of 428 mAh g−1 at the same rate—providing new ideas for the
structural design and compositional optimization of SIB electrode materials.

3. Advances in Supercapacitor and Electrocatalyst Materials

3.1. Hybrid Supercapacitors (HSCs)

Gao et al. provide a comprehensive review on HSCs based on transition metal oxides
(TMOs) and carbon materials, summarizing optimization strategies, including heteroatom
doping, heterostructure construction, nanocomposite formation, and MOF derivation [7].
The representative approaches include Nd-doped α-Mn2O3 microspheres with 862.14 F g−1

at 0.5 A g−1, NiCoP-NiCoO2/NiCo-POx crystalline/amorphous heterostructures with
78.7% capacity retention after 10,000 cycles, and Ti3C2-ZrO2 nanocomposites achieving
75.6 Wh kg−1 energy density. These approaches address the trade-off between energy
density and power density in HSCs, expanding their application in flexible electronics and
large-scale energy storage.

Xie et al. report on a LiClO4-doped polypyrrole/titanium (LiClO4-PPy/Ti) electrode
for use in supercapacitors [2]. The strong electrostatic interaction between pyrrole N and Ti
(2.450 Å) enhances electronic conductivity (DOS: 57.321 electrons/eV) and interfacial inter-
action, resulting in a specific capacitance of 0.123–0.0122 mF cm−2 at 0.01–0.10 mA cm−2,
outperforming pure LiClO4/Ti electrodes in this respect.

3.2. Methanol-Mediated Water Splitting

Teli et al. synthesized a Pd-MoS2 catalyst via solvothermal methods for methanol-
mediated overall water splitting [8]. The catalyst exhibits low overpotentials (133 mV for
MM-OER at 10 mA cm−2 and 224.6 mV for MM-HER at −10 mA cm−2) and excellent
stability (18 h for MM-OER and 15.5 h for MM-HER). The Pd-MoS2||Pd-MoS2 cell achieves
a small potential of 1.581 V and durable operation over 18 h, providing a cost-effective
alternative to noble metal catalysts for hydrogen production.
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4. Conclusions and Outlook

This issue showcases the diversity of and innovations in inorganic electrode materials
in high-performance energy storage devices, addressing critical challenges in different
systems through material design and process optimization. Future research directions
include determining how to precisely control material microstructure, developing low-cost
scalable synthesis methods, increasing low/high-temperature performance, and integrat-
ing multi-functional properties. The studies collected in this Special Issue provide valuable
references for academic research on and industrial application of advanced energy stor-
age materials, promoting the transition towards sustainable and high-efficiency energy
storage technologies.

We would like to express our sincere gratitude to all the authors who contributed
to this Special Issue for sharing their high-quality, cutting-edge research results. We also
thank all the reviewers for their rigorous efforts, ensuring the papers were of high quality.
Additionally, we sincerely appreciate the professional support and assistance provided by
the editorial team of Inorganics during the organization and publication of this Special Issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Article

Simplified Preparation of N-Doped Carbon Nanosheets Using
EDTA Route

Denghu Wei 1,*, Zongfu Sun 2 and Leilei Xu 1

1 School of Materials Science and Engineering, Liaocheng University, Liaocheng 252059, China
2 School of Materials Science and Physics, China University of Mining and Technology, Xuzhou 221116, China
* Correspondence: dhweilcu@163.com

Abstract: Amorphous carbon and its heteroatom-doped derivatives often exhibit wrinkled,
defective, porous structures, and find wide applications in the fields of energy storage
and catalysis. To date, although many methods for preparing doped carbon materials
have been reported, the preparation process is relatively complex, and there are still few
simple methods available. Therefore, it is necessary to further develop simple and feasible
preparation methods. In this study, we employed commercially available manganese
disodium ethylenediaminetetraacetate (EDTA-Na2Mn, serving as both carbon and nitrogen
sources) as the precursor. Through thermal decomposition under a nitrogen atmosphere,
a nitrogen-doped carbon composite embedded with manganese monoxide (MnO) was
initially obtained. Subsequently, hydrochloric acid etching was applied to remove the
MnO phases, yielding the final product: nitrogen-doped carbon, denoted as C-N-Mn. No-
tably, the carbonization and nitrogen-doping processes were simultaneously accomplished
during pyrolysis, thereby streamlining the synthesis route for nitrogen-doped carbons.
To demonstrate the versatility of this approach, we extended the methodology to two
additional metal–organic salts (EDTA-Na2Zn and EDTA-NaFe), successfully synthesizing
nitrogen-doped carbon materials (C-N-Zn and C-M-Fe) in both cases. The phase composi-
tion, morphology, microstructure, specific surface area, and pore volume of the products
were systematically characterized using X-ray diffraction (XRD), scanning/transmission
electron microscopy (SEM/TEM), Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), and nitrogen adsorption/desorption analysis. These nitrogen-doped carbons ex-
hibit high specific surface areas and tunable pore volumes, suggesting their potential
applicability in energy storage systems.

Keywords: N-doped carbon; thermolysis; EDTA metal salt; Synchronous carbonization
and doping

1. Introduction

Amorphous carbon, including soft carbon, hard carbon, and soft/hard composite
carbon, has drawn continuous and widespread attention in the fields of energy stor-
age [1–5], CO2 adsorption [6–9], energy conversion [10–12], and photocatalysis [13–15] due
to its porous structure, high specific surface area, stable physicochemical properties, and
environmental friendliness. Therefore, the synthesis of porous carbon materials is particu-
larly important. Currently, there are mainly two preparation methods, namely template
and template-free methods [16–18]. Template methods include soft template [19,20] and
hard template [21–23]. Soft template mainly utilizes block copolymers and surfactants as
structure-directing agents to synthesize porous carbon materials. The steps of preparing

Inorganics 2025, 13, 148 https://doi.org/10.3390/inorganics13050148
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porous carbon via hard template method can be summarized as follows: 1. composite of
carbon precursor and template; 2. high-temperature carbonization process; 3. removal
of the template. For example, Zhang et al. [23] used monodisperse Fe3O4 nanospheres
as a template and glucose as a carbon source to obtain a Fe3O4-C composite through
high-temperature carbonization. After corrosion of the thermal nitric acid, nitrogen-doped
porous carbon nanospheres were obtained and used as negative electrode materials for
lithium storage. In addition, porous carbon materials can also be obtained by direct car-
bonization of the organometallic compounds (template-free method). For instance, Li
et al. [24] first synthesized rod-shaped copper tartrate (micrometer scale) through hy-
drothermal synthesis, then carbonized the precursor to obtain Cu-C composites, before
finally corroding the Cu-C product with thermal nitric acid to remove the copper. As a
result, nitrogen-doped porous carbon materials were obtained, and their lithium storage
performance was tested.

The two researchers first synthesized carbon materials and then doped nitrogen us-
ing hot nitric acid corrosion. Recent reports showed that nitrogen-doped carbon can be
produced via high-temperature pyrolysis of nitrogen-containing biomass (lotus seed pot
biomass) [8] or polymers (polyacrylonitrile fiber) [9], proving the feasibility of simulta-
neous carbonization and nitrogen doping. However, our research finds few reports on
using cheap, stable nitrogen-containing organic small molecules (e.g., disodium ethylene-
diaminetetraacetate) as precursors for nitrogen-doped carbon synthesis. Thus, in this
study, commercial and relatively inexpensive ethylenediaminetetraacetic acid disodium
manganese (serving as C, N, Mn, and O sources simultaneously) was used as the raw
material, mixed with sodium chloride in a 1:1 ratio, and then subjected to high-temperature
pyrolysis under an inert atmosphere in a tube furnace to obtain MnO-C-N composites.
After hydrochloric acid corrosion, nitrogen-doped porous carbon materials were obtained.
We have extended this method, for example, to carbonization of ethylenediaminetetraacetic
acid disodium zinc, ethylenediaminetetraacetic acid sodium iron, etc., which can all yield
nitrogen-doped porous carbon materials, and the potassium storage performances of these
three products were tested. The innovation of this article is mainly reflected in the prepara-
tion of materials as follows: (i) abandoning the complex preparation process; (ii) choosing
carbon and nitrogen homologs of organic metal compounds with moderate prices and
stable properties as precursors; (iii) pyrolysis of the commercialized precursors can be
carried out to achieve the simultaneous completion of carbonization and nitrogen doping,
thereby simplifying the synthesis steps; (iv) the metal compounds in the product obtained
after pyrolysis can be easily corroded with dilute hydrochloric acid, which will add more
porous structures to the carbon materials. Of course, this simple and controllable synthesis
method can also be used inthe preparation of other carbon materials.

2. Results

Figure 1 illustrates the synthesis of nitrogen-doped carbon. Ethylenediaminetetraacetic
acid disodium manganese was mixed with sodium chloride in a 1:1 ratio, followed by
uniform ball milling. Subsequently, the mixture was subjected to 700 ◦C heat treatment
under a nitrogen atmosphere for 4 h, resulting in a black product (composite of carbon-
coated MnO, denoted as MnO-C-N). After mild hydrochloric acid corrosion, a nitrogen-
doped amorphous carbon film (denoted as C-N-Mn) was obtained. The preparation
procedure for the other two carbon materials (C-N-Fe, C-N-Zn) was similar to that of
C-N-Mn. Sodium chloride acted as a thermal conductivity medium, a carrier for the
melted organometallic salt, and a hard template for pore formation. To calculate the yield
of the N-doped carbon, we repeated the experiment (Figures S7 and S8). Based on the
experimental results, we can calculate the actual yield of carbon. The theoretical yield of
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carbon is calculated using the formula: (12*10*0.95)/389.13. Here, 389.13 is the molecular
weight of sodium manganese(II) ethylenediaminetetraacetate, 12 is the molar mass of
carbon, 10 is the number of carbon atoms in each molecule of sodium manganese(II)
ethylenediaminetetraacetate, and 0.95 is the purity of the reagent. Calculations show that
the theoretical yield of carbon is 0.293. Therefore, when 3 g of the reagent is weighed, the
theoretical yield of carbon is 0.879 g. The actual mass of carbon obtained was 0.19 g, so the
actual yield of carbon is: (0.19/0.879)*100% = 21.6%.

Figure 1. Synthetic route to prepare N-doped carbon materials (C-N-Mn, C-N-Fe, and C-N-Zn).

Figure S1 shows the XRD diffraction patterns of the product after the thermal decom-
position of ethylenediaminetetraacetic acid disodium manganese. The diffraction peaks
correspond well to the standard card (PDF no. 07-0230), indicating the cubic phase of MnO
without significant impurity peaks. The diffraction peaks of amorphous carbon are not
obvious, suggesting much lower intensity compared to MnO. The product after the thermal
decomposition of ethylenediaminetetraacetic acid disodium iron is a composite of iron,
iron nitride, and carbon (denoted as Fe/Fe3N/Fe4N-C-N), as shown in Figure S2 (PDF no.
06-0696 for Fe, PDF no. 49-1663 for Fe3N, and PDF no. 06-0627 for Fe4N). According to the
metal activity series (as shown in Table S1), manganese is more active than zinc, which is
more active than iron. Thus, the stability of the oxides is in the order: MnO > ZnO > FeO.
FeO is easier to reduce than MnO and ZnO. At 700 ◦C with carbon present, iron oxides
are first reduced by carbon to form iron, while oxygen combines with carbon to form COx

gas, which is then carried away by the inert gas flow. Since the precursor contains nitrogen
(more electronegative than carbon), some iron combines with nitrogen to form iron nitrides
(Figure S2). MnO and ZnO, being more stable, are not reduced by carbon at 700 ◦C and
remain. The product after the thermal decomposition of ethylenediaminetetraacetic acid
disodium zinc is pure ZnO phase (denoted as ZnO-C-N), as shown in Figure S3 (PDF
no. 36-1451). After hydrochloric acid corrosion, all three thermal decomposition prod-
ucts became amorphous carbon materials, with only a weak peak observed at the (002)
crystal plane.

The morphology of the samples was observed by SEM and TEM. MnO-C-N exhibited
a structure of carbon-coated MnO particles (Figure 2(a1,a3)). After corrosion, it trans-
formed into carbon flakes (Figure 2(a2,a4)). The morphologies of Fe/Fe3N/Fe4N-C-N
(Figure 2(b1,b3)) and ZnO-C-N (Figure 2(c1,c3)) were similar to that of MnO-C-N. After
corrosion, they also turned into amorphous carbon films (Figure 2(b2,b4,c2,c4)).

The EDS spectra and elemental mapping of each sample are shown in Figure 3a,b
(C-N-Mn), Figure S4 (MnO-C-N), Figure 3c,d (C-N-Fe), Figure S5 (Fe/Fe3N/Fe4N-C-N),
Figure 3e,f (C-N-Zn), and Figure S6 (ZnO-C-N). Each element is uniformly dispersed in the
samples and found in the EDS spectra.

Figure 4a shows the XRD patterns of the prepared three samples. Only one broad
and weak peak around 25◦ was found in each sample, which corresponds to (002) plane
of graphite and indicates the low degree of graphitization of the samples. The Raman
spectroscopy was used to analyze the crystalline structure of carbon materials. As shown
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in Figure 5, the Raman spectra of C-N-Mn, C-N-Fe, and C-N-Zn show D and G peaks of
around 1350 cm−1 and 1590 cm−1, representing disordered and graphitic carbon structures,
respectively. Because the peak width of the D- and G-band is very different, we calculated
the (ID/IG)A ratio based on the area under the D- and G-band, as well as using the intensity
ratio ID/IG (Figure 5a), to analyze the defect extent of the carbon material. As shown
in Figure 5b–d, the (ID/IG)A of C-N-Mn, C-N-Fe, and C-N-Zn were 2.75, 3.2, and 2.72,
respectively. The integral area ratio confirms the presence of more defects in the carbon
materials [2].

X-ray photoelectron spectroscopy (XPS) measurements of samples were performed.
As shown in Figure 4b, the XPS survey spectra for the samples shows peaks at C 1s, N 1s of
the doped N, and O 1s. The results show that the atomic percentage of doped N in C-N-Mn,
C-N-Fe, and C-N-Zn is about 10.9%, 10.6%, and 11.6%, respectively. Deconvolution of the
high-resolution C 1s spectrum (Figure 4c) gives five peaks: graphitized carbon at ~284.6 eV,
C=N groups at ~285.4 eV, C-O at ~286.5 eV, C=O at ~288.1 eV, and carboxyl groups at
~290.1 eV. Additionally, the XPS spectrum of N 1s (Figure 4d) was fitted to yield four peaks
ascribed to pyridinic nitrogen (~398.2 eV), pyrrolic nitrogen (~400 eV), graphitic nitrogen
(~400.8 eV), and oxidized nitrogen (~404.2 eV). The proportions of various types of nitrogen
are presented in Table S2.

Figure 2. SEM and TEM images of the samples. (a1,a3) (MnO-C-N), (a2,a4) (C-N-Mn);
(b1,b3) (Fe/Fe3N/Fe4N-C-N), (b2,b4) (C-N-Fe); (c1,c3) (ZnO-C-N), (c2,c4) (C-N-Mn).
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Figure 3. (a) EDS spectrum of the C-N-Mn sample and elemental mapping (b) of C (b1), N (b2), and
O (b3); (c) EDS spectrum of the C-N-Fe sample and elemental mapping (d) of C (d1), N (d2), and
O (d3); (e) EDS spectrum of the C-N-Zn sample and elemental mapping (f) of C (f1), N (f2), and
O (f3).
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Figure 4. (a) XRD of the three samples; (b) XPS survey spectra of C-N-Mn, C-N-Fe, and C-N-Zn;
(c) high-resolution C 1s spectrum of C-N-Mn, C-N-Fe, and C-N-Zn; (d) high-resolution N 1s spectrum
of C-N-Mn, C-N-Fe, and C-N-Zn.

Figure 5. Raman spectra of (a) the three samples; (b) C-N-Mn; (c) C-N-Fe; (d) C-N-Zn.

The pore structures of these three carbon materials were characterized by N2

adsorption–desorption isotherm tests, as shown in Figure 6. All of the curves (Figure 6a,c,e)
of the three samples showed a typical I isotherm, and had a rapid uptake within P/P0 = 0.01,
which indicated the presence of micropores (<2 nm), as shown in Figure 6b,d,f. When the
pressure P/P0 rises, a hysteresis loop appears in the three curves (Figure 6a,c,e), indicating
that there are a few mesopores (2~50 nm) in the samples (Figure 6b,d,f). Based on the
isotherm, the calculated BET surface areas were 813.52 (C-N-Mn), 824.97 (C-N-Fe), and
998.20 m2 g−1 (C-N-Zn), respectively. The pore volumes of the three carbon materials were
1.0243, 1.1307, and 1.1052 cm3 g−1, respectively.
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Figure 6. Nitrogen adsorption–desorption isotherms and pore size distribution of the samples:
C-N-Mn (a,b); C-N-Fe (c,d); C-N-Zn (e,f).

3. Materials and Methods

All the chemical reagents used were of analytical grade without further purification.

3.1. Synthesis of C-N-Mn

C-N-Mn was obtained from the precursor MnO@C-N, which was prepared according
to our previous work with a minor change [25]. Typically, C10H12MnN2Na2O8 (EDTA-
disodium manganese salt (3 g) and NaCl (3 g) were mixed together and ball-milled in a
mortar with a rotation speed of 200 rpm for one night. Then, the mixture was pressed into
several circular columns with a diameter of 15 mm (4~6 MPa for 20 s) and heated to 700 ◦C
for 4 h at a heating rate of 5 ◦C min−1 under a N2 atmosphere. When cooling down to
room temperature, the product was dissolved in hydrochloric acid (HCl, 1 M) and stirred
for 4 h to remove MnO, NaCl, and other possible sodium salt, and the final sample was
collected by vacuum filtration, washed with distilled water and ethanol sequentially, and
then dried at 80 ◦C for 5 h, after which it was named C-N-Mn.

3.2. Synthesis of C-N-Fe

C-N-Fe was synthesized the same way as the C-N-Mn sample, except C10H12MnN2Na2O8

was replaced by C10H12FeN2NaO8 (ethylenediaminetetraacetic acid monosodium fer-
ric salt).
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3.3. Synthesis of C-N-Zn

C-N-Zn was synthesized the same way as the C-N-Mn sample, except C10H12MnN2Na2O8

was replaced by C10H12ZnN2Na2O8 (ethylenediaminetetraacetic acid disodium zinc salt).

3.4. Samples Characterization

X-ray diffraction (XRD diffractometer, D8 Advanced, Bruker Co., Berlin, Germany)
and Raman spectroscopy (collected using a 532 nm laser, ThermoFisher DXR 2) were
used to investigate the crystal structures of the samples. The morphology of the products
was observed through scanning electron microscopy (SEM, Merlin Compact, Carl Zeiss
AG, Jena, Germany) and transmission electron microscopy (TEM, Thermo Fischer, Talos
F200x, Waltham, MA, USA). The elemental distribution of the samples was detected by
energy-dispersive X-ray spectrometry (EDS) elemental mapping analysis (Merlin Compact,
Carl Zeiss AG, Jena, Germany). X-ray photoelectron spectra (XPS) were acquired using an
ESCALAB 250 instrument (Thermo Fischer, EACALAB 250, Waltham, MA, USA). Porosity
analysis was tested by N2 adsorption/desorption measurements at 77 K with an Autosorb-
IQ-C analyzer of Quantachrome (Belsorp Max, MicrotracBEL, Osaka, Japan).

4. Conclusions

This article used commercially available ethylenediaminetetraacetic acid metal salts
as raw materials, followed by thermal decomposition and acid corrosion treatment under
a nitrogen atmosphere, after which three types of nitrogen-doped amorphous carbon
materials were obtained. These materials are all very thin carbon films with a large surface
area containing pores and wrinkled structures. The reasons why we chose such substances
as raw materials are as follows: 1. They are common and chemically stable reagents that are
relatively inexpensive; 2. these compounds contain both carbon and nitrogen atoms, and
they are carbon–nitrogen homologous, which is conducive to the nitrogen-doping process;
3. during the carbonization process, the doping process of nitrogen atoms is simultaneously
realized, thereby simplifying the synthesis route. In addition, the obtained products have
a large number of micropores and mesopores, as well as a large surface area. The carbon
materials prepared by this method may have potential applications in fields such as energy
storage and conversion, supercapacitors, and catalyst supports.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics13050148/s1, Figure S1: XRD of the MnO-C-N sample;
Figure S2: XRD of the Fe/Fe3N/Fe4N-C-N sample; Figure S3: XRD of the ZnO-C-N sample; Figure S4:
Elemental mapping and EDS spectrum of the MnO-C-N sample; Figure S5: Elemental mapping
and EDS spectrum of the Fe/Fe3N/Fe4N-C-N sample; Figure S6: Elemental mapping and EDS
spectrum of the ZnO-C-N sample; Figure S7: Repeat experiments using disodium manganese
ethylenediaminetetraacetate; Figure S8: Disodium manganese ethylenediaminetetraacetate reagent;
Table S1: Metal Activity Series; Table S2. The proportion of different types of nitrogen in the
three carbon materials.
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Abstract: Transition metal selenides are considered one of the most promising materials
for sodium-ion battery anodes due to their excellent theoretical capacity. However, it
remains challenging to suppress the volume variation and the resulted capacity decay
during the charge–discharge process. Herein, hollow-structured CoNiSe2 dual transition
metal selenides wrapped in a carbon shell (HS-CoxNiySe2@C) were deliberately designed
and prepared through sequential coating of polyacrylonitrile (PAN), ion exchange of ZIF-67
with Ni2+ metal ions, and carbonization/selenization. The hollow structure was evidenced
by transmission electron microscopy, and the crystalline structure was confirmed by X-ray
diffraction. The ample internal space of HS-CoxNiySe2@C effectively accommodated
volume expansion during the charge and discharge processes, and the large surface area
enabled sufficient contact between the electrode and electrolyte and shortened the diffusion
path of sodium ions for a feasible electrochemical reaction. The surface area and ionic
conductivity of HS-CoxNiySe2@C were strongly dependent on the ratio of Co to Ni. The
synergistic effect between Co and Ni enhanced the conductivity and electron mobility of
HS-CoxNiySe2@C, thereby improving charge transfer efficiency. By taking into account
the structural advantages and rational metal selenide ratios, significant improvements can
be achieved in the cycling performance, rate performance, and overall electrochemical
stability of sodium-ion batteries. The optimized HS-CoxNiySe2@C demonstrated excellent
performance, and the reversible capacity remained at 334 mAh g−1 after 1000 cycles at a
high current of 5.0 A g−1.

Keywords: sodium-ion battery; hollow structure; binary transition metal selenides;
synergistic effect

1. Introduction

With the increasing share of intermittent renewable energy sources, advancing high-
performance energy storage technologies has become a critical focus for the scientific
community. Due to the abundance and low cost of sodium resources, sodium-ion batteries
(SIBs) have attracted significant attention as an alternative to conventional lithium-ion
battery systems (LIBs). However, the larger ionic radius of Na+ compared to that of Li+

leads to substantial volume changes in electrode materials and slower ion diffusion kinetics,
resulting in poor cycling stability and rate performance for the well-developed electrode
materials in LIBs [1]. Thus, it is desirable to design and develop novel electrode materials
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for the practical application of SIBs [2,3]. Many advanced anode and cathode materials have
been developed through strategies such as nanostructure engineering and alloy design to
enhance structural stability and ionic conductivity, thereby improving cycling performance
and rate capability [4,5].

Transition metal selenides (TMSs) have demonstrated significant potential as anode
materials for sodium-ion batteries owing to their excellent electrical conductivity, high the-
oretical specific capacity, favorable electrochemical properties, and structural stability [6].
The weak M–Se bonds facilitate conversion reactions, enhancing cycling performance.
Men et al. [7] have proposed novel porous FeSe2 composites wrapped in an N-doped
porous carbon framework (P–FeSe2/NCF) through a scalable pyrolysis method, which
retains abundant porosity and a dodecahedral structure embedded with carbon nanotubes.
Even at relatively high current densities of 5 and 10 A g−1, the porous FeSe2 anode main-
tains capacities of 548 and 466 mAh g−1, respectively. Such excellent rate performance
has been ascribed to the unique porous structure and large surface area. Compared to
monometallic selenides, bimetallic selenides exhibit electronic coupling and synergistic
effects between their components, which may produce more ion defects and an ion dif-
fusion path, thus further enhancing ion diffusion rates. Weng et al. [8] synthesized a
bimetallic heterojunction selenide (CoSe2/NiSe2@N–C) using a Co/Ni-ZIF template, with
the selenide grown within N-doped carbon nanofibers. The enhanced performance of this
binary transition metal selenide was ascribed to the built-in electric field at the interface of
the two TMSs.

In addition, nanostructure engineering has demonstrated an excellent strategy in the
development of high-performance anode materials. Among the alloy anodes for sodium-
ion batteries, yolk-shell and hollow structures often outperform the solid-state counterpart
due to the enhanced large surface area of the contacting electrolyte and offering more
abundant reactive sites [9]. Additionally, hollow and yolk-shell structures effectively
mitigate the volume changes induced by the insertion and extraction of sodium ions during
the charge–discharge process and enhance the robustness against the fragmentation of
the nanostructure of the electrode towards a long lifespan. Furthermore, unlike in the
solid-state counterpart, the formation of a hollow structure offers shorter ion transport
pathways and facilitates the rapid insertion and extraction of sodium ions, improving the
rate performance and enabling the battery to maintain high capacity and efficiency under
high-rate conditions. Zhou et al. [8] employed an ion-exchange method to anchor hollow-
and hetero-structured ZnSe/NiSe2 bimetallic selenides (V-ZnSe/NiSe2@H-NC). Owing
to the unique hollow and hetero structure, it exhibited excellent performance as an anode
material for sodium-ion batteries, achieving a capacity of 314 mAh g−1 at a current density
of 2.0 A g−1 after 2000 cycles.

Currently, most studies focus on structural design and the introduction of metals ions
into the parent metal selenide to enhance the overall electrochemical performance. How-
ever, the impact of varying the metal ratios on material performance has received limited
attention, especially in the porous structure counterpart. Therefore, the simultaneous intro-
duction of multiple metals with varying ratios during the synthesis of hollow-structured
TMSs along with a systematic study of how variations in metal content influence perfor-
mance, remains an under-explored research area. Such investigations could not only deepen
our understanding of metal ratio optimization in enhancing electrochemical behavior but
also offer new insights and guidance for the design of advanced energy storage materials.

Inspired by the aforementioned studies, we developed a hollow-structured, carbon-
encapsulated Co/Ni bimetallic transition metal selenide (CoNi-Se@C) as a multifunctional
anode material for sodium-ion batteries, using ZIF-67 as a sacrificial template through a
straightforward PAN encapsulation and ion-exchange process. Although binary metal
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selenides of Co with Mn, Cu, and Fe were also explored, achieving a hollow structure
remains challenging. The experimental results revealed that with increasing Ni content,
the electrochemical performance initially improved but then declined, and the best per-
formance was achieved at the ratio of Co:Ni = 1.05:0.95, possibly ascribing to the highest
electrochemical surface area and ion conductance due to the optimized synergistic effects
between the two metal components [10]. The hollow CoNi-Se@C with optimized Ni/Co
ratio exhibited a specific discharge capacity of 334 mAh g−1 after 1000 cycles at a high
current of 5.0 A g−1, and a high discharge capacity of 428 mAh g−1 at a high current of
5.0 A g−1, demonstrating excellent commercial potential.

2. Results

Figure 1a illustrates the synthesis scheme of the CoNi-Se@C material. First, a ZIF-67
precursor was prepared by coordinating Co2+ ions and 2-methylimidazole in methanol.
Then, a simple “phase separation method” was employed to uniformly coat ZIF-67 with
polyacrylonitrile (PAN) [11], which served as the primary carbon source, resulting in
the ZIF-67@PAN precursor. Subsequently, the obtained ZIF-67@PAN was dispersed in
ethanol and subjected to ion exchange with Ni2+ for 2 h. This process partially etched the
inner ZIF-67, transforming it into a hollow layered double hydroxide (LDH) structure [12],
yielding CoxNiy-LDH@PAN. Afterward, the dried CoxNiy-LDH@PAN was mixed with
Se powder at a 1:1 mass ratio, placed in an alumina boat, and annealed under an Ar/H2

atmosphere at 500 ◦C for 6 h. Following this high-temperature selenization process, hollow-
structured CoxNiySe2@C was obtained and denoted as CoNi-Se@C. The ratio of Co to Ni
was determined to be 0.51:0.49 by inductively coupled plasma optical emission spectroscopy
(ICP-OES), and the chemical formula was denoted as Co0.51Ni0.49Se2, as shown in Table S1,
which was consistent with that determined by XPS (Table S2). The counterparts with
varied ratios of Ni to Co were obtained via ion exchange for 1 h and 3 h, and are denoted
as CoNi-1-Se@C and CoNi-3-Se@C. The formulas of CoxNiySe2 were determined to be
Co0.59Ni0.42Se2, Co0.56Ni0.5Se2, and Co0.59Ni0.59Se2 for CoNi-1-Se@C, CoNi-Se@C, and
CoNi-3-Se@C, respectively, indicating that Ni content was consistently increasing with the
prolonged Ni2+ exchange course.

As shown in Figure 1b,c, after high-temperature selenization, the obtained CoNi-Se@C
material showed a polyhedral shape, smooth surface, and intact structure. The size of the
polyhedron was approximately from 500 to 700 nm. The hollow structure of CoNi-Se@C
is observed in Figure 1d. This hollow structure not only helps mitigate mechanical stress
caused by volume expansion during charge and discharge but also increases the specific
surface area, providing more active sites for sodium-ion storage, thereby enhancing the
electrochemical performance of the material.

In addition, the high-resolution transmission electron microscopy (HRTEM) images
in Figure 1e indicate that the shell of CoNi-Se@C was assembled with nanoparticles from
3 to 7 nm. The nano-sized nanoparticles display large surface area and offer abundant
active sites for reaction and the pores among them favor the penetration of electrolytes
and promote electrochemical reaction. Figure 1f displays the distinct lattice fringes with
spacing of 0.271 and 0.265 nm, corresponding precisely to the (1,0,1) and (0,0,2) reflection
of CoNiSe2. Meanwhile, the selected area electron diffraction (SAED) pattern in Figure 1g
presents multiple clear diffraction rings, which match well with the (0,0,2), (0,1,2), (0,0,3),
and (−1,2,2) planes of CoNiSe2, further verifying the crystalline structure of the material.
Furthermore, the elemental mapping in Figure 1h–m shows a uniform distribution of Co,
Ni, Se, N, and C elements within the CoNi-Se@C material, indicating the formation of
uniform binary Co/Ni diselenide.
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Figure 1. (a) Schematic illustration CoNi-Se@C synthesis. (b,c) SEM images, (d) TEM image,
(e,f) HRTEM images, and (g) SAED pattern of CoNi-Se@C. (h–m) Element mapping images of
Co, Ni, Se, N, and C.

Figure 2a presents the XRD pattern of CoSe2@C, revealing that without ion exchange,
the direct selenization of pure ZIF-67@PAN at 500 ◦C yielded CoSe2. In contrast, the
XRD patterns of CoNi-Se@C, CoNi-1-Se@C, and CoNi-3-Se@C showed a high degree of
correspondence with the reference pattern of CoNiSe2 (PDF#89-7162). This indicates that
selenization at 500 ◦C resulted in the formation of a CoxNiySe2 (Figure 2b), and the change
of the ratio of Co2+ to Ni2+ did not change the lattice parameter of CoxNiySe2. Additionally,
the Raman spectra of CoNi-Se@C showed an apparent defect and graphitic bands with
an ID/IG ratio of 1.15, indicating the presence of defects and disordered carbon structures,
which contributed to enhanced electron transport and electrochemical activity (Figure S1).

The N2 adsorption/desorption isotherms were employed to analyze the changes
in the specific surface area of the samples and to further investigate the impact of Ni2+

incorporation on the structure. All four samples exhibited typical type IV adsorption
behavior, with a pore size of approximately 4.5 nm (Figure 2c,d) [13]. The surface areas
for CoSe2@C, CoNi-1-Se@C, CoNi-Se@C, and CoNi-3-Se@C were calculated to be 93.72,
120.4, 168.15, and 131.87 m2 g−1, respectively, using the Brunauer–Emmett–Teller (BET)
method. It indicates that the progressive introduction of Ni2+ promoted the formation of
hollow structures, leading to an initial increase and further decline in surface area. The
initial increase of the surface area of CoNi-Se@C with progressive ion exchange could be
attributed to the creation of the hollow structure and increased cavity. However, when
the ion exchange time extend to 3 h, collapse and contraction of the hollow structure may
occur during selenization, which may ultimately decrease the specific surface area [14].
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Figure 2. XRD patterns of (a) CoSe2@C, (b) CoNi-Se@C, CoNi-1-Se@C, and CoNi-Se-3-@C. (c) Nitro-
gen adsorption/desorption isotherm and (d) pore size distributions of CoNi-Se@C, CoNi-1-Se@C,
CoNi-Se-3-@C, and CoSe2@C.

As shown in Figure 3a, the XPS survey spectrum clearly revealed the presence of Co,
Ni, Se, N, and C. First, Figure 3b presents the high-resolution spectrum of Co 2p. The
two strong spin-orbit coupling peaks located at 794.5 eV and 779.3 eV were indexed to
Co2+ 2p1/2 and Co2+ 2p3/2. The two satellite peaks (Sat.) were located at 803.9 eV and
784.9 eV, individually. Additionally, two Co–O peaks were observed at binding energies of
797.9 eV and 781.4 eV, which can be attributed to surface oxidation of the sample [15,16]. In
Figure 3f, the characteristic peaks of Ni2+ 2p1/2 and Ni2+ 2p3/2 were observed at 870.27 eV
and 852.0 eV, and the satellite peaks were located at 859.5 eV and 878.5 eV, respectively.
Similarly, corresponding Ni–O peaks are also present in the Ni 2p spectrum (873.9 eV
and 854.4 eV) [17,18]. Furthermore, Figure 3d shows the high-resolution spectrum of Se
3d. Se exhibited two peaks at 53.8 eV and 52.8 eV, which were indexed to Se2– 3d3/2 and
Se2– 3d5/2, respectively. The characteristic peak at 57.8 eV is attributed to SeO2 [19–21].
The high-resolution N 1s spectrum (Figure 3e) identifies three nitrogen types: pyridinic
N (397.1 eV), pyrrolic N (397.7 eV), and graphitic N (398.9 eV) [22]. Meanwhile, the C
1s spectrum (Figure 3f) displays three characteristic peaks at 289.1, 286.7, and 284.8 eV,
corresponding to C–O, C–N, and C–C/C=C bonds, respectively [23].
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Figure 3. (a) Full survey XPS spectrum and (b–f) high-resolution XPS spectra of Co 2p, Ni 2p, Se 3d,
N 1s, and C 1s of CoNi-Se@C.

The cyclic voltammetry (CV) curves of the CoNi-Se@C material with varied ratios of
Co to Ni and CoSe2 assembled with a sodium metal anode, measured over the voltage
range from 0.01 to 3.0 V for the first three cycles, are shown in Figures 4a and S2. In the
first cycle of CV scan for CoNi-Se@C (Figure 4a), a distinct reduction peak was observed at
around 0.9 V, ascribing to the formation of the solid electrolyte interface (SEI) layer and
the initial insertion of Na+ ions [7]. In the subsequent second and third cycle, the high
degree of overlap between the CV curves demonstrated the excellent cycling stability of
the CoNi-Se@C electrode after initial activation [1,24]. These results highlight the potential
of the CoNi-Se@C material for sodium-ion batteries, particularly its ability to maintain
superior electrochemical performance and stability over extended cycling. In the cathodic
scan, the reduction peaks were sequentially observed at 1.357, 1.071, and 0.677 V, and a
single oxidation peak was observed at 1.925 V, which were possibly attributed to the specific
sodiation and desodiation reactions or pseudocapacitive behavior [8,25]. To this end, XRD
analysis was performed on CoNi-Se@C in the fully discharged state to investigate the phase
evolution of the material. The results showed the appearance of characteristic diffraction
peaks of Na2Se and Ni/Co (Figure S3), indicating a phase transition of CoxNiySe2 to
metallic Co/Ni and Na2Se by Na+ insertion [26]. The possible reactions (Equations (1)–(4))
contributed to the capacity are shown below:
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Figure 4. (a) CV curves for the first 3 cycles of CoNi-Se@C at 1.0 mV s−1. (b) EIS Nyquist plots and
equivalent circuit in the inset, (c) rate performances of CoSe2@C, CoNi-1-Se@C, CoNi-Se@C, and
CoNi-3-Se@C. (d) Discharge–charge curves at various rates of CoNi-Se@C. (e) GITT curves, (f) Na+

diffusion coefficient in discharge process and (g) long-life cycling performance at 5 A g−1 of CoSe2@C,
CoNi-1-Se@C, CoNi-Se@C, and CoNi-3-Se@C.

Discharge

Co0.51Ni0.49Se2 + xNa+ + xe− → NaxCo0.51Ni0.49Se2 (1)

NaxCo0.51Ni0.49Se2 + 2yNa+ + 2ye− → NaxCo0.51Ni0.49Se2-y + yNa2Se (2)

NaxCo0.51Ni0.49Se2-y + (4 − 2y − x)Na+ + (4 − 2y − x)e− → 0.51Co + 0.49Ni + (2 − y)Na2Se (3)

Charge

0.51Co + 0.49Ni + 2Na2Se→ 4Na+ + 4e− + Co0.51Ni0.49Se2 (4)

Similar redox peaks were also observed for other anode materials of CoSe2@C, CoNi-
1-Se@C, and CoNi-3-Se@C. The related redox potentials and polarization derived are
listed in Table S3. In the first scan, the cathodic peak potential for CoNi-1-Se@C was the
highest among the three samples. This redox peak is related to the formation of SEI, and
the highest potential indicates the earliest formation of an SEI film and protection of the
electrode materials during the initial discharging process. With the increasing content of
Ni in CoxNiySe2@C, the potential of the cathodic peak1 in the second cycle increased first,
achieved the highest for CoNi-Se@C, and then declined considerably for CoNi-3-Se@C. The
anodic peak potential in the second cycle increased consistently with the increasing of Ni
content, which resulted in the consistent increase of the polarization.
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Electrochemical impedance spectroscopy (EIS) with a bias of 2.4 V and amplitude of
0.05 V was employed to evaluate the impedance of different materials. Figures 4b and S4
show the Nyquist plots and fitting curves of the four materials using the equivalent circuit
(inset in Figure 4b), respectively, where Rct, Rs, W, and CPE represent the interfacial charge
transfer resistance, solution resistance, Warburg impedance, and impedance of the constant
phase element, respectively [27]. The detailed fitting parameters are shown in Table S4.
Rct exhibited a trend of first decreasing and then increasing with the introduction of Ni2+

(Rct: 50.39→ 44.05→ 21.21→ 31.47 Ω), consistent with the variation of the surface area.
The increases in the surface area of material resulted in more active sites, which enhanced
the interfacial contact between the electrolyte and electrode, facilitating Na+ transport and
charge transfer.

The impedance of the constant phase element describes non-ideal capacitive behavior
related to a rough or porous interface, varied thickness of film layer, or non-uniform
reaction dynamics [28], and the variation of CPE-T and CPE-P might be caused by the
roughness and porosity of the electrode materials with varied ratios of Co to Ni. It was
also observed that CoNi-Se@C exhibited the highest CPE-T. The former might be related to
the highest psudocapacitance contribution of CoNi-Se@C among the three samples. The
Warburg element models ion transport impedance across an electrode layer to the surface
of a current collector [29]. The lowest W-R indicates the highest Na+ diffusion rate and
most accessible of Na+ to and from the electrode surface. Additionally, the synergistic effect
between Ni and Co improves electronic conductivity, further optimizing charge transport
during cycling [30,31]. However, excessive Ni2+ content causes contraction of the hollow
space and condensation of the shell, which reduces the electrochemical surface area and
impairs ion transport efficiency. Therefore, precise control of Ni2+ doping is crucial to
achieving optimal electrochemical performance by balancing improved conductivity and
stability [32,33].

Figure 4c compares the rate performance of CoSe2@C, CoNi-1-Se@C, CoNi-Se@C,
and CoNi-3-Se@C across a current range of 0.1–5.0 A g−1. Among them, CoNi-Se@C
exhibited the best electrochemical performance, maintaining a high discharge capacity of
428 mAh g−1 even at a high current of 5.0 A g−1, indicating excellent rate capability and
fast charge–discharge ability. Figures 4d and S5 further present the charge–discharge curves
of CoNi-Se@C under different current densities. The material consistently maintains stable
charge–discharge plateaus at various rates, demonstrating superior structural stability and
good reversibility, making it more suitable for high-rate charge–discharge applications
compared to other materials.

To further investigate the effect of Ni content on the performance of those materials,
galvanostatic intermittent titration technique (GITT) testing was conducted to explore the
Na+ diffusion rate in each material (Figure 4e). Based on the results from GITT testing, the
diffusion coefficient of Na+ can be calculated using Fick’s second law with the following
equation [34,35]:

DNa+ =
4
πτ

(
mBVm

MBS
)2(

δEs

δEτ
)2 (5)

where τ is the relaxation time (s), mB is the mass of the electrode material, Vm is the molar
volume of the active material, MB is the molar mass of the electrode material, S is the elec-
trode area, ΔEs represents the potential change between two consecutive relaxation periods,
and ΔEτ denotes the potential change between the static and equilibrium states. The results
in Figure 4f show that CoNi-Se@C, with a Co to Ni ratio close to 1:1, exhibited a higher
sodium-ion diffusion rate compared to that of other samples. For instance, the diffusion
coefficient of Na+ (DNa+) of CoSe2@C, CoNi-1-Se@C, CoNi-Se@C, CoNi-3-Se@C at 0.5 V vs.
Na+/Na was approximately 3.0 × 10−12, 4.3 × 10−12, 1.58 × 10−11, 8.7 × 10−12 cm2 s−1,
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which was in the order of CoNi-Se@C > CoNi-3-Se@C > CoNi-1-Se@C > CoSe2@C. The
trend of Na+ diffusion rate aligned with the previously discussed findings—initially in-
creasing and then decreasing with the increasing ratio of Ni to Co. This phenomenon can
be attributed to the partial substitution of Co2+ by an appropriate amount of Ni2+, which
exhibits the optimized synergistic interactions between the two metals, thereby achieving
the highest electronic and ionic conductivity [36].

Figure 4g presents the long-term cycling performance of CoSe2@C, CoNi-1-Se@C,
CoNi-Se@C, and CoNi-3-Se@C at a current density of 5.0 A g−1. It is evident that CoNi-
Se@C exhibited the best performance, maintaining a discharge capacity of 335 mAh g−1 at
5.0 A g−1 after prolonged cycling of 1000 cycles. As shown in TEM images of CoNi-Se@C
after 1000 cycles at 5.0 A g−1 (Figure S6), the hollow structure remained but fractures
appeared, which may be related to the decline of the charge–discharge capacity. Table S5
presents a comparison of the long cycling performance of CoNi-Se@C with that of other
reported metal selenides. It is evident that CoNi-Se@C exhibited excellent cycling stability
and high-capacity retention over prolonged cycling. This superior performance further
confirms the importance of optimizing the metal ratio for enhancing sodium storage
capabilities. The synergy between Co and Ni contributes to improved structural stability,
enhanced electronic conductivity, and faster ion diffusion, all of which are critical for
achieving high-capacity retention and stable cycling. Conversely, inappropriate metal
ratios may disrupt this synergy, leading to compromised performance.

CV tests at different scan rates ranging from 0.2 to 1.0 mV s−1 were conducted to
investigate the contribution of the pseudo capacitance to the charge capacity of the material,
and Equations (6) and (7) were utilized to calculate the contributions of pseudocapacitance
and diffusion (Figures 5a,b and S7). Here, i represents the current at each peak of the CV
curve, and v denotes the corresponding scan rate. In these equations, a and b serve as
empirical parameters. When b approaches 0.5, the charge/discharge process is primarily
controlled by diffusion, whereas when b approaches 1, pseudocapacitance becomes the
dominant mechanism [37,38].

i = avb (6)

log(i) = b × log (v) + log (a) (7)

Figure 5. (a) CV curves at various scan rates. (b) The corresponding log (i) versus log (v) at each
redox peak. (c) Capacitive contribution at 1.0 mV s−1. (d) Contribution rates of capacitive-controlled
and diffusion-controlled capacities at different scan rates.
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Additionally, the contribution of pseudocapacitance can be calculated using Equation (8),
where k1v and k2v1/2 represent the contributions of pseudocapacitance and ion diffusion,
respectively [2].

i(V) = k1v + k2v1/2 (8)

As shown in Figure 5c, it was clearly demonstrated that at a scan rate of 1.0 mV s−1, the
contribution of pseudocapacitance predominated, highlighted in pink. Figure 5d shows the
contribution of pseudocapacitance of those four samples. For CoNi-Se@C, the contribution
of pseudocapacitance increased from 88.63% to 98.7% as the scan rate increased from 0.2 to
1.0 mV s−1. This trend indicates that as the scan rate increased, the role of surface reactions
in charge storage capacity became increasingly significant.

3. Materials and Methods

3.1. Chemicals

Cobalt nitrate hexahydrate (Co(NO3)2·6H2O), 2-methylimidazole (2-MeIM), nickel
nitrate hexahydrate (Ni(NO3)2·6H2O), polyacrylonitrile (PAN), and selenium powder
(Se) were all purchased from Energy Chemical Co., Ltd, Shanghai, China. N,N-Dime-
thylformamide (DMF), methanol, and ethanol were purchased from Damao Chemical
Reagent Factory, Tianjing, China.

3.2. Synthesis of ZIF-67

In a typical synthesis, 0.04 mol of Co(NO3)2·6H2O was dissolved in 500 mL of
methanol to prepare solution A. Simultaneously, 0.16 mol of 2-methylimidazole was dis-
solved in 500 mL of methanol to prepare solution B. Solution A was then gradually added
to solution B, and the mixture was stirred continuously for 24 h. The resulting suspension
was centrifuged, and the precipitate was washed three times with methanol. Finally, the
precipitate was dried at 60 ◦C for 12 h to obtain ZIF-67.

3.3. Synthesis of ZIF-67@PAN

First, 0.5 g of ZIF-67 was evenly dispersed in 20 mL of DMF, followed by the addition
of 0.5 g of PAN white powder. After stirring for 12 h, the solution was drawn into a syringe
and added dropwise into stirred deionized water. The sample was collected by vacuum
filtration and rinsed three times with deionized water. Finally, it was dried at 60 ◦C for 12 h
to obtain ZIF-67@PAN.

3.4. Synthesis of CoNi-1-LDH@PAN, CoNi-LDH@PAN and CoNi-3-LDH@PAN

First, 0.8 g of ZIF-67@PAN was added to 400 mL of ethanol and subjected to ultrasound
for uniform dispersion, referred to as solution A. Meanwhile, 0.8 g of Ni(NO3)3·6H2O
was dissolved in 100 mL of ethanol to prepare solution B. Solution B was then added to
solution A, and the mixture was stirred before centrifuging to collect the sample. The
sample was washed three times with ethanol and dried at 60 ◦C for 12 h to obtain CoNi-
LDH@PAN. Additionally, the samples with stirring times of 1, 2, and 3 h were designated
as CoNi-1-LDH@PAN, CoNi-LDH@PAN, and CoNi-3-LDH@PAN, respectively.

3.5. Synthesis of CoNi-Se@C, CoNi-1-Se@C, CoNi-3-Se@C and CoSe2@C

The obtained CoNi-LDH@PAN was mixed with Se powder at a 1:1 mass ratio and
placed in a porcelain boat. It was then annealed at 60 ◦C under an Ar/H2 atmosphere for
6 h (at a heating rate of 2 ◦C min−1) to obtain the CoNi-Se@C sample. Additionally, the
preparation procedures for CoNi-1-Se@C, CoNi-3-Se@C, and CoSe2@C followed the same
method as described above, with the only difference being that the precursors used were
CoNi-1-LDH@PAN, CoNi-3-LDH@PAN, and ZIF-67@PAN, respectively.
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3.6. Materials Characterization

X-ray diffraction (XRD) analysis was performed on a Bruker D8 Advance (Berlin,
Germany) using Cu-Kα radiation (λ = 1.5406 Å). A Phi X-tool XPS instrument from ULVAC-
PHI (Kanagawa-ken, Chigasaki-shi, Japan) was used, with the standard carbon peak C1s
(284.8 eV) as the calibration reference. The sample morphology was characterized by
field-emission scanning electron microscopy (FESEM, Hitachi S-4800, Tokyo, Japan) and
transmission electron microscopy (TEM, FEI Tecnai G2 F30, Hillsboro, OH, USA). Nitrogen
adsorption–desorption isotherms were measured at 77 K using an Autosorb-iQ automatic
volumetric analyzer (Quantachrome, Boynton Beach, FL, USA).

3.7. Coin Cell Assembly

CoNi-Se@C, Super P, and sodium alginate were thoroughly mixed with deionized
water at a mass ratio of 8:1:1 to form a black slurry. The slurry was coated onto copper
foil and dried at 60 ◦C for 24 h in a convection oven. The resulting electrode was then
cut into 13 mm diameter discs and assembled into CR-2032 coin cells. Metallic sodium
was used as the counter electrode, glass fiber (Whatman GF/D, Maidstone, UK) as the
separator, and 1.0 M NaCF3SO3 in diethylene glycol dimethyl ether (DIGLYME, dodochem,
Suzhou, China) was used as the electrolyte. The assembly was conducted entirely in a
glovebox (Vigor-LG 2400/750TS, LTD, Suzhou, China) with oxygen and water contents
below 0.1 ppm.

3.8. Electrochemical Measurements

A multi-channel battery testing system (CT2001A, LAND, Wuhan, China) was used
for cycling and rate performance tests. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were performed using an electrochemical workstation (CHI
660 electrochemical workstation, Shanghai Chi-Chi Instrumentation Co., Ltd., Shang-
hai, China). CV scanning voltage ranged from 0.01 to 3.0 V with a scanning rate of
0.2–1.0 mV s−1, while EIS frequency ranged from 0.01 to 100,000 Hz.

4. Conclusions

In summary, carbon-coated hollow Co/Ni bimetallic selenides (HS-CoxNiySe@C) were
obtained by sequential coating of PAN onZIF-67, Ni2+ etching, and selenization. When
used as anode materials for sodium-ion batteries, HS-CoxNiySe@C showed improved
performance and the performance of SIBs strongly dependent on the ratio of Co2+ to
Ni2+, which was ascribed to enhanced surface area and conductance of Na+ due to the
formation of the hollow structure, increased ion diffusion pathways, and the synergistic
effect between Co and Ni. The excessive Ni2+ content caused contraction of the hollow
space and condensation of the shell, which reduced the electrochemical surface area and
impaired ion transport efficiency. The optimized HS-CoxNiySe@C delivered a discharge
capacity of 335 mAh g−1 after 1000 cycles at a high current density of 5.0 A g−1, indicating
its strong potential for commercial applications. This study not only demonstrates the
superior electrochemical performance of the hollow CoNi-Se@C material but also provides
innovative guidance for the design of multi-metal materials used for energy storage.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics13030096/s1, Figure S1: Raman spectra of CoNi-Se@C;
Figure S2: CV curves for the first 3 cycles of (a) CoSe2@C, (b) CoNi-1-Se@C, and (c) CoNi-3-Se@C at
1.0 mV s−1; Figure S3: XRD pattern of CoNi-Se@C after discharged to 0.01 V; Figure S4: EIS spectra
and the fitted result; Figure S5: Discharge–charge curves at various rates of (a) CoSe2@C, (b) CoNi-
1-Se@C, and (c) CoNi-3-Se@C; Figure S6: TEM images of CoNi-Se@C after cycling at 5.0 A g−1 for
1000 cycles; Figure S7: (a,c,e) CV curves at various scan rates. (b,d,f) The corresponding log (i) versus
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log (v) plots at each redox peak. Among them, (a,b) correspond to CoSe2@C, (c, d) CoNi-1-Se@C, and
(e,f) CoNi-3-Se@C; Table S1: The atomic ratio of Co, Ni, and Se in CoNi-Se@C measured by ICP-OES;
Table S2: The atomic percentages of Co, Ni, Se, N, and C in CoSe2@C, CoNi-1-Se@C, CoNi-Se@C, and
CoNi-3-Se@C measured by XPS. Electrochemistry performance of different anode materials for SIBs;
Table S3: The potentials (V vs Na+/Na) in CV scans derived from Figure 4a; Table S4: Electrochemical
impedance spectroscopy equivalent circuit parameters table of CoSe2@C, CoNi-1-Se@C, CoNi-Se@C,
and CoNi-3-Se@C; Table S5: Comparison of the long cycle performance of CoNi-Se@C and metal
selenides from published articles. References [24,39–46] are cited in the Supplementary Materials.
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Abstract: Herein, this work elucidates the synthesis of the Pd-MoS2 catalyst for application
in methanol-mediated overall water splitting. The scanning electron microscope (SEM) and
transmission electron microscope (TEM) pictures offer an exciting nanostructured shape
of the Pd-MoS2, depicting a high surface area. Further, high-resolution TEM (HRTEM)
pictures confirm the lattice plane (100), lattice spacing (0.26 nm), and hexagonal crystal
structure of the Pd-MoS2. Moreover, high-angle annular dark-field (HAADF) images and
related color maps disclose the Mo, S, and Pd elements of the Pd-MoS2. The Pd-MoS2

catalyst exhibits lower overpotentials of 224.6 mV [methanol-mediated hydrogen evolution
reaction (MM-HER)] at −10 mA cm−2 and 133 mV [methanol-mediated oxygen evolution
reaction (MM-OER)] at 10 mA cm−2. Further, the Pd-MoS2 illustrates noteworthy stability
for 15.5 h for MM-HER and 18 h for MM-OER by chronopotentiometry test. Excitingly, the
Pd-MoS2‖Pd-MoS2 cell reveals a small potential of 1.581 V compared to the MoS2‖MoS2 cell
(1.648 V) in methanol-mediated overall water splitting. In addition, the Pd-MoS2‖Pd-MoS2

combination reveals brilliant durability over 18 h at 10 mA cm−2.

Keywords: Pd-MoS2; methanol-mediated hydrogen evolution reaction; methanol-mediated
oxygen evolution reaction (MM-OER); methanol-mediated overall water splitting; outstanding
stability

1. Introduction

Currently, the rising global population and fast industrialization have led to record en-
ergy consumption, blinking a keen interest in future energy sources [1]. Fascinatingly, fossil
fuels are a main energy source for industry, irrigation, and transportation, contributing
to critical environmental challenges, such as pollution and greenhouse gas emissions [2].
Therefore, these issues highlight the necessity to transition toward sustainable, green,
and clean energy sources [3]. Remarkably, hydrogen is a hopeful clean energy source
that has the potential to transform energy systems, offering a sustainable substitution for
fossil fuels due to its high energy, which could considerably reach carbon neutrality and
eco-friendly combustion and mitigate climate change impacts [4]. Intriguingly, electro-
chemical water splitting is a scalable, effective, and simple technique for hydrogen energy
production involving the decomposition of water (H2O) into oxygen (O2) and hydrogen
(H2) [5]. Attractively, the overpotentials and Tafel slopes mainly affect the hydrogen and
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oxygen productivity during the electrochemical water splitting, which is very important
for hydrogen and oxygen generation [6]. Recently, methanol-mediated hydrogen evolution,
methanol-mediated oxygen evolution reaction (MM-OER), and methanol-mediated overall
water splitting have extended significant attention due to more efficient alternatives to
traditional water splitting [7]. Combining methanol (CH3OH) into the KOH electrolyte
during the electrochemical water splitting process can lower the energy barrier for hy-
drogen energy production [8]. Excitingly, it can considerably decrease the overpotential,
thereby reducing the energy input for hydrogen energy production. Interestingly, this
approach opens new pathways for using methanol, which can be produced sustainably
from biomass or captured carbon dioxide, further enhancing the environmental bene-
fits [9]. Furthermore, methanol-mediated processes present a captivating alternative that
could improve efficiency and stability for sustainable energy generation. Various Pt-based
nanomaterials are currently used for hydrogen evolution reactions [10,11]. However, ruthe-
nium and iridium-based nanomaterials are utilized for oxygen evolution reactions [12,13].
Amusingly, their expensive nature and scarcity in the crust of the earth limit their possible
usage as catalysts for sustainable and commercial hydrogen generation. Therefore, it is
necessary to develop cutting-edge, low-cost catalysts operating at lower overpotentials
while maintaining high durability, a prerequisite for a hydrogen energy-based economy,
addressing energy demands and environmental sustainability for future generations.

Transition metal dichalcogenides (TMDs) illustrate a family of two-dimensional (2D)
layered structures through the well-known MX2 formula, in which X is a chalcogen (such
as S, Se, and Te) and M is a transition metal (such as Mo, W, and Ti) [14]. In addition, TMDs
reveal exclusive electronic, optical, and magnetic characteristics due to their typical 2D
nature. The 2D layers of the TMDs are attached by weak van der Waals forces [15]. MoS2

comprises hexagonally packed Mo atoms between two layers of S atoms [16]. Additionally,
TMDs have gained significant consideration for their vibrant applications in several fields,
such as electronics, optoelectronics, and catalysis, making them a crucial theme of research
in materials science and nanotechnology [17,18]. Therefore, monolayer MoS2 endows
a direct optical band gap of approximately 1.8 eV, making it suitable for optoelectronic
device fabrication [19]. Additionally, MoS2 exhibits excellent mechanical flexibility, high
chemical stability, and strong spin-orbit [20]. The MoS2’s fashionable characteristics offer
its research in various applications, such as transistors, sensors, and flexible electronic
devices, because of its high carrier mobility and scalability [21]. Also, MoS2 is demon-
strated as an exciting catalyst for hydrogen generation reactions and other electrochemical
processes [22]. Additionally, MoS2’s optical properties are harnessed in photodetectors
and light-emitting devices [23,24]. The MoS2 is synthesized through various physical
and chemical methods, each offering distinct advantages. Further, the high-quality MoS2

monolayers are produced using the mechanical exfoliation method by peeling off layers
from bulk crystals [25]. In addition, the MoS2 thin films are developed on many substrates
by chemical vapor deposition (CVD), which allows for large-area, scalable, and uniform
thin films for various commercial applications [26]. Moreover, the Mo and S precursor
solution react under controlled temperature and pressure, yielding tunable morphology
and properties of the MoS2 using the hydrothermal and solvothermal methods [27,28]. Fur-
ther, the MoS2 can be found in various morphologies depending on the synthesis method
and conditions, including nanosheets [29], nanorods [30], nanotubes [31], nanowires [32],
nanoflowers [33], and quantum dots [34]. Fascinatingly, two-dimensional MoS2 nanosheets
are the most common form, offering large surface areas and high aspect ratios. On the other
hand, three-dimensional MoS2 nanotubes and nanoflowers deliver unique morphological
topographies, which can enhance electrocatalytic activities. Interestingly, zero-dimensional
MoS2 quantum dots are generally suitable in optoelectronic applications due to their size-
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tunable optical and electronic properties [35]. Moreover, the MoS2 nanomaterial is used in
batteries, fuel cells, and supercapacitors because of its high capacity and stability [36–38].
Interestingly, MoS2 is also used in water purification and sensing in ecological applications
because of its high reactivity and large surface area [39,40]. Fascinatingly, the MoS2 enables
its use in drug delivery and cancer therapy due to its biocompatibility and photothermal
properties [41,42]. However, the 2D layered MoS2 emphasizes its potential applications in
advanced technologies due to its multifunctional nature. Therefore, tuning the structural
and morphological properties of the MoS2 by doping or constructing heterostructures has
been significantly studied, which offers enhanced performance in different applications.
Fascinatingly, Pd doping in the MoS2 can alter the electronic properties and create more
active sites, facilitating greater adsorption and dissociation of water electrolysis during
methanol-mediated overall water splitting, which makes it a highly effective catalyst for
sustainable hydrogen energy generation.

In this paper, we studied the methanol-mediated hydrogen evolution reaction (MM-
HER), methanol-mediated oxygen evolution reaction (MM-OER), and methanol-mediated
overall water splitting (MM-OWS) of the Pd-doped MoS2 (Pd-MoS2) catalyst, which is a
promising 2D nanomaterial for sustainable hydrogen generation through electrocatalytic
water splitting. Interestingly, the presence of methanol with the KOH electrolyte works as
a co-reactant, significantly boosting the electrocatalytic activities of the methanol-mediated
overall water splitting, facilitating the adsorption process and also supporting to alleviate
the transitional active sites on the surface of the Pd-MoS2 electrocatalyst, thereby enhancing
the rate of reaction kinetics. Fascinatingly, it is observed that the Pd-MoS2 catalyst illustrates
outstanding catalytic performances and excellent stability. The Pd-MoS2‖Pd-MoS2 cell
elucidates a lower potential of 1.581 V and tremendous durability throughout 18 h at
10 mA cm−2. Therefore, it is concluded that the Pd-MoS2 catalyst can be an excellent
nanomaterial for hydrogen energy generation for commercial applications.

2. Results and Discussion

Figure 1a elucidates the XRD patterns of the Pd-doped MoS2 and MoS2. It is ob-
served that the XRD spectra illustrate the lattice planes (002), (101), and (110) to MoS2

and Pd-doped MoS2. Therefore, it is concluded that the XRD patterns suggest the fruitful
preparation of the MoS2 and Pd-doped MoS2, which is well matched with the JCPDS card
No. 37-1492 [43]. Further, an XPS study was executed to examine the chemical composition
of the Pd-doped MoS2. Figure 1b–d elucidate the XPS patterns of the Pd-doped MoS2

nanostructure. Figure 1b depicts the XPS patterns of Mo 3d peaks, which illustrates the
various peaks such as Mo4+ 3d5/2 (228.72 eV), Mo4+ 3d3/2 (231.85 eV), and Mo6+ 3d3/2

(234.88 eV). Figure 1c portrays the XPS spectrum of the S 2p peaks, revealing S2− 2p5/2

at 161.45 eV and S2− 2p1/2 at 162.83 eV. In addition, the observed Pd 3d peaks are Pd0

3d5/2 (335.5 eV), Pd2+ 3d5/2 (337.7 eV), Pd0 3d3/2 (340.56 eV), and Pd2+ 3d3/2 (342.2 eV).
Similar reports on MoS2 have been discussed in the literature, which justifies our XPS
results [44–46]. Therefore, it is determined that the XPS patterns approve the successful
synthesis of the Pd-doped MoS2.

Figure 2a,b reveal the SEM of the MoS2 at 2 μm and 1 μm scales. It shows the layered
sphere-like morphology of the MoS2. Figure 2c,d display the SEM of the Pd-doped MoS2

at different locations and magnifications. The SEM pictures in Figure 2c,d provide detailed
insights into the morphology of Pd-doped MoS2 nanolayers grown on Ni foam. Figure 2c
elucidates the SEM image at a 5 μm scale to explore the large view of the Pd-MoS2. Further,
Figure 2d depicts the SEM image at a 2 μm scale of the Pd-MoS2. It is observed that the
Pd-MoS2 deposited on the Ni-foam shows very thin layers. Interestingly, Pd doping may
significantly influence the crystallinity, uniformity, and fine-edge nanolayer of the Pd-MoS2.
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Moreover, various features such as growth conditions, synthesis temperature, time, doping
concentration, and annealing process also play vital roles in shaping the morphology of the
MoS2 [47,48]. Amazingly, it is apparent from SEM morphologies that the Pd-MoS2 offers a
high surface area and wrinkled nanolayers, which can be beneficial for methanol-mediated
hydrogen, oxygen evolution, and methanol-mediated overall water splitting. Likewise, the
shape of the Pd-MoS2 and MoS2 are also discussed using the TEM. Figure 3a–c divulge
the TEM morphologies of Pd-MoS2 at 50 nm, 10 nm, and 5 nm scale bars, respectively.
Figure 3d–f unveil the TEM pictures of Pd-MoS2 at 100 nm, 50 nm, and 10 nm scale
bars, respectively. Figure 3d discloses the TEM pictures at a 100 nm scale bar to discover
the morphology and layer shape of the Pd-MoS2. Figure 3e,f illustrate the even higher
magnification TEM images at 50 nm and 10 nm scales to check the layer bending and layers
overlapping on each other. Interestingly, it is also observed from TEM that the Pd-MoS2

nanolayers are stacked or slightly exfoliated, which is vital for applications depending on
surface interactions, such as methanol-mediated overall water splitting. Interestingly, these
TEM images at different scales collectively enhance the understanding of the structural
properties of the Pd-MoS2, indicating the successful synthesis of the Pd-MoS2 nanomaterial
and its potential applicability in methanol-mediated oxygen, hydrogen evolution, and
methanol-mediated overall water splitting.

Figure 1. (a) XRD results of MoS2 and Pd-MoS2. XPS results of the (b) Mo 3d, (c) S 2p, and (d) Pd 3d
peaks of Pd-MoS2.
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Figure 2. SEM pictures of the (a,b) MoS2 and (c,d) Pd-MoS2.

 

Figure 3. TEM pictures of the MoS2 at a scale bar of (a) 50 nm, (b) 10 nm, and (c) 5 nm. TEM pictures
of the Pd-MoS2 at a scale bar of (d) 100 nm, (e) 50 nm, and (f) 10 nm.
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In addition, the high-resolution transmission electron microscope (HRTEM) pictures
and fast Fourier transform (FFT) pictures deliver a comprehensive indulgence of the
structural features of Pd-MoS2. Figure 4a–e unveil the HRTEM pictures, magnified HRTEM
images, and FFT patterns of the Pd-MoS2. Figure 4a portrays the HRTEM images of
Pd-MoS2, illustrating various crystallites with lattice fringes. Figure 4b,d describe the
enlarged portion of the HRTEM image to measure and discuss the lattice spacings of the
Pd-MoS2. It is seen from HRTEM images that the lattice spacing of Pd-MoS2 is 0.26 nm.
Furthermore, Figure 4c,e define the FFT pattern of Pd-MoS2 from the selected area, as
revealed in Figure 4b,d. FFT patterns illustrate the lattice planes (100) of the Pd-MoS2.
Interestingly, the accuracy and uniqueness of the lattice fringes and FFT patterns suggest
a high-quality synthesis of the Pd-MoS2. Remarkably, the HRTEM and FFT results of
the Pd-MoS2 show the successful synthesis of the hexagonal crystal phase and are well
coordinated with the JCPDS card no. 37-1492 [49]. In addition, we studied the elemental
analysis of Pd-MoS2 using elemental mapping. Figure 5 exhibits the HAADF result and
analogous color maps of the Pd-MoS2, which shows the elemental mappings corresponding
to Mo, S, and Pd elements, providing a spatial distribution of these elements of the Pd-MoS2.
Combining the HAADF image and the elemental mappings offers compelling evidence that
Pd-MoS2 was successfully synthesized via the solvothermal method. Figure 5a designates
the high-angle annular dark field (HAADF) outcome of Pd-MoS2. Figure 5b,c portray
the elementals of Mo and S of the Pd-MoS2 from the HAADF image (Figure 5a). The Pd
element mapping is vital for confirming the doping of Pd into the Pd-MoS2 structure, as
exposed in Figure 5d.

 

Figure 4. (a) HRTEM picture, (b,d) HRTEM pictures of the selected locations, and the (c,e) FFT images
of the Pd-MoS2.

34



Inorganics 2025, 13, 21

 

Figure 5. (a) HAADF picture and color maps of (b) Mo, (c) S, and (d) Pd of Pd-MoS2.

The methanol-mediated oxygen evolution reaction (MM-OER) is a significant elec-
trochemical procedure for fuel cells. Figure 6 illustrates the MM-OER of the MoS2 and
Pd-MoS2 electrocatalysts at 5 mV s−1 in 1 M methanol + 1 M KOH. Figure 6a shows the
LSV results of the Pd-MoS2 and MoS2 electrocatalysts at 5 mV s−1 for the MM-OER. It is
seen that the Pd-MoS2 electrocatalyst unveils superior electrocatalytic performance for the
MM-OER compared to the pure MoS2 electrocatalyst. Furthermore, the current density
defines the maximum current achieved during the MM-OER for the MoS2 and Pd-MoS2 cat-
alysts. In addition, higher peak current densities designate higher electrocatalytic MM-OER
activities, signifying that the Pd-MoS2 electrocatalyst can facilitate a better MM-OER rate
than the pure MoS2 electrocatalyst. Further, the inset in Figure 6a illustrates the low-scale
results of LSV for Pd-MoS2 and MoS2 catalysts for MM-OER to elucidate the trends near
the 10 mA cm−2. Figure 6b displays the overpotentials of MoS2 and Pd-MoS2 catalysts
for MM-OER at 10 mA cm−2. The observed overpotentials of the Pd-MoS2 and MoS2 are
133 mV and 160 mV at 10 mA cm−2, respectively. Stimulatingly, palladium (Pd) in Pd-MoS2

is recognized for its brilliant electrocatalytic properties in MM-OER, which can enable the
adsorption and activation of methanol and other intermediates more effectively than the
MoS2 catalyst [50]. Figure 6c exhibits the Tafel curves of MoS2 and Pd-MoS2 catalysts for
MM-OER. The Pd-MoS2 and MoS2 electrocatalysts divulge the Tafel slopes of 112 mV dec−1

and 148 mV dec−1, respectively. Captivatingly, the Tafel slope delivers insight into the
rate-determining process and the efficiency of Pd-MoS2 and MoS2 catalysts in promoting
the kinetics of MM-OER. Interestingly, the Pd-MoS2 is a more efficient catalyst for MM-OER
than pure MoS2, supported by its lower Tafel slope, as revealed in Figure 6c. In addition,
the low Tafel slope of the Pd-MoS2 catalyst elucidates faster MM-OER reaction kinetics
and a more effective electrocatalytic process, attributing to the advantageous effects of
Pd doping. Further, Figure 6d displays the LSV plots of the Pd-MoS2 at 5 mV s−1, which
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depicts 157 mV, and 133 mV overpotential without and with methanol-mediated OER at
10 mA cm−2, respectively. Therefore, it is concluded that methanol played a decisive role
in the reduction in overpotentials during methanol-mediated OER. Figure 6e interprets
the EIS plots of the MoS2 and Pd-MoS2 at respective overpotentials of MM-OER, which
depicts the small series and charge-transfer resistance of the Pd-MoS2 compared with
MoS2. Figure 6f unveils the stability results of the Pd-MoS2 catalyst during MM-OER
throughout 18 h at 10 mA cm−2. Further, it is perceived that the Pd-MoS2 catalyst performs
consistently better for 18 h, suggesting its resilience and competence for long-term use
without degradation in MM-OER application at 10 mA cm−2.

 

Figure 6. Electrocatalytic methanol-mediated OER. (a) LSV results, (b) overpotential graphs, and
(c) Tafel graphs of the Pd-MoS2 and MoS2 electrocatalysts. (d) LSV curves of the Pd-MoS2 without
and with methanol. (e) EIS plots of the Pd-MoS2 and MoS2 electrocatalysts. (f) Durability assessment
at 10 mA cm−2 of the Pd-MoS2 catalyst over 18 h.

Figure 7 illustrates the methanol-mediated hydrogen evolution reaction (MM-HER)
of Pd-MoS2 and MoS2 catalysts. Figure 7a shows the LSV results of Pd-MoS2 and MoS2

electrocatalysts in 1 M methanol + 1 M KOH at 5 mV s−1. The MM-HER process illustrated
in Figure 7a demonstrates that the Pd-MoS2 catalyst offers superior performance compared
to pure MoS2. Further, it is also observed that nanomaterial modifications using Pd are
important for developing efficient and cost-effective Pd-MoS2 catalysts for MM-HER [51].
The LSV plots of MoS2 and Pd-MoS2 catalysts reveal a substantial understanding of the
electrocatalytic activity during MM-HER at 5 mV s−1. Figure 7b displays an overpotential
plot of the Pd-MoS2 and MoS2 electrocatalysts at −10 mA cm−2 for MM-HER. It is ob-
served that the Pd-MoS2 electrocatalyst divulges a lesser overpotential value of 224.6 mV
compared with the pure MoS2 catalyst of 251.8 mV at −10 mA cm−2. Further, the de-
cline in overpotential from 251.8 mV of the pure MoS2 catalyst to 224.6 mV of Pd-doped
MoS2 can attain the same reaction rate with less energy input because of a vast surface
area and excellent conductivity. The improvement in electrocatalytic performance in 1 M
methanol + 1 M KOH during MM-HER is due to Pd doping, which can be attributed to
several factors such as increased electronic conduction, better active site availability on the
Pd-MoS2 surface, and synergistic effects between Pd and MoS2, developing a cost-effective
and efficient MM-HER catalyst for clean and green hydrogen production [52]. Figure 7c
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exhibits the Tafel curves of Pd-MoS2 and MoS2 catalysts for MM-HER. Interestingly, the
Pd-MoS2 catalyst exhibits a low Tafel curve of 113 mV dec−1 comparable to the MoS2

catalyst of 115 mV dec−1. It is detected that the Pd-doped MoS2 catalyst displays a slightly
lower Tafel slope compared to the pure MoS2 catalyst, demonstrating upgraded charge
transfer kinetics and overall catalytic effectiveness in the methanol-mediated hydrogen
evolution reaction for hydrogen generation. On the other hand, the importance of Tafel
slope enhancement lies in faster reaction kinetics, higher energy efficiency, and greater
commercial feasibility, which makes the Pd-MoS2 catalyst an auspicious candidate for
MM-HER application [46]. Moreover, a low Tafel slope of the Pd-MoS2 catalyst corre-
sponds to the lower overpotential essential for achieving a −10 mA cm−2, as exposed in
Figure 7c, representing less energy consumption for hydrogen generation, which offers
methanol-mediated hydrogen generation process more energy efficient. Further, Figure 7d
displays the LSV plots of the Pd-MoS2 at 5 mV s−1 without and with methanol-mediated
HER. Interestingly, it is observed that the overpotentials are 269.6 mV, and 224.6 mV at
−10 mA cm−2 during without and with methanol-mediated HER, respectively. Figure 7e
explores the EIS spectra of the MoS2 and Pd-MoS2 at respective overpotentials of MM-HER,
which portrays the low series and charge-transfer resistance of the Pd-MoS2 compared
with MoS2. Figure 7f unveils a chronopotentiometry test to uncover the stability test of the
Pd-MoS2 during MM-HER at−10 mA cm−2. It is observed that the stability of the Pd-MoS2

catalyst slightly increased from 195.9 mV to 228.5 mV −10 mA cm−2. Fascinatingly, the
Pd-MoS2 electrocatalyst exhibits unique nanolayered morphology, which delivers a high
transport of charge carriers and plenty of active sites on the catalyst surface, facilitating
effective mass transport and enhanced exposure of active sites with the 1 M KOH and 1 M
methanol electrolyte ions, leading to excellent stability [53].

 

Figure 7. Electrocatalytic activities of methanol-mediated HER. (a) LSV results, (b) overpotential
graphs, and (c) Tafel graphs of Pd-MoS2 and MoS2 electrocatalysts. (d) LSV curves of the Pd-MoS2

without and with methanol. (e) EIS plots of the Pd-MoS2 and MoS2 electrocatalysts. (f) Durability
examination at −10 mA cm−2 for the Pd-MoS2 catalyst during 18 h.

Figure 8a–f illustrate the methanol-mediated overall water splitting (MM-OWS) of Pd-
MoS2‖Pd-MoS2 and MoS2‖MoS2 cells. Figure 8a shows the LSV results of the MoS2‖MoS2

cell and Pd-MoS2‖Pd-MoS2 cell for MM-OWS in a 1 M KOH + 1 M methanol electrolyte at
5 mV s−1. The catalytic performances of Pd-MoS2‖Pd-MoS2 and MoS2‖MoS2 are assessed
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by investigating the cell potential at 10 mA cm−2 in the LSV plot. Further, it is seen from
LSV plots that the Pd doping ominously enriches the electrocatalytic activities of the Pd-
MoS2‖Pd-MoS2 cell compared with the MoS2‖MoS2 cell in methanol-mediated overall water
splitting (MM-OWS). Figure 8b displays the cell potentials of the Pd-MoS2‖Pd-MoS2 cell
and MoS2‖MoS2 cell for MM-OWS at 10 mA cm−2. Fascinatingly, the lower potential of the
Pd-MoS2‖Pd-MoS2 cell (1.581 V) compared to the MoS2‖MoS2 cell (1.648 V) may be due to
the alterations of electronic properties, synergistic, and adsorption effects introduced by Pd
doping, which makes the Pd-MoS2‖Pd-MoS2 cell a more efficient for methanol-mediated
overall water splitting. Further, Figure 8c illustrates the LSV curves of the Pd-MoS2‖Pd-MoS2

cell at 5 mV s−1 without and with methanol-mediated OWS. Interestingly, it is observed
that the potentials of the Pd-MoS2‖Pd-MoS2 cell are 1.656 V and 1.581 V without and with
methanol-mediated HER at 10 mA cm−2, respectively. Figure 8d,e show the CV plots of the
non-Faradic region of the MoS2 and Pd-doped MoS2 catalysts to evaluate a double-layer
capacitance (Cdl) in 1 M KOH + 1 M methanol. Figure 8f,g elucidate the Cdl of MoS2 and
Pd-doped MoS2 catalysts, which were evaluated by the CV plots of the non-Faradic region
(Figure 8d,e). It is detected that the Pd-MoS2 divulges a high Cdl of 55.1 mF compared to
the MoS2 of 45.7 mF. Figure 8h reveals the stability test of the Pd-MoS2‖Pd-MoS2 cell for
MM-OWS throughout 18 h at 10 mA cm−2. In addition, it offers a cherished understanding
of the stability of the Pd-MoS2‖Pd-MoS2 cell in MM-OWS, signifying the capability for
long-term use over 18 h. The stability at 10 mA cm−2 supports the Pd-MoS2‖Pd-MoS2

cell’s appropriateness for enduring use in electrochemical methanol-mediated overall water
splitting application. Moreover, the strength of the Pd-MoS2‖Pd-MoS2 cell at 10 mA cm−2

for an extended period is decisive for hands-on applications of MM-OWS, as it suggests the
cell can reliably operate under typical conditions without significant degradation. This has
implications for the Pd-MoS2‖Pd-MoS2 cell’s longevity, cost-effectiveness, and commercial
viability. Moreover, the excellent methanol-mediated overall water splitting performances
of the Pd-MoS2 catalyst are due to numerous factors, such as a vast surface area due to a
layered structure for the adsorption and reaction of methanol and protons. Furthermore, Pd
doping improves the catalytic activity by facilitating the dehydrogenation and adsorption of
methanol and improving the hydrogen adsorption sites and the synergistic effects between
the MoS2 and Pd, increasing the electrical conductivity, which is crucial for efficient electron
transfer during both reactions in MM-OER and MM-HER. Figure 8i portrays the schematic
illustration of the operation of the Pd-MoS2‖Pd-MoS2 cell for methanol-mediated overall
water splitting. In the Pd-MoS2‖Pd-MoS2 cell configuration, the anodic side facilitates the
MM-OER reaction, generating electrons and protons; however, the cathodic electrode offers
the reaction mechanism for MM-HER.

Furthermore, Table 1 shows the assessment of the electrocatalytic activities of MoS2-
based catalysts in OER, HER, and OWS. The Co@NC@MoS2 catalyst displays a 297 mV over-
potential and elucidates excellent constancy throughout 10 h in 1.0 M KOH at 10 mA cm−2

for oxygen evolution reaction (OER) in 1 M KOH or 0.5 M H2SO4 [54]. Moreover, the
MoS2@Co catalyst reveals a 370 mV overpotential, exposing brilliant reliability over 20 h at
10 mA cm−2 for OER [55]. Further, the CoMnCr LDH@MoS2/NF catalyst divulges a 229
mV overpotential with outstanding stability for 24 h at 10 mA cm−2 for OER [56]. Also,
the MoS2@CoO catalyst discloses a 325 mV overpotential and good durability for 1000
cycles at 10 mA cm−2 for OER [57]. In addition, the Co-Sv-MoS2 catalyst unveils 190 mV
overpotential and robustness for 12 h at 10 mA cm−2 for OER [58]. Interestingly, the
RuO2 catalyst uncovers 199 mV overpotential and strength only for 5.5 h at 10 mA cm−2

for OER [59]. Remarkably, the LSC/MoS2 catalyst exposes a 284 mV overpotential and
long life over 1 h at −10 mA cm−2 for the hydrogen evolution reaction (HER) [60]. Curi-
ously, the 2H-MoS2 catalyst illustrates a 369 mV overpotential and robustness over 24 h at
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−10 mA cm−2 for HER [61]. In addition, the Ni/MoS2-1000 catalyst elucidates a 229 mV
overpotential and toughness over 2000 cycles at −10 mA cm−2 for HER [62]. Furthermore,
the MoS2 catalyst exposes nearly a 240 mV overpotential and robustness for ~47 h at
−10 mA cm−2 for HER [63]. Likewise, the SL-MoS2/CP catalyst reveals the overpotential
of 267 mV at −10 mA cm−2 and long-term stability for 12 h for HER [64]. Remarkably, the
Pt/C (20 wt.%) catalyst reveals a 43 mV overpotential and long endurance for 5000 cycles
at −10 mA cm−2 for HER [65]. Further, Fe-(NiS2/MoS2)/CNT‖Fe-(NiS2/MoS2)/CNT
reveals a 1.51 V potential and durability over 8 h at 10 mA cm−2 during overall water split-
ting (OWS) [66]. Additionally, CoFe2O4@MoS2/CC‖CoFe2O4@MoS2/CC displays 1.54 V
potential and cell life for 12 h at 20 mA cm−2 during overall water splitting (OWS) [67].
Interestingly, NiCo-MoS2-CW‖NiCo-MoS2-CW illustrates a 1.69 V potential at 50 mA cm−2

during OWS [68]. Fascinatingly, Co9S8/MnS/MoS2/NF-2‖Co9S8/MnS/MoS2/NF-2 eluci-
dates a 1.55 V potential and feasible operation for 26 h at 2.0 V during OWS [69]. Further,
1T-MoS2/Ni3S2/LDH‖1T-MoS2/Ni3S2/LDH elucidates a potential of 1.55 V and longstand-
ing operation for 20 h during OWS [70]. Interestingly, the present work (Pd-MoS2‖Pd-MoS2

catalyst) illustrates 133 mV and a 224.6 mV overpotential and stability over 18 h and 16 h
during a methanol-mediated OER and methanol-mediated HER. Additionally, the present
work (Pd-MoS2‖Pd-MoS2 cell) reveals a 1.581 V potential and working strength of 18 h dur-
ing methanol-mediated OWS. Therefore, it is concluded that the Pd-doped MoS2 catalyst
reveals excellent electrocatalytic properties in MM-OER, MM-HER, and MM-OWS.

 

Figure 8. Electrocatalytic activities of methanol-mediated OWS. (a) LSV curves, (b) cell potentials of the
MoS2‖MoS2 and Pd-MoS2‖Pd-MoS2, and (c) LSV curves of the Pd-MoS2‖Pd-MoS2 without and with
methanol. CV curves of the (d) MoS2 and (e) Pd-MoS2. Cdl graphs of the (f) MoS2 and (g) Pd-doped
MoS2 catalysts. (h) Steadiness test of the Pd-MoS2‖Pd-MoS2 over 18 h at 10 mA cm−2. (i) Graphic
drawing of the Pd-MoS2‖Pd-MoS2 cell configuration in methanol-mediated overall water splitting.
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Table 1. Assessment of the electrocatalytic properties of MoS2-based catalysts in OER, HER, and OWS.

S. No. Catalysts Electrolyte
Overpotential
(10 mA cm−2)

Stability
(10 mA cm−2)

Ref.

Oxygen evolution reaction (OER)/Methanol-mediated OER (MM-OER)

1 Co@NC@MoS2 1.0 M KOH 297 mV 10 h [54]

2 MoS2@Co 1.0 M KOH 370 mV 20 h [55]

3 CoMnCr LDH@MoS2/NF 1.0 M KOH 229 mV 24 h [56]

4 MoS2@CoO-coated carbon cloth 1.0 M KOH 325 mV 1000 cycles [57]

5 Co-Sv-MoS2 1.0 M KOH 190 mV 12 h [58]

6 RuO2 0.5 M H2SO4 199 mV ~5.5 h [59]

7 Pd-MoS2
(MM-OER)

1.0 M KOH +
1.0 M Methanol 133 mV 18 h This

work

Hydrogen evolution reaction (HER)/Methanol-mediated HER (MM-HER)

8 LSC/MoS2 1.0 M KOH 284 mV 1 h [60]

9 2H-MoS2 0.5 M H2SO4 369 mV 24 h [61]

10 Ni/MoS2-1000 0.5 M H2SO4 229 mV 2000 cycles [62]

11 MoS2 0.5 M H2SO4 ~240 mV ~47 h [63]

12 SL-MoS2/CP 0.5 M H2SO4 267 mV 12 h [64]

13 Pt/C (20 wt.%) 1.0 M KOH 43 mV 5000 cycles [65]

14 Pd-MoS2
(MM-HER)

1.0 M KOH +
1.0 M Methanol 224.6 mV 16 h This

work

Overall water splitting (OWS)/Methanol-mediated OWS (MM-OWS)

15 Fe-(NiS2/MoS2)/CNT‖Fe-
(NiS2/MoS2)/CNT 1.0 M KOH 1.51 V 8 h [66]

16 CoFe2O4@MoS2/CC‖CoFe2O4@MoS2/CC 1.0 M KOH 1.54 V 12 h @20 mA
cm−2 [67]

17 NiCo-MoS2-CW‖NiCo-MoS2-CW 1.0 M KOH 1.69 V
@50 mA cm−2 -- [68]

18 Co9S8/MnS/MoS2/NF-
2‖Co9S8/MnS/MoS2/NF-2 1.0 M KOH 1.55 mV 26 h @2.0 V [69]

19 1T-MoS2/Ni3S2/LDH‖1T-
MoS2/Ni3S2/LDH 1.0 M KOH 1.55 mV 20 h [70]

20 Pd-MoS2‖Pd-MoS2
(MM-OWS)

1.0 M KOH +
1.0 M Methanol

1.581 V cell
potential 18 h This

work

3. Synthesis Method

All the chemicals used were purchased from Sigma Aldrich, Seoul, Korea. This study
synthesized Pd-doped MoS2 and MoS2 using a solvothermal procedure. Initially, 30 mL of
ethanol and 30 mL of deionized water were dissolved in a 100 mL glass beaker to prepare
the solvent. Subsequently, 16 mg of C2H5NS and 4 mmol of Na2MoO2·2H2O were added
to the solvent and blended using a magnetic stirrer. A Pd solution was obtained by melting
2 mg of PdCl2 in 20 mL of the solvent mixture (10 mL deionized water and 10 mL ethanol)
under sonication and magnetic stirring for several hours until it dissolved. While stirring
the initial mixture, 1 mL of Pd solution was slowly added to the molybdenum and sulfur
precursor solution. Further, the whole solution was then moved into a 100 mL autoclave.
The 2 cm× 3 cm slice of cleaned Ni-foam substrate was placed into the autoclave containing
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the above solution. The Teflon autoclave was closed and preserved in an oven for 18 h at
180 ◦C to facilitate the synthesis. The Ni-foam, now deposited with Pd-doped MoS2, was
cleaned carefully with ethanol and water to exclude undesired residues. Ultimately, the
cleaned Ni-foam was dehydrated in a vacuum oven at 90 ◦C for 15 h. Likewise, MoS2 was
prepared through the above process without a Pd precursor.

The Pd-MoS2 shape was precisely studied by the scanning electron microscope (SEM)
[S-4800 HITACHI, Ltd., Tokyo, Japan]. Furthermore, the structure, morphology, and Pd, S,
and Mo elements of the Pd-MoS2 were analyzed using TEM, HRTEM, and color mapping
by JEOL [JEM-2100F, JEOL Ltd., Tokyo, Japan]. The crystal nanostructures of the Pd-doped
MoS2 and MoS2 were analyzed by X-ray diffraction (XRD) with a PANalytical apparatus.
Additionally, X-ray photoelectron spectroscopy (XPS) was employed to inspect the chem-
ical properties of the Pd-doped MoS2 using a Thermo Scientific system (Winsford, UK)
furnished with the source of an Al K-alpha X-ray (400 μm). In addition, the methanol-
mediated oxygen evolution reaction (MM-OER), methanol-mediated hydrogen evolution
reaction (MM-HER), and methanol-mediated overall water splitting (MM-OWS) of the
Pd-MoS2 and MoS2 electrocatalysts were systematically inspected via the electrochemi-
cal VersaSTAT3 (Princeton Applied Research) workstation. The MM-OER and MM-HER
performances of the Pd-MoS2 and MoS2 catalysts were studied in a three-electrode con-
figuration in a 1.0 M methanol + 1.0 M KOH. The MoS2 and Pd-MoS2 catalysts, graphite
sheet, and Ag/AgCl were employed as working, counter, and reference electrodes, re-
spectively. Further, the MM-OWS was inspected in the two-electrode configuration in
1.0 M KOH + 1.0 M methanol, in which MoS2 or Pd-MoS2 were utilized in both cathode
and anode electrodes. The linear sweep voltammetry (LSV) of the Pd-MoS2 and MoS2

catalysts were examined at 5 mV s−1. In addition, the Tafel graphs of the Pd-MoS2 and
MoS2 catalysts were evaluated via LSV results, by applying η = a + b log j, where b is the
Tafel slope, j is the current density, a is the transfer coefficient, and η is the overpotential.
The observed potential vs. Ag/AgCl was changed in the reversible hydrogen electrode
(RHE) using ERHE = E

◦
Ag/AgCl + EAg/AgCl + 0.059 × pH.

4. Conclusions

In conclusion, this paper explored the potential of palladium (Pd) doping in MoS2

for enhancing catalytic performances in methanol-mediated overall water splitting. The
Pd-MoS2 catalyst highlights several significant advancements and insights, including
enhanced electrocatalytic performances and strength. The Pd doping in MoS2 shows small
Tafel slopes and low overpotential in MM-OER and MM-HER. Further, the Pd-MoS2‖Pd-
MoS2 cell depicts low cell potential and brilliant robustness over 18 h at 10 mA cm−2.
Consequently, it is anticipated that this approach offers a promising route toward practical
and sustainable hydrogen generation because of the unique properties of the Pd-MoS2

electrocatalyst and the beneficial effects of methanol in KOH electrolytes.
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Abstract: Indium oxide (In2O3) is a promising anode material for next-generation lithium-ion batter-
ies and is prized for its high electrical conductivity, environmental friendliness, and high theoretical
capacity. However, its practical application is significantly limited by severe volume expansion
and contraction during the lithium insertion/extraction process. This volume change disrupts the
solid electrolyte interphase (SEI) and degrades contact with the current collector, undermining bat-
tery performance. Although the nano-structured design of In2O3 can mitigate the volume effect to
some extent, pure In2O3 nanomaterials are prone to agglomeration during frequent charging and
discharging. The pure In2O3-based electrode shows a sustained and rapid capacity degradation.
In this study, we embed ultrafine In2O3 particles in a carbon nanofiber framework using electro-
spinning and thermal annealing. The 1D carbon nanofiber structure provides an effective electronic
conductive network and reduces the length of lithium-iondiffusion, which enhances the reactivity of
the nanocomposite and improves electrode kinetics. Additionally, the carbon nanofiber framework
isolates ultrafine In2O3 particles, preventing their aggregation. The small volume changes due to
the ultrafine size of the In2O3 are buffered by the carbon materials, allowing the overall structure
of the In2O3/C composite nanofiber to remain largely intact without crushing during charging and
discharging cycles. This stability helps avoid electrode fracture and excessive SEI growth, resulting
in superior cycle and rate performance compared with the pure In2O3 nanofiber electrodes.

Keywords: In2O3/C nanocomposite; negative electrode; lithium-ion batteries

1. Introduction

In recent years, stimulated by various preferential policies, the global energy landscape
has undergone significant changes; new renewable energy sources, such as solar energy,
wind energy, and tidal energy, are rapidly developing and partially replacing the market of
fossil energy. However, limited by various factors such as weather, climate, geography, etc.,
the power generated by these new renewable energy sources is unstable; thus, supporting
energy storage technologies should also be supplied to ensure the sustainable development
of the new energy industry. Among them, lithium-ion batteries play a key role in large-
scale energy storage due to their high energy density, environmental friendliness, and long
lifespan [1–7].

As typical secondary rechargeable batteries [8–13], lithium-ion batteries (LIBs) have
been widely investigated in view of their rocking chair working principle [14]. During
the charging process, lithium ions from the positive electrode migrate to the negative
electrode through the separator inside the battery, while the corresponding electrons from
the positive electrode are transferred to the negative electrode through the external circuit.
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In the discharge process, ions and electrons return to the negative electrode through the
battery’s internal separator and outer circuitry, respectively. The performance of a battery is
mainly determined by its positive and negative electrode materials, and the commonly used
commercial positive electrode materials are mainly transition metal oxides and phosphides
containing lithium. For the negative electrode, the current commercially available material
is graphite, which has low and stable lithium insertion/extraction working potential;
however, the theoretical capacity of graphite is only 372 mAh g−1, and such a low actual
capacity greatly limits the overall performance improvement of lithium-ion batteries; thus,
both academia and enterprises are developing high-capacity negative electrode materials
to meet urgent increasing needs.

Various novel negative electrode materials have been intensely explored, includ-
ing intercalation-type materials (Li4Ti5O12, TiO2) [15–17], transition metal oxides (TiO2,
NiO, Fe3O4, CoO) [18–26], or sulfides (Ni3S2, CoS, MnS) [27–31], which can store lithium
via a conversion reaction mechanism. The typical electrochemical reaction equation is
MN + Li←→M + LiN, where M is a transition metal and N is O or S, the theoretical re-
versible capacity > 600 mAh g−1; however, these transition metal-based negative electrode
materials suffer high hysteresis voltage in the charge/discharge process, and the corre-
sponding lithium extraction working platform ranges from 1.0 to 2.5 V vs. Li/Li+. Such a
high working potential will lower the output voltage and energy density of the full battery.
On the contrary, many group 3, 4, and 5 elements like Ga, In, Si, Ge, Sn, and Sb [32–36]
can reversibly form alloys with lithium at a relatively low working platform (0.1–1.0 V vs.
Li/Li+) and high theoretical capacity (600–4200 mAh g−1); despite the tempting advan-
tages, these electrode materials have insufficient reactivity when alloying with lithium; as a
result, the actual capacity is far below the theoretical value, and the rate performance is
rather poor.

On the other hand, group 3–5 element-based oxides (GeO2 [37], In2O3, SiO, SnO,
SbO) [38,39] not only retain a low alloying potential, but also exhibit relatively high elec-
trochemical reactivity; among them, In2O3 has aroused increasing interest in consider-
ation of it environmental friendliness, high electrical conductivity, and high theoretical
reversible capacity (580 mAh g−1 when In2O3 holds 4 Li, 965 mAh g−1 when In2O3 holds
10 Li) [40,41]. Nevertheless, despite the significant advantages mentioned above, the prac-
tical application of In2O3 as a negative electrode is largely limited by the severe volume
expansion/contraction in the repeated lithium insertion/extraction process; such volume
change cracks the formed SEI (solid electrolyte interphase, which originates from the ir-
reversible decomposition of organic electrolytes on the surface of active materials) layer;
thus, part of the active material is re-exposed in the electrolyte and induces the repeated
growth of SEI, and the unstable SEI growth hinders the diffusion rate of lithium ions; even
worse, some active materials are forced to detach from the current collector, leading to low
Coulombic efficiency, rapid capacity degradation, and unsatisfactory rate performance of
the bulk material-based electrodes.

Multiple strategies have been proposed to respond to the aforementioned challenges.
The primary measure is to design various In2O3 nanomaterials such as nanoparticles,
nanosheets, and nanospheres [42–45]; nanostructured materials with high specific surface
area not only provide a large number of electrochemical reaction sites, but also greatly
reduce the diffusion distance of lithium ions. Moreover, the rich pore volume of nano-
materials buffers the volume change and relieves the electrode stress. To sum up, the
In2O3 nanomaterial-based electrodes exhibit superior electrochemical lithium storage
performance compared with bulk-based electrodes. However, the free energy of the nanos-
tructured sample is much higher than that of the bulk sample; thus, in order to maintain
the stability of the system, nanostructured In2O3 tends to spontaneously aggregate during
repeated charge and discharge processes [46]. As a consequence, the corresponding electro-
chemical performance significantly decreases when the initial nanostructure is gradually
destroyed after dozens of cycles.
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Regarding this issue, researchers have introduced a variety of foreign materials (metal,
carbon, or metal oxide) [47] to composite with nanostructured In2O3 to further improve
its electrochemical performance. Typical carbon materials like graphene and conduct-
ing polymers have a relatively high elastic modulus and appropriately accommodate
stress caused by volume effects. Nevertheless, the low proportion of carbon coating
on In2O3 nanomaterial cannot maintain its structure in long-term cycling; on the other
hand, the high proportion of carbon coating will lower the overall specific capacity of
the In2O3/C compound. Thus, it is still a challenge an achievement of highly dispersed
In2O3/C nanocomposites to maintain a durable and stable electrode structure in the re-
peated lithium insertion/extraction reactions.

Herein, ultrafine In2O3 particles are uniformly embedded inside the carbon nanofiber
framework via electrospinning and thermal annealing. Firstly, the 1D carbon nanofiber sup-
plies a good electronic conductive network and lowers the diffusion length of lithium ions,
which is beneficial for enhancing the reactivity of the nanocomposite and improving elec-
trode kinetics. Secondly, the ultrafine In2O3 particles are isolated by the carbon nanofiber
framework, preventing In2O3 nanoparticles from aggregating with each other. Thirdly, the
relatively small volume change caused by the ultrafine size of indium oxide is buffered
by carbon materials, the overall structure of the In2O3/C composite nanofibers remains
largely intact without crushing during the charge and discharge processes, avoiding the
electrode fracture and excessive growth of the SEI layer. Therefore, the In2O3/C composite
nanofibers electrode exhibits superior cycle performance and rate performance compared
with the pure In2O3/C nanofiber electrode.

2. Results and Discussion

Figure 1 presents the morphological characterization of the In2O3 nanofibers sample,
which was prepared via calcining the precursor of the electrospinning product at a high
temperature in an air atmosphere. From the SEM images (Figure 1a,b), we can see randomly
distributed In2O3 nanofibers of 1~2 microns in length and 100~200 nanometers in diameter.
From the TEM images (Figure 1c,d), one can clearly see that the rough In2O3 nanofiber is
composed of a large number of nanoparticles, which are proved to be highly crystalline
In2O3 by HRTEM observation in Figure 1e. Moreover, several clear selected area electron
diffraction rings (SAED, Figure 1f) confirm that the nanofiber sample is polycrystalline. No
carbon material can be examined inside the nanofiber because the PVP carbon source is
calcined and decomposed in air.

The comprehensive morphological characterization of prepared In2O3/C composite
nanofibers is displayed in Figure 2. From the low magnification SEM image (Figure 2a), we
can see that a large number of nanofibers are interwoven together with a length exceeding
10 microns, which is much longer than pure In2O3 nanofibers (in Figure 1a); the relatively
long fiber scale indicates that In2O3/C composite nanofibers have higher strength and can
resist mechanical strain during the annealing process; therefore, the high stress of active
materials can also resist stress caused by volume changes during the lithiation/delithiation
process [48,49]. From the enlarged SEM images in Figure 2b,c, one can see that the surface
of In2O3/C composite nanofibers is relatively smooth compared with the In2O3 nanofibers
sample; the smooth surface is due to the fact that numerous tiny In2O3 particles are
embedded inside the nanofibers framework during the annealing process in an argon
atmosphere, and such a structure reduces the size of active In2O3. Moreover, the carbon
framework prevents the aggregation of In2O3 and helps maintain the integrity of the
electrode during cyclic testing. A more detailed morphological structure is observed by
the TEM image in Figure 2d–f; no obvious particles can be examined inside the composite
nanofibers, proving that tiny In2O3 particles are highly dispersed in the carbon framework.
Additionally, the relatively blurry SAED rings (the insert in Figure 2e) indicate the low
crystallinity of In2O3 particles in the composite nanofibers, which is consistent with the
SEM and TEM characterization results. In addition, Figure 2g–k present the element

48



Inorganics 2024, 12, 336

mapping of a single composite nanofiber, from which one can see that In, C, N, and O
elements are uniformly dispersed in the In2O3/C composite nanofibers sample.

 

Figure 1. Morphological characterization of the In2O3 nanofibers sample. (a,b) SEM images,
(c–e) TEM images, (f) SAED patterns.

Figure 2. Morphological characterization of In2O3/C composite nanofibers sample. (a–c) SEM images,
(d,e) TEM images, SAED patterns in the insert of (e), (f) HRTEM image, (g–k) the elemental maps.

Figure 3a records the X-ray diffraction (XRD) patterns of the prepared In2O3 nanofiber
and In2O3/C composite nanofiber samples; the main diffraction peaks of the two nanofiber
samples match well with cubic In2O3 (JCPDS 06-0416); on the other hand, the diffrac-
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tion peaks of the In2O3/C composite nanofibers sample is wider than that of the pure
In2O3 nanofibers sample, implying the smaller size and lower crystallinity of In2O3 in
the composite nanofibers, which is in good agreement with the above SEM and TEM
research results. Furthermore, no obvious diffraction peaks of carbon material can be
examined from the XRD patterns, indicating that the carbon material is highly amorphous
in the In2O3/C composite nanofibers. Meanwhile, the detailed surface composition of
In2O3/C composite nanofibers is studied using X-ray photoelectron spectroscopy (XPS);
from the full XPS spectrum curve in Figure 3b, we can clearly see the presence of In, O, C,
and N elements in the sample; these four detected elements are completely consistent with
the TEM element mapping results. The high-resolution XPS spectrum of In 3d shows two
adjacent peaks at about 454.6 and 445.0 eV, which corresponds to In 3d3/2 and In 3d1/2 of
In4+, respectively. Moreover, according to the fitting results in Figure 3c, we can see the
precise C 1s peak can be fitted into four peaks with bonding energies at 284.7, 285.4, 286.3,
and 287.6 eV, which correspond to the C-C, C-N, C-O, and O-C=O groups, respectively.
The precise N 1s (Figure 3e) peak consists of graphitic N (at about 400.4 eV), pyrrolic N
(at about 399.0 eV), and pyridinic N (at about 398.4 eV). Significantly, the high-resolution
O 1s peak is composed of a large proportion of O-In and a small amount of C-O, C=O
groups. Thus, on the basis of the above characterizations and analysis, we can conclude
that C, N, and a small amount of O elements originate from the PVP binder, while In and
the remaining O elements originate from the indium oxide particles.

Figure 3. (a) XRD patterns In2O3 nanofibers and In2O3/C composite nanofibers. (b) Full XPS
spectrum of In2O3/C composite nanofibers, (c–f) High-resolution In 3d, C 1s, N 1s, and O1s XPS
spectrum of In2O3/C composite nanofibers.

A series of electrochemical tests were conducted to evaluate the lithium storage
performance of the two kinds of nanofiber electrodes. Figure 4a,c present the CV curves
of the In2O3 nanofibers and In2O3/C composite nanofibers electrode at a scan rate of
0.2 mV s−1 for the initial five cycles, respectively. These two electrodes exhibit similar
but distinct profiles; they both deliver a prominent broad peak at about 0.48 V in the first
reduction scan curve, which is mainly related to the generation of the SEI layer. Two
obvious reduction peaks at about 0.8 and 0.4 V can be recorded in the next reduction
scan curves, which correspond to the conversion reaction (In2O3 + 6Li −→ 2In + 3Li2O)
and alloying reaction (In + xLi −→ InLix), respectively. Notably, during the subsequent
anodic scan process, the two nanofiber electrodes deliver two significant oxidation peaks at
0.45 and 0.70 V, which can be attributed to the gradual dealloying reaction of the indium
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lithium alloy (InLix−→ In + xLi) [42,47]. In addition, the higher anodic peaks (range from
1.0–2.0 V) correspond to the part oxidation of In to In2O3 (2In + 3Li2O −→ In2O3 + 6Li) [40].
Based on the peaks position analysis above, the electrochemical lithium storage reactions
process can be summarized as follows:

In2O3 + 6Li −→ 2In + 3Li2O (1)

In + xLi←→ InLix (2)

Figure 4. Electrochemical characterization of two nanofiber-based half cells; (a) CV curves and
(b) charge–discharge profiles of In2O3 nanofibers electrode in the initial 5 cycles, (c) CV curves
and (e) charge–discharge profiles of In2O3/C composite nanofibers electrode in the initial 5 cycles,
(d) cyclic performance and Coulombic efficiency curves of the two nanofiber-based electrodes, (f) rate
performance for the two nanofiber-based electrodes, (g) capacity retention of these two electrodes at
different current densities.

It should be emphasized that the In2O3/C composite nanofibers electrode exhibits
weaker oxidation-reduction peaks compared to the In2O3 nanofibers electrode; such a
phenomenon is mainly due to the fact that the carbon nanofiber framework prevents direct
contact between lithium and In2O3 in the In2O3/C nanofibers electrode. The corresponding
typical charge–discharge profiles of the In2O3 nanofiber and In2O3/C composite nanofiber
electrodes are demonstrated in Figure 4b,e, respectively. The initial discharge capacity of
these two electrodes is significantly higher than their charge capacity; the large irreversible
capacity is mainly due to the irreversible decomposition of the electrolyte into the SEI
layer. Moreover, the In2O3/C composite nanofibers electrode delivers a weaker charging
and discharging platform compared with the In2O3 composite nanofibers electrode, which
is consistent with the CV testing and analysis. The detailed cycling performance and
Coulombic efficiency of the two electrodes at a constant current of 0.3 A g−1 are plot-
ted in Figure 4d; it can be seen that the In2O3/C composite nanofiber electrode’s (olive
dots) capacity tends to stabilize after several cycles; the delivered reversible capacity is
571 mAh g−1 after 200 charge/discharge cycles. On the other hand, the In2O3 nanofibers
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electrode (red dots) undergoes a sustained and rapid decay; its corresponding reversible
capacity is only 269 mAh g−1 after 40 charge/discharge cycles.

Moreover, by observing the upper part of Figure 4d, we can see that the measured
Coulombic efficiency of the In2O3/C composite nanofibers electrode (purple dots) is higher
than that of the In2O3 nanofibers electrode (green dots), indicating that the In2O3/C
composite nanofibers have a more stable SEI layer and superior reversible lithium storage
capabilities compared with the In2O3 nanofibers sample.

In order to further compare their rate performance, the two nanofiber electrodes
were tested at different current densities as shown in Figure 4f; the measured average
reversible capacities of the In2O3/C composite nanofibers electrode are 544, 423, 365, 312,
and 264 mAh g−1 at current densities of 0.2, 0.4, 0.8, 1.6, and 3.2 A g−1, respectively. In
contrast, the delivered capacities of the In2O3 nanofibers electrode are 663, 457, 344, 244,
and 148 mAh g−1 at the same test current densities. The In2O3/C composite nanofiber
electrode’s capacity can restore to 470 mAh g−1 when the current density is set back to
0.2 A g−1. By contrast, the recovery capacity of the pure In2O3 nanofibers electrode is only
418 mAh g−1. In addition, the average capacity retention rates vs. current densities of the
two nanofiber electrodes are recorded in Figure 4g; the reversible capacity retention rates of
the In2O3/C composite nanofibers electrode are 100%, 78%, 67%, 57%, and 48% at 0.2, 0.4,
0.8, 1.6, and 3.2 A g−1; the corresponding capacity retention rates of the In2O3 nanofibers
electrode are 100%, 69%, 51%, 37%, and 22%. Thus, based on the above electrochemical
testing and some recent reported In2O3 and carbonaceous materials in Table 1, we can
conclude that the In2O3/C composite nanofibers electrode has better cycling stability and
rate performance compared with the In2O3 nanofibers electrode.

Table 1. Electrochemical performance comparison table of present In2O3/C composite nanofibers
with recent reported In2O3 and carbonaceous materials.

Electrode Description
Current Density

(mA g−1 )
Cycle Number

Reversible Capacity
(mAh g−1 )

High Rate Capability Reference

In2O3/C composite nanofibers 300 200 571 264 mAh g−1 at 3.2 A g−1 This work

SnO2–In2O3/GNS 60 50 969 263 mAh g−1 at 0.6 A g−1 [40]

C/In2O3 nanosheets 100 100 893 379 mAh g−1 at 2 A g−1 [43]

In2O3/HPNC 1000 2000 623 139 mAh g−1 at 20 A g−1 [44]

In2O3/C fibers 100 500 435 190 mAh g−1 at 1.5 A g−1 [41]

In2O3 NC-EBA 200 100 910 316 mAh g−1 at 20 A g−1 [38]

In2O3/carbon 100 150 720 140 mAh g−1 at 1.0 A g−1 [47]

In order to better reveal the excellent lithium storage mechanism of the In2O3/C
composite nanofibers, the cycled cells were put back into the glove box and disassem-
bled to remove the working electrode. After washing away the residual electrolyte with
propylene carbonate solvent, the cycled In2O3/C nanofibers sample was characterized as
shown in Figure 5. From the SEM images in Figure 5a,b, we can see that the sample after
cycling still maintains its typical nanofiber structure; moreover, the enlarged TEM images in
Figure 5c,d demonstrate that the composite nanofibers have become rougher after cycling,
which is mainly due to the formation of the SEI layer. Moreover, the element mapping
demonstrates the existence of the In, C, O, N, F, and P elements of the cycled In2O3/C
nanofiber (Figure 5e–j); compared with the pristine sample element mapping in Figure 2,
the appearance F and P elements (Figure 5i,j) comes from the SEI layer, which involves
the reversible decomposition of the LiPF6-based electrolyte. On the whole, the In2O3/C
nanofibers can buffer stress changes during the charging and discharging process. In addi-
tion, Electrochemical impedance spectroscopy (EIS) of In2O3/C composite nanofiber and
pure In2O3 nanofiber electrodes after cycling is shown in Figure 6; the Nyquist data consist
of a semicircle (at the high-medium frequency region) and a line (at the low frequency
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region); we can see that the Rct (charge transfer, which can be obtained from the intercept
of the semicircle on the X-axis) values of the In2O3/C composite nanofibers electrode
and the In2O3 nanofibers electrode are about 58.5 and 205.5 Ω, respectively. The smaller
resistance indicates that the In2O3/C composite nanofibers electrode possesses superior
kinetics compared with the In2O3 nanofibers electrode.

Figure 5. Morphological characterization of In2O3/C composite nanofibers sample after cycling.
(a,b) SEM images and (c,d) TEM images. (e–j) elemental maps.

Figure 6. Electrochemical impedance spectroscopy of the In2O3/C composite nanofiber and the
In2O3 nanofiber electrodes after cycling.

3. Materials and Methods

3.1. Synthesis of Sample

The present indium oxide-based nanofibers were prepared by typical electrostatic
spinning technology and thermal annealing process; the first step mainly involves prepar-
ing a suitable spinning gel solution; a primary, 1.2 g polyvinylpyrrolidone (PVP, purchased
from Sigma Aldrich, Steinheim, Germany) polymer with molecular weight of 1,300,000
was mixed into 8 g N,N-dimethylformamide solvent (DMF, purchased from Innochem,
Beijing, China); the mixed solution was continuously stirred by magnetic force for about
4 h until the binder was completely dissolved; then, 0.6 g In(NO3)3·H2O (purchase from
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Innochem, Beijing, China) was placed in the mixed solution; the electrospinning precur-
sor solution was finally prepared when the mixed solution was further stirred to form a
uniform viscous gel.

The second step was to convert the precursor gel solution into nanofibers via electro-
spinning technology. The obtained precursor gel solution was inhaled into a 5 mL plastic
injection coupling with stainless steel needle; the inner diameter of the stainless steel needle
was about 0.5 mm. The plastic injection filled with precursor gel solution was loaded on
an electrospinning machine (WL-2, Beijing Aibo Zhiye Ion Technology Limited Company,
Beijing, China), the gel solution was evenly pushed out from the syringe by the propeller
with speed about 1.5 mL per hour, and the stainless steel needle was connected with the
high-voltage positive wire of the power supply with a positive voltage of 13.5 kV. The
gel solution coming out of the needle was stretched into nanofibers under the action of
a strong electric field during the electrospinning process; simultaneously, the rapid DMF
solvent evaporation lead to nanofiber solidification, the electrospinning nanofibers product
was collected by a grounded drum with a rotation speed of 40 revolutions per minute,
the straight-line distance between the stainless steel needle tip and the drum was approxi-
mately 13 cm, and the temperature and humidity inside the electrospinning machine were
about 30 ◦C and 40%, respectively.

When the gel solution was completely exhausted, the electrospinning product was
carefully peeled off from the drum. Immediately, the product was placed in an 80 ◦C
oven for 6 h to dry the adsorbed water and residual solvents; after that, the sharped
electrospinning nanofibers sample was placed in a 260 ◦C muffle furnace in air for about
4 h; the relatively low oxidation temperature is sufficient to oxidize indium nitrate but does
not completely calcine the PVP carbon source. Finally, the pre-oxidized nanofibers sample
was put into a tube furnace filled with argon atmosphere at 600 ◦C for 4 h; such relatively
high temperature is sufficient to carbonize PVP without reducing indium oxide. Thus,
In2O3 and carbon materials were in situ compounded in the nanofibers. As a comparison,
the In2O3 nanofibers sample was obtained by calcining the pre-oxidized nanofibers in air
at 600 ◦C for 4 h to completely remove the PVP carbon source.

3.2. Material Characterization

The composition of the obtained sample was examined using X-ray diffraction equip-
ment (XRD, Rigaku D/Max-2400 diffractometer, Tokoy, Japan); the wavelength of the
incident electromagnetic wave is 0.15406 nm, which originates from the transition from L
layer electrons to K layer electrons in metallic copper. The diffraction angle of the sample
was set between 10 and 80◦ with a scanning speed of 5◦ min−1. The detailed sample
elemental composition, chemical valence, and bonding energy were studied by X-ray pho-
toelectron spectroscopy (XPS, Kratos AXISUltra DLD, Manchester, UK); the photoelectrons
were generated by the transition of electrons from the L layer to the K layer in aluminum
metal, the corresponding energy was 1486.6 eV, the sample testing was conducted in a high
vacuum environment, and XPS Peak software was applied to fit the high-resolution spectra.

The precise microstructure of the sample was characterized by field-emission scanning
electron microscopy (FE-SEM, S-4800, Hitachi, Tokoy, Japan) and FEI transmission electron
microscopy (TEM, FEI, Tecnai G2 F20, Waltham, MA, USA). In order to conduct SEM
observation, the prepared nanofibers sample was adhered on a metal tray with conductive
adhesive. To prepare the TEM observation, a small amount of the nanofibers sample was
sonicated and dispersed in an alcohol solvent for about 10 min; subsequently, a dropper
was applied to extract the mixed solution and drop it onto a microgrid; after drying the
residual alcohol, the microgrid was sent into the sample chamber for vacuum pumping.

3.3. Cell Preparation and Testing

The electrochemical lithium storage performance of prepared In2O3 nanofibers and
In2O3/C composite nanofibers were investigated by assembling half cells. The working
electrodes were fabricated via the conventional slurry approach. Briefly, the active materials
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of the nanofibers sample, acetylene black (as a conductive agent) and sodium alginate (as a
binder), were accurately weighed with mass ratio of 8:1:1; these three components were
manually ground and mixed in an agate mortar for about 1 h, and then an appropriate
amount of deionized water was added to the mixture and continuously stirred to form a
viscous slurry, which was evenly coated on the surface of copper foil by a scraper. After
drying the deionized water solvent in a vacuum oven, the coated copper foil was sliced
into small circular pieces with a diameter of 12 mm as working electrodes.

Next, the cells were assembled in a glove box (Etelux, Beijing, China) filled with inert
gas atmosphere (the concentration of argon gas is higher than 99.9%); the prepared working
electrode, glass fiber (as a separator), lithium metal foil (as a reference electrode and counter
electrode), stainless steel gasket, and spring sheet were sequentially placed into the positive
electrode shell; subsequently, approximately 120 μL of organic electrolyte (1 M LiPF6
dissolved in ethylene carbonate (EC) and dimethyl carbonate (DEC)) was dropped into
the cell, and then the negative electrode shell was placed on top of the positive electrode
case. Finally, the two sides of the cells were sealed using a hydraulic press. In order to
allow the electrolyte to fully infiltrate the battery system, the assembled cells were taken
out of the glove box and aged for about 24 h; the open circuit voltage of these half cells was
approximately 2.0–3.5 V. The cycling and rate performance of the batteries were evaluated
on a battery testing channel (BTS-610, Neware, Shenzhen, China). The corresponding cyclic
voltammetry (CV) was conducted on electrochemical workstation (CHI-660E, Chenhua,
Shanghai, China), Electrochemical impedance spectroscopy (EIS) was carried out in the
frequency range of 0.01–100,000 Hz with an applied perturbation voltage of 5 mV, and all
of these electrochemical test voltage windows ranged from 0.01 to 3.0 V vs. Li+/Li.

4. Conclusions

In summary, we have encapsulated ultrafine In2O3 particles in a carbon nanofiber
framework as an advanced negative electrode material for LIBs; the carbon nanofiber
framework isolating In2O3 particles prevents the agglomeration of active materials and
the uncontrollable growth of SEI, and the volume changes in ultrafine In2O3 particles are
buffered by the carbon materials, allowing the overall structure of the In2O3/C composite
nanofiber to remain largely intact without crushing during charging and discharging cycles,
which enables superior cycle performance of the In2O3/C composite nanofibers electrode
(571 mAh g−1 after 200 cycles at 0.3 A g−1). Moreover, the carbon nanofiber structure
provides an effective electronic conductive network and reduces the length of lithium-
iondiffusion, which enhances the reactivity of the In2O3/C nanocomposite and improves
electrode kinetics (264 mAh g−1 at 3.2 A g−1). In contrast, the pure In2O3 nanofibers
electrode shows a sustained and rapid capacity decay trend. This superior design is
beneficial to promote the application of the In2O3/C composite in the negative electrode
material of next-generation lithium-ion batteries.
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Abstract: In this study, we synthesized spinel high-entropy oxide (HEO) (Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4

nanoparticles by a simple solution combustion method. These particles were investigated for their
performance as anodes in lithium-ion batteries. The reversible capacity is 132 mAh·g−1 after 100 cy-
cles at a current density of 100 mA·g−1, 107 mAh·g−1 after 1000 cycles at a current density of 1
A g−1, and 96 mAh·g−1 rate capacity at a high current density of 2 A g−1. The outstanding cycle
stability under high current densities and remarkable rate performance can be attributed to the stable
structure originating from the high entropy of the material.

Keywords: high-entropy oxide; lithium-ion battery; spinel; nanoparticle; anode

1. Introduction

Lithium-ion batteries (LIBs) have seen swift adoption in consumer electronics and
electric vehicles [1–5]. However, existing research has yet to satisfy the growing demand
for batteries with higher electrochemical lithium storage performance. A key limitation lies
in the lithium storage capabilities of anode materials [6,7]. Currently, the widely used com-
mercial anode materials for LIBs—natural or synthetic graphite—have a specific capacity
of only 372 mAh·g−1, which can no longer meet the demands for high energy density and
high-rate performance in the next generation of lithium-ion batteries. Commonly studied
anode materials, including transition metal oxides [8,9] and silicon [10], undergo significant
volume expansion during lithium intercalation/deintercalation. This expansion can lead to
electrode structural failure and increased internal resistance, which in turn degrade lithium
storage performance. Hence, the innovation of novel anode materials is essential.

A material that has shown promise in anode materials is the high-entropy oxide
(HEO). Derived from the concept of high-entropy alloys (HEAs) [11–14], HEOs are com-
posed of five or more metals in equal molar amounts, leading to notable alterations in
composition, structure, and properties. HEOs leverage configurational entropy for phase
stabilization [15], with higher entropy generally correlating with greater phase stability.
Unlike other materials like transition metal oxides (TMOs), which depend on intrinsic en-
ergy for phase stabilization and have crystal structures determined by energy minimization
under specific conditions, HEOs with five or more metal elements demonstrate potential
for innovative lithium storage performance.

In 2016, Berardan [16] first introduced HEOs, emphasizing the unique properties stem-
ming from their elevated configurational entropy. In 2018, Sarkar [17] et al. synthesized a
rock salt structured HEO, (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O, via pyrolysis, which showed a spe-
cific capacity of 770 mAh/g after 100 cycles at 200 mA/g. That year, Qiu [18] et al. created
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(MgCoNiCuZn)O HEOs by a solid-phase reaction, showcasing an initial discharge capacity
of 1585 mAh/g and excellent cycling stability; after 300 cycles at 100 mA/g, it retained a
reversible capacity of 920 mAh/g. Even at 3000 mA/g, it maintained 490 mAh/g. In 2020,
Wang [19] et al. developed a spinel-structured HEO, (FeCoNiCrMn)3O4, with outstanding
cycling stability and rate performance due to its large lattice parameter facilitating 3D ion
and electron diffusion. The anode, composed of five elements with diverse valences, in-
duced lattice distortions and electronic modifications, enhancing conductivity and lithium
storage. In 2021, Chen [20] et al. detailed the lithium storage mechanism of the spinel
HEO (Ni0.2Co0.2Mn0.2Fe0.2Ti0.2)3O4, which delivered a high capacity of 560 mAh/g at
100 mA/g. Duan [21] et al. synthesized single-phase spinel HEOs, (FeCoNiCrMnXLi)3O4
(X = Cu, Mg, Zn), with seven metal elements in equal molar ratios, enhancing LIB an-
ode performance through rapid 3D Li+ transport and entropy-driven stabilization. Rock
salt-structured HEOs exhibit durable and reversible lithium storage due to the entropic
stabilization effect, enhancing their cyclic stability [22,23]. In contrast, spinel-structured
HEOs, which include metal cations with a broader range of oxidation states from divalent
to tetravalent [24], can cause larger lattice distortions and more defects, and greatly alter the
electronic structure. These effects improve electrical conductivity, ion diffusion, and lithium
storage capacity [25–27]. However, despite these advantages for lithium-ion batteries, the
utilization of HEOs in these applications remains limited.

Researchers in this field are predominantly engaged in material exploration and the
enhancement of their electrochemical lithium storage properties. However, a universal
framework for material design has not yet been established. The element selection for HEO
synthesis poses a critical challenge in leveraging HEOs as anode materials in lithium-ion
batteries (LIBs). There is an urgent need for a coherent strategy to design HEOs with diverse
structures and high specific capacities. For instance, our strategy for spinel-structured
HEOs encompasses three key aspects: (1) structural stability, ensuring that the ionic radii
of the ions in the HEO, normalized by their coordination numbers, are nearly the same;
(2) ionic valence selection that satisfies the chemical formula, where variable valences of
ions in the HEO must align with the formula’s requirements; for a spinel with AB2O4,
suitable valences might be A2+ and B3+ or A4+ and B2+; and (3) achieving a high specific
capacity by formulating the HEO to allow for the reduction of high-valence metal cations to
elemental metals or lithium alloys during lithiation, requiring the constituent simple oxides
to possess a high theoretical specific capacity. By adhering to these principles, a variety of
HEOs can be engineered with properties optimized for superior performance in energy
storage, catalysis, and sensing applications. On this basis, we have successfully developed
a novel HEO, (Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4, tailored for electrochemical lithium storage.

2. Results

The XRD pattern in Figure 1a confirms the successful synthesis of
(Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4 with a single-phase spinel structure (space group Fd-3m).
As illustrated in Figure 1, the diffraction peaks at 2θ of 18.71◦, 30.78◦, 36.27◦, 37.94◦, 44.10◦,
54.74◦, 58.37◦, 64.13◦, and 75.95◦ correspond to (111), (220), (311), (222), (400), (422), (511),
(440), and (533) crystal planes of (Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4, respectively. No impurity
phase was observed, indicating that (Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4 forms a single-phase
spinel structure. The Rietveld method (software: FullProf(64 bits), Version: 5-May-2020)
was performed based on the XRD data using the space group of Fd3m. Figure 1b shows the
fitting results; the lattice constant, density, and crystallite size of the sample are determined
to be 8.289 Å, 9.250 g/cm3, and 28.0 nm, respectively.
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Figure 1. (a) XRD pattern; (b) Rietveld refinement pattern of the (Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4

nanoparticles.

Figure 2 displays the morphology and microstructure of the (Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4
nanoparticles. The SEM image (a) and TEM image (g) represent the overall particle struc-
ture at low and high magnification, respectively. As seen in the detailed illustration in
Figure 2g, the nanoparticles exhibit a relatively narrow distribution range of particle di-
ameter (10.9–67.7 nm), with an average particle diameter of approximately 28 nm. This is
attributed to the short calcination time (40 min) and the influence of high-temperature gas
during calcination, which prevents further growth and aggregation of nanoparticles. EDS
mapping confirms the presence of massive metallic elements Cr (Figure 2b), Mn (Figure 2c),
Co (Figure 2d), Ni (Figure 2e), and Zn (Figure 2f) within the (Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4
nanoparticles, with similar distribution densities observed. Quantitative analysis of each
element’s content was performed, and the results are presented in Table 1. The atomic
proportions of Cr, Mn, Co, Ni, and Zn elements are approximately equal, aligning with
our experimental goals. The high-resolution TEM image in the inset of Figure 2g indicates
that the well-resolved interplanar spacing of the lattice fringe is about 0.285 nm, which
corresponds to the (220) plane of spinel-structured (Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4.

 

Figure 2. SEM image (a) and corresponding EDS elemental maps of Cr (b), Mn (c), Co (d), Ni (e), and
Zn (f), and TEM image (g) of (Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4 nanoparticles. The inset in (g) shows
the distribution of the particle size.

Table 1. The atomic fraction of each element in the HEO sample.

Element Atomic Fraction (%)

O 63.65
Cr 7.69
Mn 7.60
Co 7.08
Ni 7.29
Zn 6.69
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Figure 3 illustrates the electrochemical lithium storage performance. Figure 3a illus-
trates the initial three cyclic voltammetry (CV) cycles tested at a scan rate of 0.1 mV/s. The
initial cathodic scan of the cell exhibits an initial reduction peak around 0.965 V, which
can be attributed to the reduction of metal cations in the HEO to metals, along with the
formation of Li2O [16]. Subsequently, a significant irreversible reduction peak emerges
between 0 and 0.5 V due to the formation of the SEI film [17]. The disappearance of this
irreversible peak in subsequent scans suggests that the quantity of SEI film generated
remains essentially stable. In the first anodic scan, oxidation peaks are observed over a
broad range of 1.0–2.0 V [28,29], with similar peaks in this range observed in subsequent
scans, indicating a continuous and reversible oxidation process. The reactions that occur
during this redox process are shown in Equation (1):

1
y

MxOy + 2Li 2e⇔ Li2O +
x
y

M, M = Cr, Mn, Co, Ni, Zn (1)

 

Figure 3. CV curves at a scan rate of 0. 1 mV·s−1 (a), discharge/charge profiles at 100 mA·g−1

(b), cycling performance at 100 mA·g−1 (c), long-term cycling performance at 1 A g−1 (d), and rate
capability of (Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4 electrode (e).

Figure 3b presents the discharge/charge profiles at a current density of 100 mA·g−1.
Initially, a small discharge plateau around 0.965 V signifies the lithiation process of HEO.
Subsequently, the discharge curve shows a gradual voltage drop until reaching the lower
cutoff limit of 0.01 V, indicating the formation of SEI films due to the electrolyte decom-
position and the interfacial lithium storage interaction [16]. During the charge process,
the curve exhibits a continuously increasing potential slope up to approximately 1.6 V,
attributed to the reversible oxidation of active metals to oxides. From Figure 3b, it can be
seen that the first-turn charge-specific capacity/discharge-specific capacity of the HEO is
563/1388 mAh/g, and the first-time coulombic efficiency of the HEO electrode is low, only
40.6%.

Figure 3c,d represent the cycling performance at 100 mA·g−1 and 1 A g−1, respectively.
As shown in Figure 3c, the specific capacities initially decay rapidly during the first 10 cycles,
followed by a slower degradation during the subsequent cycles until reaching a stable
capacity of 132 mAh·g−1. The low initial Coulombic efficiency (40.6%) is inherent to
transformed anodes, primarily caused by the formation of the SEI film [30]. During
subsequent cycles, particularly the second and third cycles, the charging and discharging
processes induce some collapse and fragmentation of the active material, resulting in the
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formation of additional SEI membrane and a consequent capacity decrease. By the tenth
cycle, the active material stabilizes, preventing further structural degradation and SEI
formation, thus stopping rapid capacity loss. However, ongoing volume fluctuations can
still cause some active material to detach from the current collector, leading to a gradual
attenuation of capacity in subsequent cycles, albeit at a slow rate. Figure 3d demonstrates
the stable cycling performance at 1 A g−1 with the specific capacity reaching 107 mAh·g−1

after 1000 cycles.
Figure 3e presents the rate capability at different current densities. It is evident

that the specific capacity decreases rapidly at a low current density but exhibits no de-
cay at higher current densities due to the side reaction during the lithiation/delithiation
processes [16,17,31]. At low current densities, the battery charging and discharging time is
longer, which allows more time for side reactions to occur in the electrolyte. This could lead
to the loss of active lithium and the thickening of the SEI layer, thereby accelerating capacity
decay. The discharge/charge curves show a high degree of overlap during different current
densities. When the current density abruptly switched back to 0.1 A g−1 from 2 A g−1,
the specific capacity recovered to 319 mAh·g−1 with a capacity retention rate of 97.8%,
indicating that the entropy stability effect contributes to the stability of the LIB anode.
Table 2 lists the electrochemical experimental results of the spinel-structured HEO in this
study compared with those of other spinel-structured HEOs when used as LIB anode
materials, which demonstrates that the novel spinel-structured HEO, as synthesized in this
study, exhibits potential for lithium storage capabilities in lithium-ion batteries.

Table 2. Synthesis methods and electrochemical properties of spinel-type HEOs.

Materials Method Rate Capability/mAh·g−1 Cyclic Performance
(Cycles)/ mAh·g−1 Ref.

(MgFeCoNiZn)3O4 Solid-state synthesis 304 @ 0.5 A g−1 360(300) @ 0.1 A g−1 [32]

(MgTiZnNiFe)3O4 Solid-state reaction 93.6 @ 1 A g−1 145(100) @ 0.1 A g−1;
100(800) @ 1 A g−1 [33]

(CoTiZnNiFe)3O4 Solid-state reaction 150.3 @ 1 A g−1 290(100) @ 0.1 A g−1;
130(800) @ 1 A g−1 [33]

(FeNiCrMnMgAl)3O4 Solution combustion 350 @ 4 A g−1 670(200) @ 0.2 A g−1 [34]

(MnFeCoNiZn)3O4 Electrospinning 58 @ 2 A g−1 155(550) @ 0.5 A g−1 [35]

(CrFeMnNiCo2)3O4 Sol–gel 147 @ 2 A g−1 520(100) @ 0.2 A g−1;
120(1000) @ 2 A g−1 [36]

(CrFeMnNiCo3)3O4 Sol–gel 101 @ 2 A g−1 505(100) @ 0.2 A g−1;
118(1000) @ 2 A g−1 [36]

(CrFeMnNiCo4)3O4 Sol–gel 97.2 @ 2 A g−1 510(100) @ 0.2 A g−1;
105(1000) @ 2 A g−1 [36]

(CrMnCoNiZn)3O4 Sol–gel 96 @ 2 A g−1 132(100) @ 0.1 A g−1;
107(1000) @ 1 A g−1 This work

We also explored the dynamic properties of the HEO electrode using electrochemical
impedance spectroscopy (EIS). Initial impedance measurements were performed before
cycling (HEO-0) and after 20 cycles at a current density of 0.1 A g−1 (HEO-20), as shown
in Figure 4. The Nyquist plots featured semicircles at mid-to-high frequencies and linear
trends at low frequencies. For analyzing the impedance data, we applied an equivalent
circuit model that included the solution resistance (Rs), charge transfer resistance (Rct), a
constant phase element (CPE) representing the mid-frequency semicircle, and Warburg
impedance (W) for Li+ diffusion representing the linear features at low frequencies. The
Rct values, obtained from impedance fitting, are 282 Ω for HEO-20 and 389 Ω for HEO-0,
respectively. It is evident that Rct of the HEO after 20 cycles is lower than that of the HEO
before cycling.
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Figure 4. EIS plots of HEO electrode before (HEO-0) and after 20 cycles (HEO-20) at 0.1 A g−1.

X-ray photoelectron spectroscopy (XPS) was employed to examine the elemental
composition and chemical valence state changes of HEO before and after 1000 cycles at
1 A g−1, which confirmed the presence of Cr, Mn, Co, Ni, Zn, and O and the corresponding
valence states before and after cycling (as depicted in Figure S1). Figure 5 shows the Co 2p
and Ni 2p spin–orbit peaks before and after 1000 cycles, which identify the oxidation states
of the elements. The Co 2p spectrum in Figure 5a, fitted with Gaussian shapes before cycling,
displays four main peaks at 779.3, 781.2, 794.6, and 796.5 eV, along with two satellite peaks
at 787.9 and 803.4 eV. The peaks at 779.3 and 794.6 eV are attributed to Co3+, while the peaks
at 781.2 and 796.5 eV correspond to the 2p3/2 and 2p1/2 transitions of Co2+, respectively.
The approximately 15.5 eV energy difference between the Co 2p3/2 (781.2/779.3 eV) and Co
2p1/2 (796.5/794.6 eV) peaks is characteristic of cobalt in both +2 and +3 oxidation states.
The Ni 2p XPS spectrum in Figure 5c, also fitted with Gaussian shapes before cycling,
shows four principal peaks at 853.5, 855.5, 871.5, and 873.2 eV, accompanied by two satellite
peaks at 860.6 and 878.3 eV. The binding energies at 853.5/855.5 eV and 871.5/873.2 eV
are indicative of Ni2+ and Ni3+, respectively. Figure 5b,d illustrate the chemical valence
states of Co and Ni after cycling. After 1000 cycles, the presence of Co3+ and Ni3+ ions is
minimal, with a decrease in divalent ion content, replaced by amounts of metals Co and
Ni. This could be due to the irreversible reactions of Co3+ and Ni3+ during the lithium
intercalation/delithiation process, leading to the formation and residue of metals Co or Ni
during cycling.

Figure 6a,b present SEM images of the HEO electrodes before and after 1000 cycles at
a current density of 1 A g−1. After cycling, the initial nanoparticles coalesced into larger
clusters, with the appearance of microcracks and voids, which are tens of nanometers in
size. This indicates that volume changes are linked to the charge and discharge processes.
Although microcracks form due to particle aggregation, the elimination of inter-particle
gaps leads to denser packing of the aggregates, which improves electrical conductivity.
This conjecture is consistent with the results obtained from the EIS measurements. The
corresponding EDS images in Figure 6c–h show a uniform distribution of Cr, Mn, Co, Ni,
and Zn across the electrode surface. This uniformity suggests that the HEO maintains its
structural integrity after 1000 cycles, consistent with the observed stability of long cycle
performance under high current.
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Figure 5. XPS spectra of Co 2p (a) and Ni 2p (c) of HEO before cycling and XPS spectra of Co 2p (b)
and Ni 2p (d) of HEO after 1000 cycles at 1 A g−1.

 

Figure 6. SEM image of HEO before (a) and after (b) 1000 cycles at a current density of 1 A g−1;
corresponding elemental mapping of all elements (c), and corresponding elemental mapping of Cr
(d), Mn (e), Co (f), Ni (g), and Zn (h) of the HEO.

3. Conclusions

We synthesized a novel spinel-structured HEO (Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4 and
thoroughly investigated its electrochemical lithium storage performance as an anode mate-
rial for LIBs. This anode material demonstrates good rate capability and long-term cycling
stability at elevated current densities, attributed to the entropy stabilization effect char-
acteristic of high-entropy oxides (HEOs). However, the material’s low initial Coulombic
efficiency of 40.6% and the observed capacity degradation after 10 cycles at low current
densities pose challenges for its development as an anode material for LIBs. To address
these electrochemical issues, strategies such as material composite formation or the fabri-
cation of artificial SEI could be employed to enhance electrochemical performance. The
artificial SEI on the surface of HEO can reduce the amount of lithium ions required for
SEI formation, while also decreasing the consumption of lithium ions by surface side
reactions. Additionally, composites of HEO with materials that possess good electrical
conductivity and flexibility can enhance the electro-transport properties of the material,
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mitigate volume changes during charge–discharge processes, prevent the detachment of
active materials from current collectors, and thereby improve the material’s electrochemical
lithium storage performance.

4. Materials and Methods

Preparation of (Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4: (Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4 nanopar-
ticles were synthesized using the solution combustion method. Firstly, equimolar amounts
(0.0025 mol) of metal nitrates (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)
were dissolved in 10 mL of deionized water. Next, 0.4692 g of glycine (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) was added as fuel. The resulting solution was dried
at 80 ◦C to obtain a gel. Subsequently, the gel was calcined in a tube furnace at 750 ◦C for
40 min and promptly removed from the furnace. This process yielded a powder composed
of (Cr0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4 nanoparticles.

Material characterization: X-ray diffraction pattern of the samples was obtained using
X-ray diffractometer (Bruker D2 Advance, Bruker, Lücken, Germany). The morphology
was examined by scanning electron microscopy (SEM, Quanta 400, FEI, Waltham, Mas-
sachusetts, USA). Energy-dispersive spectroscopy (EDS) integrated into the SEM was
employed to investigate the element distribution. The microstructure was observed using
transmission electron microscopy (TEM, JEM-2010, JEOL, Tokyo, Japan). The composi-
tion and chemical states of the sample were investigated through X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha, FEI, Waltham, Massachusetts, USA).

Electrochemical measurements: CR2032 half-cells were fabricated inside an argon-
filled glove box (Dellix-S2100,Dellix Co., Ltd., Chengdu, Sichuan province, China), ensuring
that oxygen and humidity levels were below 0.1 ppm. Working electrodes were prepared
by casting a slurry containing 70 wt% of active materials, 20 wt% carbon black (C45,
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), and 10 wt% polyvinylidene
(PVDF, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) fluoride onto Cu foils,
followed by drying at 90 ◦C for 12 h under vacuum. A polypropylene membrane (Cel-
gard 2400, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was employed as a
separator. The electrolyte used was a mixture of dimethyl carbonate, ethylene carbonate,
and methyl ethyl carbonate in a volume ratio of 1:1:1 with a 1 M LiPF6 concentration.
Charge–discharge measurements and rate measurements were carried out using a Neware
battery testing system (CT4008, Neware, Shenzhen, China). Cyclic voltammetry (CV) tests
were performed within a potential window of 0.01–3 V at a scan rate of 0.1 mV·s−1 on an
electrochemical workstation (CHI660E, CH Instruments, Shanghai, China). In this process,
the diameter of the pole piece was 14 mm and the average mass of active substance carried
on each pole piece was 0.84 mg.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics12070198/s1, Figure S1: XPS spectra of full spectra (a);
Cr 2p (b); Mn 2p (c); Zn 2p (d); O 1s (e) before cycle and full spectra(f); Cr 2p(g); Mn 2p(h); Zn 2p(i);
O 1s (j) after cycle.
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Abstract: Lithium perchlorate-doped polypyrrole growing on titanium substrate (LiClO4-PPy/Ti)
has been fabricated to act as electroactive electrode material for feasible electrochemical energy
storage. A theoretical and experimental investigation is adopted to disclose the conductivity, elec-
troactivity properties and interfacial interaction-dependent capacitance of LiClO4-PPy/Ti electrode.
The experimental measurement results disclose that LiClO4-PPy/Ti reveals lower ohmic resistance
(0.2226 Ω cm−2) and charge transfer resistance (2116 Ω cm−2) to exhibit higher electrochemical
conductivity, a more reactive surface, and feasible ion diffusion to present higher double-layer capac-
itance (0.1930 mF cm−2) rather than LiClO4/Ti (0.3660 Ω cm−2, 65,250 Ω cm−2, 0.0334 mF cm−2).
LiClO4-PPy/Ti reveals higher Faradaic capacitance caused by the reversible doping and dedoping
process of perchlorate ion on PPy than the electrical double-layer capacitance of LiClO4/Ti caused
by the reversible adsorption and desorption process of the LiClO4 electrolyte on Ti. Theoretical
simulation calculation results prove that a more intensive electrostatic interaction of pyrrole N···Ti
(2.450 Å) in LiClO4-PPy/Ti rather than perchlorate O···Ti (3.537 Å) in LiClO4/Ti. LiClO4-PPy/Ti
exhibits higher density of states (57.321 electrons/eV) at Fermi energy and lower HOMO-LUMO
molecule orbital energy gap (0.032 eV) than LiClO4/Ti (9.652 electrons/eV, 0.340 eV) to present the
enhanced electronic conductivity. LiClO4-PPy/Ti also exhibits a more declined interface energy
(−1.461 × 104) than LiClO4/Ti (−5.202 × 103 eV) to present the intensified interfacial interaction.
LiClO4-PPy/Ti accordingly exhibits much higher specific capacitances of 0.123~0.0122 mF cm−2 at
current densities of 0.01~0.10 mA cm−2 rather than LiClO4/Ti (0.010~0.0095 mF cm−2, presenting
superior electroactivity and electrochemical capacitance properties. LiClO4-PPy/Ti could well act as
the electroactive supercapacitor electrode for feasible energy storage.

Keywords: lithium perchlorate doping polypyrrole; titanium substrate; electrochemical capacitance;
interfacial interaction; simulation calculation

1. Introduction

The electrochemical behaviors and performances of energy storage devices are related
to the electrode and electrolyte materials as well as their interfacial interaction [1–3]. In
addition, the electrode substrate materials are also related to the properties of functional
electrodes. The electrochemical capacity and mechanical stability are most concerned for
the electrodes of energy storage devices. These electrode materials mainly involve the
various graphite carbon, conductive polymers, transition metal sulfates or oxides, and their
composites [4–7]. In particular, the conductive polymers become suitable supercapacitor
electrode materials for flexible energy storage [8,9]. The electrical conductive materials,
such as carbon fiber, graphene, graphite carbon, titanium, and so on, have been used to
prepare the energy storage electrodes [10–12]. They could act as the multifunctional roles,
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such as the electrode substrate, current collector, and electrode. However, the contradictory
behaviors of these substrate materials also emerged in respect to the electrochemical activity
and electrochemical stability. For example, titanium metal could resist the chemical and
electrochemical corrosion in neutral, alkaline, and even acidic conditions [13]. Titanium
keeps the chemical and electrochemical stability in a certain degree, and is applied to
electrode material as well as electrode-supporting material [14–17]. The structure-adjusted
titanium, such as titanium sheet, titanium mesh, and titanium foam with high electro-
chemical stability, can be used to support various electroactive materials [18–21]. On the
other hand, titanium metal also behaves the relatively low electrochemical activity due
to the passivation layer of titanium oxides on the surface [22]. Surface modification us-
ing conductive polymers is a useful method to Improve the electrochemical activity of
titanium. The Ti metal sheet can act as the electrode substrate. The conductive polymers
usually includes polyaniline, polypyrrole, and polythiophene, which have been used to act
as electroactive materials for the supercapacitor electrode application [23]. The different
electroactive materials can be coated on Ti substrate to form functional electrodes. The
polypyrrole (pPy) has been electrodeposited on Ti substrate to form pPy/Ti electrode
through cyclic voltammetry polymerization process [24]. The polyaniline (PANI) has been
electrodeposited and coated on Ti substrate to form PANI/Ti electrode through a pulse
potentiostatic polymerization process [25]. These conductive polymers could conduct
the reversible ion doping–dedoping process to provide superior capacitance [26–28]. The
interfacial bonding strength between the doped conductive polymers and metal substrates
is related to the electrochemical energy storage performance [29]. In addition, the reactive
electrolytes also influence the electrical double-layer capacitance due to the interfacial
adsorption on metal substrates and the Faradaic capacitance due to the ion doping state of
conductive polymers. In previous studies, the system of a lithium perchlorate electrolyte
and polypyrrole has been attempted for various applications in different areas [30,31].
However, the interfacial interaction between lithium perchlorate doping polypyrrole and
metal titanium substrate is still sparsely investigated [32].

This study focuses on disclosing the promotion effect of electroactive polypyrrole
on the electrochemical properties of lithium perchlorate interacting with titanium sub-
strate. The polypyrrole is used as the typical conductive polymer material, and a metal
titanium sheet is used as the stable substrate material. The titanium sheet has chemical
and electrochemical stability to resist the electrochemical corrosion to act as a suitable
current collector. The polypyrrole growing on titanium substrate (PPy/Ti) is designed as
the supercapacitor electrode in the application of electrochemical energy storage, which
is prepared through the electrochemical polymerization process. The lithium perchlorate
(LiClO4) is used as a neural electrolyte to study the electrical double-layer capacitance of
titanium metal substrate and the Faradaic capacitance of polypyrrole. The interfacial inter-
action is intensively considered between the LiClO4 electrolyte and the PPy/Ti electrode
when the electrochemical behavior is investigated for LiClO4-Ppy/Ti. The electrochemical
performances are fully evaluated through cyclic voltammetry, electrochemical impedance
spectrum, and galvanostatic charge/discharge measurements. The theoretical simulation
calculation has been applied to disclose the atomic charge distribution, electrostatic poten-
tial, and interfacial affinity of LiClO4-PPy/Ti, which could lead to a better understanding
of capacitance performance.

2. Results and Discussion

2.1. Microstructure and Morphology Characterization

Figure 1A–D shows SEM images of Ti and PPy/Ti. The Ti sheet substrate reveals the
uniquely complete surface structure without any crack. The chemical polishing treatment
could lead to forming the uniform metal surface. Comparatively, PPy/Ti revels the com-
pact covering layer of PPy film supported on the Ti sheet. The PPy also is composed of
the aggregating particles, forming uniquely complete film structure without any crack.
Concerning the surface microstructure, the Ti sheet shows smooth surface and PPy/Ti
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shows rough surface. The insert in Figure 1D shows the cross-section SEM image of PPy/Ti.
The PPy covered on the surface of the Ti substrate exhibits a close-packing film. The mor-
phology, microstructure, and thickness of such PPy film could be adjusted by modulating
the electropolymerization reaction parameters in the CV electrodeposition process. This
study focuses on the interfacial interaction between PPy film and Ti substrate, which is
related to the microstructure of PPy. It is believed that PPy/Ti could conduct more feasible
ion diffusion and doping reaction in the presence of lithium perchlorate in comparison the
ion adsorption of PPy/Ti.

 

 

A 

D 

B 

C 

Figure 1. (A) SEM image and (B) magnified SEM image of Ti; (C) SEM image of PPy/Ti; and
(D) magnified SEM image and cross-section SEM image of PPy/Ti.

Figure 2A shows the XRD pattern of the titanium sheet substrate. Concerning the
titanium sheet, the distinct characteristic diffraction peaks at 2θ of 35.1◦, 38.5◦, 40.3◦, 53.1◦,
63.1◦, 70.8◦, 76.3◦, 77.5◦, and 82.3◦ correspond to the respective crystal planes of (100),
(002), (101), (102), (110), (103), (112), (201), and (202) [33]. The titanium sheet involves the
close-packed hexagonal crystal phase structure, which is acted as stable metal substrate.
Figure 2B shows the Raman spectrum of the Ti substrate. The Ti substrate does not reveal
any characteristic Raman peaks in full wavenumber range due to the absence of electronic
transition-relaxation of crystal lattice Ti atoms at 785 nm excitation photon energy. Figure 2C
shows the Raman spectrum of PPy/Ti synthesized in this study. The characteristic Raman
peaks of PPy/Ti are observed at 983 and 1050 cm−1, with a broad band of 1340–1410 cm−1

and 1580 cm−1, which are assigned to C–H ring deformation vibration, C–N stretching
vibration, and C=C aromatic stretching vibration, respectively. The characteristic Raman
peak position of the literature-reported PPy is located at 980, 1040, 1314–1410 cm−1, and
1597 cm−1 [34]. The characteristic Raman peaks of PPy are well-matched between this
study-formed PPy/Ti and the literature-reported PPy. Therefore, the Raman spectrum
analysis result could well confirm the formation of PPy in the as-prepared PPy/Ti electrode
in this study. Figure 2D shows the FTIR spectrum of PPy/Ti. The characteristic peaks at
1540, 1480, 1190, and 1040 cm−1 were ascribed to C=C double bond stretching vibration,
C-C single bond stretching vibration, C-N single bond stretching vibration, and N-H
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in-plane bending vibration. The characteristic peaks at 912, 768, 742, and 675 cm−1 are
ascribed to the C-H out-of-plane bending vibration. The observation of the C=C double
bond, C-C single bond, and C-N single bond could be ascribed to the formation of PPy.
Accordingly, PPy fully grew on the Ti substate to form PPy/Ti through the electrochemical
polymerization and deposition process.

  

  

A B 

D C 

Figure 2. (A) XRD pattern and (B) Raman spectrum of Ti substrate; (C) Raman spectrum of PPy/Ti;
and (D) FTIR spectrum of PPy/Ti.

2.2. Electrochemical Properties

The CV curves can be used to calculate the CV-based capacitance (CCV, mF cm−2)
using Equation (1). The GCD curves can be used to calculate the GCD-based capacitance
(CGCD, mF cm−2) using Equation (2).

CCV = i/v = [(
∫ Va

Vc
i(ν) ∗ dν)/(Va −Vc)]/ν= [

1
2
(
∮

i(ν) ∗ dν)/ΔV]/ν (1)

CGCD =
I ∗ t
ΔV

(2)

where: Va, upper potential; Vc, lower potential; i(v), response current density (mA cm−2);
v, potential sweep rate (V s−1); I, discharge current density (mA cm−2); t, discharge time
(s); and ΔV, potential window (V).

Figure 3A,B shows the CV curves of LiClO4/Ti and LiClO4-PPy/Ti at scan rates
of 5~200 mV s−1 and the potential range of 0~0.8 V versus saturated calomel electrode
(SCE) in 1.0 M LiClO4 electrolyte solution. The CV curves of LiClO4/Ti demonstrate the
rectangle-like shape to present electrical double-layer capacitance due to the reversible
adsorption–desorption of LiClO4 electrolyte ion on the Ti substrate. The oxidation potential
of Ti2+/Ti is −1.39 V versus SCE. This means that the electrochemical oxidation of Ti
is unlikely to occur in the potential range of 0~0.8 V versus SCE, presenting the high
electrochemical stability of the Ti substrate in LiClO4 electrolyte. Comparatively, the CV
curves of LiClO4-PPy/Ti exhibit an obviously deviated rectangle shape in the potential
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range of 0~0.8 V, presenting the polarization effect. The redox potential of PPy is around
0.5 V versus SCE [35]. LiClO4-PPy conducts reversible ClO4

− doping-dedoping reaction
which contributes to the Faradaic capacitance performance.

 

 

A LiClO4-PPy/Ti LiClO4/Ti B 

D C LiClO4/Ti 
LiClO4-PPy/Ti 

Figure 3. (A,B) CV curves and (C,D) CV-based capacitance curves of LiClO4/Ti and LiClO4-PPy/Ti
at scan rates of 5~200 mV s−1 in 1.0 M LiClO4 electrolyte solution.

Figure 3C,D shows CV-based capacitance curves of LiClO4/Ti and LiClO4-PPy/Ti.
When the CV cures of LiClO4/Ti and LiClO4-PPy/Ti conduct the scan rate increasing
from 5 to 200 mV s−1, their mean response current increases from 0.13 to 2.47 μA cm−2

and from 2.28 to 9.011 μA cm−2, respectively. The CV-based capacitance decreases from
0.0256 to 0.0124 mF cm−2 and from 0.456–0.045 mF cm−2, respectively. In comparison
with LiClO4/Ti, LiClO4-PPy/Ti exhibits a much higher mean response current and specific
capacitance performance at the same scan rate, presenting its superior electrochemical
activity in the neutral LiClO4 electrolyte. The oxidation potential of Ti2+/Ti is 1.39 V
versus SCE (Ti − 2e → Ti2+). The oxidation potential of PPy at the doping process is
approximate 0.5 V versus SCE (PPy − e + ClO4

− → PPy+ClO4
−). PPy/Ti could conduct

reversible doping–dedoping process of PPy rather than the electrochemical oxidation of
the Ti substrate in the potential range of 0~0.8 V. Additionally, the PPy covering layer
could also resist such electrochemical corrosion reaction of Ti substrate. Meanwhile, PPy
could conduct the redox reaction through the reversible doping–dedoping ClO4

− anion,
contributing to improving the electrochemical activity and, accordingly, the Faradaic
capacitance performance.

Figure 4A,B shows the GCD curves of LiClO4/Ti and LiClO4-PPy/Ti in the poten-
tial range of 0~0.8 V (vs. SCE) and 1.0 M LiClO4 electrolyte solution. The GCD curves
of LiClO4/Ti show complete symmetric characteristics. This shows the good reversible
properties of LiClO4 ion adsorption–desorption during the charge–discharge process. Such
LiClO4/Ti exhibits ideal electrical double-layer capacitance behavior. Comparatively, the
GCD curves of LiClO4-PPy/Ti shows the sloping plateau. The less-symmetric characteristic
is ascribed to the redox reaction in the charge–discharge process. Such LiClO4-PPy/Ti
exhibits Faradaic capacitance behavior. Therefore, LiClO4-PPy/Ti demonstrates much
higher capacitance performance than LiClO4/Ti in the neutral LiClO4 electrolyte. Fur-
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thermore, LiClO4-PPy/Ti conducts the doping–dedoping reaction of PPy, and LiClO4/Ti
conducts the ion adsorption–desorption process of Ti. The GCD curve shape of LiClO4-
PPy/Ti shows fewer identical characteristics than that of LiClO4/Ti. Figure 4C,D shows
GCD-based capacitance curves of LiClO4/Ti and LiClO4-PPy/Ti. According to the GCD
curves at current densities of 0.01~0.10 mA cm−2, the corresponding GCD-based specific
capacitances achieve 0.010~0.0095 mF cm−2 and 0.123~0.0122 mF cm−2. Therefore, LiClO4-
PPy/Ti exhibits much higher capacitance than LiClO4/Ti, since electroactive LiClO4-PPy
mostly contributes to Faradaic capacitance rather than electrical double layer capacitance
of Ti substrate in LiClO4 electrolyte. These GCD measurement results agree with the
CV measurement results. Furthermore, this LiClO4-PPy/Ti electrode keeps the similar
capacitance performance in comparison with the ion doped PPy reported in the litera-
ture [36,37]. Figure 4E shows the cycling capacity retention curve of LiClO4-PPy/Ti. The
capacity retention achieves 76.1% after 1000 cycles during the cycling charge–discharge
process. Therefore, the PPy/Ti electrode exhibits the reasonable cycling stability in the
electrochemical Faradaic reaction process.
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Figure 4. (A,B) GCD curves and (C,D) specific capacitance curves of LiClO4/Ti and LiClO4-PPy/Ti
at current densities of 0.01~0.1 mA cm−2 in 1.0 M LiClO4 electrolyte solution; and (E) the cycling
capacity retention curve of LiClO4-PPy/Ti.
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An electrochemical impedance spectroscopy (EIS) is adopted to investigate the elec-
trolyte ion diffusion and interfacial charge transfer properties of electrode materials.
Figure 5A,B shows the Nyquist plots of the EIS spectra of LiClO4/Ti and LiClO4-PPy/Ti.
Figure 5C shows equivalent circuit model for fitting curves of EIS spectra. The equiva-
lent circuit includes charge-transfer resistance (Rct), ohmic resistance (Ro), double layer
capacitance (Cdl), constant phase element (CPE), and CPE exponent (n). n = 1 indicates
ideal capacitor behavior, and n = 0 indicates pure resistor behavior. Table 1 lists the fitting
parameter values of these elements used in an equivalent circuit model. In comparison
with LiClO4/Ti, the slightly lowered Ro value of LiClO4-PPy/Ti indicates higher electronic
conductivity. The ohm resistance of LiClO4-PPy/Ti is mostly dependent on the Ti substrate.
The conducting LiClO4-PPy layer prevents the formation of semi-conducting titanium
oxide. The quite lowered Rct value indicates the more electroactive interface of LiClO4-PPy
for the charge transfer. Its higher Cdl value indicates higher double-layer capacitance due
to the rougher surface of PPy/Ti rather than Ti substate. However, its higher CPE value
indicates the higher Warburg impedance in view of electrolyte diffusion. The Warburg
impedance of Ti substrate keeps relatively low value. The lithium ion has relatively high
diffusion coefficient and plays a more predominant role than the electrode materials in the
LiClO4 electrolyte. LiClO4/Ti carries out a shorter ion diffusion length than LiClO4-PPy/Ti.
Therefore, LiClO4/Ti reveals a relatively lower CPE value than LiClO4-PPy/Ti. Moreover,
LiClO4-PPy/Ti exhibits a larger CPE exponent (n value) than LiClO4/Ti. This indicates that
LiClO4-PPy/Ti more likely approaches capacitor behavior rather than resistance behavior.
The LiClO4-PPy layer provides more active interface for electrolyte ion adsorption and
charge transfer. Therefore, LiClO4-PPy/Ti exhibits higher electroactivity than LiClO4/Ti,
contributing to a higher specific capacitance in neutral LiClO4 electrolyte solution.
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Figure 5. (A,B) Nyquist plots of EIS spectra of LiClO4/Ti and LiClO4-PPy/Ti.; and (C) equivalent
circuit model used for fitting curves of EIS spectra.

Table 1. Fitting parameter values of elements used in equivalent circuit model of LiClO4/Ti and
LiClO4-PPy/Ti.

Substance Cdl (mF cm−2) Rct (Ω cm−2) Ro (Ω cm−2) CPE (S sn cm−2) n

LiClO4/Ti 0.0334 65,250 0.3660 0.00263 0.746
LiClO4-
PPy/Ti 0.1930 2116 0.2226 0.03427 0.912

2.3. DFT Simulation Calculation of LiClO4/Ti and LiClO4-PPy/Ti

The LiClO4 molecule conducts the adsorption–desorption to establish interfacial inter-
action between LiClO4 and Ti substrate through Van der Waals forces in the electrochemical
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process. The LiClO4 molecule also conducts the doping–dedoping process to establish
electrostatic interaction between LiClO4-PPy and Ti substrate. The atomic charge distri-
bution could affect the interaction of LiClO4/Ti and LiClO4-PPy/Ti. The DFT simulation
calculation is used to investigate electronic properties of LiClO4/Ti and LiClO4-PPy/Ti [38].

Figure 6A,B shows molecule the structure models of LiClO4/Ti and LiClO4-PPy/Ti.
LiClO4/Ti involves an interfacial electrostatic interaction between the LiClO4 and Ti sub-
strate. LiClO4-PPy/Ti involves an interfacial electrostatic interaction between the LiClO4-
PPy and Ti substrate. LiClO4-PPy presents the perchlorate ion doping state of PPy.

Figure 6C,D shows the molecular electrostatic potentials of LiClO4/Ti and LiClO4-
PPy/Ti. Concerning LiClO4/Ti, the negative charge of ClO4

− ion could induce the charge
dissociation of the Ti substrate, which leads to forming positive and negative crystal lattice
Ti atoms. Concerning LiClO4-PPy/Ti, the doping state of LiClO4-PPy reveals a positive
charge of hydrogen atoms and negative charge of conjugated pyrrole rings, which leads
to the forming of a positive and negative crystal lattice of Ti atoms. The intermolecular
interaction distance is determined to be 3.537 Å for perchlorate O. . .Ti of LiClO4/Ti and
2.450 Å for pyrrole N. . .Ti of LiClO4-PPy/Ti, respectively. Therefore, LiClO4-PPy/Ti
presents stronger electrostatic interaction than LiClO4/Ti. The electrostatic interaction is
allowed to occur for LiClO4/Ti and LiClO4-PPy/Ti. The intensified interaction has been
established between the LiClO4-PPy molecule chain and the Ti substrate, contributing to
the activation of the LiClO4-PPy/Ti electrode.

Figure 6E,F shows the density of states curves of LiClO4/Ti and LiClO4-PPy/Ti. Both
LiClO4/Ti and LiClO4-PPy/Ti demonstrate metal conductivity characteristics, since the
characteristic density of states at Fermi energy 0 eV cross from the valance band to the
conduction band. Comparatively, LiClO4-PPy/Ti demonstrates more orbit energy levels
than the LiClO4/Ti at valence band and conduction band regions, which are ascribed
to the interfacial interaction between the LiClO4-PPy and the Ti substrate. Furthermore,
LiClO4-PPy/Ti shows a higher DOS level (57.321 electrons/eV) than LiClO4/Ti (9.652
electrons/eV) at Fermi energy 0 eV. LiClO4-PPy/Ti exhibits higher electron states and
higher electronic conductivity.

Figure 6G,H shows the band gap structure curves of LiClO4/Ti and LiClO4-PPy/Ti.
The band gaps of LiClO4/Ti and LiClO4-PPy/Ti approach 0.03 and 0 eV, presenting sim-
ilar superior conductivity of metal substrates. Comparatively, LiClO4-PPy/Ti demon-
strates much greater energy levels at the valance band and conduction band regions than
LiClO4/Ti, which presents superior electrical conductivity of LiClO4-PPy/Ti. Therefore,
the band gap analysis results agree with the DOS analysis results, proving the superior
electronic conductivity of LiClO4-PPy/Ti rather than LiClO4/Ti. The declined interfacial
energies are −5.202 × 103 eV for LiClO4/Ti and −1.461 × 104 for LiClO4-PPy/Ti, which
presents the intensified interfacial interaction of LiClO4-PPy/Ti. Therefore, LiClO4-PPy/Ti
shows higher electroactivity than LiClO4/Ti. LiClO4-PPy has more electronic distribution
than LiClO4-PPy/Ti, which leads to stronger interaction, lower interfacial energy, and,
accordingly, higher capacitance performance.

Figure 6I shows the HOMO and LUMO HOMO and LUMO frontier molecular orbital
charge distribution of LiClO4/Ti and LiClO4-PPy/Ti. Concerning HOMO and LUMO
electron distribution in LiClO4/Ti and LiClO4-PPy/Ti, their molecular orbitals are mostly
dependent on Ti rather than LiClO4 and LiClO4-PPy. In Ti atoms, there occurs an obvious
electronic transition, which causes heterogeneous electron distribution. Comparatively,
different O and Cl atoms in LiClO4 occur insignificant electronic transition due to weak
electron transfer. Similarly, the electron transition of different atoms in LiClO4-PPy also
becomes relatively neglective because of weak electronic transfer. The HOMO-LUMO
molecule orbital energy gaps of LiClO4/Ti and LiClO4-PPy/Ti are determined to be 0.340
eV and 0.032 eV, respectively. Therefore, LiClO4-PPy/Ti with a low HOMO-LUMO gap
presents its high conductivity and high electroactivity, also. The HOMO-LUMO gap
analysis results agree with the DOS and band gap analysis results. The DFT simulation
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calculation results support the CV and GCD measurement results, proving the higher
capacitance of LiClO4-PPy/Ti.
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Figure 6. (A,B) Molecule structure models, (C,D) molecular electrostatic potentials (difference charge
density), (E,F) total density of states curves, (G,H) band gap structure curves, (I) HOMO and LUMO
frontier molecular orbital charge distribution of LiClO4/Ti and LiClO4-PPy/Ti.

Figure 7 shows the Mulliken charge population of C, O, N, Cl, and Ti atoms of
LiClO4/Ti and LiClO4-PPy/Ti. The interfacial interaction in LiClO4/Ti and LiClO4-PPy/Ti
leads to the center charge offset of the Ti lattice atoms and the negative charge density
distribution of oxygen atoms as well as nitrogen atoms. Accordingly, Ti atoms involve the
dissociation distribution of negative and positive charge in LiClO4/Ti and LiClO4-PPy/Ti.
Table 2 lists the Mulliken charges of C, O, N, Cl, and Ti atoms in LiClO4/Ti and LiClO4-
PPy/Ti. The negative charge densities of oxygen atoms are changed from LiClO4/Ti (−0.78,
−0.80, −0.82, −0.95) to LiClO4-PPy/Ti (−0.76, −0.77, −0.78, −0.90), indicating a slightly
decreased negative charge. The dissociated positive and negative charge densities of Ti
substrate are (+0.13~+0.05)/(−0.23~−0.04) for LiClO4/Ti and (+0.62~+0.08)/(−0.05~−0.01)
for LiClO4-PPy/Ti, respectively. Therefore, the electrostatic interaction is formed between
negative-charged perchlorate O and positive-charged Ti. Additionally, the negative charge
densities of nitrogen atom are (−0.58~−0.47). Obviously, the strong electrostatic interaction
is further formed between the negative-charged pyrrole N and the positive-charged Ti in
LiClO4-PPy/Ti. Herein, LiClO4 exhibits the surface adsorption state of Ti in LiClO4/Ti
and the doping state of PPy in LiClO4-PPy/Ti. The Mulliken charge population analysis
proves the shorter intermolecular interaction distance in LiClO4-PPy/Ti in comparison with
LiClO4/Ti. Accordingly, LiClO4-PPy/Ti achieves higher electroactivity than LiClO4/Ti.
The DFT simulation calculation results agree with the experimental measurement results in
confirming the superior capacitance of LiClO4-PPy/Ti.
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Figure 7. Mulliken charge population of (A) LiClO4/Ti and (B) LiClO4-PPy/Ti.

Table 2. Mulliken charge population of C, O, N, Cl, and Ti atoms in LiClO4/Ti and LiClO4-PPy/Ti.

Element LiClO4-Ti LiClO4-PPy-Ti

O1 −0.78 −0.76
O2 −0.80 −0.77
O3 −0.82 −0.78
O4 −0.95 −0.90
Cl +2.45 +2.47
C1 / +0.03
C2 / +0.04
N / (−0.58~−0.47)

Ti
(−0.23~−0.04) (−0.05~−0.01)
(+0.13~+0.05) (+0.62~+0.08)

3. Experimental Section

3.1. Preparation of LiClO4-PPy/Ti

The titanium sheet (Ti, purity 99.5%, size 10 × 50 mm, thickness 0.2 mm.) was washed
using acetone, ethanol, and then deionized water to remove surface stains. The Ti sheet
then conducted the chemical polishing treatment in HF-HNO3 solution to dissolve the
surface-covered oxide layer. The chemical cleaned Ti sheet was obtained. The Ti sheet
conducted the electrostatic adsorption in lithium perchlorate solution form LiClO4/Ti. A
normal pulse voltammetry process was employed to synthetize LiClO4-PPy/Ti using a
three-electrode reaction system, which included the fresh Ti sheet working electrode, Pt
foil counter electrode, the Hg/Hg2Cl2 reference electrode, and acetonitrile solvent solution
of 0.1 M LiClO4 electrolyte and 0.15 M pyrrole. The reaction parameters included a pulse
potential range of 0.7~1.1 V and pulse potential increment of 0.001 V.

3.2. Characterization and Measurement

The surface microstructure characterization of LiClO4-PPy/Ti and LiClO4/Ti was
conducted using a scanning electron microscope (SEM, ZEISS Ultra Plus, Germany). A
Raman spectrum measurement of LiClO4-PPy/Ti was conducted using a Raman spectro-
scope (Thermo Fisher DXR3, He-Ne laser, Emitting wavelength of 785 nm). A crystal phase
structure characterization of titanium substrate was conducted using an X-ray diffraction
(XRD, Bruker D8-Discover, Wavelength of X-ray source, 0.154 nm) apparatus. Electrochem-
ical capacitive measurements of LiClO4-PPy/Ti and LiClO4/Ti were performed using an
electrochemical workstation (CHI 760D, CH Instruments Co., Ltd., China), which includes
galvanostatic charge/discharge (GCD) and cyclic voltammetry (CV). The electrochemi-
cal impedance spectrum (EIS) measurement was carried out at the frequency range of
10−2~105 Hz. The 1.0 M LiClO4 was used as the doping ion source and the electrolyte
solution, contributing to maintaining the electrochemical stability of the titanium substrate
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in LiClO4-PPy/Ti. electrode. The total surface area was used to evaluate electrochemical
capacitance.

3.3. Theoretical Simulation Calculation

Density functional theory (DFT) simulation calculation was carried out to investigate
electronic properties and atomic charge distribution of LiClO4 and LiClO4-PPy interaction
at the interface of Ti substrate [38]. The total density of states (DOS), Mulliken charge
population, interfacial binding energy, highest occupied molecular orbital (HOMO), lowest
unoccupied molecular orbital (LUMO), and electrostatic potential were determined and
discussed for better understanding of the electrostatic interfacial interaction of LiClO4-
PPy/Ti and LiClO4/Ti. The DMol3 package was applied to calculate HOMO-LUMO energy
gaps, and the CASTEP package was applied to calculate electronic energy gap and charge
density difference and DOS value.

4. Conclusions

The PPy/Ti has been prepared through an electro-polymerization deposition process
which is applied as supercapacitor electrode for electrochemical energy storage. Theoretical
and experimental investigations are adopted to disclose the conductivity and interfacial
interaction-dependent capacitance of LiClO4-PPy/Ti. LiClO4/Ti reveals ideal electrical
double-layer capacitance due to the reversible adsorption/desorption of LiClO4 electrolyte
on Ti substrate in the potential range of 0~0.8 V. LiClO4-PPy/Ti reveals Faradaic capaci-
tance due to reversible doping/dedoping perchlorate ion in PPy. LiClO4-PPy/Ti reveals
lower charge transfer resistance, lower ohmic resistance, and lower Warburg resistance
to present more active interface, higher electronic conductivity, and more feasible ion
diffusion properties than LiClO4/Ti. LiClO4/Ti and LiClO4-PPy/Ti achieve the mean
response current of 0.13~2.47 μA cm−2 and 2.28~9.011 μA cm−2 at 5~200 mV s−1. The
corresponding specific capacitances are 0.010~0.0095 mF cm−2 and 0.123~0.0122 mF cm−2

at 0.01~0.10 mA cm−2. LiClO4-PPy/Ti keeps much higher electrochemical conductivity
and higher specific capacitance than LiClO4/Ti. Theoretical calculation results prove that
interfacial electrostatic adsorption of LiClO4/Ti and ClO4

− anion doping of LiClO4-PPy/Ti
could change atomic charge density distribution. LiClO4-PPy/Ti exhibits higher electronic
conductivity and lower interface energy than LiClO4/Ti. LiClO4-PPy/Ti can act as a supe-
rior supercapacitor electrode to exhibit electroactivity and capacitance for the promising
energy storage application.
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Abstract: Cobalt hydroxide is a widely studied electrode material for supercapacitor and alkaline
zinc ion batteries. The large interlayer spacing of Co(OH)2 is also attractive to store Zn ions. However,
Co(OH)2 is quite unstable in the acidic ZnSO4 electrolyte due to its amphoteric nature. Herein, we
synthesized a mixed phase of Co(OH)2/CoOOH via a two-step electrochemical preparation. As the
cathode material for an aqueous zinc ion battery (AZIB), Co(OH)2/CoOOH delivered a maximum
capacity of 164 mAh g−1 at 0.05 A g−1 and a high energy density of 275 Wh kg−1. Benefiting from
the low charge-transfer resistance, a capacity of 87 mAh g−1 was maintained at 1.6 A g−1, showing a
good rate performance of the mixed phase. Various spectroscopy analyses and simulations based
on the density functional theory (DFT) suggested a higher thermal stability of the mixed phase than
pure Co(OH)2, due to its less local structural disorder. The reduced Co-Co and Co-O shells increased
the mechanical strength of the mixed phase to accommodate Zn2+ ions and endure the electrostatic
repulsion, resulting in an enhanced cycling stability. The mixed phased also delivered a good stability
at the current density of 0.05 A g−1. After 200 cycles, a capacity retention of 78% was retained, with
high Coulombic efficiencies. These results provide a new route to synthesize high-performance LDH
for aqueous zinc ion batteries.

Keywords: aqueous zinc battery; cobalt hydroxide; CoOOH; mixed phase

1. Introduction

The utilization of renewable energy sources, such as wind, solar, and tidal energies, is
expected to alleviate the environmental pollution resulted from the combustion of fossil
fuels. Due to the seasonal and regional factors, the storage of these energies with high
efficiency, therefore, is of great significance to the wide application of these renewable
energy sources. Among various energy storage systems, lithium ion batteries, due to their
high energy density, are dominant in the markets of portable electronic devices and electric
automobiles [1,2]. The safety issue and high cost of lithium ion batteries have driven us
to search for alternative energy storage devices (ESDs) with comparable performance,
but with a higher safety and lower cost. Aqueous ESDs, such as supercapacitor and
nickel/metal hydride batteries, have been extensively investigated due to their excellent
power densities and long lifespans. Unfortunately, the further application of these aqueous
ESDs is restricted by the low energy density. Recently, aqueous zinc ion batteries (AZIBs)
have drawn an exceptional amount of attention due to their environmental friendliness,
high theoretical capacity of the Zn anode (820 mAh g−1), and their abundancy in the
Earth’s crust [3,4]. However, the application of AZIBs is restricted by the unsatisfying
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electrochemical performance of cathode materials. Currently, Mn- and V-based oxides
are the most investigated cathode materials for AZIBs [5,6]. In addition to the low redox
potential of V-based oxides, along with the dissolution problem of Mn-based oxides, their
performance is also affected by the strong interaction between zinc ions and the crystal
structure of oxides [7]. Therefore, seeking new cathode materials is still of great significance
to develop AZIBs with high energy densities and long lifespans.

Layered double hydroxides (LDHs), with tunable chemical compositions and 2D
pore structures, exhibit excellent pseudocapacitive activities in battery/supercapacitor
hybrid ESDs [8–10]. Facilitated via the H+ intercalation/deintercalation mechanism and
the structural similarity, cobalt hydroxide (Co(OH)2) has demonstrated an extraordinary
performance in supercapacitors [11]. Its atoms are very exposed on the surface of its unique
2D morphology, and the large interlayer spacings facilitates the charge transfer between the
electrolyte and the active material. However, the interlayer spacings of Co(OH)2 are usually
occupied by the anion residues (NO−3 , CO2−

3 , organic anions, etc.) from the preparation
to neutralize the positive charge of the Co-O layers [12]. As a result, Zn ion storage is
prohibited by either the interlayer species or the electrostatic repulsion from the positively
charged Co-O layers. Our previous study has proven that the excellent pseudocapacitive
behavior originates from the rapid transformation between Co(OH)2 and CoOOH based
on their structural similarity [11]. Compared to Co(OH)2, CoOOH not only preserves the
morphology of Co(OH)2, but also shows a higher level of thermal stability than Co(OH)2,
since each H atom is shared by two adjacent Co-O layers, and the positive charges are
subsequently reduced, which presents CoOOH as a promising cathode material for AZIBs.
Nevertheless, it remains uncertain to fabricate a high-performance CoOOH cathode for
AZIBs, since no relevant study has been reported.

Herein, a mixed phase of Co(OH)2/CoOOH was synthesized via a two-step electro-
chemical preparation. As an AZIB cathode material, Co(OH)2/CoOOH showed a high
average potential of 1.7 V vs. Zn2+/Zn, which is higher than most of the reported cath-
ode materials for AZIBs. Correspondingly, the mixed phase of Co(OH)2/CoOOH can
deliver a maximum capacity of 164 mAh g−1 at 0.05 A g−1 in 1 M ZnSO4 electrolyte. The
Co(OH)2/CoOOH cathode also exhibited an excellent rate performance; a high capacity of
87 mAh g−1 was obtained at 1.6 A g−1. X-ray adsorption spectroscopy (XAS), along with
theoretical simulations, indicated the high crystallinity and thermal stability of the mixed
phase. The even distribution of CoOOH in the mixed phase suppresses the structure’s
degradation. The reduced Co-Co and Co-O shells increased the mechanical strength of the
mixed phase to accommodate Zn2+ ions and endure the electrostatic repulsion, resulting in
an enhanced cycling stability. The mixed phase of Co(OH)2/CoOOH showed a stable cycle
life of 200 cycles at 0.05 A g−1, with a capacity retention of 78%. The excellent performance
of Co(OH)2/CoOOH has demonstrated the promising future of LDHs as cathode materials
for AZIBs.

2. Results

The mixed phase of Co(OH)2/CoOOH was synthesized via a two-step electrochemical
preparation, as illustrated in Figure 1A. Firstly, Co(OH)2 was electrodeposited on the
carbon fiber paper (CFP) as the substrate in a three-electrode system, in which a CFP, a
platinum plate, a saturated calomel electrode, and a 1 M Co(NO3)2 solution served as the
working electrode, counter electrode, reference electrode, and electrolyte, respectively. As
the supercapacitor electrode, Co(OH)2 loses one H atom and is then oxidized to CoOOH
to store charges in alkaline media. Accordingly, the as-prepared Co(OH)2 electrode was
placed into a 1 M KOH solution for a cyclic voltammetry (CV) treatment to prepare the
mixed phase of Co(OH)2/CoOOH. The CV potential was set in the range of−0.1~0.45 V. To
acquire the structural information, X-ray diffraction (XRD) was conducted on each step of
the preparation. Figure 1B depicts the XRD patterns of the CFP after the electrodeposition,
alkaline media contact, and the CV treatment, in which α, β, and C stand for α-Co(OH)2,
β-Co(OH)2, and CoOOH, respectively. Two peaks were observed at 33◦ and 59◦, which can
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be indexed to the (100) and (110) planes of α-Co(OH)2 (PDF card No.460605). Compared to
the pure CFP (Figure S1), the feature peak of the carbon materials (002) at 26◦ was far more
reduced, indicating the well coating of α-Co(OH)2 on the CFP. The α-Co(OH)2 is known
for its large interlayer spacing due to either anion or molecule insertion from the electrolyte.
Our previous work has manifested that the electrochemically deposited α-Co(OH)2 was
unstable, which could easily transform into β-Co(OH)2 in alkaline media by removing
the NO−3 species from the structure. The same phenomenon was also observed in this
work. After being soaked in a 1 M KOH solution, the (001), (100), (101), (102), (110), and
(111) planes of β-Co(OH)2, with a high level of crystallinity, were detected in the red line
(PDF card No.300443), while no signs of α-Co(OH)2 were detected in the XRD patterns,
indicating the transformation from α-Co(OH)2 into β-Co(OH)2. After the CV treatment,
three new peaks were detected at 20◦, 38◦, and 65◦, which can be indexed to the (001), (012),
and (018) planes of CoOOH (PDF card No.070159), respectively, indicating the co-existence
of β-Co(OH)2 and CoOOH.

 
Figure 1. (A) The illustration of the synthesis of the Co(OH)2/CoOOH mixed phase on the CFP.
(B) The XRD patterns of α-Co(OH)2, β-Co(OH)2, and the Co(OH)2/CoOOH mixed phase on the CFP.
Black line: α-Co(OH)2; red line: β-Co(OH)2; orange line: Co(OH)2/CoOOH mixed phase.

The morphology evolution of Co(OH)2 was analyzed via scanning electron spec-
troscopy (SEM) and transmission electron spectroscopy (TEM). As shown in Figure 2A,
the as-prepared α-Co(OH)2 displayed a petal-like morphology, with an average thickness
of 200 nm. With a closer scrutiny, each petal was loosely stacked, consisting of multiple
Co(OH)2 layers with large interlayer spacings (Figure 2B). After being soaked in a 1 M KOH
solution, the morphology of Co(OH)2 changed dramatically from the loosely stacked petals
to the hexagonal platelets, corresponding to the change in the XRD pattern (Figure 2C).
In the hexagonal platelets, no obvious void was observed, suggesting a decreased inter-
layer spacing. In addition, TEM images also confirmed the morphology evolution from
α- to β-Co(OH)2. The porous structure was observed in α-Co(OH)2 (Figure 2D), which
disappeared and changed to the compact stack of Co(OH)2 layers (Figure 2E), when the
electrode was put into alkaline media. No obvious pores were identified. These results
indicate that the actual reactant was β-Co(OH)2. In addition, the space group of hexagonal
β-Co(OH)2 was R3m. The (010) and (100) crystal planes exhibited an acute angle of 60◦
(Figure 2F), also suggesting the formation of β-Co(OH)2. After the CV treatment, the mor-
phology of the mixed phase of β-Co(OH)2 and CoOOH was quite similar to β-Co(OH)2
(Figures S2 and S3), showing a morphology of well-shaped hexagonal platelets, which
resulted from the similar structural parameters of β-Co(OH)2 and CoOOH.
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Figure 2. (A,B) The SEM images of α-Co(OH)2 with different magnitudes. (C) The SEM image of
β-Co(OH)2. (D) TEM image of α-Co(OH)2. (E,F) TEM and HRTEM images of β-Co(OH)2.

Fourier transform infrared spectroscopy (FTIR) and X-ray photoemission spectroscopy
(XPS) analyses were conducted to probe the surface state of the Co(OH)2/CoOOH mixed
phase. Figure 3A shows the FTIR spectra of the as-prepared Co(OH)2 and the Co(OH)2
after their immersion in the alkaline media. There was a sharp absorption band observed
at 1383 cm−1 in the spectrum of α-Co(OH)2, representing the N-O vibration from the
inserted NO−3 species [13]. The intensity of the N-O vibration was substantially reduced
after diving the as-prepared Co(OH)2 in the KOH solution, indicating the removal of
NO−3 . In addition, an intense band appeared at 3572 cm−1 in the spectrum of β-Co(OH)2,
which is the typical feature of OH groups. The transformation from α- to β-Co(OH)2
could be explained by the NO−3 replacement of OH− with a smaller size, leading to the
compact arrangement of the Co-O layers. According to the FTIR analysis, α-Co(OH)2 is
quite unstable in the alkaline media, which can rapidly transform into β-Co(OH)2. So,
the actual reactant is β-Co(OH)2, rather than α-Co(OH)2, to store Zn2+ ions. Figure 3B
depicts the XPS spectrum of C 1s of α-Co(OH)2 on the CFP. In addition to the typical
signals of the sp2 carbon and some surface function groups, such as C-O, C=O, and
COOH, strong Co-O-C interactions were generated between the CFP and Co(OH)2 at
294 eV and 298 eV, which can provide a robust bonding between the active material and
the substrate to prevent their pulverization [14]. X-ray adsorption spectroscopy (XAS)
measurements were also conducted to evaluate the structural evolution from Co(OH)2
to CoOOH. X-ray absorption near-edge structure (XANES) spectra of β-Co(OH)2 and
the mixed phase of Co(OH)2/CoOOH are shown in Figure 3C. The intensity of the
Co(OH)2/CoOOH mixed phase was much higher than that of β-Co(OH)2, indicating
a decreased disorder in the local environment and stronger Co-Co shells [15,16]. The
K-edge of the Co(OH)2/CoOOH mixed phase shows a positive shift compared to β-
Co(OH)2 in the inset of Figure 3C, which demonstrates an increased Co valence in
the mixed phase. In addition, the overall oscillation patterns of β-Co(OH)2 and the
mixed phase were quite similar, suggesting similar coordination environments of the Co
atom in β-Co(OH)2 and the mixed phase. The extended X-ray absorption fine structure
(EXAFS) spectra of β-Co(OH)2 and the mixed phase are displayed in Figure 3D. The
similar patterns also suggest similar coordination environments in β-Co(OH)2 and
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the mixed phase. Moreover, two peaks were also observed, standing for the Co-O
and Co-Co shells. The increased intensities of both peaks in the mixed phase were
detected, which indicate a decreased structural disorder in the mixed phase [17,18].
Furthermore, negative shifts of the Co-O and Co-Co shells were also observed in the
mixed phase, which suggests the reduced Co-O and Co-Co bond lengths due to the
existence of CoOOH. Compared to Co(OH)2, each H atom is shared by the two adjacent
Co-O layers in CoOOH. The density functional theory (DFT) calculation simulated the
transformation from Co(OH)2 into CoOOH, and its computed energy file is provided
in Figure 4. CoOOH (a = b = 3.036 Å; c = 8.862 Å) was obtained by losing one H atom
per formula unit from Co(OH)2 (a = b = 3.176 Å; c = 9.358 Å). We found that the energy
difference between CoOOH and Co(OH)2 was 0.6 eV, and that the activation energy
from CoOOH to Co(OH)2 was higher than for the opposite process, indicating that the
mixed phase is more stable than pure Co(OH)2.

Figure 3. (A) FTIR analysis of the as-prepared Co(OH)2 and β-Co(OH)2. Red line: α-Co(OH)2; black
line: β-Co(OH)2. (B) XPS spectrum of the C 1s of α-Co(OH)2/CFP. (C) XANES spectra of β-Co(OH)2

and the mixed phase Co(OH)2 and CoOOH. (D) EXAFS spectra of β-Co(OH)2 and the mixed phase
Co(OH)2 and CoOOH. Co-O and Co-Co stand for the nearest Co-O and Co-Co shell to the Co atom.
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Figure 4. Phase transformation energy profile from Co(OH)2 to CoOOH. CoOOH is considered as
the ground state. Energy values for all the minima and transition states are provided in Table S1. The
green, red, and orange balls stand for Co, O, and H atoms, respectively.

The electrochemical performance of the Co(OH)2/CoOOH mixed phase as the cathode
for AZIBs was investigated in a coin cell, in which the Co(OH)2/CoOOH mixed phase, a Zn
foil, and 1 M ZnSO4 solution were used as the cathode, anode, and electrolyte, respectively
(Figure 5A). The mixed phase of Co(OH)2/CoOOH exhibited a maximum capacity of
164 mAh g−1 at 0.05 A g−1, as well as a high energy density of 275 Wh kg−1 (Figure 5B).
Moreover, no obvious decay in capacity was observed in the first five cycles, suggesting a
good stability of the mixed phase of Co(OH)2/CoOOH. The differential capacity (dQ/dV)
curve is depicted in Figure 5C, and two discharge peaks located at 1.6 eV and 1.8 V vs.
Zn2+/Zn were observed. The average discharge voltage of 1.7 V vs. Zn2+/Zn was higher
than for most of the reported cathode materials, such as V2O5 (0.6 V vs. Zn2+/Zn) and
MnO2 (1.4 V vs. Zn2+/Zn). Figure 5D shows the Nyquist plot of the mixed phase. The inset
is the electrical equivalent circuit, in which Rct, Rs, W, and CPE stand for the charge-transfer
resistance, the equivalent series resistance, the Warburg impedance, and the constant phase
element, respectively. According to the fitting results (Table S2), Rct was calculated to be
2.1 Ω, and such a small charge-transfer resistance indicates an excellent electron transfer
rate in the mixed phase of β-Co(OH)2 and CoOOH. Figure 5E displays the CV curves of
the mixed phase of Co(OH)2/CoOOH at different scan rates, and the reaction kinetics were
evaluated based on the scan rate and the corresponding current. The capacity contribution
of the diffusion- and surface-controlled processes can be deconvoluted according to the
following equation [19]:

i = k1v + k2v
1
2

in which k1v and k2v
1
2 stand for the surface- and diffusion-controlled processes, respec-

tively. As the scan rate increased from 0.1 mV s−1 to 5 mV s−1, the contribution ratio
of the diffusion-controlled capacity was stabilized at ~70%, indicating that both surface
and diffusion synergically regulate the electrode reaction. As a result, the mixed phase
of Co(OH)2/CoOOH exhibited an excellent rate performance. Its capacity can reach 164,
124, 108, 103, 98, and 87 mAh g−1 at 0.05, 0.1, 0.2, 0.4, 0.8, and 1.6 A g−1, respectively
(Figure 5G,H). In contrast, β-Co(OH)2 only showed a maximum capacity of 48.8 mAh
g−1 at 0.1 A g−1 (Figure S4), along with an inferior rate performance (Figure S5). Com-
pared to recently reported cathode materials for AZIBs, such as PBA (99.7 mAh g−1 at
0.05 A g−1) [20], FeHCF (76 mAh g−1 at 1 A g−1) [21], and Na3V2(PO4)2F3 (65 mAh g−1 at
0.08 A g−1) [22], the mixed phase of Co(OH)2/CoOOH exhibited an increased capacity, an
improved rate performance, and a higher discharge voltage of 1.7 V (Table 1). The mixed
phased also delivered a good stability at the current density of 0.05 A g−1. After 200 cycles,
a capacity retention of 78% was retained, with high Coulombic efficiencies (Figure 5I).
However, the capacity of β-Co(OH)2 rapidly dropped to 38% after 50 cycles at the current
density of 0.1 A g−1 (Figure S6). Both Co(OH)2 and CoOOH are amphoteric materials,
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which could be dissolved in acidic media. The pH value of the 1 M ZnSO4 electrolyte
is about 4~4.5, meaning that the dissolution of the active material is responsible for the
capacity loss. On the other hand, the interaction between the Zn2+ ions and the Co-O layer
was enhanced after the removal of NO−3 species, which neutralize the positive charge of
the Co-O layers. However, the high thermal stability and the shortened Co-Co and Co-O
shells, according our XAS analysis and DFT calculation, increased the mechanical strength
of the mixed phase to accommodate Zn2+ ions and endure the electrostatic repulsion.

 

Figure 5. (A) Schematic illustration of a Zn-Co(OH)2/CoOOH cell in a 1 M ZnSO4 electrolyte.
(B) Discharge profiles of the first 5 cycles of the mixed phase at 0.05 A g−1. (C) The differential
capacity curves of the mixed phase Co(OH)2/CoOOH. (D) The Nyquist plot and the equivalent
electrical circuit of the Zn-Co(OH)2/CoOOH cell in a 1 M ZnSO4 electrolyte. (E) The CV curves
of the mixed phase of Co(OH)2/CoOOH at different scan rates from 0.1 mV s−1 to 5 mV s−1.
(F) The contribution ratio of the diffusion-controlled capacity and the surface-controlled capacity.
(G) Discharge profiles of the mixed phase of Co(OH)2/CoOOH at different current densities from
0.05 A g−1 to 1.6 A g−1. (H) Rate performance of the mixed phase of Co(OH)2/CoOOH. (I) The
stability (200 cycles at 0.05 A g−1) and Coulombic efficiency of the mixed phase of Co(OH)2/CoOOH.

Table 1. Electrochemical performance comparison of cathode materials for AZIBs.

Cathode Maximum Capacity Rate Performance Discharge Voltage Refs.

PBA 99.7 mAh g−1 at 0.05 A g−1 39.7 mAh g−1 at 2 A g−1 1.4 [20]

FeHCF 76 mAh g−1 at 1 A g−1 41 mAh g−1 at 8 A g−1 1.5 [21]

Na3V2(PO4)2F3 65 mAh g−1 at 0.08 A g−1 33 mAh g−1 at 8 A g−1 1.6 [22]

Co(OH)2/CoOOH 164 mAh g−1 at 0.05 A g−1 87 mAh g−1 at 1.6 A g−1 1.7 This work
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3. Discussion

Recently, LDHs with abundant H vacancies were obtained via electrochemical
methods [23,24], and these LDHs have exhibited promising performance as the cathode
material for AZIBs in mild acidic media. Coincidently, the transition metal oxyhydroxide
contains one less H atom than its hydroxide, thus indicating that the excellent per-
formance may originate from oxyhydroxides or the synergic effect of hydroxide and
oxyhydroxide. Unfortunately, the effect of oxyhydroxide was overlooked. CoOOH and
Co(OH)2 are quite alike in structure, but the oxyhydroxide is more stable, which could
stabilize the whole structure against the strong interaction with Zn2+ ions. Therefore,
according to our work, the transition metal oxyhydroxide is supposed to be a promising
cathode material for AZIBs.

4. Materials and Methods

Synthesis of α-Co(OH)2. The α-Co(OH)2 was electrochemically deposited on the
carbon fiber paper (CFP) as the substrate. A 1 M Co(NO3)2 solution (analytical reagent
(AR), Xilong Chemical Co., Ltd., Guangzhou, China) was used as the electrolyte. Before the
electrodeposition, the CFP was washed with acetone, ethanol, and distilled water for 30 min
each, and the CFP was dried in a 60 degree oven overnight. Then, the α-Co(OH)2 thin film
was electrodeposited on the CFP in a conventional three-electrode electrolytic cell, in which
the CFP, a platinum plate, and a saturated calomel electrode (SCE) served as the working,
counter, and reference electrode, respectively. The electrodeposition was conducted using
a CHI660E potentiostat, and the voltage was maintained at −1 V for 30 min. The forma-
tion of α-Co(OH)2 can be expressed as follows: NO−3 + 7H2O + 8e− → NH+

4 + 10 OH−,
Co2+ + 2OH− → Co(OH)2. Following the electrodeposition, the prepared electrode was
washed with distilled water for several times and dried in a 60 degree vacuum oven overnight.

Synthesis of the mixed phase of Co(OH)2/CoOOH. The as-prepared α-Co(OH)2
was utilized as the precursor to obtain the mixed phase of Co(OH)2 and CoOOH via an
electrochemical method in a conventional three-electrode electrolytic cell for a CV treatment,
in which the as-prepared α-Co(OH)2, a platinum plate, a saturated calomel electrode (SCE),
and a 1 M KOH solution served as the working electrode, counter electrode, reference
electrode, and the electrolyte, respectively. The CV treatment was conducted using a
CHI660E potentiostat. The potential range of the CV treatment was set from −0.1 V to
0.45 V, and the scan rate was 25 mV s−1 for 50 cycles. The electrochemical process was
expressed as follows: Co(OH)2 + OH− → CoOOH + H2O + e−. After the CV treatment, the
electrode was washed using the distilled water for several times to wash off the alkaline
residues and dried in a 60 degree vacuum oven overnight.

Physical characterization. The morphologies of α-Co(OH)2, β-Co(OH)2, and the
mixed phase of Co(OH)2/CoOOH were characterized via scanning electron microscopy
(SEM, Hitach SU8000 scanning electron microscope, Hitachi High-Tech, Tokoy, Japan)
and transmission electron microscopy (TEM, JEM ARM 1300S for high-resolution TEM
images, Thermo Fisher, Shanghai, China). The structural evolution from α-Co(OH)2 to
the mixed phase of Co(OH)2/CoOOH was probed via X-ray diffraction (XRD, RIGAKU
D/MAX2500, Rigaku, Tokoy, Japan). Fourier transform infrared spectra were conducted
using a JW-BK132F from the JWGB SCI. & TECH instrument (Beijing, China), and X-
ray photoelectron spectroscopy (XPS) spectra were obtained using the ESCALAB-250
instrument with a monochromatic Al Kα radiation source and a hemisphere detector with
an energy resolution of 0.1 eV. The X-ray absorption (XAS) spectra were obtained on the
beamline 1W1B at the Beijing Synchrotron Facility (BSRF), with an electron of 2.2 GeV and
a beam current of 250 mA.

Electrochemical evaluation. The electrochemical performances of β-Co(OH)2 and the
mixed phase were carried out in a coin cell, in which Zn foil and 1 M ZnSO4 served as the
anode and the electrolyte, respectively. The cathode and anode were separated via a glass
microfiber filter (CAT No. 1823-125). The galvanostatic profiles, dQ/dV plot, and cycling
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performance were conducted using a Neware battery testing system. The CV curves and
Nyquist plot were obtained using a CHI660E potentiostat.

DFT simulations. The Perdew–Burke–Ernzerhof (PBE) functional and supercell ap-
proach were utilized as implemented in the Vienna ab initio simulation package (VASP)
to perform the spin-polarized DFT calculations. Co (3s, 3p, 3d, and 4s) and O (2s and 2p)
electrons were treated as valence states, with a cut-off energy of 520 eV in plane waves, and
PBE-based projector-augmented wave potentials were used to replace the other electrons.
All energies were computed using the DFT + U method. Co2O4H2 (two formula units)
was used as a unit cell, and the equilibrium lattice constants were simulated with cell
shape, a lattice vector, and atomic position using a residual force of 0.02 eV Å−1. These
conditions ensured a convergence in the equilibrium distance. As for the transition state,
the considered phase transformation was located using the elastic band algorithm.

5. Conclusions

To sum up, we synthesized a mixed phase of Co(OH)2/CoOOH via a two-step elec-
trochemical preparation. The inserted NO−3 species was removed in the alkaline media,
resulting in the transformation from α- into β-Co(OH)2, and CoOOH was obtained based
on the energy storage mechanism of Co(OH)2 in supercapacitors. As the cathode material
for AZIBs, the electrochemical performance of the mixed phase of Co(OH)2/CoOOH was
much improved than that of β-Co(OH)2. The mixed phase delivered a maximum capacity
of 164 mAh g−1 at 0.05 A g−1, a high average discharge plateaus of 1.7 V, as well as a
high energy density of 275 Wh kg−1. Benefiting from the low charge-transfer resistance,
Co(OH)2/CoOOH showed a good rate performance, maintaining a capacity of 87 mAh
g−1 at 1.6 A g−1. DFT calculations and various spectroscopy analyses suggested the high
thermal stability of the mixed phase of Co(OH)2/CoOOH than pure Co(OH)2 because of
less local structural disorder. The reduced Co-Co and Co-O shells increased the mechanical
strength of the mixed phase to accommodate Zn2+ ions and endure the electrostatic repul-
sion, resulting in an enhanced cycling stability. This work provides a new perspective to
fabricating LDH materials for high-performance AZIBs.
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Abstract: The electrochemical performance of lithium–sulfur batteries (LiSBs) has been hampered
by the slow redox kinetics and shuttle effect of lithium polysulfides (LiPSs), which require the
rational design and synthesis of highly active electrocatalysts towards this reaction. Herein, worm-
like N-doped porous carbon nanotube-supported low-crystalline Co nanoparticles (a-Co-NC@C)
were derived from binary Zn–Co ZIF via a two-step thermal annealing method. Initial thermal
annealing 950 ◦C in Ar + H2 atmosphere results in the carbonization of binary Zn–Co ZIF and
the formation of high crystalline Co nanoparticles. Thermal annealing in ammonia atmosphere
at 350 ◦C not only results in the reduced crystallinity of cobalt nanoparticles; it also promotes the
growth of highly graphitized and heavily N-doped intertwined carbon nanotubes. The enlarged
porous carbon nanotube structure offers accommodation for sulfur content, while the doped carbon
and Co nanoparticles with reduced crystallinity facilitate the redox kinetics of LiPSs, improving
the cycling stability, rate performance and capacity of LiSBs batteries. As a result, the a-Co-NC@C
cathode displays a specific capacity of 559 mAh g−1 after 500 cycles at 1 C, and a specific capacity
of 572 mAh g−1 at 3 C. It delivers a specific capacity of 579 mAh g−1 at high sulfur loading of a
2.55 mg cm−2 at 1 C after 400 cycles. This work highlights the importance of phase engineering of
carbon matrix and transition metal nanoparticles in electrochemical performance of Li-S batteries.

Keywords: porous carbon nanotube; low crystalline; cobalt nanoparticles; promoted redox kinetics;
Li–S batteries

1. Introduction

As the demand for energy storage continues to grow, commercially mature and widely
used lithium-ion batteries, which are close to their theoretical energy density, are no longer
able to meet society’s energy storage needs [1,2]. In particular, the emergence of electric
vehicles requires batteries with high energy density, small size and high safety perfor-
mance [3–6]. Among the many secondary batteries, lithium–sulfur (Li–S) batteries have
become a hot research topic in recent decades due to their high theoretical specific capacity
and energy density, as well as their low environmental contamination [7–9]. However, the
practical application of Li–S batteries is constrained by their own disadvantages [10–12],
such as the non-conductive nature of the sulfur itself, the dissolution and “shuttle effect” of
lithium polysulfide (Li2PSs) and the slow redox kinetics of polysulfide [13–15].

Extensive efforts have been made to improve the charge capacity, cycling and rate
performance of Li–S batteries. Porous carbon materials have been used as the sulfur host,
which can not only improve the electrical conductivity of the cathode but also suppress the
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dissolution of LiPSs. For instance, the coral-like N-doped multilayer porous carbon [16],
when utilized as the cathode of Li–S batteries, delivers an initial discharge capacity of
1617 mAh g−1 at 0.1 C and a capacity decay rate of only 0.05% per cycle up to 500 cycles
at 0.5 C. N-doped porous carbon microspheres (NPCSM), derived from microalgae [17],
greatly inhibit the diffusion of PSs by strong physical and chemical adsorption and exhibit
a specific capacity of 1030.7 mAh g−1 at a current density of 0.1 A g−1 as a cathode of Li–S
batteries and a capacity of 692.3 mAh g−1 at a high current density of 5 A g−1.

Due to the weak interaction between the non-polar carbon material and PSs, the elec-
trochemical performance of Li–S batteries is still unsatisfactory. Therefore, metal contents
are introduced into the porous carbon materials, which behave as electrocatalyst towards
redox reaction of PSs. Metal organic frameworks (MOF) have been widely used to prepare
porous carbon as the sulfur host in Li–S batteries due to their tunable structural composi-
tion, rich void structure and large specific surface area [18]. In particular, heteroatom-doped
carbon materials based on the zeolitic imidazole framework (ZIF-67) have been extensively
investigated in Li–S batteries. The N-doping carbon materials provide high adsorption ca-
pacity to LiPSs, and the cobalt nanoparticles promote the redox kinetics of PSs and improve
the utilization of the active sulfur content [19]. In another study, the Co–Nx active sites
derived from carbonization of Zn/Co-ZIF [20], when used as a separator interlayer, demon-
strate good electrocatalytic activity towards the redox reaction of Li2PSs and a 31% increase
in capacity. Searching for excellent sulfur-hosting carbon materials and electrocatalysts
towards the redox reaction of Li2PSs is central to the community of Li–S batteries.

Additionally, engineering of the morphology and phase of the carbon and metal
nanomaterials has been demonstrated to be effective in regulating electrochemical perfor-
mance. For instance, the amorphous transition metal nanomaterials, which are featured
via short-range ordering and anisotropy, have been demonstrated as superior to their
crystalline counterparts’ electrocatalytic water splitting, etc. [21,22]. The reactions involved
in morphology, phase and surface and interface engineering are very complicated, and
how the carbon materials and metal species interact with each other remains elusive and
challenging to understand.

Herein, a composite composed of worm-like N-doped intertwined porous carbon tubes
and Co nanoparticles with low crystallinity (a-Co-NC@C) was prepared by a sequential
thermal annealing method, as shown in Scheme 1. Firstly, Zn–Co-ZIF was wrapped
by a PAN through a phase inversion method, which was further carbonized in Ar/H2
atmosphere at 950 ◦C, resulting in the formation of high-crystalline Co nanoparticles
supported on carbon materials. Further annealing in ammonia atmosphere at 350 ◦C
results in the growth of intertwined porous carbon nanotubes with large surface area,
possibly benefiting from the catalytic effect of Co nanoparticles, and also their reduced
crystallinity. Due to the synergy of the uniformly distributed worm-like porous carbon
nanotubes and the heavily N-doped low-crystalline cobalt nanoparticles, a-Co-NC@C
delivers a superior performance, with a capability of 572 mAh g−1 at a current of 3 C and a
capacity of 559 mAh g−1 after 500 cycles at a current density of 1 C. Even at a high sulfur
loading of 3.95 mg cm−2, a specific capacity of 564.1 mAh g−1 remains after 200 cycles at
0.1 C.

 

Scheme 1. Illustration of the synthetic process of low-crystalline N-doped porous carbon supported
Co nanoparticles.
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2. Results

The crystalline structure and polyhedron morphology of Zn–Co-ZIF was examined by
XRD (Figure S1) and SEM (Figure S2). The XRD patterns of Zn–Co-ZIF are consistent with
those of ZIF-8 and ZIF-67, indicating the successful preparation of Zn–Co-ZIF. The clear
sharp peaks in XRD indicates the high crystallinity of Zn–Co-ZIF. The morphology of Co-
NC@C and a-Co-NC@C nanocomposites is characterized by SEM and TEM. In Figure 1a,d,
Co-NC@C displays a smoother surface and denser structure, and a-Co-NC@C exhibits a
rougher surface and porous structure. In the further magnified image in Figure 1b,e, a
more detailed surface morphology can be observed. It can be seen that Co-NC@C was
covered by finer nanoparticles, which are densely packed together. In contrast, a-Co-NC@C
shows a worm-like structure, which consists of carbon nanotubes grown during thermal
annealing in ammonia atmosphere under the catalysis of Co nanoparticles.

Figure 1. SEM images of at low magnification (a); high magnification (b) and high-resolution TEM
(c) for Co-NC@C; SEM images of at low magnification (d); high magnification (e) and high-resolution
TEM (f) for a-Co-NC@C.

It can be seen that thermal annealing at 950 ◦C causes the carbonization of Zn–Co-
ZIF@PAN and the formation of a porous carbon-supported Co nanoparticles composite
(Co-NC@C). The coating of PAN on Zn–Co-ZIF results in the thorough dispersion and
reduced size of the Co nanoparticles on the carbon matrix [23]. Further annealing of
Co-NC@C in ammonia atmosphere induces the formation of worm-like heavily N-doped
intertwined porous carbon nanotubes in the Co-NC@C composite [24,25]. Such porous
carbon nanotubes show high electronic conductivity and a low-weight network for sulfur
accommodation [26], and they behave as an excellent electrocatalyst towards the redox
reaction of polysulfides [27]. The size of the Co nanoparticles was determined to be 30.6 and
33.3 nm in dimeter for Co-NC@C and a-Co-NC@C, respectively, as shown in Figure 1c,f,
which apparently does not change. Usually, such large Co nanoparticles will not show
catalytic activity [24,25] towards the growth of carbon nanotubes during thermal annealing
in Ar or Ar/H2 atmosphere. It is speculated that such a strong interaction between Co
nanoparticles and ammonia may result in reduced Co nanoparticles and further dissolution
of Co species into the adjacent carbon support, which may show good catalytic activity
towards the carbon nanotube growth.

The crystallinity of Co nanoparticles after thermal annealing in ammonia atmosphere
was monitored by XRD, as shown in Figure 2a. For the Co-NC@C sample, the very sharp
diffraction peaks are indexed to Co, indicating the high crystallinity of Co nanoparticles.
On the contrary, only very weak and broad diffraction peaks are observed for a-Co-NC@C,
indicating the much-reduced crystallinity of Co nanoparticles due to thermal annealing
in ammonia atmosphere. This process might be caused by the insertion and subsequent
coordination interaction of NH3 molecules with Co, which disrupts the crystalline structure
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of Co nanoparticles, spreading the Co atoms into a larger space and thus reducing the
crystallinity of Co nanoparticles. Thermal annealing in ammonia atmosphere may further
change the graphitization degree, porosity and N-doping level. As shown in Figure 2b, the
D (defect) and G (graphite) bands are observed at 1340 and 1590 cm−1, respectively [28].
The intensity ratio of D to G (ID/IG) is similar for Co-NC@C and a-Co-NC@C. However,
much high noise was observed for a-Co-NC@C, possibly induced by the high doping
content of nitrogen into carbon in Co-NC@C [29].

 

Figure 2. (a) XRD, (b) Raman spectra, (c) nitrogen adsorption/desorption isotherm and (d) pore
size distributions of Co-NC@C and a-Co-NC@C, respectively. (e) XRD pattern and (f) TGA of
a-Co-NC@C/S.

The porosity of Co-NC@C and a-Co-NC@C is characterized by nitrogen adsorp-
tion/desorption isotherms, as shown in Figure 2c,d. The a-Co-NC@C composite shows a
surface area of 291.77 m2 g−1 and a pore volume of 0.411 cm3 g−1, which is much higher
than those of the Co-NC@C composite (131.45 m2 g−1 and 0.289 cm3 g−1), indicating
remarkably enhanced surface area and pore volume by thermal annealing in ammonia
atmosphere, which offers a large surface area for electrochemical reaction and is also ben-
eficial to the penetration of the electrolyte and mass transfer [30]. Moreover, the pore
size of a-Co-NC@C and Co-NC@C is distributed around 1–7 nm and 30 nm, indicating
a mesoporous structure of the carbon matrix. When a-Co-NC@C is loaded with sulfur,
a-Co-NC@C/S exhibits clear diffraction peaks of sulfur in XRD spectra (Figure 2e), with a
sulfur loading of approximately 60 wt%, as revealed by TGA (Figure 2f).

The chemical content of carbon, nitrogen and Co in Co-NC@C and a-Co-NC@C is
explored by X-ray photoelectron spectroscopy (XPS). As shown in Figure S3, the fitted
C 1s spectrum can be deconvoluted into three peaks which, at 284.8 eV, 285.8 eV and
287.6 eV, respectively, can be ascribed to sp2 carbon, C=N bonds and C–N species. The
surface sites of the N-doped carbon can be used as a conductive Lewis base catalyst to
improve the adsorption of PSs [31]. Figure 3a shows the high-resolution spectrum of N
1s, which can be deconvoluted into a pyridinic N at 398.5 eV and a graphitic N peak at
401.14 ev [32]. It is observed that the content of graphitic N decreases and the content of
pyridinic N increases for a-Co-NC@C. In addition, the N content has been increased from
3.62 at% to 4.57 at%. The ability of pyridinic N to introduce strong elements near the Fermi
energy level to give electronic states has been reported to change the reaction site and
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increase the adsorption on PSs [33]. Therefore, increasing the content of the pyridinic N of
a-Co-NC@C can improve the anchoring and catalytic capacity of the LiPSs by increasing the
immobilization and catalytic sites. From the high-resolution XPS spectrum of Co 2p3/2 in
Figure 3b, it is observed that the amount of metallic Co at 778.49 eV in Co-NC@C is higher
than that in a-Co-NC@C, while only the Co–N bonding component located at 780.06 eV [34]
was observed for a-Co-NC@C, indicating heavily doped N content in Co nanoparticles via
thermal annealing in ammonia atmosphere. Such positively charged and low-crystalline
N-doped Co nanoparticles may provide enhanced interactions with the PSs through both
Co–S and Li–N bonds concurrently [35], thus suppressing the shuttle effect [36].

 

s p3/2

Figure 3. High-resolution XPS spectrum of (a) N 1s and (b) Co 2p3/2 for Co-NC@C and a-Co-NC@C.

The electrochemical performances of Co-NC@C/S and Co-NC@C-N/S as cathodes
of Li–S batteries are shown in Figure 4. The cyclic voltammetry (CV) profiles are shown
in Figure 4a. The reduction peaks A and B correspond to the conversion of solid S8 to
long-chain PSs and of short-chain PSs to Li2S/Li2S2, respectively. The oxidation peaks
C and D correspond to the conversion of Li2S/Li2S2 to short-chain PSs and, further, to
long-chain PSs as well as S8, respectively [37–39]. It is observed that the current density on
the a-Co-NC@C composite is 1.5~2 times that of Co-NC@C, and the polarization voltage
between peak A and C is lower than that of Co-NC@C (0.270 vs. 0.354 V) (Table S1), which
indicates the evidently enhanced redox kinetics of PSs on a-Co-NC@C composite. Figure 4b
shows the rate performance, where a-Co-NC@C displays a capacity of 651 and 572 mAh g–1

2 C and 3 C, much higher than that of Co-NC@C (514 and 342 mAh g–1) [40,41]. The polar-
ization voltage at different current densities of a-Co-NC@C from rate curves (Figure S4) is
smaller than that of Co-NC@C, as shown in Figure 4c. This indicates that a-Co-NC@C/S
exhibits higher redox kinetics of PSs than Co-NC@C [42]. The high redox kinetics and
holding capacity of a-Co-NC@C compared to Co-NC@C may induce an improved cycling
performance. As shown in Figure 4d, a-Co-NC@C, as a cathode of Li–S batteries, delivers a
specific capacity of 559 mAh g–1 after 500 cycles at 1 C and a decay rate of 0.066% per cycle,
which is superior to those of the Co-NC@C composite (a capacity of 371 mAh g–1 after 500
cycles at 1 C and decay rate of 0.11%). The long cycling performance of a-Co-NC@C/S as a
cathode of the Li–S battery was tested at 2 C and 3 C, respectively (as shown in Figure S5),
which still exhibits a specific capacity of 509 mAh g–1 500 after cycles at 2 C, and a capacity
of 393 mAh g–1 after 800 cycles at 2 C.

GITT tests were further performed for Li–S batteries in the first charge and discharge
cycle, as shown in Figure 5a for Co-NC@C and Figure 5b for a-Co-NC@C electrodes,
respectively, from which the reaction resistance was derived (Figure 5c,d). It is observed
from the reaction that the resistance of a-Co-NC@C during discharging is apparently
smaller than that of the Co-NC@C electrode, which indicates faster redox kinetics and
lithium-ion diffusion on the former than on the latter [39].
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Figure 4. (a) CV curves; (b) rate performance; (c) polarization voltages at different current densities;
(d) cycling performance at 1 C of Li–S batteries with Co-NC@C/S and a-Co-NC@C/S as cathodes,
respectively. The arrows indicate the related axis for the plot in the panels.

 
Figure 5. GITT voltage profiles of (a) Co-NC@C, (b) a-Co-NC@C in the 1st cycle; the reaction
resistance of Co-NC@C and a-Co-NC@C in the (c) discharging process and (d) charging process
derived from (a,b).

The commercialization of Li–S batteries requires high sulfur loading for high capacity
and energy density [39,40]. As shown in Figure 6a, at a sulfur loading of 3.95 mg cm–2,
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an initial capacity of 1071 mAh g–1 at the first cycle and a starting discharge capac-
ity of 737.7 mAh g–1 after activation at 0.05 C was achieved. The capacity remains at
564.1 mAh g–1 after 200 cycles at 0.1 C. At a lower sulfur loading of 2.29 mg cm–2, the
starting discharge capacity after activation at 0.05 C was 973.5 mAh g–1 and a capacity
of 642.8 mAh g–1 was achieved after 200 cycles at a current of 0.2 C (Figure 6b). The
rate performance of a-Co-NC@C composite at 2 mg cm–2 was shown in Figure 6c, which
display a capacity of 813, 669, 583, 534, 478 and 428 mAh g–1 at 0.1, 0.2, 0.5, 1, 2 and 3 C,
respectively, indicating good rate performance for the a-Co-NC@C composite at a high
sulfur loading. The a-Co-NC@C composite also showed superior long-cycling performance
at high sulfur loading. As shown in Figure 6d, at a load of 2.55 mg cm–2, a capacity of
945 mAh g–1 after activation and a capacity of 579 mAh g–1 after 400 cycles at 1 C were
achieved, corresponding to a capacity decay rate of 0.097% per cycle.

Figure 6. The performance of a-Co-NC@C cathode at high sulfur loading: (a) cycling performance
at 0.1 C for a sulfur loading of 3.95 mg cm–2; (b) cycling performance at 0.2 C at a sulfur loading of
2.29 mg cm–2; (c) rate performance at a sulfur loading of 2 mg cm–2; (d) cycling performance at 1 C at
a sulfur loading of 2.55 mg cm–2. The arrows indicate the related axis for the plot in the panels.

3. Materials and Methods

3.1. Materials

Co(NO3)2·6H2O, Zn(NO3)2·6H2O, 2-methylimidazole (2-MeIM), methanol, N,N-Dime
thylformamide (DMF) and polyacrylonitrile (PAN, MW = 150,000) was obtained from
Shanghai Macklin Biochemical Co., Ltd., Shanghai, China. All materials have not been
further purified before use.

3.1.1. Synthesis of Zn–Co-ZIF and Zn–Co-ZIF@PAN

Typically, 20 mmol of Co(NO3)2·6H2O, 20 mmol of Zn(NO3)2·6H2O and 80 mmol
2-methylimidazole (molar ratio of Co2+ to Zn2+ is 1:1) were added in a beaker containing
500 mL anhydrous methanol and stirred for 1 h. The solution was centrifuged at a rate
of 8000× g r min–1 for 24 h, and the precipitate was collected, washed three times with
methanol and desiccated in an oven at 60 ◦C for 12 h. The collected purple product was
named Zn–Co-ZIF.

A total of 0.5 g Zn–Co-ZIF powder was added into 15 mL DMF and dispersed by
ultrasonication for 1 h, into which 0.5 g PAN was then added into and stirred for 4 h. The
resulting mixture was dripped into 500 mL of deionized water using a syringe to obtain
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a flake product, which was collected by filtration, washed several times with deionized
water and desiccated overnight in an oven at 60 ◦C. The obtained sample is denoted as
Zn–Co-ZIF@PAN.

3.1.2. Preparation of Co-NC@C and a-Co-NC@C

Co-NC@C nanocomposites were prepared by thermal annealing Zn–Co-ZIF@PAN
powder at 950 ◦C for 3 h under Ar/H2(10%). Co-NC@C was further annealed at 350 ◦C for
3 h in an ammonia atmosphere to obtain a-Co-NC@C.

3.1.3. Sulfur Loading to Co-NC@C and a-Co-NC@C

Co-NC@C (or a-Co-NC@C) and sulfur powder were ground at a mass ratio of 3:7
for 30 min to achieve a homogeneous mixture, which was then placed in a tube furnace
under an Ar atmosphere and annealed at 155 ◦C for 12 h and then heated to 200 ◦C
for 2 h to remove the excess sulfur. The resulting samples are named Co-NC@C/S and
a-Co-NC@C/S, respectively.

3.2. Electrochemical Measurements

Cyclic voltammetry (CV) tests were carried out on an electrochemical workstation
CHI 750E with a scan rate of 0.1 mV s–1 and an operating voltage window of 1.8–2.7 V.
The electrochemical impedance spectroscopy (EIS) was carried out on the CHI 750E in
the frequency range 0.01 to 100,000 Hz. Electrochemical performance tests such as long
cycling performance, rate performance and charge/discharge curves were carried out on
the LAND electric test system.

3.3. The Assembly of Batteries

To load sulfur into Co-CN (or a-Co-CN), Co-CN (or a-Co-CN) was mixed with sulfur
powder by grinding for 30 min, transferred into an ampoule and thermally annealed at
155 ◦C for 12 h with a ramp rate of 2 ◦C min–1 and then 200 ◦C for another 2 h to obtain
Co-NC@C/S (a-Co-NC@C/S). To prepare an active electrode, a slurry was prepared in
advance by dispersing Co-CN (or a-Co-CN), super P and PVDF in a mass ratio of 8:1:1
into NMP in a beaker, which was then coated on an Al foil and dried in an oven at 60 ◦C
for 24 h. Battery assembly was carried out in the glove box. The button cell was type
CR2016. The cathode material was the Co-NC@C/S and a-Co-NC@C/S obtained above,
the anode electrode was lithium metal flake, the separator was a Celgard 2400 and the
main component of the electrolyte was LiTFSI dissolved in a 1:1 volume ratio DOL/DME
(1, 3-dioxolane = DOL; dimethyl ether = DME) mixture, to which 0.2 M LiNO3 was added.
The sulfur loading of the cathode was about 1.2–1.5 mg cm–2, and the ratio of the electrolyte
to the sulfur content on the cathode was 25 mL g–1.

4. Conclusions

In this work, we reported the preparation of heavily N-doped worm-like porous
carbon nanotube structure mixed low-crystalline Co nanoparticles by sequential thermal
annealing of ZnCo-ZIF in Ar+H2 and ammonia atmosphere. The porous carbon was
heavily doped with pyridinic N content, and the Co species were completely converted to
N-bonded. The formation of porous carbon nanotube structure was ascribed to the catalytic
effect of Co nanoparticles endowed by N-doping and reduced crystallinity, which facilitates
the adsorption and redox kinetics of LiPSs. Therefore, the a-Co-NC@C/S composite, as
sulfur host of the cathode, delivers a specific capacity of 559 mAh g−1 after 500 cycles at
1 C and a specific capacity of 572 mAh g−1 at 3 C. At a high sulfur loading of 2.55 mg cm−2,
it achieves a specific capacity of 579 mAh g−1 after 400 cycles at 1 C. Under 2 C and 3 C, it
is able to cycle up to 500 and 800 cycles, respectively, and still releases a capacity of 509 and
391 mAh g−1, respectively. This work highlights the importance of the low crystallinity of
Co nanoparticles in improving the redox kinetics of LiPSs in LiSB.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/inorganics11070305/s1: Figure S1: XRD pattern of Zn–Co-ZIF;
Figure S2: SEM of Zn–Co-ZIF; Figure S3: High resolution XPS spectra of C 1s of Co-NC, Co-NC@C
and a-Co-NC@C; Figure S4: Charge/discharge profiles at various rates of the cell with cathode of
Co-NC@C and a-Co-NC@C; Figure S5: Long term cycling performance at 1 C, 2 C of a-Co-NC@C/S
electrode. Table S1: Current density values at different redox peaks and polarization voltages of
composite cathodes of Co-NC@C and a-Co-NC@C.
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Abstract: Energy storage devices are essential for enhancing the effectiveness and sus-
tainability of electrical energy. Lithium-ion batteries (LIBs) are one of the most efficient
energy storage solutions available. The choice of electrode materials plays a vital role
in defining the performance of an energy storage device. A range of electrode materials
have been developed utilizing both organic and inorganic substances. Due to their notable
electrochemical characteristics, strong chemical stability, and well-established technological
approaches, inorganic materials have been extensively studied to achieve high-performance
devices. This review paper aims to provide a thorough and analytical review of different
materials ranging from zero- to three-dimensional (3D), like quantum dots, nanotubes, and
nanosheets that have been proposed for high-performance LIBs. This study also includes
challenges and future pathways to address the issues with inorganic materials utilized as
electrode materials for high-performance energy storage LIBs.

Keywords: batteries; inorganic electrode materials; lithium-ion batteries; 0D, 1D, 2D, and
3D nano-materials

1. Introduction

Devices for energy storage are more and more diffusely applied across various do-
mains, including electric power distribution, electronics, automotive, aerospace, etc. [1–3],
for tackling the global challenges related to the finite availability of fossil fuels and to air
pollution reduction.

Many different technologies have been proposed to fulfill the constraints of the re-
quired power and energy in such diversified domains. Fuel cells demonstrate significant
energy density, yet they possess a relatively low power density. Supercapacitors have
higher power but less energy densities and longer cycle lifetimes due to surface charge
storage processes [4–6] whereas rechargeable batteries provide high energy densities as a
result of the faradaic charge storage mechanism [7–10]. Among these last electrochemical
systems, throughout the last three decades, lithium-ion batteries (LIBs) have been used as
the power source for a variety of products, including electric vehicles, power tools, laptops,
mobile phones, etc. As well as being lightweight, LIBs have the highest energy and power
densities compared to the other battery technologies. They also have a long lifecycle and a
low self-discharge rate, which makes them reliable and easy to maintain.

The three primary components of a LIB (as of any other battery) are an electrolyte
and two electrodes (anode and cathode). The cathode stores ions when charging whereas
the anode stores lithium ions during discharging. The presence of electrolytes in batteries
enables the movement of ions between the anode and cathode, thereby ensuring efficient
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energy storage and release. The most commonly used liquid electrolytes employed in LIBs
are Lithium salts, like LiPF6. Solid electrolytes, including those composed of ceramic or
polymer, as well as gel electrolytes, represent two additional types of electrolytes. Each
of these categories offers a distinct array of benefits, encompassing aspects such as safety
and stability.

The electrodes significantly influence a battery’s energy storage capacity, efficiency,
and overall lifespan. During the charging and discharging processes, the anode and cathode
are crucial for ion mobility, directly affecting the electric battery’s overall performance.
The choice of material influences ion storage capacity, conductivity, and stability during
several charge-discharge cycles. Efforts are now underway to produce and use the most
appropriate materials for electrode components in batteries.

Even though there have been improvements over the years, the best electrode materials
for LIBs that use the intercalation mechanism have reached their peak performance. This is
when lithium ions are reversibly incorporated into the structure of the host material. This
implies that investigating novel materials or ion storage processes other than conventional
intercalation may be necessary to achieve additional notable increases in energy capacity
or efficiency. Because of this, a significant amount of attention has been focused on high-
capacity conversion reaction-type cathodes, such as those containing sulfur (lithium-sulfur
batteries) and oxygen (lithium-air batteries). Furthermore, safe and affordable rechargeable
batteries hold great potential as workable alternatives for large electrical systems [11,12].
Promising potential for enhancing battery performance, such as cyclic stability, specific
capacity, specific energy, and charge/discharge rate, has been shown for a variety of
electrodes based on nanomaterials [13–16].

Nanomaterials with a significantly enhanced surface area markedly enhance ion stor-
age and reaction speeds, increasing battery capacity and power output. Their nanoscale
dimensions facilitate accelerated ion diffusion and more compact electron transport path-
ways, leading to enhanced efficiency. Furthermore, nanomaterials possess the potential to
accommodate volumetric changes during cycling, thereby enhancing the longevity and
stability of batteries. Nanoparticles can be categorized based on their size, shape, and
structural morphology.

Researchers have made a lot of progress in the past few years in studying zero-
dimensional (0D), one-dimensional (1D), two-dimensional (2D), and three-dimensional
(3D) nanostructures like quantum dots, nanotubes, and nanosheets as high-performance
electrode materials for energy storage devices. Even though they have a lot of interesting
properties, problems like material aggregation, limited electrolyte diffusion, and slow
reaction kinetics limit their applicability [17,18].

More than 15,000 publications in 2024 that seek the best electrode material for high-
performance LIBs are on the Google Scholar website. We conducted this search in December
2024 using the keywords anode, cathode, and electrode materials for lithium-ion batteries.
Based on the literature review, this study aims to analyze the characteristics of 0D, 1D,
2D, and 3D inorganic materials applied for LIB electrodes in an organized way. It focuses
on their electrochemical properties, energy and power densities, and important perfor-
mance metrics like charge transfer efficiency, capacity retention, and cycle stability. The
presented results offer a wide-ranging overview of the pros, cons, and trade-offs of each
dimensionality by showing how structural morphology affects energy storage mechanisms.
This may provide a suitable reference for researchers engaged in designing long-lasting,
high-performance energy storage systems.
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2. Electrode Materials for Use in High-Performance ESD

The investigation of high-performance electrodes, electrocatalysts, and photoelec-
trodes stands as a pivotal element in the commercialization of these renewable energy
technologies. Considering that a battery functions as a dynamic chemical reactor, enhanc-
ing its performance through the use of high-performance materials necessitates a profound
understanding of the processes occurring at every level. Novel electrode materials for
Lithium-ion batteries, which are renowned for their exceptional cycle stability and ap-
pealing specific capacity, have drawn a lot of interest in recent years [19]. More than
15,000 publications in 2024 that seek the best electrode material for high-performance LIBs
are on the Google Scholar website. We conducted this search in December 2024 using the
keywords anode, cathode, and electrode materials for lithium-ion batteries.

Typical materials for LIBs include carbon-based materials, metal oxides, conducting
polymers, and different combinations of these elements as electrode components. In recent
studies, anode materials for LIBs have encompassed carbon and carbon-based materi-
als [20–23], metal oxides [24–26], nitrides [27,28], and carbides [29,30], along with their
composites [31,32]. LiCoO2 [33], LiMnO2 [34], and transition-metal phosphates, especially
olivine LiFePO4 [35], exemplify layered compounds featuring an anion close-packed or
very-close-packed lattice. They have garnered significant attention in both academic inquiry
and commercial applications concerning cathode materials. Other materials that are widely
utilized include conducting polymers. Electrodes adopted for high-performance energy
storage devices include a variety of compounds for applications, such as carbonaceous com-
pounds like graphene and carbon nanotubes [36,37], conducting polymers like PANI [38],
metal oxides like MnO2 [39], carbon nanocomposites [40,41], and metal oxide compos-
ites [42], among others. Inorganic materials hold considerable importance because of their
ability to store lithium through a conversion mechanism [43]. Metals, in combination
with carbon, like SnO2 [44], Mo2N [45], FeN [46], VN [47], Ni3N [48], and NbN [49], have
also been proposed as electrode materials due to the elevated specific energy and power
densities, superior electrical conductivity, thermal stability, and electrochemical behavior.

2.1. Organic Electrode Materials

The swift advancement of OAMs necessitates collaborative efforts across various
fields, including computer science, chemistry, and materials science. Organic electrode
active materials provide a number of advantages, including their low cost, low impact
on the environment, sustainability, adjustable design, and exceptional electrical storage
activity. We can source these materials from biomass or produce them through straight-
forward synthesis methods [50,51]. A wide variety of batteries are available, such as
lithium-ion, sodium-ion, aluminium-ion, magnesium-ion, and proton batteries, with con-
siderable emphasis on the investigation of organic active materials (OAMs) [52]. In contrast
to the rigidity of inorganic materials, the flexibility of organic materials renders them
more suitable for bendable energy storage devices. However, achieving large-scale com-
mercialization requires addressing several challenges [53,54]. At the moment, the main
problems that OAMs face in the research field are low conductivity, the ability to dissolve in
electrolytes, limited working current, low specific capacity, synthesis technology, and safety.

In particular, it is crucial to consider the safety of organic electrode materials. They ex-
hibit significantly different thermal stability, making them more susceptible to inactivation
at elevated temperatures [53].

2.2. Inorganic Electrode Materials

Although inorganic materials are the subject of the majority of the present research,
interest in their wider potential in energy storage is growing due to their significant
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benefits, which include increased surface areas, superior electrical conductivity, enhanced
thermal stability, greater number of active sites, and higher capacities compared to organic
compounds [54]. A substantial array of inorganic materials serve as anode or cathode
materials for LIBs, with numerous reports available in the literature. The mechanism of
their response enables them to be classified into three separate categories: alloying reaction
(e.g., Si and Sn), intercalation reaction (e.g., Li4Ti5O12), and conversion reaction (e.g., MnO
and Fe2O3) [55,56].

Silicon has a very high specific capacity of 4200 mA h g−1 due to a 4.4-electron alloying
reaction. It also has a very low operational voltage of about 0.4 V compared to Li/Li+ [56].
Phosphorus (P) is an interesting anode material because it has a theoretical specific capacity
of 2595 mA h g−1. This comes from the reaction of 3Li + P↔ Li3 P. Metal oxides exhibit high
experimental and theoretical specific capacities, as documented in numerous studies [57,58].
Over the past 10 years, according to data available on Google Scholar, more than 50,000 have
been published on inorganic electrode materials for lithium-ion batteries. The cathode
material serves as a fundamental element that directly influences the overall performance
of batteries. Inorganic cathode materials have garnered significant interest, primarily due
to their impressive discharge capacity. The metallic elements typically exhibit accessible
oxidation states (e.g., Mn2+/Mn3+/Mn4+, V3+/V4+/V5+, and Fe2+/Fe3+/Fe4+), resulting in
multi-electron reactions throughout the charge and discharge cycles. The Li2FeSiO4 (LFSO)
material is cheap and good for the environment. It can help with a two-electron reaction that
has a theoretical specific capacity of 332 mA h g−1 [59]. Newly discovered materials, like
P14AQ/CNT nanocomposite and Triplite LiFeSO4F [60], have a lot of potential as cathodes.

Many inorganic nano-materials have been thoroughly investigated as LIB electrode
materials, including metal oxides, metal phosphides, and oxysalt nanoparticles. The
tiny size of these nanoparticles enables a reduction in the collective electrode tension
(mechanical stress/strain) resulting from Li insertion/removal and the diffusion channel
between lithium ions. Nevertheless, a significant issue with these nanoparticles is their
comparatively poor conductivity, particularly when they are in weak contact [61–63].

3. Nanostructured Inorganic Electrode Materials

In the sequel, the classification proposed by Pokropivny and Skorokhod for NSMs [64],
encompassing 0D, 1D, 2D, and 3D NSMs, is adopted. The advancements observed in recent
years indicate that NSMs possess significant potential for the innovation of new technolo-
gies aimed at meeting the enduring demand for energy. But there are still constraints on
using different types of nanostructures with different properties.

Zero-dimensional (0D) nanostructures like quantum dots are strongly reactive with
a quick ion exchange that is made possible by high surface-to-volume ratios, although
charge transport may be hampered by their poor connectivity. Additionally, 1D materials
are perfect for enhancing conductivity in energy devices because they provide continuous
channels for the passage of electrons and ions. Two-dimensional materials in layered
structures provide huge surface areas and high ion diffusion rates, which are essential for
energy storage in batteries and supercapacitor electrodes. Additionally, 3D materials show
a stability and energy storage capacity enhanced by porous structures that optimize surface
area and facilitate effective molecular movement. Every dimensionality has a distinct
contribution and customized morphologies are becoming more and more important for
high-energy storage devices [64]. Figure 1 illustrates the diverse dimensions of categorized
nanomaterials [65].

Table 1, Shows a summary of some relevant properties of nanomaterials with differ-
ent sizes (0D, 1D, 2D, and 3D) used in LIBs. This comparison underscores the possible
advantages of each solution in enhancing electrochemical performance and energy stor-
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age efficiency. Due to their unique structural properties, 0D and 3D materials often have
high initial capacities in some cases. However, they often face problems like poor cycling
stability, agglomeration (in 0D), and inefficient ion diffusion (in 3D). These problems arise
because of shape restrictions, such as particle aggregation, volume expansion, and limited
access to electrolytes. In contrast, 1D and 2D materials typically offer a better balance
of capacity, cycle life, and rate performance due to their optimized morphology for ion
transport and structural integrity. Therefore, a material’s suitability for lithium-ion batteries
depends not only on how much power it can hold but also on how well it can keep working
repeatedly and in real-world situations.

Figure 1. Different possible dimensions of the nanomaterials.

Table 1. Zero to Three Dimensional inorganic nano-materials materials with their characteristics for
high-performance LIBs.

Material
Capacity

(mA h g−1)
Specific Current

(mA g−1)
No. of Cycles Reference

0D materials

TiO2@GNRs 320.8 100 500 [66]
NiO@Co3O4@GQDs 1158 100 250 [67]

SnO2-GNS 793 400 150 [68]
Ca3Co4O9 316.3 - 100 [69]

Si QDs 1232 200 100 [70]
SnO2/Graphene 635 60 100 [71]

ZnO@ZnO QDs/C NRAs 699 500 100 [72]
SnO2/graphene composite 634 100 50 [73]

MoS2@CNT Fabric 700 100 50 [74]
SnO2/GNS 570 50 30 [75]
GNS/Fe3O4 1026 35 30 [76]

1D materials

Ge-CNFs 281.6 5000 5000 [77]
Si 1200 2000 500 [78]

ZnMnO3 950 500 500 [79]
Li1.2Ni2.5B2 350 100 500 [80]
S@Sr8Ti7S21 1315 260 400 [16]

Fe2O3 812 100 300 [81]
ZnCo2O4 1050 400 200 [82]

Co3O4 1800 300 100 [83]
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Table 1. Cont.

Material
Capacity

(mA h g−1)
Specific Current

(mA g−1)
No. of Cycles Reference

Cu-Si 1500 1400 100 [84]
SnO2-CuO 600 500 100 [85]

Zn4Sb3 450 100 100 [86]
Nb2Se9 542.2 100 100 [87]

2D materials

Cu3Si/Si 1675 200 100 [15]
NPCN/Si-2 1977 100 100 [13]

Graphene/MoS2 composite 1351 100 200 [88]
Si nanosheets/graphene composite 1650 840 50 [89]

Co3Sn2/Co–N-doped graphene composite 1615 2501 100 [90]
MoO2/carbon 1051 500 100 [91]

Si–reduced graphene oxide composite 1500 1350 100 [92]
SiA/NC anode 1224 20 100 [93]

Si/graphene composite 1390 2000 200 [94]
Graphene/NiCo2O4 1267 100 10 [95]
FeS-rGO composite 978 100 40 [96]

3D materials

Rutile TiO2 140 75 1000 [97]
Cs2NaErCl6 120 300 500 [98]

CsPbBr3@CNTs 470.2 100 200 [99]
CsPbBr3 261 60 100 [100]
CsPbl3 235 40 100 [101]

CoO QD/Graphene 1008 1000 50 [102]
Co3O4 866 178 50 [103]

CoO@3DOM 560.8 1000 50 [104]
Cs2NaBiCl6 775 75 25 [105]

CsPbCl3 612.3 50 - [106]

3.1. Zero-Dimensional Inorganic Electrode Materials

Zero-dimensional (0D) materials are defined as structures whose dimensions are less
than 100 nm on all three sides. These include nanoparticles shaped like onions, spheres,
and cages, as well as quantum dots. These structures may provide useful surfaces for
electrochemical activity because of their specific dimensions [107]. Published literature ex-
tensively covers zero-dimensional electrode materials and the blending of 0D nanoparticles
with other materials for use as LIB electrode materials. The electrochemical characteristics
of zero-dimensional materials are highlighted, with particular attention paid to specific
capacity, current density, and cyclic performance. Their usefulness and potential for use in
cutting-edge energy storage systems are shown by this viewpoint.

Using co-precipitation and molten salt methods, Wang et al. created the zero-
dimensional anode material Ca3Co4O9, which works very well in LIBs. The 0D polyhedron
anode had a high initial charge capacity of 391.9 mA h g−1. It maintained 316.3 mA h
g−1 with more than 95% Coulombic efficiency after 100 cycles. The material had a lot
of surface area and ion channels that helped lithium ions (Li+) move through it. This
makes the capacity 33% higher at five rates. This material proved that micro/nanostructure
engineering may enhance cycle stability and rate performance [69].

Choi et al. showed that the π-conjugated molecule had better electrochemical perfor-
mance. They found that the silicon quantum dot (Si QD), a bridge structure, could discharge
at the value of 1957 mA h g−1 initially and keep 63% of its capacity after 100 cycles at a rate
of 200 mA g−1. The π-conjugated molecules can make the electrochemical performance of
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the material better. They protect electrical conductivity and structural integrity from the
mechanical stress that comes from the alloying process. The structure of the Si QD cluster
improves stability and ion transport, which makes the cycle stability better than with Si
QDs that are not clustered. By adding functional groups and altering organic structures,
Si QD clusters’ electrochemical properties may be further improved. This approach has
significant promise for enhancing the anode materials in high-performing lithium-ion
batteries [70]. According to Chen et al. [108], there are numerous dead zones internally
present during the fabrication of a material that essentially remains inactive in terms of
electrochemical activity. The diffusion depth of an electrolyte is limited to approximately
20 nanometres. It has been demonstrated that quantum dot (QD) structures can offer the
necessary small size and a large specific surface area with a specific pore structure, both
of which are crucial for improving performance and covering all relevant zones. They
synthesized NiCo2S4 quantum dots and applied them onto nickel foam. After CV tests,
it was clear that the material NiCo2S4 exhibits a larger CV area compared to the CoS2

and NiS2 in the KOH electrolyte. The GCD analysis revealed the specific charge capacity
(calculate the precise charge that a material can deliver or store in relation to its mass) of
NiCo2S4 was 987.2 C g−1, which was greater than CoS2 and NiS2. They also constructed
and tested a real two-electrode device that consists of nitrogen-doped reduced graphene
oxide nanosheets used as the anode material and NiCo2S4 as the cathode material. The
real device reached a value of 168.1 F g−1 specific capacitance at a low specific current of
1 A g−1. The GCD curves have almost symmetric charge-discharge branches and a small
potential drop. This suggests that the capacitance is very reliable. The cyclic examination
of the device demonstrated a stability level of 91.9% after 15,000 cycles. This real device
demonstrated a high energy density and power density of 67.5 W h kg−1 and 850 W kg−1,
respectively [108].

Wang et al. [109] created and tested a core-shell heterogeneous nanoparticle structure
with a carbon shell around a LiFePO4 core. This composite demonstrated a value of
169 mA h g−1 of specific capacity at a 0.6 C discharge rate, which was almost equal to the
theoretically reported values for LiFePO4. It maintained a reasonable specific capacity of
90 mA h g−1, even when discharged at a high rate of 60 C. Furthermore, the material’s
cyclic ability was remarkable; after 1100 cycles at a discharge rate of 0.6, it had lost less
than 5% of its specific capacity.

Oxide coatings, including MgO, Al2O3, and ZnO, have been added to LIB cathode
materials to improve their performance. As a result, strain during phase transition may be
reduced and the materials’ structural stability can be enhanced. In their study, Ting and
colleagues showed that a 10 nm layer of nanocrystalline ZnO may improve the LiCoO2

cathode’s electrochemical performance [110]. LiCoO2, LiNiO2, and LiMn2O4 are examples
of electroactive cathode materials that may have oxide coatings applied to their surfaces to
minimize phase transitions, enhance structural stability, and prevent electrolyte–cathode
contact. It is evident in several additional instances that the coatings could be able to
enhance conductivity [111].

Another kind of electrode material utilized in energy storage batteries is transition
metal dichalcogenides. When 0D inorganic materials bind with organic ones, they may
function effectively. Rana et al. synthesized CNTF/MoS2, a zero-dimensional nanocom-
posite, for use as a battery electrode. Enhancing conductivity, diffusion, and cycle stability
was the main goal. This technique uses MoS2-coated carbon nanotube fibers (CNTFs) to
make composite electrodes that do not need metallic collectors or polymer additives. The
electrodes’ excellent electrical conductivity and durability surpass those of conventional
designs. They achieve a specific capacity of 0.7 Ah g−1 with retention rates of 108% after
50 cycles at a specific current of 0.1 Ag−1 and 89% after 250 cycles at a specific current
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of 1 A g−1. The flexible composite fabrics provide remarkable mechanical strength and
consistent performance at varying current densities. However, CNTFs may be expensive
and complicated to produce and process, which could prevent them from being widely
used in certain applications. Furthermore, even though carbon nanotubes show remarkable
performance metrics, issues with their long-term stability and environmental effects still
need to be resolved [74].

When combined with two-dimensional materials, zero-dimensional materials may
achieve remarkable results. Because of its large surface area and excellent electrical proper-
ties, which are crucial for energy storage, graphene is a popular electrode material. A sig-
nificant mass of published information concerns graphene pairings with zero-dimensional
inorganic materials. This 2D/0D, graphene/inorganic material combination has led to
the development of several novel composite electrode material architectures [112]. These
include several anode materials, like Co3O4 and SnO2, and cathode materials, including
sulfur (S), LiFePO4, V2O5 [113–115], MoO2 [116], NiO [117], Si [118], Ge [119], and more.

Li et al. applied SnO2 onto graphene in a structurally and morphologically controlled
manner via atomic layer deposition [68]. They used the amorphous SnO2 as an anode mate-
rial for the real device testing. As a result, the recorded capacity was 793 mA h g−1 after 150
charge-discharge cycles. Over graphene nanosheets, Kim et al. decorated SnO2 nanoparti-
cles and created a SnO2/graphene composite for enhancing the LIB performance [73]. In
comparison to simply mixed samples, the produced composite showed better electrochem-
ical performance. After 50 charge-discharge cycles, the material showed a specific capacity
of 634 mA h g−1, which was due to the uniformly distributed symmetry of nano particles. A
one-step hydrothermal method was developed by Wang et al. to synthesize graphene–SnO2

nanocomposites [71]. After 100 cycles, the generated nanocomposite showed remarkable
rate capability and a 635 mA h g−1 specific capacity. SnO2 nanoparticles were combined
with graphene nanosheets by Paek et al., showing noticeably improved lithium storage
performance [75]. After 30 cycles, the produced 2D/0D graphene–SnO2 nanocomposite
maintained a charge capacity of 570 mA h g−1.

There are a lot of inorganic materials being used as an anode material of the LIBs. A
straightforward two-step production of a graphene–Fe2O3 composite using the homoge-
neous precipitation of FeCl3 was first reported by Zhu et al. [120]. They used a graphene
composite for increasing the performance of LIBs, which showed an excellent cycle per-
formance of 1355 and 982 mA h g−1 for discharge and charge capacities, respectively,
depending on the mass of Fe2O3. There is also reported Mn3O4 material by Wang et al.,
who demonstrated that the material achieved a high specific capacity value of 810 mA h g−1

at the specific current value of 40 mA g−1. The obtained capacity value was in the range of
Mn3O4’s theoretical capacity [76].

In storage applications, the morphology of the material is very important and may
impart, unlike electrochemical behaviour. Figure 2 shows various 0D materials: SEM
images highlight unique morphologies whereas cycling tests lead to different performances.
The MoS2 coating, with its nanoscale thickness (7–80 nm), exhibits 0D characteristics when
analyzed independently but integrates into a 1D CNT-based hybrid system, forming a
continuous conformal layer (Figure 2a). The large surface area of 0D MoS2 helps ions
move around better and the structural stability of 1D CNTs helps electrons move around
better. This makes for a high capacity and great cycling performance (Figure 2b). Similarly,
the amorphous SnO2-GNS composite, with its 0D morphology of 3–5 nm nanoparticles,
maximizes the electrolyte contact area, improving ion transport and capacity (Figure 2d).
The isotropic structure of this battery responds well to changes in volume during cycling.
This keeps the structure stable and gives it a high capacity of 793 mA h g−1 (Figure 2e).
This makes it better than larger crystalline SnO2 nanoparticles (30–40 nm), which have
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trouble adapting their structure (Figure 2c). The SnO2/graphene composite has even more
of the benefits of a 0D shape. The main SnO2 nanoparticles are about 4 nm wide and spread
out evenly on the graphene (Figure 2f). This makes it easier for ions to move through and
for electrochemical reactions to happen. These small particles stick together to make bigger
structures (about 14 nm), which keeps the capacity and stability in check (Figure 2g). After
50 cycles, they have a reversible capacity of 634 mA h g−1 and a 98% coulombic efficiency
(Figure 2h). Finally, Si quantum dots (Si QDs) have a 0D shape that gives lithium ions
a lot of surface area to interact with. The π-conjugated molecules around the material
act as a buffer layer, reducing the mechanical stress caused by changes in volume and
making it easier for electrons and Li+ to move around (Figure 2i,j). This is what lets the
material keep about 63% of its capacity (1232 mA h g−1) after 100 cycles (Figure 2k). These
studies collectively emphasize how 0D morphologies—whether as independent nanoparticles,
integrated into hybrid systems or combined with secondary structures—play a pivotal role
in maximizing electrochemical performance by enhancing surface area, ion transport, and
structural stability. Due to their small size, 0D materials often generate a lot of aggregation and
poor connectivity, which limits the routes that ions and electrons may take. To make matters
worse, when 0D materials are often cycled (charge/discharge), they may lose their stability.

Figure 2. (a) Field emission SEM image of the CNTF/MoS2 composite and a schematic picture
of the MoS2 coating around the CNTF bundles, with an inset showing a magnification; (b) cyclic
performance of composite at 0.1 A g−1 [74]. Copyright © 2021 American Chemical Society. SEM
images of (c) crystalline SnO2-GNS, (d) amorphous SnO2-GNS, (e) cycle performance at different
rates but the same potential window of 0.01–3.00 V for GNS (100 mA g−1) and for crystalline and
amorphous SnO2-GNS (400 mA g−1) [68]. Copyright © 2012 Wiley. (f) SnO2/graphene SEM image
at 100 nm, with an inset of the energy spectrum, (g) SEM image (500 nm) of the composite, and
(h) cyclic performance of SnO2/graphene at a rate of 100 mA g−1 [73]. Copyright © 2010 Springer.
SEM images of (i) 4-Bs/Oct Si QDs and (j) Si QD cluster and (k) galvanostatic cycling of Si QD
cluster [70]. Copyright © 2020 American Chemical Society.
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3.2. One-Dimensional Inorganic Electrode Materials

Unlike 0D nanostructures, 1D nanomaterials allow for effective charge transfer along
their micro-scale axis by a direct conduit. Owing to their unique benefits, 1D nanostructures
have been largely investigated for possible application in electrochemical energy storage
systems [21,121–126]. With a lot of ongoing research, these kinds of materials are being
employed commercially for high-performance energy storage systems. We have chosen to
present 1D inorganic materials based on their electrochemical performance related to their
energy outputs. This approach highlights their potential as high-performance electrode
materials for energy storage applications.

Yan et al. successfully coated SnO2 nanowires with amorphous MnO2 through the
straightforward method of immersing them in a hot KMnO4 solution [127]. The material
showed a high value of specific capacitance (637 F g−1) at a scan rate of 2 mV s−1. This
material also performed well in terms of energy density and power density; the reported
values are 35.4 Wh kg−1 and 25 kW kg−1, respectively. A one-dimensional nanostructured
composite of manganese dioxide and polypyrrole was synthesized by Li et al. [128]. Fol-
lowing 500 cycles (charging/discharging) in an electrolyte, the composite demonstrated a
specific capacitance of 320 Fg−1 within the potential range of 0.4–0.6 V. In another published
paper by Chen et al. [129], a capacity of 185 mA h g−1 is reported for nanotubes composed
of LiCoO2, which is greater than the typical value of 140 mA h g−1; for such material at
higher cycle rates, its capacity quickly decreases.

Plenty of polyanionic compounds have been studied on a large scale due to their
high theoretical specific capacities and stability, i.e., LiFePO4, LiMnPO4, Li3V2(PO4)3, and
others [130–132]. LiFePO4, LiMnPO4, and Li3V2(PO4)3 can be made to work better with
other types of nanomaterials by studying their one-dimensional morphologies. This is a
revolutionary way to make lithium-ion batteries work better, even in hybrid materials, as
shown in Figure 3. These structures greatly lower internal resistance by making continuous
paths for ionic and electronic conduction. They also make it easier for lithium ions to
move around quickly, which is important for high-rate capability. This shape also provides
mechanical integrity, which effectively reduces problems related to volume expansion and
contraction during cycling. This makes sure that the battery lasts a long time and works
reliably. Ultimately, the strategic balance of a high surface area with superior conductivity
not only optimizes electrochemical performance but also paves the way for next-generation
energy storage solutions that meet the demands of modern technology.

 

Figure 3. (a–c) SEM images of (a) LiFePO4 and (b) LiMn0.1Fe0.9PO4 at two different mag-
nifications [133]. Copyright © 2021 scientific reports. (c) TEM image of the composite
Li3V2(PO4)3/(C + MWCNTs) at 50 nm [134]. Copyright © 2011 ScienceDirect.

A hierarchical-structure Li3V2(PO4)3/C mesoporous nanowire was fabricated by
Wei et al., which included uniformly implanted Li3V2(PO4)3 nanocrystals that maintained
close contact with conductive carbon scaffolds [130]. Compared to regular LVP particles
covered in carbon, these mesoporous nanowires showed better performance in terms of rate
and cycle. The mesoporous nanowires retained 80% of their capacity even after 3000 cycles.
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Nanofiber nanorod-structured Fe2O3-C was created by Kang and colleagues for use
as electrode material in high-performance energy storage devices [81]. These nanofibers
consist of nanosized hollow Fe2O3 spheres evenly distributed throughout the amorphous
carbon nanofiber matrix. The improved rate and cycling performance were a consequence
of the combination of the carbon matrix’s continuous electron transport and the hollow
nanospheres’ ability to accept the volume shift that happens during cycling. This material
shows a value of 812 mA h g−1 reversible capacity at a specific current of 1.0 A g−1 after
300 charge-discharge cycles.

Theoretically, silicon is another promising candidate for use in energy storage devices
with high-capacity values of 4200 mA h g−1. However, using Si material in lithium-ion
batteries presents several challenges, such as the large volume variation (>300%) during
lithiation/delithiation processes (removal and insertion of lithium-ions during charge-
discharge), rapid capacity loss, and unstable SEI (Solid Electrolyte Interphase) layers.
Furthermore, since Si is a semiconductor, its electronic conductivity is rather low. New
research has found that mesoporous carbon nanofibers mixed with silicon nanoparticles
or silicon nanofibers themselves work better for cycling and rate than silicon nanowires
or particles in bulk. Hollow Si nanotubes may be used to achieve high performance [135].
Cui et al. presented the electrochemical characteristics of silicon nanowires [136]. These
silicon nanowires have achieved a value of 1000 mA h g−1 and, even after 1000 charge-
discharge cycles, they perform very well. Wu et al. [137] created a double-walled Si-
SiOx nanotube structure. During lithiation, a stable outer SEI layer formed, enabling the
expansion of the inner Si into the hollow region. Cycling performance was better with this
SEI layer than with Si nanowires and nanotubes because it was thin and stable. Even after
6000 cycles and when tested at a high rate of 12, the capacity remained unchanged.

Wei et al. optimized Li1.2Ni2.5B2 for use as an anode material for high-performance
LIBs. This material shows outstanding stability during 500 charge-discharge cycles. Ad-
ditionally, this anode material showed an excellent reversible capacity of 350 mA h g−1

at a current of 0.1 A g−1. The results show that the 1D Ni/B structure is very promising
as a commercially available LIB anode with the ability to charge quickly [80]. Dawei et al.
presented the findings of a quasi-1D hexagonal chalcogenide perovskite material, Sr8Ti7S21.
The theoretical results of density functional theory showed that Sr8Ti7S21 forms strong
bonds with lithium polysulfides (LiPS). The effective sulfur host may circumvent the con-
straints. Consequently, S@Sr8Ti7S21-based cathodes show a remarkable cycling stability of
a 1315 mA h g−1 capacity over 400 cycles at 0.2 [16].

Woosung et al. reported an anode material (Nb2Se9) for Li-ion batteries (LIBs). This
electrode exhibited a reversible specific capacity of 542.2 mA h g−1 when it was tested at
a current rate of 0.1 A g−1 over one hundred cycles. Then, after the increase of specific
current up to 3.2 A g−1, further, it shows 272 mA h g−1 of capacity [87]. Tian et al.
developed the Ge-CNF material specifically for use in high-performance energy storage
devices. Nanotechnology and carbon coating modified this germanium/carbon nanofiber
to enhance the LIBs’ capacity and charging speed. This material was very durable and had
excellent electrochemical properties. It could hold the capacity of 281.6 mA h g−1 after
5000 cycles (charging/discharging) at the specific current of 5 A g−1 and 795.9 mA h g−1

after 100 cycles at 0.1 A g−1, with a coulombic efficiency of 99.76% [77].
The examination of TEM images, alongside cyclic performance data, reveals a com-

pelling narrative about the intricate relationship between the morphologies of 1D materials
and their electrochemical behaviors (Figure 4). The TEM image shows that Sr8Ti7S21 per-
ovskite has a flat structure (Figure 4a). The hexagonal Sr framework shows how well it is
aligned, which improves lithium polysulphide binding and redox kinetics. This leads to a
high capacity and great cycling stability, with only 0.08% decay over 400 cycles (Figure 4b).
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Fe2O3 nanostructures, on the other hand, have a 1D bubble-nanorod shape, with hollow
nanospheres surrounded by carbon nanofibers, as seen in TEM images (Figure 4c,d). This
one-of-a-kind structure, which is held together by a 3.0 nm shell and carbon matrix, keeps
the volume from changing too much during cycling. This lets it keep 84% of its capacity
after 300 cycles (Figure 4e). The Li1.2Ni2.5B2 has a 1D shape with Ni/B-based honeycomb
channels and tunnel-type structures, which was confirmed by TEM (Figure 4f). The lattice
spacing (0.42 nm) and even distribution of elements make it easy for Li+ to intercalate and
diffuse. This leads to good stability over 500 cycles (Figure 4g). Finally, Ge-CNFs-(700)
nanofibers have a flat shape with even widths and smooth surfaces, as seen in TEM images
(Figure 4h). These features make them good for moving Li+ and electrons. This design,
combined with a carbon coating, delivers ultra-high fast-charging performance, retaining
281.6 mA h g−1 after 5000 cycles (Figure 4i). These studies underscore how distinct 1D
morphologies—ranging from hexagonal frameworks in Sr8Ti7S21 to hollow nanospheres in
Fe2O3, honeycomb channels in Li1.2Ni2.5B2, and smooth nanofibers in Ge-CNFs—dictate
their electrochemical behavior, emphasizing the importance of tailored structural design
for optimizing energy storage performance.

 

Figure 4. (a) TEM image of Sr8Ti7S21 at 100 nm, (b) cycling performances of electrode S@Sr8Ti7S21 [16].
Copyright © 2024 Wiley. (c,d) Fe2O3/C composite TEM images at 10 nm, (e) cyclic performance of
different materials at a current density of 1 A g−1 [81]. Copyright © 2015, American Chemical Society.
(f) TEM image of Li1.2Ni2.5B2 at 100 nm, (g) cycling performance up to 500 cycles of Li1.2Ni2.5B2 [80].
Copyright © 2024 Wiley. (h) TEM image (100 nm) of Ge-CNFs-(700), (i) cycling performance up to
5000 cycles of CNFs and Ge-CNFs-(700) [77]. Copyright © 2024, Elsevier.
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3.3. Two-Dimensional Inorganic Electrode Materials

The remarkable physical and chemical properties of two-dimensional inorganic ma-
terials, such as exfoliated graphene, together with their high surface-to-mass ratio, have
sparked significant interest in the field of lithium-ion batteries. Two-dimensional transition
metal carbides and nitrides, or MXenes, due to their remarkable structural flexibility and
intricate surface chemistry, have garnered significant attention in the field of energy storage.

Among all the 2D materials, several investigations have indicated the potential uses of
MXenes in LIBs [138–140]. Many new studies have put into evidence interesting qualities,
including strong mechanical properties, variable bandgap energies, large electrochemically
active surfaces, and great electrical conductivity. Multilayer MXenes may have a range
of inorganic chemicals added to their structure to improve their effective dispersion in
aqueous solutions. They are intriguing options for electrode material for LIBs because
their layered structure makes it easier to store ions. In fact, Li+ can intercalate at low
voltages (0.2 V to 0.6 V) with little diffusion barriers. It is necessary to assess the reversible
potential of LIBs that include MXenes in light of the lowered diffusion barriers. Findings
from theoretical studies indicate that MXenes with a smaller number of formula units
have a higher reversible capacity and quicker diffusion rates than those with a larger
number of formula units. On the other hand, the same relationship holds true in the inverse
scenario [139].

For instance, despite having a low diffusion barrier of 0.42 eV, the material V4C3O2

exhibits a relatively low capacity of 148 mA h g−1 compared to other materials because
of faster ion movement but may lead to lower capacity if the material cannot host many
ions. On the other side, V2CO2 has a far higher diffusion barrier of 0.82 eV than other
materials, even though it has a substantially higher capacity value of 276 mA h g−1.
Also, the diffusion barrier of Ti3C2 is 0.07 eV, which is much lower than that of graphite,
which is 0.3 eV. The previously mentioned benefits of MXenes are significant but we still
need further study to fully understand their intercalated structures and the mechanisms
associated with them [140]. Research on titanium carbide by M. Naguib et al. [141] revealed
that Li+ intercalates inside the material’s layers. The study aimed to utilize titanium
carbide as an anode material in lithium-ion batteries. Zhang et al. [142] reported highly
conductive Ti3C2 MXene decorated with Sn4+ ions, emphasizing the material’s promising
application in lithium-ion anodes. Researchers have investigated several MXene materials,
including Ti2CTx, Nb2CTx, Ti3C2Tx, and V2CTx, for their potential use as LIBs. The letter
Tx corresponds to the functional surface terminal groups in these materials. Because
of its remarkable conductivity and primarily electrochemical behavior, MXene exhibits
significant volumetric capacitances. The materials show substantial improvements in
gravimetric performance as compared to activated carbon, demonstrating capacitances of
around 210 farads per gram at a rate of 10 volts per second [143]. Lukatskaya et al. found
that Ti3C2 in a microporous configuration reached a value of 300 Fg−1 capacitance at a
scan rate of 101 mV s−1 [143]. This result was exceptional for electrochemical behavior,
highlighting the significant potential of MXenes in energy storage applications.

The inorganic 2D materials, aside from transition metal carbides/nitrides (MXenes),
that have been stated for use in high-performance LIBs can be categorized into several
groups: graphene and the derivatives of graphene, such as graphene oxides, silicene,
borophene, stanine, phosphorene, and germanene (called elemental analogs of graphene);
2D structures like hBN, transition metal dichalcogenides (TMDs), and transition metal
oxides (TMOs); and newly emerging 2D materials.

Among the reported 2D materials, graphene and its derivatives have undergone
the most extensive study. Pure graphene exhibits an exceptionally large surface area
of 2630 m2 g−1, alongside remarkable charge carrier mobility, a thermal conductivity of

114



Inorganics 2025, 13, 62

5000 W mK−1, and a Young’s modulus of 1 TPa [144,145]. Graphite, being the most com-
monly utilized electrode material for high-energy storage devices, has a theoretical capacity
that falls short of meeting the growing demand; it also lacks sufficient rate capability.
Derived from graphite, graphene exhibits a larger surface area and increased interlayer
spacing compared to graphite, prompting extensive exploration of its potential as an
electrode material. The ability of both sides of graphene to adsorb ions suggests that its
capacity could potentially be twice that of graphite when utilized as an electrode material.
The experimental studies on graphene anodes [146] and graphene cathodes [147] have
demonstrated the feasibility of the concept of graphene electrodes.

Shu et al. [148] developed a porous graphene paper as an anode material for LIBs.
This material demonstrates a discharge capacity of 400 mA h g−1, even at a high current
density of 2000 mA g−1. The electrochemical characteristics of a material also depend
upon the synthesis process and techniques used for the testing. Cohn et al. [149] created
a nano-manufactured material specifically designed for LIBs. It was a hybrid graphene-
single-walled CNT. By testing this material, they calculated the capacity of 2640 mA h g−1

at the rate of 0.186 A g−1. In another paper, Hassoun et al. [150] reported a capacity of
165 mA h g−1, which was basically calculated by a graphene-based battery with an energy
density of 190 W h kg−1.

Researchers extensively examined graphene-based composites alongside other active
materials that may achieve greater capacities. Layered transition metal oxides are very
attractive options. They offer the potential for high capacity, exhibit excellent chemical
stability, and are cost-effective. Ni et al. [91] developed a composite material of MoO2

nanosheets with a carbon matrix. MoO2 presents itself as a noteworthy electrode material,
exhibiting moderate discharge and charge voltages. This composite, when utilized as
the anode material in high-performance LIBs, has demonstrated a remarkable capacity
of 1051 mA h g−1 over 100 cycles at a current of 0.5 A g−1. Nb2O5 nanosheets have
been synthesized through experimental methods and evaluated for their performance
as the anode in Li-ion batteries. They achieved a lithium capacity of 184 mA h g−1 and
demonstrated commendable rate capability at intermediate discharge/charge voltages
between 1.0 and 2.5 V [151].

Additionally, 2D transition metal dichalcogenides (TMDs) represent an expanding
category of two-dimensional materials. Recently, there has been a big rise in the discovery
and production of new 2D TMDs with a wide range of electric properties that can be used
as LIB electrode materials.

Xiao et al. [152] developed a composite (MoS2/PEO), utilizing PEO to stabilize the
disordered structure. The PEO/MoS2 composite demonstrated an impressive capacity
of 1000 mA h g−1. Liu et al. [88] synthesized and reported the electrochemical char-
acteristics of the graphene and MoS2 composite. At the specific current value of 100
mAg−1, the impressive capacity of 1351 mA h g−1 was shown by this material after 200
cycles (charging/discharging). Conversely, significant focus has been directed towards the
fabrication of SnS2 and graphene composites, with reported significant capacities up to
1000 mA h g−1. SnS2 nanosheets represent a notable option for creating composites with
graphene [153–155]. Researchers are finding ways and techniques not only to increase the
LIBs performance but also the combinations of lithium with other metals, for example,
Qu et al. [153] reported on the development of composite material for high-performance
lithium/sodium batteries. This SnS2/rGO combined material shows a capacity of 544
mA h g−1 at a rate of 2A g−1. Alongside phosphorene, recent studies have also explored
other two-dimensional (2D) monoelemental materials that have a similar lattice structure
to graphene, including silicene, germanene, borophene, and stanine [156–160].
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Bo et al. created a 2D carbon/Si composite using the ice template technique supported
by ultrasonic atomization. They used this composite (NPCN/Si-2) as an electrode material
to evaluate its electrochemical characteristics. This material showed a capacity value
of 1977 mA h g−1 at the rate of 100 mA g−1 after 100 cycles (charging/discharging).
The material even tested for 1000 charge-discharge cycles and it shows a stable capacity
of 889 mA h g−1 [13]. Do et al. stated a unique synthesis method for improving the
performance of Si-based anode material using the spray drying technique. The material
demonstrates the capacity of 1224 mA h g−1 and an outstanding retention rate of 82%
after the 100 cycles at 20 mA g−1 current density; this special combination produces high
capacities and robust retention behaviors. They constructed a LIB consisting of silicon-
based nanocarbon material as an anode. After 200 cycles, the lithium-ion battery full cell
shows 65% capacity retention with an energy density of 350 Wh kg−1 [93].

Abdul et al. reported a B4C3 monolayer with a storage capacity of 2770 mA hg−1.
They conducted theoretical studies using density functional theory to investigate the
electrochemical viability of the material. Using the values of the diffusion coefficient and
ionic conductivity, they explained the behavior of the material and predicted its potential
for use as an anode in lithium-ion batteries [14]. Zaid et al. used a hydrothermal process
to make titanium (TiO2) and C-TiO2 material, which improved the Li-battery’s electrical
performance. As an anode material, the composite was a well-established and very effective
carbon-doped TiO2 (C-TiO2). The findings demonstrated 400 and 500 mA hg−1 charge
capabilities at 100 mAg−1 [161]. Siwei et al. synthesized the Cu3Si/Si nanowires that
displayed an initial 89% coulombic efficiency and a specific capacity of 2630 mA h g−1,
after 100 cycles of charging and discharging, resulting in a capacity of 1675 mA h g−1 at a
current density of 200 mA g−1 [15].

The three studies (Figure 5) highlight the significance of 2D morphology in enhancing
the electrochemical performance of Si-based materials, as revealed by TEM analysis. The
first study demonstrates a 2D crumpled nanosheet morphology in NPCN/Si-2, where
Si nanoparticles are uniformly embedded, creating a 3D interconnected network. This
structure, confirmed by TEM (Figure 5a,b), ensures efficient Li-ion accessibility, reduces
aggregation, and provides structural stability, resulting in high capacity and cycling stability
(Figure 5c). In the second study, the 2D structure of the rGO and SWCNT layers creates
an interconnected network (Figure 5d,e). This restores the sp2 carbon network, which
makes the electrical conductivity and Li-ion transport better. This results in high capacity
and retention (82%) after 100 cycles (Figure 5f). In the third study, Cu3Si/Si nanowires
have a shape that is similar to that of a flat surface. This is because Cu3Si/Si nanoparticles
are mixed in with Si nanowires, making a complex that can grow in size, as seen in
the lattice fringes of TEM (Figure 5g). This morphology enhances cycling stability and
supports high capacities (Figure 5l). In all cases, the inorganic materials (Si, Cu3Si) play a
critical role in maintaining structural integrity and electrochemical performance while TEM
analysis provides detailed insights into the morphological features that directly influence
the material’s efficiency and stability (Figure 5).
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Figure 5. (a,b) High-resolution TEM images of NPCN/Si-2 with an inset of the SAED pattern
and (c) electrochemical performance of pure Si, NPCN, and composites at the rate of 1 A g−1 [13].
Copyright © 2024 Elsevier. (d) TEM image (20 nm) of a SiA/NC, (e) SEM image (500 nm) of SiA/NC,
(f) cyclic performance of materials with the inset showing cross-sectional images after 150 cycles
of the materials, SiA and SiA/NC [93]. Copyright © 2023 Wiley. (g) TEM image (100 nm) of the
produced nanowires, (h–k) Cu-Si 3:16 EDS map scanning, (l) cycle performance of Si/Cu3Si for
100 cycles at 0.2 A g−1 [15]. Copyright © 2024 Elsevier.

3.4. Three-Dimensional Inorganic Electrode Materials

Additionally, 3D materials like SnO2, Fe2O3, TiO2, V2O5, and conducting polymers still face
challenges because they have lower energy capacities than 1D and 2D materials [102,103,162,163].
A large-scale study is also being given to the electrochemical characteristics of 3D inorganic
perovskite materials for LIBs. The three-dimensional shape of the highly linked crystal
structure of the CsPbCl3 perovskite makes it easier for electrons to move and for Li-
ions to diffuse. For lithium-ion batteries to operate well over an extended period, this
3D design enhances structural stability and ionic conductivity. Furthermore, the strong
CsPbCl3 framework reduces volume expansion, improving cycle stability and capacity
retention. CsPbCl3 material with a capacity of 612.3 mA h g−1 at a rate of 50 mA g−1

was reported by Pal et al. [106]. After 100 cycles, Paul et al. found that the CsPbBr3

material had a reduced capacity of 261 mA h g−1 at a current density of 60 mA g−1.
When we look at CsPbBr3 with XPS, we can see that its chemical composition is stable
(Figure 6c). This means that it will work well during cycling (charging/discharging) [100].
According to Kaisar et al., the CsPbl3 material can sustain performance for up to 100 cycles
with a capacity of 235 mA h g−1 at 40 mA g−1. It was found that the crystal structures
of the CsPbBr3 and CsPbI3 perovskites are orthorhombic by XRD. This is necessary for
them to be stable in lithium-ion batteries from an electrochemical point of view. The
Rietveld refinement of CsPbI3 shows that the unit cell volume changes during lithiation,
affecting how much lithium can be stored (Figure 6b) [101]. According to Liu et al., the
CsPbBr3@CNTs composite has an enhanced capacity of 470.2 mA h g−1 at 100 mA g−1

after 200 charge-discharge cycles. Improved conductivity and stability are shown by the
CsPbBr3@CNTs composite’s ability to retain its structure (Figure 6a) [99]. The stability and
lithium storage potential of 3D perovskites in energy storage applications are highlighted by
these structural insights. Wu et al. found that the promising electrode material Cs2NaBiCl6
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has the highest capacity at 775 mA h g−1 when the current density is 75 mA g−1 for 25
cycles [105]. Another material, Cs2NaErCl6, was described by Yang et al. in a different
paper. It has a capacity of 120 mA hg−1 at a high current density of 300 mA g−1 after 500
cycles [98].

 

Figure 6. (a) XRD of CsPbBr3 and composite [99], Copyright © 2021 Elsevier, (b) showing the XRD
pattern of CsPbI3 after 100 charge-discharge cycles [101], Copyright © 2021 MDPI. (c) CsPbBr3 XRD
pattern and XPS spectra of Cs/Pb/Br3 separately [100], Copyright © 2021, American Chemical Society.

At the moment, 3D-ordered porous (3DOP) electrode materials are being intensively
recognized and investigated for their potential use in high-performance electrochemical
energy storage systems. One of the advantages of 3DOP electrodes is that they have a
periodic structure. This structure enables the connecting walls to reach into the unoccupied
pores, which prevents the walls from being pulverized. These materials provide a high
surface area along with interconnected pores, which enhance the efficiency of ion transport
and electron pathways. The distinctive architecture boosts the charge and discharge rates
as well as overall energy density. Furthermore, 3DOP materials demonstrate remarkable
mechanical stability, accommodating volume fluctuations during cycling to enhance battery
longevity [97].

Titanium dioxide (TiO2) has undergone a significant examination for use in high-
performance LIBs. TiO2 is chemically stable, abundant in nature, very cost-effective,
and environmentally friendly element. In most cases, it is used as an anode material
for Li storage. It has been shown that the rutile TiO2 electrode has an early discharge
capacity of 608 mA h g−1. This is a lot more than the theoretical capacity of TiO2, which is
168 mA h g−1 for Li0.5TiO2 and 336 mA h g−1 for LiTiO2. Furthermore, this 3DOP rutile
TiO2 electrode demonstrates remarkable performance, reaching up to 5000 cycles without
the use of any binders [97]. Transition cobalt oxides are also important materials for use
in high-performance LIBs with impressive theoretical capacities. In the case of Co3O4,
the theoretical value of 890 mA h g−1 capacity is reported. And in the case of CoO, the
theoretical value of 716 mA h g−1 capacity is reported [164–166]. It is not possible to use
CoO in LIBs as an anode material in experiments because it loses a lot of its capacity after
long cycles, which is caused by big changes in volume. In addressing this issue, three-
dimensional ordered porous carbon inverse opals have been employed to encapsulate CoO
nanoparticles [104]. After 1000 cycles, the CoO/C electrode exhibits a notable value of
674 mA h g−1 capacity, which is 94% of the theoretical capacity. For active nanoparticles,
the three-dimensional ordered porous carbon structure serves both a dimensional limitation
and an interpenetrated, continuous conducting network.

On the other hand, iron oxides stand out among the numerous transition metal oxides
as a widely examined anode material due to their numerous advantages. These include
impressive theoretical capacities as well as their abundant availability and environmentally
friendly properties. For example, Fe3O4 has a reported capacity value of 926 mA h g−1

whereas Fe2O3 has a reported capacity value of 1007 mA h g−1. In another publication, the
capacities of 3DOP α-Fe2O3 are reported as 1883 (discharge) and 1139 mA h g−1 (charge),
respectively [167].
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Among all the many types of anode materials, investigations that compare Si anodes
have shown that they have the greatest specific capacity of any of the other possibilities. As
the need for energy storage solutions that work well and last a long time grows, studying
bulk-silicon- and nano-silicon-based anodes in lithium-ion secondary cells looks like a
good idea. That is the reason they have been studied on a large scale. It is thought that
both bulk-silicon and nano-silicon (Si)-based anodes for lithium-ion secondary cells could
be used to store energy in the future and they have a high theoretical capacity (about
4200 mA h g−1) [168]. One of the most notable drawbacks, however, is the large volume
expansion of this material (about 400%) that takes place during the electrochemical processes
with Li ions. This significantly restricts the practical use of these materials [169,170]. There are
several Si anode composites with Ni (Si/Ni) that were manufactured using the method of
electrodeposition in order to solve the pulverization problem [171,172].

Additional electrochemically active anode materials, including graphene [173],
TiNb2O7 [174], MoS2 [175], and Ge [176,177], were also developed as 3DOP electrodes
for Li-ion storage.

SEM and TEM confirm the 3D-ordered macroporous (3DOM) structure of TiNbO7,
which displays well-organized “honeycomb” pores with linked macropores (~100 nm
diameter) and inorganic walls (~50 nm thick) (Figure 7). It makes it easier for lithium ions
to move around and keeps the structure stable during cycling. This very porous three-
dimensional framework is better at storing lithium ions. Because it is linked in three dimen-
sions, this 3DOM-TiNbO7 is a good material for the anode of high-performance lithium-ion
batteries [174]. Also, tin dioxide is one of the examined anode materials for LIBs, with an
irreversible conversion reaction alongside a reversible alloying reaction, (SnO2/Sn + Li2O)
and (Sn/Li4.4Sn), respectively [178–180]. The investigation of commercial inorganic cath-
ode nanomaterials for LIBs primarily centers on LiFePO4. The olivine-structured LiFePO4

is a highly favorable alternative to LiCoO2 due to its environmentally friendly nature. The
primary drawback lies in its inadequate conductivity and rate capability [181]. To solve
the problem of low conductivity, some conductive material can be used as a mixture with
LiFePO4 electrodes. LiMnO2 has garnered significant attention thanks to its impressive
theoretical capacity near 300 mA h g−1 along with good experimental capacities [182]. The
LiMnO2 crystal has both a layered monoclinic structure and an orthorhombic structure.
The zigzag arrangement of Li and Mn ions highlights the orthorhombic structure.

 

Figure 7. (a–c) SEM images of TiNb2O7 at different magnifications and (d–f) TEM images of TiNb2O7

at different magnifications [174]. Copyright © 2017 Elsevier.
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Although 3D materials have several benefits, poor cycle life; scaling issues; and
expensive, complicated production restrict their use in high-performance LIBs. They
are less appropriate for traditional usage since they often increase power density while
decreasing volumetric energy density. Efficiency and longevity may be impacted by
side reactions and unequal electrolyte penetration brought on by large surface areas. It
is challenging to compete with cost-effective, optimized materials like graphite. Three-
dimensional materials still have challenges with cost, performance, and scalability, despite
continuous research aimed at enhancing their capabilities.

4. Conclusions and Future Outlook

Extensive efforts have been invested to develop novel and efficient electrode mate-
rials for high-performance energy storage devices based on inorganic oxides. However,
the devices made up of these electrodes are characterized by lower energy and power
density [183,184]. This study reveals that the electrode material properties like surface
areas, charge storage sites, chemical reactions, unique bonding, and interactions with the
electrolyte play a crucial role in defining the electrochemical performances of electrodes
used in lithium-ion batteries.

LIBs can utilize zero-dimensional nanoparticles, such as quantum dots, and three-
dimensional structures like graphene multilayers; however, these nanostructures are less
prevalent compared to one- and two-dimensional alternatives [185–190]. One-dimensional
nanoparticles, such as nanowires and nanotubes, show high conductivity and ability
to improve charge transfer. Graphene and other layered materials exhibit exceptional
electrical conductivity and a large surface area, both of which are essential for effective
energy storage. Each type of nanostructure addresses specific performance metrics for LIBs.
The most promising silicon-based architectures for high energy density are 0D and 1D
structures. Additionally, 1D CNTs and 2D graphene provide a better rate performance for
rapid charge/discharge. MXenes and 3D hierarchical structures are particularly noteworthy
for long-term cycle stability.

This study allows us to highlight that optimizing the morphology of nanomaterials
significantly enhances the electrochemical performance of LIB electrodes. To obtain high
energy density, fast charge/discharge rates, and long-term stability, future research should
focus on scalable ways to make hybrid structures that combine 0D, 1D, 2D, and 3D materials.
A hybrid method that combines many nanostructures (for example, 3D frameworks with
built-in 0D or 2D materials) could improve battery performance. This would bridge the
gap between lab-based innovation and commercial scalability. Furthermore, investigating
innovative surface alterations and electrolyte interactions may enhance economic viability
even further.
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Abstract: Hybrid supercapacitors (HSCs) are a novel type of supercapacitor composed of
battery-type electrodes and capacitor-type electrodes, which have directly transformed
the global energy landscape. On one hand, they can replace clean energy sources that are
heavily dependent on climatic conditions in specific regions, thereby enhancing the effec-
tive utilization of intermittent energy sources. On the other hand, with their high energy
density akin to secondary batteries and the long lifespan and high power density charac-
teristic of supercapacitors, they perfectly bridge the gap between secondary batteries and
supercapacitors. This article reviews the fundamental energy storage principles of HSCs
and highlights the latest optimization strategies for HSCs based on transition metal oxides
(TMOs) and carbon over the past two years. These strategies include heteroatom doping,
heterostructured materials, nanocomposites, and metal–organic frameworks (MOF). Finally,
prospects on future research directions of HSCs are discussed.

Keywords: hybrid supercapacitor; metal oxides; carbon-based electrodes

1. Introduction

The rapid development of society and the swift growth of the global population
have led to a continuous increase in energy demand. Environmental pollution, ecological
destruction, and energy shortages have become immense challenges facing human devel-
opment today [1,2]. By 2050, the energy demand is projected to be more than double the
current levels [3]. Currently, 80% of global energy supply is derived from non-renewable
fossil fuels, including coal, oil, and natural gas. The use of these fossil fuels not only
produces harmful and toxic gasses such as SO2 and NO but also takes millions of years
or even longer to regenerate [4,5]. Renewable energy sources like solar and wind power
are intermittent and their power generation conditions vary, rendering them unsuitable
for direct energy supply in power grids [6,7]. Therefore, converting other energy sources
into electricity and supplying it to different energy-demanding applications has become an
inevitable trend in energy development [8,9]. Searching for new, renewable energy sources
that can replace traditional fossil fuels, and developing novel energy storage devices with
high power and energy density has become one of the crucial challenges that humanity
must address in the future for the storage and transportation of electrical energy [10,11].
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Based on the current status of energy storage devices, secondary batteries possess
a considerable energy density that can meet the pursuit of energy [12]. However, the
power density of conventional batteries is relatively low, failing to meet the requirements of
applications that necessitate high power density devices [13]. While traditional capacitors
have a notable power density, their energy density is very low, making it challenging for
them to become the energy storage devices needed for the future [14]. Encouragingly, the
recently emerged hybrid ion capacitors represent a new type of supercapacitor that has
directly changed the global energy landscape. On one hand, they can replace clean energy
sources that are heavily dependent on weather conditions in specific regions, thereby en-
hancing the effective utilization of intermittent energy sources. On the other hand, with the
high energy density of secondary batteries and the long lifespan and high power density
of supercapacitors, they perfectly bridge the gap between the two [15–17]. Furthermore,
to cater to the growing human living demands, HSCs hold immense industrial poten-
tial in applications such as electric vehicles, renewable energy sources (solar and wind
power), wearable devices, and electronic products [18–22]. In applications such as new
energy vehicles, large-scale medical devices, and heavy-duty machinery, energy storage
devices with superior low-temperature performance and excellent instantaneous power
characteristics are required during rapid startups. However, the impact of instantaneous
high-current discharge, particularly in outdoor environments at−20 ◦C in northern regions,
can significantly shorten the lifespan of storage batteries. During battery replacement in
charging stations and commercial payment terminals, it is necessary to supplement the
backup power supply to ensure data protection in the event of power failure, and the
HSC batteries are well-suited to meet these demands. Therefore, designing and preparing
high-performance electrode materials is key to improving the performance of hybrid ion ca-
pacitors, with common materials including conductive polymers [23], carbon materials [24],
metal oxides [25], and metal sulfides [26]. Among these, transition metal oxides (TMOs),
such as nickel oxide [27], iron oxide [28], cobalt oxide [29], zinc oxide [30], and manganese
dioxide [31], are widely used as battery-type electrode materials due to their variable oxida-
tion states, environmental friendliness, high specific capacity, and long lifespan. However,
poor conductivity and slow charge transfer have limited the practical applications of TMOs.
Furthermore, carbon materials generally exhibit behaviors related to pure non-Faradaic
reactions, akin to Electric Double Layer Capacitors (EDLC) or pseudocapacitance, and
are commonly used as electrodes in hybrid ion capacitors. However, the performance of
carbon-based electrode materials is less than ideal, with their energy density, particularly
the volumetric energy density, being low. This hinders the simultaneous achievement of
high energy and power densities, severely limiting their practical applications in the field
of energy storage.

In recent years, due to the unresolved economic aspects of HSC production and
the enhancement of energy density/power density/specific capacity/safety, fastcharge–
discharge rates, excellent cycling stability, and high rate capability have garnered significant
attention from researchers to enhance capacitance and energy density. To address these
issues and to assist a broad and interdisciplinary readership in deeper research within
this field, this paper reviews the energy storage principles of hybrid supercapacitors,
with a focus on HSCs based on TMOs and carbon. It highlights the latest optimization
strategies, including heteroatom doping, heterostructures, nanocomposites, metal–organic
frameworks, and electrolytes. Finally, the paper discusses and prospects future research
directions and possibilities in this field.
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2. Composition and Energy Storage Mechanism of HSC

HSC are primarily composed of current collectors, electrolytes, separators, and elec-
trodes. The current collectors not only serve as a repository for electrons but also act
as a substrate that allows for the uniform distribution of the electrode material on their
surface. The electrolyte, separator, and electrodes are the core components that directly
determine the performance of the device. The electrolyte, positioned between the anode
and cathode, facilitates the transport and conduction of ions [32–34]. Typically, electrolytes
should possess chemical and electrochemical stability, sufficient ion conductivity, and
good thermodynamic stability. Therefore, electrolytes are pivotal in enhancing the elec-
trochemical performance of HSC, directly influencing their energy density, power density,
specific capacity, and safety. The impact of electrolytes on the performance of HSC under
various conditions has been extensively studied and reviewed by researchers [35]. Elec-
trolytes are generally categorized into four types: aqueous electrolytes, organic electrolytes,
solid or quasi-solid electrolytes, and ionic liquid electrolytes [36]. Among these, aque-
ous electrolytes are widely used due to their low cost, simple preparation methods, high
ionic conductivity, and superior safety. However, the electrochemical stability window
of aqueous electrolytes is limited by the decomposition voltage of water [37]. Organic
electrolytes offer a wider electrochemical stability window (>3.0 V), but their practical
application is constrained by flammability, high cost, and low ionic conductivity [38]. Com-
pared to organic electrolytes, ionic liquid electrolytes not only provide a comparable wide
electrochemical stability window but are also safer and more environmentally friendly.
Nevertheless, the high viscosity of ionic liquids often results in lower ionic conductivity.
Additionally, both ionic liquids and organic electrolytes require an absolutely anhydrous
environment and involve complex purification and drying procedures that increase costs.
The large-scale application of these electrolytes still faces significant challenges. On the
other hand, hydrogel electrolytes exhibit superior mechanical properties and perform
well at lower temperatures. In the realm of solid electrolytes, gel polymer electrolytes,
which exist in a liquid phase within a solid matrix, dominate the market due to their high
ionic conductivity [39]. In these systems, a polymer framework serves as the support,
with electrolyte salts and plasticizers uniformly distributed within the polymer network.
Commonly used polymers include polyethylene oxide (PEO), polyvinyl alcohol (PVA),
polyacrylic acid (PAA), and polyacrylamide (PAMM), among others. The separator is a film
that allows only target ions to pass freely, and it must have stable physical and chemical
properties to prevent contact between the anode and cathode. [40].

In fact, charge storage is achieved through two distinct mechanisms: the physical
adsorption/desorption of ions on the surface of capacitor-type electrode materials and the
battery-type Faradaic reactions in battery-type electrodes.

Carbon–based materials can be used as capacitor-type anodes or cathodes, with their
energy storage mechanism primarily based on EDLC (Figure 1a). During the charge
process, electrons reach the anode through the external circuit, under the influence of the
applied electric field, free ions with opposite charges migrate to the surface of the carbon–
based material. Then, via electrostatic interactions, an electric double layer spontaneously
forms at the interface between the electrode and electrolyte, leading to electrochemical
dynamic equilibrium [41]. During the discharge process, electrons and ions desorb through
electrostatic interactions, and the cations and anions desorb from carbon materials [42].
In the case of zinc-ion hybrid capacitor, the energy storage mechanism of the carbon-
based cathode is mainly based on EDLC. For cation adsorption/desorption, the interaction
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equation is as shown in Equation (1), while for anion (X−) adsorption/desorption, the
interaction equation is as shown in Equation (2) [43].

C + Zn2+ � C‖Zn2+ (1)

C + X− � C‖X− (2)

 

Figure 1. Energy storage mechanism of (a) EDLC, (b) surface redox pseudocapacitor, (c) intercalation
pseudocapacitor, and (d) battery-type Faradaic reaction. Reproduced with permission from [41].

This is a static electrochemical energy storage process in which no electrode chem-
ical reactions occur and no induced current is produced. During the charge–discharge
process, an oriented double-layer distribution of electrons and dipoles occurs at the elec-
trode/electrolyte interface, forming a capacitor-like structure similar to traditional plate
capacitors to achieve energy storage. The charge–discharge process of EDLC is a pure
non-Faradaic reaction involving simple adsorption/desorption of charges carries at the
electrode/electrolyte interface, which can achieve fast charging or discharging. Therefore,
it immediately responds to changes in charge storage on the electrode material surface,
resulting in ideal symmetric triangular curves of the constant current charge–discharge
(GCD) and rectangular cyclic voltammetry (CV) curves. Furthermore, carbon-based anodes
or cathodes containing oxygen-containing functional groups or doped with heteroatoms
exhibit pseudocapacitive mechanisms of surface redox reactions, which simultaneously
display both Faradaic and EDLC mechanisms to achieve charge storage (Figure 1b). The
GCD and CV curves are very similar to those of EDLC, being quasi-rectangular and quasi-
triangular. The surface redox reaction is as shown in Equation (3) [44].

C–O + Zn2+ + 2e− � C–O + Zn (3)

For TMOs, in addition to the pseudocapacitive surface redox reactions mentioned ear-
lier, they sometimes also exhibit intercalation pseudocapacitive mechanisms. A key feature
of intercalation pseudocapacitance is that no phase transition occurs in the material during
intercalation. Compared to EDLC, the charge storage process of intercalation pseudoca-
pacitance involves reversible Faradaic electrochemical reactions of a large number of ions
at the material–electrolyte interface. In a dual-ion HSC constructed with a Ni3S2/Ni2O3

heterostructure cathode using LiOH catholyte, two pseudocapacitive mechanisms—surface
redox and intercalation—are present during discharge (Figure 1c) [45], while the charging
process exhibits a different type of battery-like redox reaction (Figure 1d). Unlike the
storage mechanism of surface redox pseudocapacitance, the redox process of battery-type
anode/cathode materials involves phase transitions and stores more charge within the
electrode material, thereby further enhancing the capacitance and energy density of the
hybrid sensor [46]. Additionally, the battery-like redox process introduces buffer platforms
in the GCD and forms a pair of distinct redox peaks in the CV curves.
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Currently, the types of HSCs based on TMOs and carbon mainly include alkali HSCs,
lithium-ion HSCs (Li-HSC), sodium-ion HSCs (Na-HSC), and zinc-ion HSCs (Zn-HSC).
Alkaline HSCs are generally composed of carbon-based anodes and battery-type TMO
cathodes. The alkaline electrolyte effectively inhibits the hydrogen evolution reaction
(HER) at the electrode interface [47], and the TMOs undergo battery-like redox reactions
with OH− in the electrolyte to store charge. The energy storage mechanism of Li-HSC
primarily includes the Faradaic reactions of insertion/extraction of lithium ions (Li+ ions)
into/from the negative electrodes, conversion and alloying reactions, and the physical
adsorption/desorption of ions on the surface of the capacitor-type cathode material [48–51].
However, the intercalation-type graphite anode also faces some problems, such as sluggish
Li+ diffusion kinetics, and the development of highly crystalline, anisotropic lamellar
structures under low voltage conditions, leading to the inability to achieve high capacities
during fast charging [52–54]. In addition, Na-HSC is similar to Li-HSC in past reports.
However, due to the larger radius of Na+ (0.98 Å), the kinetics of anodic redox reactions
are sluggish, severely affecting the electrochemical performance of Na-HSC. A typical
Zn-HSC generally uses zinc metal as an anode that can accommodate Zn2+, which displays
highly reversible Zn2+ plating/stripping processes during the charge and discharge process.
During the charge process, Zn2+ in the electrolyte migrates to the anode and deposits on the
zinc anode, while metallic zinc releases electrons to form Zn2+ ions during the discharge
process. The half-reaction for this reversible redox process is presented in the following
Equation (4) [55]:

Zn2+ + 2e− � Zn (4)

Zn-HSCs typically have cathodes composed of carbon-based materials and non-carbon-
based materials such as MXenes, TMOs, and conductive polymers. Zinc has a lower redox
potential (−0.76 V, versus the standard hydrogen electrode), is much less reactive, and is
safer to handle. Moreover, zinc has a theoretical gravimetric capacity of 820 mAh g−1 and a
volumetric capacity of 5855 mAh cm−3, which can serve as both a current collector and
active material [56]. Zinc has merits of low cost, abundance in the earth, and environmental
friendliness. Therefore, Zn-HSCs are not only a potential candidate for Li-HSCs and batter-
ies but are also capable of achieving similar energy densities, higher charge–discharge rates,
higher power densities, and a long cycling life. Nevertheless, Zn-HSCs also face several
challenges that need to be addressed, such as the formation of zinc dendrites on the surface
of the zinc anode after subsequent cycles. The eventual cracking of these dendrites can
lead to dead zinc, rendering the capacitor unable to charge and discharge, thus, reducing
cycle life. Overall, the aforementioned types of HSCs all have their shortcomings, and it is
crucial to adopt effective optimization strategies to improve their electrical performance.
The optimization strategies for the performance of these types of ion hybrid capacitors will
be elaborated in detail in the subsequent sections of this paper.

3. Index of Characteristics

Several important metrics are commonly used to evaluate their electrochemical
performance.

(1) Specific capacity

Specific capacity refers to the charge storage capability of the electroactive material or
the entire capacitor per unit volume (or unit mass).

(2) Specific Energy

Specific energy refers to the energy that can be stored per unit volume or unit mass of
the electroactive material or capacitor.
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(3) Power density

Power density refers to the rated power of an electroactive material or capacitor per
unit mass or volume, and it is a physical quantity used to represent the rate of discharge.

(4) Cycle Stability

In electrochemical testing, completing one cycle of the charge and discharge process
constitutes a single cycle. The cycle life of an energy storage device is measured by the
retention rate of its initial specific capacitance after multiple cycles of charge and discharge.

4. Performance Optimization Strategies and Applications of HSC Based
on TMOs/Carbon Materials

4.1. Atomic Doping Optimization Strategy Based on TMOs/Carbon Materials

Atomic or ionic doping, as well as co-doping, have been regarded as a promising
strategy to optimizing the physical and chemical properties of electrode materials. The
specific location where heteroatoms are doped plays a crucial role in determining the
electrochemical performance of these materials. However, excessive concentrations of het-
eroatom doping can disrupt the crystallinity of materials, thereby severely compromising
their cycling stability. Consequently, the development of novel selective heteroatom doping
strategies is imperative. Ding et al. [57] firstly demonstrated that the doping position can be
adjusted with varying the heating rate. By controlling the heating rate of the urea-assisted
annealing process, the doping site of nitrogen (N) atoms in the orthogonal Nb2O5 (t–Nb2O5)
crystal structure (Figure 2a) was adjusted to enhance its rate capability. The study showed
that rapid heating (10 ◦C min−1) can effectively regulate the substitution of N within the
t–Nb2O5 lattice (Figure 2b). This process not only results in a narrowing of the bandgap
but also leads to an expansion of the transport layer spacing, facilitating the movement
of Li+. The N doping sites optimized (Figure 2c) at moderate heating rates (5 ◦C min−1)
can effectively enhance the migration of Li+ and electrons. Additionally, the interstitial
N formed (Figure 2d) during slower heating rates (1 ◦C min−1) creates an electron-rich
environment, reducing the diffusion barrier of Li+ in the layer. However, an excessive
amount of interstitial N can increase the steric hindrance for Li+ diffusion, which is not
favorable for the electron enrichment of the Li+ transport layer. Furthermore, studies
have demonstrated that a slower heating rate is conducive to increasing the percentage
of nitrogen doping. Due to the synergistic effects of N doping at different positions, the
N–doped t–Nb2O5 material exhibits excellent rate performance (104.6 mA h g−1 at 25 ◦C)
and 70.5% capacity retention after 1000 cycles at 5 ◦C. Even at a high power density of
8.4 kW kg−1, the constructed lithium–ion hybrid capacitor displayed a high energy density
of 46.6 Wh kg−1. This strategy provides a promising and feasible approach for the precise
control of heteroatom doping positions.

Recently, TMOs of elements including Mn, Nb, V, Ni, Fe, Mo, Co, etc., have secured a
significant portion in the fabrication of the cathode/anode in hybrid capacitors as battery–
type materials. However, pure TMOs have some drawbacks when used as materials in
hybrid capacitors, such as drastic volume expansion, low electronic conductivity, irre-
versible structural degradation, particle aggregation, and sluggish electrochemical reaction
kinetics, leading to capacity decay and poor cycling stability [58]. These challenges can be
mitigated by incorporating heteroatoms, ions, and conductive polymers into TMOs [59–65].
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Figure 2. Schematic diagrams of N doping model of different samples, (a) t–Nb2O5, and different
heating rates of (b) 10 ◦C min−1, (c) 5 ◦C min−1, (d) 1 ◦C min−1 control the doping site of N atoms in
the orthogonal t–Nb2O5 crystal structure [57].

Manganese oxide (Mn2O3) is an excellent battery-type cathode material; it possesses
low toxicity, environmental friendliness, cost effectiveness, superior chemical stability and
electrochemical properties, a high theoretical capacity, and natural abundance. Moreover,
manganese exists in various ionic states (Mn2+, Mn3+, Mn4+, and Mn6+). It can be used
with several alkaline/acidic electrolytes [66–68]. Unfortunately, the high lattice energy of
Mn2O3 nanoparticles hinders charge transport, resulting in lower charge storage capacity
and conductivity. Additionally, due to phase transitions that cause continuous deformation
and volume expansion at high charge–discharge rates, its electrochemical performance and
durability are reduced [69,70]. Karuppaiah et al. [71] prepared neodymium (Nd)–doped
α–Mn2O3 microspheres (MSs) with uniform morphology, high porosity, oxygen vacancies,
and robust micro–nano structures using a simple hydrothermal method (Figure 3). The
uniform morphology and porosity provide numerous electrochemically active sites for
the insertion/deduction of OH− ions, while Nd doping significantly increases the oxygen
vacancy content in Mn2O3, effectively enhancing its energy density and conductivity.
Furthermore, the robust micro–nano structure prevents the expansion and contraction
of the active material during cycling, increasing the material’s durability and lifespan.
With the optimal doping condition (Nd5%–Mn2O3 3D–MSs), it exhibits a high specific
capacitance of 862.14 F g−1 (431.07 C g−1) at 0.5 A g−1 and an excellent cycle retention rate
of 97.30% after 2000 cycles. Using Nd5%–Mn2O3 3D–MSs as a battery-type cathode and
activated carbon (AC) as a capacitor-type anode, the constructed hybrid capacitor has a
maximum energy density of 32.26 Wh kg−1 at a power density of 800 W kg−1, with only a
4.56% capacity loss after 10,000 cycles, demonstrating good cycle retention performance.

The metal ion pre-intercalation doping strategy involves inserting metal cations into
the layered structure of TMOs, which can effectively expand the interlayer spacing of
TMOs and improve the storage performance and stability of the metal oxides [72,73].
Unfortunately, TMOs doped with single metal ions still have drawbacks such as slow
electrochemical kinetics and poor conductivity. Recent studies have found that further
inserting conductive polymers into TMOs based on the single metal ion doping strategy can
enhance the electrochemical performance of the TMOs electrode materials. Xue et al. [74]
prepared ZnxMnO2/PPy (ZMOP) electrode materials using a hydrothermal method. The
doping of Zn2+ and the addition of polypyrrole (PPy) enhanced the structural stability
and conductivity of MnO2. The prepared ZMOP cathode exhibited excellent specific
capacity (156.4 mAh g−1 at 0.1 A g−1) and outstanding cycle performance (82.6% retention
after 5000 cycles at 0.2 A g−1). Moreover, a flexible Zn-HSC was assembled using ZMOP
nanowires as the cathode and PPy-derived porous carbon nanotubes (PCNTs) as the anode
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materials, which showed good cycle stability. The insertion–extraction processes on the
ZMOP nanowire cathode and the adsorption–desorption processes on the PCNT anode
both demonstrated excellent electrochemical performance, achieving a high capacitance of
109 F g−1 at 0.1 A g−1. Meanwhile, the corresponding energy density reached 20 Wh kg−1

at a power density of 867 W kg−1. After 5000 cycles at 0.2 A g−1, the cycle performance
of the Zn-HSC remained at 86.4%. The ZMOP nanowires prepared by this strategy are
potential high-performance cathode materials for constructing aqueous zinc-ion capacitors.
Similarly, Xu [75] combined Co2+ ions and polyaniline (PANI) with V2O (CoVO–PANI) and
synthesized CoVO–PANI cathode materials (CoVO–PANI@CC) in situ on carbon cloth via a
simple one-step hydrothermal method (Figure 4). A flexible zinc-ion HSC was constructed
using CoVO–PANI@CC as the cathode and AC@CC as the anode. The feathery morphology
of CoVO–PANI@CC provided a large surface area, which increased the contact area with
the electrolyte and was beneficial for the diffusion of Zn2+. The synergistic interaction
between Co2+ and polyaniline expanded the interlayer spacing of CoVO–PANI, reduced
the binding energy and diffusion barrier for Zn2+, and improved the electron transport
conductivity of the material. Under optimal conditions, the CoVO–PANI@CC//2 M
ZnSO4//AC@CC exhibited a high areal capacitance of 847.3 mF cm−2 at 1 mA cm−2. After
2000 cycles at 50 mA cm−2, the retention rate of CoVO–PANI@CC//2M ZnSO4//AC@CC
was 81.37%, and the coulomb efficiency was 100%. The assembled flexible Zn-HSC device
maintained excellent electrochemical performance, with high flexibility and stability, and an
area capacity of 775.6 mF cm−2 at 1 mA cm−2. This strategy provides a feasible method for
the application of vanadium-based cathode materials in flexible zinc-ion supercapacitors.

Figure 3. Schematic diagram shows the fabrication of a pouch–type HSC with mesoporous Nd5%–
Mn2O3 3D–MSs as positive and AC as negative electrodes with filter paper as a separator in KOH
electrolyte [71].

Carbon-based materials, including AC [76–78], porous carbon [79,80],
graphene [81–86], carbon nanotubes (CNTs) [87–90], carbon nanofibers (CNFs) [91–93], and
metal–organic framework-derived carbon [94], have been extensively studied as electrode
materials for hybrid capacitors.
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Figure 4. The preparation schematics of vo@cC, Covo@CC, VO–PANI@CC, and CoVO–
PANI@CC [75].

Introducing heteroatoms (O, N, S, P, B, etc.) into the carbon matrix can improve the
conductivity and surface hydrophilicity of carbon-based materials, thereby enhancing
their capacitive performance. Li et al. [95] constructed a zinc-ion supercapacitor with
a quadruple heteroatom self-doped hierarchical porous AC as the cathode. Through a
carbonization process, four heteroatoms (O, N, S, P) were self-doped into paper mulberry
(PM) to obtain the carbonized material (PMC), which was then treated with KOH as an
activator to prepare PMACs rich in macropores, mesopores, and micropores (Figure 5).
The micropores provided a large number of active sites for carrier adsorption, while the
mesopores facilitated ion diffusion kinetics by providing abundant channels that could
eliminate diffusion barriers. The macropores served as a reservoir for the electrolyte,
thereby shortening the path for carrier transfer. Moreover, the porous structure produced
by KOH activation had an ultra-high specific surface area (SSA) (1736.1 m2 g−1), which
not only effectively increased the number of reversible ion adsorption active sites but
also enhanced hydrophilicity of the material due to the synergistic effect of quadruple
heteroatom doping, promoting charge transfer rates and, thus, improving the material’s
storage. Functional groups containing O and N improved the surface hydrophilicity of the
carbon-based material while providing additional sites for ion binding to enhance electronic
conductivity. The S atom could increase the carbon spin density and induce structural
defects in the carbon material. Phosphorus in the carbon matrix could disrupt the charge
uniformity and increase the asymmetric spin density. Additionally, phosphorus could cause
structural distortions, enhancing the storage capacity of Zn2+. All these heteroatom dopants
contributed significantly to the improvement of the electrode material’s capacitance. Under
optimal conditions, the prepared PMACs exhibited a considerable capacitance (240.7 F g−1),
an excellent energy density (108.3 Wh kg−1), and a competitive power density (450 W kg−1).
At high mass loading, they demonstrated excellent capacitance, rate performance, and
impressive cycle stability (97.1% retention after 10,000 cycles at 10 A/g under a mass
loading of 14.46 mg cm−2). The strategy employed in this study is of great significance
for the development of low-cost, environmentally friendly, and electrochemically superior
active materials.
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Figure 5. Schematic diagram of synthetic procedure of PMACs [95].

Graphene’s enormous theoretical SSA, excellent conductivity, and chemical stability
are considered promising for energy storage applications as an alternative material [96].
However, the severe aggregation problem caused by the strong van der Waals forces be-
tween graphene layers leads to significant barriers between the graphene layers, which
severely reduces the actual SSA and conductivity of graphene [97]. Yao et al. [98] prepared
a novel 3D phosphorus-doped carbon nanotube/reduced graphene oxide (P–CNT/rGO)
composite aerogel using CNTs as intercalants and phosphoric acid as a phosphorus source
through a simple one-step hydrothermal method and used it as the cathode material
for Zn-HSC (Figure 6). The obtained P–CNT/rGO composite aerogel retained 45.5% of
its capacitance at an ultra-high current density (Dc) of 100 A/g compared to 0.1 A/g.
The group also compared the specific capacitance of the P–CNT/rGO composite aerogel
(213.4 F/g) with that of rGO (105.9 F/g) and CNT/rGO (144.1 F/g) at 0.5 A/g. The excellent
electrochemical performance of P–CNT/rGO could be attributed to the combined effects of
carbon nanotube insertion and P doping modification, which led to improvements in SSA,
expansion of interlayer spacing, and enhancement of pseudocapacitive reactions. The inser-
tion and dispersion of carbon nanotubes between graphene sheets effectively prevented the
aggregation of graphene. The synergistic effect of carbon nanotube insertion and P doping
modification resulted in the P–CNT/rGO having the richest micropores and mesopores,
increasing the SSA of graphene. Furthermore, since the atomic radius of the P atom is
larger than that of the C atom and the electronegativity of the P atom is lower than that of
the C atom, the incorporation of P atoms provided more structural defects for P–CNT/rGO
and altered the charge density of graphene. The functionalization of the graphene surface
(P, O atoms) could improve the wettability of the electrode with the electrolyte and the
surface reactivity, providing more active sites for the chemisorption/desorption of Zn2+

and resulting in additional pseudocapacitance that significantly enhanced the capacitance
performance of graphene. The zinc-ion supercapacitor assembled with P–CNT/rGO under
optimal conditions exhibited a high energy density of 92.7 Wh/kg at a power density of
80 W/kg, a power density of 80 kW/kg at an energy density of 42.2 Wh/kg, and a capaci-
tance retention rate of 94.2% after more than 10,000 cycles at 3 A/g, demonstrating very
superior stability. This strategy provides valuable references for the in-depth optimization
of energy density and power density of graphene-based cathode zinc-ion supercapacitors.
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Figure 6. Schematic illustration of energy storage mechanism of the P–CNT/rGO based ZHC [98].

4.2. Heterostructure Optimization Strategy Based on TMOs

Single-phase TMOs are unable to fulfill the comprehensive performance requirements
of a high capacity, high-rate performance, and long-term cycle stability. It is well known
that crystalline samples exhibit strong resistance to electrolyte corrosion and better cycle
stability [99], while amorphous samples contain more grain boundaries and ion diffusion
channels, which can enhance electrochemical activity [100]. Therefore, if electroactive
materials with different crystalline phases and chemical properties are combined rationally,
it becomes feasible to achieve electrochemical performance superior to that of a single
TMO [101]. Peng et al. [102] synthesized Ni1.5Co1.5O4 through a hydrothermal reaction
and then treated it with NaH2PO2 H2O to acidify. Impressively, with the increase in
the amount of NaH2PO2 H2O, Ni1.5Co1.5O4 underwent a redox reaction with H3P gas to
form NiCoO2, as well as a dual substitution reaction where metal ions were phosphated
to form NiCoP and P coordinated with O to form NiCo–POx. A heterostructure was
obtained consisting of a large number of high-crystalline NiCoP nanoparticles dispersed in
an amorphous NiCo–POx matrix, forming a NiCoP–NiCoO2/NiCo–POx heterostructure
(Figure 7). This crystalline/amorphous heterostructure simultaneously possesses high
reactivity, performance, and long-term cycle stability. The voltage of the constructed
rGO//6 M KOH//NiCoP–NiCoO2/NiCo–POx hybrid supercapacitor could be extended
to 1.56 V. It exhibited a specific capacitance of 56.1 mA h g−1 at 1 A g−1 and maintained a
specific capacitance of 32.8 mA h g−1 at a high current density of 20 A g−1. It still retained
78.7% of its capacitance after 10,000 cycles. At an energy density of 800 W kg−1, it achieved
a power density of 44.8 W h kg−1, and at a power density of 1.6 kW kg−1, it had an energy
density of 26.2 Wh kg−1. The strategy proposed in this heterostructure demonstrated
excellent electrochemical performance, providing feasible insights for the optimization of
advanced materials for energy storage applications.

Figure 7. Schematic illustration of the synthesis procedure for NiCoP–NiCoO2/NiCo–PO, heterostruc-
ture [102].

Compared to TMOs, transition metal sulfides (TMSs) have lower electronegativity and
higher specific capacitance and conductivity, but they are not stable [103,104]. Transition
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bi-metallic oxides (TBMOs) [105] and transition bi-metallic sulfides (TBMSs) [106] contain
multiple metal ions, which can provide a richer variety of active sites for redox reactions,
thus, exhibiting excellent electrochemical performance. Min et al. [107] synthesized a core–
shell mesoporous heterostructure nanosheet@ NiZn2O4@NiZn2S4 (NZO@NZS) on nickel
foam (NF) as a cathode material for aqueous HSCs (Figure 8). Initially, NZO nanosheets
were grown on NF as a framework to increase the stability of the HSC electrode material.
Subsequently, the hydrothermal method used could uniformly and interconnectedly anchor
non-crystalline NZS nanosheets onto the vertically aligned NZO nanosheet framework,
forming a core–shell heterostructure with larger active sites and a richer variety of active
sites. This expanded ion channels and improved the electron transfer rate of the composite
material, further enhancing the electrochemical performance. It is worth mentioned that the
proposed synthesis method of NZO@NZS, which saved any binder, significantly improved
the conductivity of the electrode material. Under optimal conditions, at a Dc of 1 A g−1,
NZO@NZS exhibited a high specific capacitance of 1516.0 C g−1. After 10,000 cycles
(Dc = 15 A g−1), the capacitance retention rate remained at 86.9%. Moreover, the HSC
assembled with NZO as the cathode and AC as the anode achieved an energy density
of 43.4 Wh kg−1 at a power density of 775.0 W kg−1. This research strategy provided a
reasonable new direction for the design and construction of core–shell structures of TMOs.

 

Figure 8. The fabrication process diagram of the NZO@NZS electrode [107].

4.3. Optimization Strategy of Nanocomposites Based on TMOs/Carbon Materials

Nanostructured TMOs combined with carbon-based nanomaterials (such as rGO) and
non-carbon-based nanomaterials (such as MXene) to form binary or ternary nanocompos-
ites are considered a new research direction for optimizing the electrochemical performance
of HSCs.

Carbon-based materials not only improve the cycle life of TMO-based electrodes
but also form a 3D network structure with TMO nanoparticles (NPs), providing an
appropriate template for the growth of TMOs NPs. Ruman et al. [108] prepared
SnO2/CuO/FeO/PVP/rGO nanocomposites using a green synthesis method for use as
battery-type electrode materials. The rGO sheets provided a larger conductive and porous
platform for the growth of TMOs, and, thus, the obtained SnO2/CuO/FeO/PVP/rGO ex-
hibited significantly better electrochemical energy storage characteristics than SnO2/CuO
and SnO2/CuO/PVP nanocomposites. Under optimal conditions, the SnO2/CuO/FeO/
PVP/rGO-modified nickel foam electrode achieved a specific capacitance of 249 C/g at
0.6 A/g. When used as a battery-type cathode with AC as the EDLC-type anode, the HSC
constructed had a power density of 956 W/kg at 1.2 A/g and still retained 93.9% of its
capacitance after 15,000 cycles. This group proposed a porous growth strategy, which in-
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volves embedding multi-metal redox substances into conductive porous materials and has
injected new vitality into the optimization of energy storage performance for future HSCs.

MXenes typically have a chemical formula of Mn+1XnTx (n = 1, 2, or 3), where M rep-
resents a transition metal, X represents carbon or N, and Tx represents surface terminations
such as functional groups (e.g., = O, –OH, –F, and –Cl) [109]. They exhibit significant surface
redox reaction pseudocapacitance in acidic electrolytes and different pseudocapacitance
based on ion insertion mechanisms in neutral and alkaline electrolytes [110], making them
widely applicable in HSCs. Ti3C2, as one of the lightest members of the MXene family,
stands out among many MXenes. Pradeepa et al. [111] synthesized a heterostructured
titanium carbide–zirconium oxide nanocomposite (Ti3C2–ZrO2 NC) (Figure 9) and then
precisely assembled a solid-state hybrid supercapacitor device (SHSC) using Ti3C2–ZrO2

NC as the cathode, AC as the anode, Whatman filter paper as the separator, and PVA–
KOH gel as the solid–state electrolyte. The synergistic interaction between the typical
layered structure of Ti3C2 and ZrO2 nanoparticles not only promoted the interlayer ion
insertion/extraction rate but also provided a sufficient number of electrochemically active
sites for surface redox reactions. Moreover, the mesoporous structure of Ti3C2–ZrO2 NC
facilitated the effective permeation of ions through the surface. This allowed Ti3C2–ZrO2

NC to exhibit excellent charge transfer kinetics and high specific capacitance compared
to single Ti3C2 and ZrO2 NPs. The GCD curves of the Ti3C2–ZrO2 NC electrode showed
nonlinear behavior, revealing its battery charge storage process, with a high specific ca-
pacitance of 483.6 C/g at 1 A/g Dc, and it still retained a capacitance retention rate as
high as 88.85% after 5000 charge–discharge cycles. The assembled Ti3C2–ZrO2//AC solid-
state hybrid supercapacitor (SHSC) device had an energy density and power density of
75.60 Wh/kg and 1445 W/kg, respectively. The strategy proposed in this two-dimensional
layered MXene structure, which plays a key role in enhancing conductivity and reaction
kinetics, may become a promising battery-type material for application in future energy
storage devices.

 

Figure 9. Schematic illustration for the synthesis procedure of TisC2–ZrO2 NC [111].

Unfortunately, the synthesis and processing of nanomaterials generally require special-
ized equipment and intricate fabrication techniques, which significantly increase the com-
plexity and difficulty of manufacturing. Traditional metal oxide preparation often involves
the mixing of hydroxides followed by high-temperature calcination/annealing/sintering
processes, which are time-consuming. For instance, the synthesis of metal oxides from tin-
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based mixed hydroxides requires at least 2 h of reaction time. Therefore, the development of
simple and efficient nanocomposite synthesis processes is also a key focus of research, aim-
ing to transition technology towards industrialization and commercialization. To achieve a
rapid reaction time of only 30 s, Sahoo et al. [112] employed a microwave method with a
commercial microwave oven. During this short period, oxidized graphite was exfoliated
and reduced to rGO, while the dehydration of CoSn(OH)6 formed oxide nanoparticles
that were deposited on the surface of the oxidized graphene. The microwave-prepared
Co3O4/SnO2/rGO (CSO–rGO) ternary nanocomposite constructed a hybrid electrode with
a high specific capacitance (146.4 C/g) and exceptional cycle stability (103.2% after 15,000 cy-
cles). Additionally, the group constructed an aqueous HSC using microwave-prepared
rGO as the anode, due to the porous network structure of the CSO-rGO composite materi-
als, as well as the gradual activation and electrochemical reconstruction of the composite
electrodes during cycling, there is an increase charge storage, with the device achieving a
maximum energy density of 27 Wh/kg and a cycle stability of 102.4% after 10,000 cycles.

4.4. Optimization Strategy of MOF-Derived TMOs/Carbon

Metal–organic frameworks (MOFs), also known as porous coordination polymers, are
inorganic–organic hybrid materials formed by the self-assembly of metal ions or clusters
with organic ligands through coordination bonds, possessing molecular-level porosity.
In recent years, MOF-derived materials have received extensive research in the fields of
electrochemical energy storage conversion. They can not only provide crucial supporting
structures for a variety of electrode materials but also offer more active sites, larger SSA,
and better promotion of electrochemical reactions due to their dispersed metal components,
ultra-high surface area, and controllable porosity. Among them, MOF-derived electrode
materials have received widespread attention in the field of energy storage.

Bhosale et al. [113] obtained a bimetallic MOF (CoFe2–MOF) through simple thermal
treatment. Impressively, they directly prepared a nano-porous carbon (NPC) anode material
and a binary TMO (CoFe2O4) cathode material using a single bimetallic CoFe2–MOF as the
sole precursor through a method called “one-for-all”. An HSC was constructed using 2 M
potassium hydroxide as the alkaline aqueous electrolyte. Under optimal conditions, the
constructed HSC exhibited an excellent specific capacitance at a Dc of 2 mA cm−2, with an
energy density of 56.2 Wh kg−1 and a power density of 1091.5 W kg−1. Moreover, it showed
an outstanding cycle stability of 97.91% over 5000 GCD cycles. The revolutionary “one-for-
all” concept proposed by this strategy has created endless possibilities for developing the
next generation of supercapacitors with high safety, low cost, wide voltage window, and
long-term cycle stability.

Tin dioxide (SnO2) and its derivatives have been widely used as anode materials for
lithium-ion supercapacitors due to their high theoretical capacity, low working potential,
abundant reserves, and environmental friendliness [114,115]. The storage mechanism
of lithium in SnO2 is typically divided into two stages. The first stage is an irreversible
conversion reaction, where Li+ ions react with SnO2 to form metallic tin (Sn) and lithium
oxide (Li2O) [116]. The second stage involves an alloy reaction between Sn and Li+ ions,
providing higher capacity. Unfortunately, the volume expansion (approximately 260%)
caused by the alloy formation severely affects the lifespan of the lithium-ion supercapacitor.
Duan et al. [117] synthesized a Mn2SnO4@C anode composite material with a uniform
carbon coating and rhombic structure through a two-step carbonization process and the
addition of a tin source using a Mn-based metal–organic framework (Figure 10). During
the charging process, the Mn2SnO4 undergoes an irreversible conversion reaction, and
the resulting Mn and Sn are uniformly dispersed on the material surface at the atomic
scale. Subsequently, The reaction between Sn and Li+ (Sn + xLi+ + xe− → LixSn (0 < x <
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4.4)) results in the formation of lithium alloys. Firstly, the alloying and conversion storage
mechanisms contributed to the enhancement of electrode capacity. Secondly, the uniform
carbon coating encapsulation design in Mn2SnO4@C not only favored the improvement of
conductivity and prevented particle aggregation but also effectively buffered the volume
during the Sn alloying process [118]. Moreover, the incorporation of Mn into SnO2 signif-
icantly enhanced the intrinsic conductivity compared to pure SnO2. During cycling, the
“Mn” and “Sn” elements formed different metals (Mn, Sn), lithium alloys (LixSn), and metal
oxides (MnO, SnO2) at various redox potentials, creating a synergistic effect that acted as
a buffering framework. At different current densities, the anode’s capacity retention rate
exceeded 100%, and after rate tests, the anode delivered 944 mAh g−1 discharge capac-
ity. Under optimal conditions, a novel lithium-ion supercapacitor was assembled using
a Mn2SnO4@C anode and coconut shell biomass carbon (CSBC) cathode, providing an
ultra-high energy density of 217.9 Wh kg−1 at 210 W kg−1 and maintaining 25.1 Wh kg−1

even at a high power of 21 kW kg−1. The research group’s application of the Mn2SnO4@C
anode material to lithium-ion integrated circuits offers a new approach for improving the
performance of the next-generation lithium-ion integrated circuits.

Figure 10. Schematic diagram of the synthesis route of Mn2SnO4@C [117].

Imidazole-based molecular sieve frameworks-8 (ZIF-8) possess a porous structure
with uniformly distributed N atoms, making them an ideal precursor and template for
the preparation of N-doped carbon materials [119,120]. In recent years, ZIF-8-derived
N-doped porous carbons have been extensively studied and used as cathode materials
for Zn-HSCs [121]. However, the limited N content in the ZIF-8 precursor has restricted
the further improvement of the storage capacity of Zn-HSC. Jia et al. [122] selected a N-
rich MOF (Zn-based metal-triazolate, Zn-MET) as a carbon precursor and N source, and
prepared Zn-MET–x (x = pyrolysis temperature) with ultra-high N doping and hierarchical
porous structures using a simple direct pyrolysis process, effectively accelerating the
diffusion kinetics of zinc ions. Therefore, the optimal Zn-MET–800 used as a cathode
demonstrated impressive performance. The constructed zinc-ion HSC had a high capacity
of 164.2 mAh/g at 0.1 A/g and excellent rate capability of 64.4 mAh/g at 10 A/g, with
a high cycle stability retention rate of 90.3% after 30,000 cycles at 10 A/g. This strategy
provides a potential pathway for the preparation of advanced porous carbon materials
with ultra-high N doping and offers new insights for the development of high-performance
Zn-HSC.

4.5. Optimization Strategies Based on Electrolytes

The voltage window directly affects the performance and lifespan of supercapacitors.
Previous studies have shown that novel electrolyte decoupling strategies can extend the
voltage window, with Zhong et al. [123] using an electrolyte decoupling strategy to increase
the open-circuit voltage of a Zn-MnO2 battery from 1.50 V to 2.83 V, thereby enhancing
energy density and lifespan. Additionally, electrolyte decoupling strategies can also utilize
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different electrolytes to replace traditional cathodes used for Zn2+ storage with other types
of cathodes (such as those for Li+ storage) [47]. Based on this, Wang et al. [45] proposed
a new method that fixed a Ni3S2/Ni2O3 heterojunction on N-doped carbon nanosheets
(Ni3S2/Ni2O3@N–CNA) and assembled a water-based dual-ion alkaline electrolyte zinc-
ion supercapacitor (Figure 11). The zinc foil anode used a mixture of Zn(AC)2 and NaOH
as the anodic solution, while the Ni3S2/Ni2O3@N–CNA cathode used LiOH as the ca-
thodic solution. An anion exchange membrane (AEM) was used as a separator to prevent
the mixing of Zn2+ and Li+ in the anodic and cathodic solutions, which could affect the
reversibility of the electrode processes. During the charge storage process, compared to
Ni2O3, the Ni3S2 in the Ni3S2/Ni2O3 heterostructure has a lower Ni atomic valence state,
making it easier to undergo redox reactions with OH−. During the discharge process, the
reduction–oxidation reaction of Ni atoms is accompanied by the insertion and extraction of
Li+, with the Ni3S2/Ni2O3 heterojunction not only favoring the surface pseudocapacitance
generated by the adsorption of hydrated Li+ on the Ni3S2 side but also the dehydration
behavior of hydrated Li+ on the Ni3S2 and Ni2O3 sides, which is beneficial for the pseu-
docapacitance of Li+ insertion. Under optimal conditions, the constructed water-based
dual-ion alkaline electrolyte zinc-ion supercapacitor exhibited excellent specific capacitance
(236 F g−1) and energy density (64.2 Wh kg−1). This strategy has opened up a new pathway
for the development of high-performance Zn-HSCs.

Figure 11. Schematic illustration for (a) the preparation process of Ni3S2/Ni2O3@N–CAN and (b) the
charge storage mechanism of a Ni2O3@N–CAN //Zn Zn–HSC in the discharging process, including
the device structure of the Zn–HSC (left) and the adsorption mechanism of the Ni2O3@N–CAN
cathode for adsorbing the hydrated Li+ ions (right) [45].

The addition of redox-active molecules to the electrolyte, which enables the storage
and release of charge within the electrolyte, is another feasible strategy to enhance the
specific capacitance of supercapacitors [124,125]. Due to the redox activity of thiocyanates
in aqueous electrolytes and their solubility in organic solvents, Maćkowiak et al. [126]
used thiocyanates as redox additives in the electrolyte. Under a current condition of C/10,
they successfully achieved the insertion of thiocyanate cations into the anode using a
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one-step method to assemble composite electrodes and construct a metal-ion HSC. The
addition of thiocyanates compensated for the charge on the cathode and efficiently inserted
metal ions into the structure of the anode. The study showed that the one-step assembly
system had lower resistance than the traditional two-step assembly system, reduced as-
sembly time and cost, and improved specific energy. Impressively, among the successfully
constructed lithium-ion, sodium-ion, and potassium-ion HSCs, the Li+-HSC with a thio-
cyanate electrolyte produced an exceptionally high specific energy equivalent to that of a
lithium-ion battery (115 Wh kg−1), which was far superior to traditional hybrid capacitors
(71 Wh kg−1), and it maintained efficiency above 80% of the initial capacitance even after
1000 cycles. This strategy could potentially promote further research and application of
metal-ion capacitors in electrolyte optimization.

Similarly, anthraquinone compounds have received widespread attention in the
preparation of redox-enhanced electrolytes [127,128]. Gan et al. [129] selected sodium
anthraquinone-2-sulfonate (AQ) with high solubility, excellent stability, and unique solva-
tion behavior as an additive to a 2 M ZnSO4 aqueous solution electrolyte and constructed
a zinc-ion HSC. The redox behavior of the additive originated from the reversible oxi-
dation and reduction of the AQ/AQH2 couple, with the conjugated electrons in the AQ
molecule promoting its own redox behavior [130], and the aromatic framework enhanc-
ing the stability of the Zn anode. Additionally, the added AQ had a higher coordination
binding ability with Zn2+ than H2O molecules [131], effectively reducing the Zn2+–H2O
interactions and enhancing the diffusion coefficient of the ZnSO4–AQ system. Notably,
the passivation of Zn2+–additive complexes produced a robust intermediate layer with a
concentration gradient, and the AQ additive also inhibited the formation of Zn4SO4(OH)6

and ZnO by–products. The study showed that the AQ additive significantly improved
the lifespan of the zinc-ion battery at 2 mA cm−2 and 1 mAh cm−2, increasing the cycle
number from 50 to 1600. Importantly, the redox behavior of the electrolyte modulated
the charge transfer behavior and electrochemical kinetics of the battery. The constructed
zinc-ion supercapacitor achieved a capacity of 195.0 mAh g−1 with 5 mM AQ, while the
capacity of the ZIC without the additive was 149.6 mAh g−1.

5. Conclusions and Future Perspectives

Currently, research on HSCs (Table 1) primarily focuses on the optimization of sur-
face/interface chemistry based on TMOs and carbon-based materials, while studies on
electrolytes are relatively scarce. Achieving high electron transfer and ion diffusion rates
has emerged as the current research priority. Although HSC devices have made significant
progress, long-term research and exploration are still required. The Zn-HSC holds great
promise as a pivotal area for the further development of HSC. In terms of optimization
strategies, future developments may concentrate on leveraging strategies such as het-
eroatom doping, pre-intercalation, nanocomposites, and binder-free approaches to develop
novel pseudocapacitive materials based on TMOs, aimed at enhancing the conductivity, ion
diffusion rates, and electrochemical performance of pseudocapacitive materials. Regarding
the enhancement of carbon-based material properties, the main research directions are to
fabricate atomically precise, reproducible, doped carbon-based materials with simple prepa-
ration processes and to develop templated carbon with a controllable three-dimensional
hierarchical porous structure that matches the electrolyte ion mobility. In the industrial
sector, the primary challenge in the development of HSCs is to devise methods that reduce
costs and enhance sustainability. Scalable manufacturing techniques can further lower the
cost of hybrid capacitors by reducing the expenses associated with electrode and electrolyte
materials. For instance, Mandal et al. [132] extracted activated carbon and transition metal
oxides (TMOs) from industrial energy crops such as jute, kenaf, hemp, and bamboo, which
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were subsequently utilized as electrode materials for hydrogen storage capacitors. Hong
et al. [133] developed a roll-to-roll dry transfer process that simultaneously controls the
peeling speed and tension for large-scale production of graphene. Scaling up the produc-
tion of nanocomposites to an industrial level may encounter both technical and economic
challenges [134]; it is imperative to develop production processes for synthesizing effi-
cient and selectively controlled nanocomposites to address the issues of uniformity and
reproducibility encountered in batch production. Moreover, to enable flexible HSCs to
operate over a wide temperature range and meet the needs of next-generation flexible,
portable, and wearable electronic products, the development of flexible carbon/TMOs
electrode materials and solid-state electrolytes with high ductility, self-healing ability, me-
chanical strength, stretchability, and compressibility is a critical issue that urgently needs
to be addressed. The development of HSCs with a small volume and high energy density
is also a future trend. Three-dimensional and four-dimensional 4D printing, as simple,
compatible, and controllable manufacturing techniques, are essential for achieving precise
and compact positioning of hybrid materials in integrated devices within limited spaces
and for maximizing their performance. However, there is currently limited research on
3D and 4D printing. Bigham et al. [135] proposed 3D and 4D printing techniques for
customized applications based on Mxene materials, highlighting the strong mechanical
strength and biocompatibility of Mxene composites, which make them an ideal choice for
scaffolding and implantable carrier applications. Incorporating both high-temperature and
low-temperature performance considerations, in-depth research into the reaction kinetics
and de-solvation processes of electrode materials and electrolytes, and the development of
all-weather HSC with rapid charging capabilities can significantly expand application sce-
narios. This is a challenging yet practical research direction. Generally, at low temperatures,
the reversible diffusion of lithium ions is a bottleneck affecting all-weather HSCs; while at
high temperatures, the main challenges are the chemical decomposition of the electrolyte
itself and the loss of surface chemical passivation mechanisms between the electrolyte and
the anode/cathode interfaces.

Table 1. Performance comparison of advanced HSCs based on above electrode materials.

Sr#
Cathode
Material

Anode
Material

Electrolyte
Potential
Window

Capacitance/
Capacity

Specific
Energy

[Wh kg−1]

Specific
Power

[W kg−1]

Cycling
Stability

[%]

Publishing
Year

Refs.

1 Ni3S2/
Ni2O3@N–CNA Zn–foil

1 M LiOH
(Cathode),

0.3 M Zn(AC)2 +
3 M NaOH

(Anode)

0.4–1.8 V 236 F/g
@1 A/g 64.2 700 75%, 10,000 2024 [45]

2 AC T–Nb2O5 1 M LiPF6 1.0–3.5 V 82.4 F/g
@0.25 C 46.6 8400 100%, 1000 2023 [57]

3 Nd5%–Mn2O3
3D–MSs AC 1 M KOH 0.0–0.55 V 862.14 F/g

@0.5 A/g 32.26 800 97.3%, 2000 2020 [71]

4 ZnxMnO2/Ppy
(ZMOP) PCNTs 2 M ZnSO4 +

0.1 M MnSO4
0.0–1.9 V 109 F/g

@0.1 A/g 20 867 86.4%, 5000 2024 [74]

5 CoVO–
PANI@CC AC@CC 2 M ZnSO4 0.0–2.0 V

847.3
MF/cm2

@1 mA/cm2

1.69
mWh/cm2 3.6 W/cm2 81.37%,

20,000 2024 [75]

6 PMAC700–3 Zn–foil 2 M ZnSO4 0.0–1.6 V 240.7 F/g
@0.5 A/g 108.3 450 97.1%,

10,000 2024 [95]

7 P–CNT/rGO Zn–foil 2 M ZnSO4 0.0–1.8 V 213.4 F/g
@0.5 A/g 92.7 80 KW/kg 94.2%,

10,000 2023 [98]

8
NiCoP–

NiCoO2/
NiCo–POx

RGO 6 M KOH 0.0–1.56 V 56.1 mAh/g
@1 A/g 44.8 800 78.7%,

10,000 2023 [102]

9 AC NZO@NZS 1 M KOH 0.0–0.8 V 1516 C/g
@1 A/g 43.4 774.9 86.9%,

10,000 2024 [107]

10 SnO2/CuO/FeO/
PVP/rGO AC 2 M KOH 0.0–0.6 V 249 C/g

@0.6 A/g 41.7 956 93.9%,
15,000 2024 [108]
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Table 1. Cont.

Sr#
Cathode
Material

Anode
Material

Electrolyte
Potential
Window

Capacitance/
Capacity

Specific
Energy

[Wh kg−1]

Specific
Power

[W kg−1]

Cycling
Stability

[%]

Publishing
Year

Refs.

11 Ti3C2–ZrO2 NC AC PVA–KOH gel 0.0–1.8 V 483.6 C/g
@1 A/g 75.6 1445 88.85%,

5000 2024 [111]

12 rGO
Co3O4/

SnO2/rGO
(CSO–rGO)

3 M KOH 0.0–1.5 V 146.4 C/g
@1 A/g 27 751.7 102.4%,

10,000 2024 [112]

13 NPC CoFe2O4 PVA–KOH 0.0–1.4 V 112.1 F/g
@1 mA/cm2 56.2 1091.5 97.91%,

5000 2024 [113]

14 CSBC Mn2SnO4@C 1 M LiPF6 0.0–4.2 V 88.95 F/g
@0.1 A/g 217.9 210 79%, 5000 2023 [117]

15 Zn–MET–800 Zn–foil 2 M ZnSO4 0.1–1.7 V 164.2 mAh/g
@0.1 A/g 128.5 4700 90.3%,

30,000 2024 [122]
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