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RECENT ADVANCES IN THE SYNTHESIS 
OF NANOSTRUCTURED MATERIALS FOR 
ZINC-ION BATTERIES
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Laboratory Assistant, Department of Metrology and Materials Science Engineering at Karshi State Technical 
University

Dilnoza Erimbatova
PhD student at Karakalpak State University

Murodjon Samadiy
Professor at Karshi State Technical University

Abstract: Zinc-ion batteries are a safe and low-cost option for storing renewable energy, but their performance depends 
heavily on the electrode materials. This article reviews recent progress in making nanostructured materials for these 
batteries, with a focus on manganese oxides, vanadium oxides, and carbon-based composites. We compare common 
synthesis routes, including hydrothermal growth, electrospinning, and template-assisted methods, and explain how each 
one shapes particle size, crystal structure, and ion transport. Studies show that nanorods, nanosheets, and nanowires 
usually store more zinc and last longer than bulk powders. Still, scale-up, material cost, and unclear reaction mechanisms 
remain open problems for future work.

Keywords: zinc-ion batteries; nanostructured materials; hydrothermal synthesis; manganese oxide; vanadium oxide; 
energy storage.

Annotatsiya: Rux-ionli batareyalar qayta tiklanuvchi energiyani saqlash uchun xavfsiz va arzon yechim hisoblanadi, 
biroq ularning samaradorligi ko‘p jihatdan elektrod materiallariga bog‘liq. Mazkur maqolada ushbu batareyalar uchun 
nanostrukturali materiallarni ishlab chiqish borasidagi so‘nggi yutuqlar, xususan, marganes oksidlari, vanadiy oksidlari 
va uglerod asosidagi kompozit materiallarga e’tibor qaratilgan holda ko‘rib chiqiladi. Gidrotermal sintez, elektrospinning 
va shablon yordamida sintez qilish kabi keng tarqalgan usullar taqqoslanib, ularning har biri zarracha o‘lchami, kristall 
tuzilma va ionlarning harakatlanish xususiyatlarini qanday shakllantirishi tushuntiriladi. Tadqiqotlar nanostержenlar, nano-
sahifalar va nanovoloknolar hajmli kukunlarga nisbatan odatda ko‘proq rux ionlarini saqlashi va uzoqroq xizmat qilishini 
ko‘rsatmoqda. Shunga qaramay, ishlab chiqarishni keng miqyosga olib chiqish, materiallar tannarxi va reaksiyalar mex-
anizmlarining yetarlicha aniqlanmaganligi kelgusidagi tadqiqotlar uchun dolzarb masalalar bo‘lib qolmoqda.

Kalit so‘zlar: rux-ionli batareyalar; nanostrukturali materiallar; gidrotermal sintez; marganes oksidi; vanadiy oksidi; 
energiyani saqlash.

Аннотация: Цинк-ионные батареи являются безопасным и недорогим решением для хранения возобновляемой 
энергии, однако их эксплуатационные характеристики во многом зависят от материалов электродов. В данной 
статье рассматриваются последние достижения в разработке наноструктурированных материалов для таких 
батарей с акцентом на оксиды марганца, оксиды ванадия и композиты на основе углерода. Сравниваются 
распространённые методы синтеза, включая гидротермальный синтез, электроспиннинг и шаблонно-
ориентированные методы, а также объясняется, как каждый из них влияет на размер частиц, кристаллическую 
структуру и транспорт ионов. Исследования показывают, что наностержни, нанослои и нанопроволоки, как 
правило, обеспечивают более высокую способность к накоплению цинка и более длительный срок службы по 
сравнению с объемными порошковыми материалами. Тем не менее масштабирование производства, стоимость 
материалов и недостаточная ясность механизмов протекающих реакций остаются актуальными проблемами для 
дальнейших исследований.

Ключевые слова: цинк-ионные батареи; наноструктурированные материалы; гидротермальный синтез; оксид 
марганца; оксид ванадия; хранение энергии.
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I N T R O D U C T I O N
Wind and solar power are growing fast, but they do not produce electricity on demand. Large batteries are 

needed to smooth out this gap between supply and use. Lithium-ion batteries dominate the market today, yet their 
cost, limited resources, and flammable organic electrolytes make them a difficult choice for grid-scale storage. 
Aqueous zinc-ion batteries (ZIBs) have therefore attracted growing attention. Zinc is abundant and cheap, it can 
be handled in air, and water-based electrolytes are far safer than the organic liquids used in lithium-ion cells [1,2].

A ZIB works by moving Zn²⁺ ions back and forth between a zinc metal anode and a host cathode, usually in a 
mildly acidic or neutral zinc-salt solution. The idea is simple, but the practice is not. Zinc ions carry two charges and 
are comparatively heavy, so they interact strongly with the crystal lattice and move slowly through it [1]. Cathodes 
also change structure while they are charged and discharged, and the reaction mechanisms inside them are still 
argued about in the literature [1,2,5]. Together these facts explain why finding a good cathode is considered the 
main bottleneck of the field.

Two families of inorganic cathodes receive most of the attention. Manganese oxides are cheap and exist in 
many crystal forms, and several of them accept zinc reversibly [3,5,7]. Vanadium oxides have layered structures 
with wide gaps between the layers, which gives zinc ions room to enter [4,8,10]. Both families, however, suffer from 
slow ion diffusion, poor electrical conductivity, or structural damage during cycling. Much of the recent work tries 
to fix these problems by changing how the material is built rather than what it is made of.

Nanostructuring is the most common way to do this. When a material is shaped into rods, sheets, wires, or 
fibers, the distance that ions must travel inside each particle becomes short, the contact area with the electrolyte 
becomes large, and the structure can better tolerate the strain of repeated insertion and removal. The idea has 
been tested in many forms: hydrothermal α-MnO₂ nanorods [3], flexible V₂O₅ fiber papers [4], manganese oxide 
nanowires on graphene [7], iron-doped V₂O₅ nanorods made from electrospun templates [9], and V₂O₅ particles 
split into nanosized pieces by electrochemical activation [10]. A further study showed that hydrothermal conditions 
can change the phase and composition of a vanadium oxide and with it the zinc-storage capacity [6].

Several good reviews already describe cathode chemistry and reaction mechanisms [1,2,5,8]. In this article 
we look at the question from the side of synthesis. We ask which preparation routes are used, what nanostructures 
they produce, and how those structures affect zinc storage. The article is organized as follows. Section 2 discusses 
representative studies on manganese and vanadium nanomaterials. Section 3 explains how the literature was 
selected and summarizes the main synthesis routes and testing methods. Section 4 gives conclusions and suggestions 
for future work.

R E V I E W  O F  L I T E R A T U R E  O N  T H E  S U B J E C T
This section looks at five representative studies [3,4,6,7,10]. They were chosen because each one reports both 

a clear synthesis route and the resulting battery behavior, and together they cover manganese oxides, vanadium 
oxides, and carbon composites.

An early and often cited example of nanostructured manganese oxide is the α-MnO₂ nanorod electrode of 
Alfaruqi and co-workers, made by a simple hydrothermal reaction. The cell delivered an initial discharge capacity 
of 233 mAh g⁻¹ at 83 mA g⁻¹, and its Coulombic efficiency stayed close to 100% during long cycling. The authors 
used synchrotron X-ray methods to follow what happens inside the electrode. They found that zinc insertion into 
the tunnels of α-MnO₂ was reversible and that the unit cell expanded by only about 3%, a small change that explains 
why the structure survived cycling [3]. The study is useful because it connects a cheap synthesis route directly to a 
measured structural benefit.

A more recent approach is to pair manganese oxide with a conductive support. Antony et al. grew MnO₂ 
nanowires on reduced graphene oxide and screen-printed the composite into interdigitated electrodes for a 
prismatic cell. The device kept a Coulombic efficiency of 99.59% after 300 cycles at a fairly high current rate [7]. The 
nanowires supply a large surface, while the graphene sheets carry electrons, which pure MnO₂ conducts poorly. The 
printing step also shows that nanomaterials can be adapted to practical electrode formats and not only to coin cells.

Li et al. mixed V₂O₅ nanofibers with carbon nanotubes to form a flexible “nanopaper” that serves as a cathode 
without a separate binder. The paper delivered a capacity of 375 mAh g⁻¹ and ran for 500 cycles. The authors 
explained this result by the short diffusion paths of the thin fibers and by the open spaces between the vanadium 
oxide layers, which act as two-dimensional channels for zinc ions [4].

Triosod et al. took a different view and asked what a hydrothermal treatment does to the chemical identity of 
the product. By changing the phase and composition of V₂O₅, they obtained a sodium vanadate hydrate that reached 
about 296 mAh g⁻¹ at 50 mA g⁻¹ in 2 M ZnSO₄. Pure V₂O₅ gave only about 103 mAh g⁻¹ under the same conditions 
[6]. Their work is a reminder that “synthesis” controls composition as well as shape.

Yoo and co-workers followed a third path. Instead of building a better structure during synthesis, they created 
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it during use. Their nano-sized split V₂O₅ with water-containing interfaces was prepared by an electrochemical 
activation step. A normal V₂O₅ cathode needs several initial cycles, called the aging process, during which the 
volume changes and cracks appear. The activated material avoided this stage, reached 457 mAh g⁻¹ at 0.1 A g⁻¹, and 
kept 91% of its capacity after 200 cycles at a higher current. The authors also built an all-solid-state cell with it [10].

Placed side by side, the five studies show how strongly the synthesis route decides the outcome. Hydrothermal 
reactions gave tunnel-structured nanorods in one case [3] and a new vanadate phase in another [6]. Fiber-based 
assembly produced a freestanding electrode [4]. Growth on graphene solved the conductivity problem [7], and 
electrochemical activation removed the aging stage [10]. In every case the benefit came from the same basic 
principles: shorter ion paths, easier access for the electrolyte, and a structure that tolerates volume change.

The studies also share limits. Capacities and lifetimes were measured mostly in small laboratory cells, and 
the test conditions differ from paper to paper, so the numbers cannot be compared directly [3,4,6,7,10]. Reaction 
mechanisms are explained in some detail only for a few materials [3,10]. Finally, the synthesis steps are usually 
described at laboratory scale, and it is rarely discussed whether the same shapes could be produced cheaply in 
kilogram batches. These gaps point to the research needs listed in the conclusion.

Three questions come up repeatedly when the five studies are read together. The first is stability over time. 
The α-MnO₂ nanorods and the activated V₂O₅ both showed good retention, but the cycling tests ran for hundreds of 
cycles at most [3,10], while a grid battery would be expected to run for many years. The second is the role of water. 
In the activated V₂O₅, water between the layers is part of the design [10], and in the sodium vanadate hydrate it is 
part of the formula [6], so the amount and location of water clearly matter, yet it is hard to control and to measure. 
The third is the choice of conductive additive. Carbon nanotubes and graphene help in the nanopaper and in the 
printed electrode [4,7], but they add cost and weight, and their share in the electrode is not always reported in a 
way that allows fair comparison.

None of these questions argues against nanostructuring. They show that a high capacity in a first report is only 
the starting point. A material becomes useful for batteries only if its synthesis is repeatable, its structure remains 
stable during long operation, and its extra components can be justified in terms of cost.

R E S E A R C H  M E T H O D O L O G Y
This work is a narrative review, and no new experiments were carried out. We searched for studies 

on nanostructured cathode materials for zinc-ion batteries, using search terms such as “zinc-ion battery”, 
“nanostructured cathode”, “hydrothermal synthesis”, “MnO₂”, and “V₂O₅”. The search covered mainly the period 
from 2015 to 2024. To keep the source base consistent, only papers published in Elsevier journals were kept, and 
the DOI of every paper was checked against the publisher record.

A paper was included if it met three conditions: it dealt with zinc-ion storage, it described how the material 
was made, and it reported electrochemical results. Ten papers were finally selected. Four are review articles on 
cell design, cathode mechanisms, and materials preparation [1,2,5,8]. Six are experimental studies, of which two 
concern manganese oxides [3,7] and four concern vanadium oxides [4,6,9,10].

From each paper we recorded the material, the synthesis route, the resulting shape and size, the electrolyte, 
the reported capacity, and the cycling behavior. Because the studies used different currents and electrolytes, the 
values were not merged into one statistic. Instead, they were compared qualitatively and grouped by synthesis 
route. Numbers quoted in this article are given exactly as the original authors reported them.

Table 1 summarizes the main routes found in the selected papers. The routes are described in more detail 
below (Table 1).

Table 1. Main synthesis routes for nanostructured zinc-ion battery cathodes found in the reviewed studies1

Synthesis route Typical procedure Typical morphology Example from the literature
Hydrothermal Precursor solution sealed in 

an autoclave and heated for 
several hours

Nanorods, nanosheets, 
phase-tuned vanadates

α-MnO2 nanorods [3]; 
sodium vanadate hydrate [6]

Electrospinning 
with heat treatment

Polymer fibers loaded with 
metal salts, then heated to 
remove the polymer

Nanofibers, nanorods, 
doped rods

Fe-doped V2O5 nanorods 
[9]

Growth on a 
conductive support

Active oxide grown on, or 
mixed with, a carbon support

Nanowires on graphene, 
fiber–nanotube papers

MnO2 on reduced graphene 
oxide [7]; V2O5 nanopaper 
[4]

1	  Source: Author’s own work.
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Electrochemical 
activation

Electrode is pre-cycled so 
that particles split and take 
up water

Nano-sized split particles 
with water-containing 
interfaces

Split V2O5 [10]

Hydrothermal synthesis. Metal salts and, where needed, an oxidant are dissolved in water, sealed in a Teflon-
lined steel autoclave, and heated for several hours, usually at about 120–200 °C. The solid product is then washed 
and dried. Reaction time, temperature, and precursor ratio decide whether rods, sheets, or other shapes form, and 
in some cases they decide the crystal phase as well [3,6]. The method is popular because the equipment is simple 
and the reaction can be scaled by using larger vessels.

Electrospinning with heat treatment. A polymer solution that contains metal precursors is pulled into thin fibers 
by a strong electric field. The fibers are then heated in air, which burns off the polymer and leaves oxide nanofibers 
or short nanorods. Doping elements can be added to the solution before spinning, which is how iron-doped V₂O₅ 
nanorods were obtained [9]. The method gives very uniform fibers, but the equipment is more specialized and the 
output is lower than in a batch reaction.

Growth on conductive supports and composites. Active particles are grown on, or mixed with, carbon materials 
such as graphene or carbon nanotubes. The carbon provides an electron path and keeps the nanoparticles from 
clumping [4,7]. Electrodes can then be shaped by filtration, as in the nanopaper [4], or by printing, as in the screen-
printed cell [7].

Electrochemical activation. In this less common route, a prepared electrode is cycled under controlled 
conditions so that the particles break into nano-sized pieces and take up water between the layers. The material 
that results performs well from the first cycles [10].

Authors in this field usually confirm the crystal phase by X-ray diffraction and study the shape and size of 
particles by scanning and transmission electron microscopy. Gas adsorption gives the surface area, and spectroscopic 
methods follow changes in the oxidation state of vanadium or manganese. Synchrotron methods were used to 
follow zinc insertion in α-MnO₂ [3].

Battery performance is typically tested in coin cells or small prismatic cells with a zinc foil anode and a zinc-
sulfate electrolyte. Three standard electrochemical tests appear again and again. Cyclic voltammetry shows at 
what voltages the redox reactions occur. Galvanostatic charge–discharge tests give capacity, efficiency, and cycle 
life. Electrochemical impedance spectroscopy reveals resistance inside the cell [3,7]. Readers who compare results 
between papers should always check the current density, the electrolyte, and the active-material loading, because 
these three factors can change reported capacities greatly.

C O N C L U S I O N S  A N D  S U G G E S T I O N S
Nanostructured materials have clearly improved zinc-ion batteries. Shaping manganese and vanadium 

oxides into rods, sheets, and fibers shortens the path zinc ions must travel and gives them more places to react. 
Hydrothermal synthesis remains the most popular route because it is simple and flexible, while electrospinning 
and template methods give finer control. 

However, many results come from small laboratory cells, and the reaction mechanisms are still debated. Future 
work should test materials in larger cells, use cheaper precursors, and study structural changes during cycling. 
Progress on these points will decide whether nanostructured zinc-ion batteries can move beyond the laboratory 
stage.
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