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 Abstract 

The increasing demand for high-performance and sustainable energy-storage 
technologies has intensified the need for advanced electrode materials 
capable of delivering high energy density, rapid charge–discharge rates, long 
cycle life, and structural stability. Conventional electrode materials often 
suffer from limited electrical conductivity, sluggish ion transport, and 
capacity degradation during repeated cycling. This review examines the 
inorganic synthesis, structural characterization, electrochemical properties, 
and energy-storage applications of transition-metal nanomaterials, with 
particular emphasis on transition-metal oxides, sulfides, nitrides, hydroxides, 
and mixed-metal compounds. Major synthesis strategies, including sol–gel, 
co-precipitation, hydrothermal/solvothermal, combustion, electrodeposition, 
sonochemical, and green synthesis routes, are critically discussed in relation 
to particle size, morphology, crystallinity, porosity, defect chemistry, and 
surface area. Characterization approaches involving X-ray diffraction, 
electron microscopy, spectroscopy, surface-area analysis, and electrochemical 
techniques are evaluated for establishing structure–property relationships. 
Recent research demonstrates that nanoscale engineering can increase 
electrochemically active surface area, shorten ion-diffusion pathways, 
improve charge-transfer kinetics, and provide abundant redox-active sites. 
However, aggregation, structural instability, poor intrinsic conductivity, 
volume changes, synthesis reproducibility, and scale-up remain significant 
challenges. Future progress depends on rational defect engineering, 
hierarchical architectures, conductive composites, green synthesis, and 
operando characterization. Overall, transition-metal nanomaterials offer 
substantial potential for next-generation batteries, supercapacitors, and 
hybrid energy-storage devices, provided that laboratory-scale electrochemical 
performance is translated into practical device-level durability and scalable 
manufacturing. 
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INTRODUCTION 
The rapid expansion of electric transportation, 
portable electronics, renewable-energy systems, 
and grid-connected technologies has increased 
the requirement for efficient electrochemical 
energy-storage systems. Modern energy-storage 
devices must simultaneously satisfy several 
demanding requirements, including high energy 
density, high power density, rapid charging, long 
operational lifetime, safety, affordability, and 
environmental sustainability. Lithium-ion 
batteries have become dominant in portable 
electronics and electric vehicles, while 
supercapacitors provide exceptionally rapid 
charge–discharge and high power delivery. 
Nevertheless, limitations associated with 
electrode capacity, ion transport, conductivity, 
cycling stability, and material cost continue to 
motivate the search for advanced electrode 
materials. 
Nanomaterials have become particularly 
important because reducing material dimensions 
to the nanoscale can modify transport, surface, 
structural, and electrochemical properties. 
Transition-metal nanomaterials are especially 
attractive because transition metals possess 
multiple oxidation states and can participate in 
reversible or quasi-reversible redox reactions. 
Consequently, transition-metal oxides (TMOs), 
sulfides, nitrides, hydroxides, phosphides, and 
mixed-metal compounds have been extensively 
investigated as electrodes for batteries and 
supercapacitors. Recent literature emphasizes that 
the morphology, porosity, crystal structure, 
defects, and composition of these materials 
strongly influence electrochemical behavior.  
Transition-metal oxides such as MnO₂, NiO, 
Co₃O₄, Fe₂O₃, CuO, TiO₂, and RuO₂ possess 
diverse chemical and electronic characteristics. 
Their electrochemical activity can originate from 
surface redox reactions, ion insertion/extraction, 
or conversion reactions depending on the 
material and storage system. Binary and ternary 
transition-metal compounds can provide 
additional advantages because combining 
different metal centers may increase the number 

of redox-active sites and modify electronic 
structure. Recent reviews indicate that micro- and 
nanostructured binary transition-metal oxides are 
receiving substantial attention for lithium-ion 
battery anodes because their architectures can 
improve reaction kinetics and accommodate 
structural changes.  
Transition-metal sulfides have emerged as 
another important class. Compared with many 
oxides, sulfides can provide favorable electronic 
conductivity and rich redox chemistry. Recent 
studies identify NiCo₂S₄, CoMoS₄, and other 
binary or ternary sulfides as promising candidates 
for high-performance supercapacitor electrodes. 
However, sulfides can still experience inadequate 
cycling stability, limited active-site accessibility, 
and structural changes during repeated 
electrochemical operation.  
The importance of synthesis cannot be separated 
from the performance of these materials. 
Different inorganic synthesis approaches produce 
different particle sizes, morphologies, 
crystallographic phases, surface areas, pore 
structures, and defect concentrations. 
Hydrothermal synthesis, for example, can 
produce highly controlled nanostructures with 
relatively high surface area, whereas sol–gel and 
co-precipitation methods provide attractive 
opportunities for compositional control and 
relatively simple processing.  
Therefore, the present review examines the 
relationship between inorganic synthesis → 
nanostructure → characterization → 
electrochemical properties → energy-storage 
performance. Particular attention is given to 
recent research published during 2023–2026 and 
to the challenges that must be addressed before 
transition-metal nanomaterials can move from 
laboratory research toward practical energy-
storage technologies. 
Transition-Metal Nanomaterials for Energy 
Storage 
Transition metals are characterized by partially 
filled d-orbitals and variable oxidation states. 
These characteristics make them suitable for 
electrochemical reactions in which electrons and 
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ions are reversibly transferred. At the nanoscale, 
their behavior can differ substantially from that 
of bulk materials because surface atoms 
constitute a much larger fraction of the total 
material. 
For energy-storage applications, desirable 
characteristics include: 
1. high electrochemical activity;  
2. large accessible surface area;  
3. rapid electron transport;  
4. short ion-diffusion pathways;  
5. structural stability;  
6. high density of redox-active sites;  
7. suitable electrical conductivity;  
8. controllable porosity;  
9. chemical compatibility with the electrolyte; and  
 scalable synthesis.  
Nanostructuring can address several of these 
requirements simultaneously. Smaller particles 
reduce diffusion distances, while porous 
architectures increase electrolyte accessibility. 
Nanowires, nanosheets, nanorods, hollow 
spheres, nanoflowers, and three-dimensional 
hierarchical structures can create continuous 
pathways for electron and ion transport. 
Recent research on emerging energy-storage 
nanomaterials has increasingly focused on 
structure–property relationships rather than 
simply reporting high specific capacitance or 
capacity. Surface area, pseudocapacitance, 
structural disorder, architecture, and durability 
must be considered together when evaluating an 
electrode.  
Transition-Metal Oxides 
Transition-metal oxides constitute one of the 
most extensively investigated groups of electrode 
materials. MnO₂, NiO, Co₃O₄, Fe₂O₃, CuO, 
TiO₂, and RuO₂ have all demonstrated potential 
for electrochemical energy storage. 
MnO₂ is attractive because of its abundance, 
relatively low cost, multiple polymorphs, and 
favorable redox activity. However, its relatively 
poor intrinsic electrical conductivity can restrict 
rate capability. Nanostructuring, conductive 
composites, defect engineering, and mixed-metal 

architectures have therefore been employed to 
improve its electrochemical performance. 
NiO provides high theoretical charge-storage 
capacity and is capable of reversible redox 
reactions. Nevertheless, conductivity and 
structural stability remain important concerns. 
Co₃O₄ similarly exhibits attractive redox 
characteristics and can participate in conversion 
reactions in battery systems and Faradaic 
reactions in supercapacitors. 
RuO₂ has historically been recognized for 
excellent pseudocapacitive behavior, although the 
high cost and limited availability of ruthenium 
restrict large-scale applications. Consequently, 
contemporary research increasingly investigates 
less expensive alternatives and mixed-metal 
systems. 
A 2025 review of transition-metal-based 
supercapacitor electrodes emphasizes that TMOs 
such as MnO₂, NiO, ZnO, Co₃O₄, vanadium 
oxides, and RuO₂ continue to receive attention 
because their oxidation-state flexibility enables 
Faradaic charge storage.  
Transition-Metal Sulfides 
Transition-metal sulfides are attractive because 
sulfur generally produces materials with favorable 
electronic properties and strong redox activity. 
Binary and ternary sulfides can offer greater 
compositional flexibility than single-metal 
compounds. 
Examples include NiS, CoS, FeS, MoS₂, 
NiCo₂S₄, and other multicomponent sulfides. In 
supercapacitors, these materials can support rapid 
Faradaic reactions and high charge-storage 
capability. 
The major problem is that high initial 
electrochemical performance does not necessarily 
translate into long-term stability. Structural 
reconstruction, dissolution, oxidation, volume 
changes, and incomplete utilization of active sites 
can cause performance deterioration. 
Recent research therefore emphasizes sulfur-
vacancy engineering, heteroatom doping, carbon 
integration, and hierarchical morphology as 
strategies for improving conductivity and 
durability.  
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Transition-Metal Hydroxides 
Transition-metal hydroxides, particularly 
Ni(OH)₂, Co(OH)₂, and layered double 
hydroxides, are important pseudocapacitive 
materials. Their layered structures can facilitate 
electrolyte interaction and redox reactions. 
However, hydroxide electrodes may suffer from 
conductivity limitations. Integration with 
graphene, carbon nanotubes, MXenes, or porous 
carbon can establish conductive networks and 
improve electron transport. 
Transition-Metal Nitrides and Phosphides 
Transition-metal nitrides combine metallic 
conductivity with electrochemical activity. 
Materials such as TiN, VN, Mo₂N, and related 
compounds have attracted interest for high-rate 
supercapacitors. Recent reviews have examined 
zero-, one-, two-, and three-dimensional nitride 
architectures, highlighting the relationship 
between structural dimensionality and 
electrochemical behavior.  
Transition-metal phosphides are also being 
explored because their electronic structures can 
support rapid charge transfer. Their integration 
with carbonaceous substrates and other 
nanomaterials can further enhance 
electrochemical properties. 
Inorganic Synthesis Strategies 
The synthesis route determines the 
physicochemical characteristics of transition-
metal nanomaterials. Parameters such as 
precursor concentration, pH, temperature, 
reaction time, solvent, reducing environment, 
calcination temperature, and surfactant 
concentration can influence nucleation and 
crystal growth. 
Sol–Gel Method 
The sol–gel method is based on controlled 
hydrolysis and condensation of molecular 
precursors, followed by gel formation, drying, 
and thermal treatment. 
Its major advantages include: 
• relatively good compositional homogeneity;  
• controllable particle size;  
• low-temperature chemical processing;  
• suitability for mixed-metal oxides; and  

• relatively simple incorporation of dopants.  
However, drying and calcination may cause 
particle aggregation and grain growth. Therefore, 
optimization of heating rate and precursor 
chemistry is important. 
Co-Precipitation 
Co-precipitation is widely used for producing 
transition-metal oxides and hydroxides. Metal 
salts are dissolved in a suitable solvent and 
precipitated through pH adjustment or addition 
of a precipitating agent. The technique is 
attractive because it is inexpensive and relatively 
easy to scale. It is also suitable for preparing 
mixed-metal compositions. In sodium-ion battery 
research, for example, co-precipitation has been 
examined for producing layered transition-metal 
oxide cathode precursors while considering scale-
up and hydrodynamic factors.  
Nevertheless, uncontrolled precipitation can 
produce broad particle-size distributions and 
compositional inhomogeneity. Continuous 
control of pH, temperature, mixing, and feed rate 
is therefore essential. 
Hydrothermal and Solvothermal Synthesis 
Hydrothermal synthesis is among the most useful 
methods for producing transition-metal 
nanostructures. Reactions occur in sealed vessels 
at elevated temperature and pressure, allowing 
controlled nucleation and crystal growth. The 
method can generate nanorods, nanowires, 
nanosheets, hollow structures, and hierarchical 
architectures. A recent review of wet-chemical 
metal oxide synthesis identifies hydrothermal 
synthesis as particularly useful for producing 
nanomaterials with high surface area, which can 
improve electrochemically accessible surface area.  
Solvothermal synthesis follows similar principles 
but uses organic solvents rather than water. 
Solvent selection can modify reaction kinetics, 
morphology, and surface chemistry. 
 
Sonochemical Synthesis 
Sonochemical synthesis uses ultrasonic 
irradiation to generate localized high-temperature 
and high-pressure conditions through acoustic 
cavitation. These conditions can accelerate 
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nucleation and promote relatively small 
nanoparticles. The method is useful when 
controlling particle size and preventing excessive 
aggregation. However, energy consumption, 
process uniformity, and scale-up require careful 
consideration. 
Combustion Synthesis 
Combustion methods use exothermic reactions 
between oxidizing and reducing components to 
produce oxide nanoparticles. They can generate 
high-purity powders rapidly and are potentially 
suitable for large-scale production. However, the 
high local temperatures generated during 
combustion can cause uncontrolled grain growth. 
The fuel-to-oxidizer ratio therefore needs careful 
optimization. 
Electrodeposition 
Electrodeposition is especially useful when active 
materials are intended to be directly grown on 
conductive substrates. This approach can reduce 
the requirement for polymer binders and 
conductive additives. Directly grown 
nanostructures can provide improved contact 
between the active material and current collector. 
Electrodeposition is particularly attractive for 
flexible and micro-scale devices. 
Green Synthesis 
Sustainable synthesis has become increasingly 
important. Plant extracts, microorganisms, 
biomass, and agro-industrial waste can provide 
reducing, stabilizing, or complexing agents for 
nanoparticle formation.  
A 2024 review reports that green nanoparticle 
synthesis can reduce environmental burdens 
compared with conventional approaches, 
although actual benefits depend strongly on the 
feedstock, processing conditions, purification 
requirements, and scale.  
A 2025 review specifically examining plant-
mediated transition-metal oxide nanoparticles 
reports applications involving NiO, RuO₂, ZnO, 
CuO, MnO₂, and TiO₂ for supercapacitors. It 
also identifies scalability, nanoparticle stability, 
and reaction-condition optimization as persistent 
challenges.  
 

Structural and Morphological Characterization 
Comprehensive characterization is essential 
because electrochemical performance cannot be 
interpreted reliably without establishing material 
composition and structure. 
X-Ray Diffraction 
X-ray diffraction (XRD) is commonly employed to 
identify crystalline phases, lattice parameters, 
crystallinity, and possible secondary phases. The 
average crystallite size can be estimated using the 
Scherrer equation: 
D=Kλβcos⁡θD=\frac{K\lambda}{\beta\cos\thet
a}  
where DD represents crystallite size, KK is the 
shape factor, λ\lambda is the X-ray wavelength, 
β\beta is the corrected full width at half 
maximum, and θ\theta is the diffraction angle. 
It should be emphasized that crystallite size 
obtained through the Scherrer equation is not 
necessarily equivalent to particle size observed by 
electron microscopy. 
Scanning Electron Microscopy 
Scanning electron microscopy (SEM) provides 
information about surface morphology, particle 
aggregation, pore structures, and electrode 
architecture. For energy-storage applications, 
SEM can reveal whether a synthesis route 
produces dense particles or open hierarchical 
structures. Porous and interconnected structures 
generally provide improved electrolyte 
accessibility compared with highly aggregated 
particles. 
Transmission Electron Microscopy 
Transmission electron microscopy (TEM) offers 
higher-resolution information regarding particle 
size, morphology, lattice fringes, interfaces, and 
defects. High-resolution TEM can identify 
crystallographic planes, while selected-area 
electron diffraction can provide complementary 
structural information. 
Energy-Dispersive X-Ray Spectroscopy 
Energy-dispersive X-ray spectroscopy (EDS/EDX) 
is typically coupled with SEM or TEM to 
determine elemental composition and 
distribution. Elemental mapping is particularly 
important for binary and ternary transition-metal 
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compounds because uniform elemental 
distribution can be critical to reproducible 
electrochemical performance. 
Fourier-Transform Infrared Spectroscopy 
FTIR spectroscopy identifies characteristic 
chemical bonds and functional groups. Although 
it does not provide complete crystallographic 
information, it is valuable for detecting metal–
oxygen, metal–sulfur, hydroxyl, carbonate, and 
organic residues. 
Raman Spectroscopy 
Raman spectroscopy provides information about 
vibrational modes, structural disorder, phase 
composition, and defects. It can be especially 
useful for carbon-containing transition-metal 
composites. 
Surface-Area and Porosity Analysis 
Brunauer–Emmett–Teller (BET) analysis provides 
specific surface area, while Barrett–Joyner–
Halenda (BJH) analysis can provide pore-size 
information. 
High surface area alone, however, should not be 
interpreted as proof of superior electrochemical 
performance. Pores must also be accessible to 
electrolyte ions, and excessive microporosity may 
limit ion transport under high-rate conditions. 
Electrochemical Characterization 
Cyclic Voltammetry 
Cyclic voltammetry (CV) is widely used to 
determine electrochemical behavior. For an ideal 
electric double-layer capacitor, CV curves are 
approximately rectangular. Redox-active 
transition-metal materials typically produce 
distinct oxidation and reduction features.The 
scan rate dependence provides information about 
reaction kinetics and charge-storage mechanisms. 
A strong change in peak position with increasing 
scan rate can indicate kinetic limitations and 
polarization. 
Galvanostatic Charge–Discharge 
Galvanostatic charge–discharge (GCD) 
measurements provide specific capacity or 
specificcapacitance, rate capability, and cycling 
stability. For a supercapacitor electrode, specific 
capacitance may be estimated using: 
Cs=IΔtmΔVC_s=\frac{I\Delta t}{m\Delta V}  

where II is the discharge current, Δt\Delta t is 
discharge time, mm is active material mass, and 
ΔV\Delta V is the potential window. 
Energy density can be expressed as: 
E=12CV2E=\frac{1}{2}CV^2  
while power density can be approximated as: 
P=EΔtP=\frac{E}{\Delta t}  
These equations demonstrate why increasing 
operating voltage can have a particularly strong 
effect on energy density. 
Electrochemical Impedance Spectroscopy 
Electrochemical impedance spectroscopy (EIS) is 
valuable for determining charge-transfer 
resistance, electrolyte resistance, diffusion 
behavior, and interfacial processes. A Nyquist 
plot commonly contains a high-frequency 
intercept representing solution resistance and a 
semicircle associated with interfacial charge-
transfer processes. Lower charge-transfer 
resistance generally indicates more favorable 
electron-transfer kinetics, although interpretation 
should consider the complete equivalent circuit 
and electrode configuration. 
Cycling Stability 
Cycling stability is critical for practical 
applications. A material showing extremely high 
initial capacitance or capacity but rapid 
degradation may have limited practical value. 
Transition-metal materials can undergo: 
• phase transformation;  
• dissolution;  
• particle pulverization;  
• volume expansion;  
• surface reconstruction;  
• loss of electrical contact; and  
• electrolyte-induced degradation.  
Recent reviews identify structural stability as one 
of the principal barriers to the practical 
application of transition-metal oxide electrodes.  
Structure–Property Relationships 
The performance of transition-metal 
nanomaterials is strongly dependent on structure. 
Particle Size 
Reducing particle size can shorten ion-diffusion 
distances and increase surface-to-volume ratio. 
However, extremely small particles can exhibit 
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increased surface reactivity and aggregation. 
Therefore, an optimal particle size rather than 
simply the smallest possible particle size is 
desirable. 
Porosity 
Hierarchical porosity can provide complementary 
functions. Micropores can contribute to charge 
storage, mesopores can facilitate ion transport, 
and macropores can provide electrolyte 
reservoirs. Transition-metal-based porous 
architectures have received substantial attention 
because their interconnected structures can 
simultaneously increase active surface area and 
improve electrolyte accessibility.  
Defect Engineering 
Vacancies and lattice defects can alter electronic 
structure, increase active sites, and modify 
adsorption or ion-transport behavior. For 
sulfides, sulfur vacancies are increasingly explored 
as a method for adjusting electronic properties 
and exposing additional active sites.  However, 
excessive defects may reduce structural stability. 
Consequently, defect concentration must be 
optimized rather than maximized. 
Mixed-Metal Systems 
Combining two or more transition metals can 
produce synergistic effects. 
For example, binary and ternary compounds may 
provide: 
• multiple redox couples;  
• modified electronic structures;  
• improved electrical conductivity;  
• greater structural diversity; and  
• enhanced electrochemical activity.  
Recent reviews of binary and ternary transition-
metal composites emphasize their potential for 
improving supercapacitor performance through 
complementary redox behavior and improved 
structural architectures.  
Transition-Metal Nanomaterials in 
Supercapacitors 
Supercapacitors are generally classified according 
to their charge-storage mechanisms as electric 
double-layer capacitors, pseudocapacitors, and 
hybrid devices. Transition-metal compounds are 
particularly important in pseudocapacitive and 

hybrid systems because they undergo reversible 
Faradaic reactions.  
The major advantage of transition-metal 
electrodes is their ability to provide higher charge 
storage than purely carbon-based electric double-
layer electrodes. Their disadvantages include 
lower intrinsic conductivity for many oxides and 
possible structural degradation. 
Hybrid supercapacitors attempt to combine 
battery-type and capacitive behavior. Recent work 
distinguishes battery-type electrodes from 
pseudocapacitive materials and emphasizes that 
the underlying electrochemical mechanisms 
should not be treated as interchangeable.   
Transition-metal oxides are particularly important 
in these systems. Recent literature highlights the 
use of NiO, Co₃O₄, MnO₂, vanadium oxides, 
and mixed-metal oxides.  
Transition-metal sulfides provide another route 
toward higher performance. Their favorable 
electronic conductivity and redox chemistry have 
stimulated extensive research into binary and 
ternary sulfide architectures.  
Applications in Batteries 
Transition-metal nanomaterials are also 
important in rechargeable batteries. 
Lithium-Ion Batteries 
Transition-metal oxides can function as anodes 
or cathodes depending on their chemistry. 
Nanostructuring can improve reaction kinetics 
and accommodate mechanical changes. However, 
conversion-type oxides can experience substantial 
volume variation during lithiation and 
delithiation. Recent research on binary 
transition-metal oxides has focused on 
controlling micro/nanostructure and 
understanding conversion mechanisms to 
improve lithium-storage performance.  
Sodium-Ion Batteries 
Sodium-ion batteries are receiving increased 
attention because sodium is abundant and 
potentially less expensive than lithium. Layered 
transition-metal oxides are among the important 
cathode families being investigated. However, the 
larger sodium ion creates challenges related to 
diffusion kinetics and structural stability. 
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Consequently, morphology control, composition 
engineering, and defect management are 
important strategies. 
Lithium-Ion Capacitors 
Lithium-ion capacitors combine battery-type and 
capacitor-type electrodes. Transition-metal oxides 
are attractive because they can provide high 
lithium-storage capacity while retaining relatively 
favorable kinetics. A recent review identifies 
transition-metal oxides as promising lithium-ion 
capacitor anodes because of their lithium-storage 
capability, abundance, tunable structure, and 
potentially favorable cost.  
Composite and Hybrid Architectures 
One of the most effective approaches for 
improving transition-metal nanomaterials is 
integration with conductive materials. 
Carbon Nanotubes 
Carbon nanotubes provide conductive pathways 
and mechanical support. They can reduce particle 
aggregation and improve electrical contact. 
Graphene 
Graphene possesses high electrical conductivity 
and a two-dimensional structure. Transition-
metal oxide/graphene and sulfide/graphene 
composites can combine Faradaic activity with 
conductive networks. 
MXenes 
MXenes provide high conductivity and 
hydrophilic surfaces. Their layered structures 
make them promising substrates for anchoring 
transition-metal nanomaterials. 
Conducting Polymers 
Polyaniline, polypyrrole, and related polymers 
can improve flexibility and conductivity. 
However, repeated swelling and contraction of 
conducting polymers may cause long-term 
degradation. 
Recent reviews identify carbon materials, 
conductive polymers, MXenes, and metal–
organic frameworks as important partners for 
improving the conductivity and structural 
stability of transition-metal sulfides.  
Green and Sustainable Synthesis 
Although nanomaterials can improve energy-
storage performance, their synthesis should not 

create disproportionate environmental costs. 
Conventional synthesis can require high 
temperatures, organic solvents, toxic reducing 
agents, or complex purification procedures. 
Green synthesis attempts to minimize these 
impacts through safer solvents, biological 
reducing agents, renewable feedstocks, and lower-
energy processing. 
Plant extracts contain compounds such as 
polyphenols, flavonoids, sugars, proteins, and 
organic acids that can participate in metal-ion 
reduction and stabilization. 
The principal advantages include: 
• reduced reliance on hazardous chemicals;  
• use of renewable biological resources;  
• potentially lower processing temperatures;  
• reduced environmental impact; and  
• opportunities for waste valorization.  
Nevertheless, green synthesis should not 
automatically be considered sustainable. 
Reproducibility of plant extracts, seasonal 
variation, purification requirements, nanoparticle 
toxicity, and large-scale processing must be 
systematically assessed. Recent research 
specifically identifies scalability and reaction-
condition control as unresolved problems for 
plant-mediated transition-metal oxide synthesis.  
Current Challenges 
Despite substantial progress, several barriers 
prevent widespread commercialization. 
Poor Intrinsic Conductivity 
Many transition-metal oxides exhibit inadequate 
electrical conductivity. This limitation can be 
addressed through carbon integration, doping, 
defect engineering, and nanoscale architecture. 
Structural Degradation 
Repeated insertion/extraction of ions or Faradaic 
reactions can produce mechanical stress and 
phase changes. 
Hydrous transition-metal oxides are particularly 
interesting because structural water can influence 
ion transport and electrochemical reaction 
pathways. Recent research combining first-
principles calculations with operando 
characterization has provided greater insight into 
these mechanisms.  
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Particle Aggregation 
Nanoparticles possess high surface energy and 
naturally tend to aggregate. Aggregation decreases 
accessible surface area and limits electrolyte 
penetration. 
Reproducibility 
Small changes in pH, temperature, precursor 
concentration, reaction time, or calcination 
conditions can substantially alter nanostructure. 
Standardized synthesis protocols are therefore 
necessary for meaningful comparison between 
studies. 
Scale-Up 
A material that performs well in a laboratory coin 
cell may not retain the same characteristics 
during kilogram- or ton-scale manufacturing. 
Scale-up introduces challenges in: 
• heat and mass transfer;  
• mixing;  
• precursor uniformity;  
• particle-size control;  
• drying;  
• calcination;  
• electrode fabrication; and  
• quality control.  
Laboratory-to-Device Gap 
Many publications report high specific 
capacitance or capacity using very small active-
material masses. However, practical devices 
require sufficient areal loading, realistic electrode 
thickness, appropriate electrolyte quantities, and 
balanced electrode masses. 
Consequently, device-level metrics should 
complement material-level measurements. 
Future Research Directions 
Future research should move from isolated 
material optimization toward integrated 
structure–mechanism–device studies. 
First, rational defect engineering should be 
developed to control vacancies without 
compromising structural stability. 

Second, multimetal systems can be explored to 
combine multiple redox couples and tune 
electronic structures. 
Third, hierarchical architectures should be 
designed to balance surface area, pore 
accessibility, mechanical stability, and volumetric 
energy density. 
Fourth, green synthesis should be coupled with 
life-cycle assessment rather than evaluated solely 
on the basis of biological reagents. 
Fifth, operando characterization should become 
more widely adopted. Ex situ characterization 
provides valuable structural information but may 
fail to capture transient phase transformations 
occurring during charging and discharging. 
Operando XRD, Raman spectroscopy, X-ray 
absorption spectroscopy, and advanced 
microscopy can reveal how electrode structures 
evolve under realistic operating conditions. 
Sixth, computational approaches such as density 
functional theory and molecular dynamics can 
complement experimental research by predicting 
defect formation, ion adsorption, diffusion 
pathways, and electronic structures. 
Finally, researchers should report practical 
metrics including areal capacity, volumetric 
capacity, active-material loading, full-cell energy 
density, cycling under realistic current densities, 
and performance at relevant temperatures. 
Recent reviews of emerging energy-storage 
nanomaterials similarly emphasize that future 
progress requires stronger relationships between 
nanoscale architecture, electrochemical 
mechanisms, durability, and practical device 
requirements.  
Proposed Research Framework 
The synthesis and evaluation of transition-metal 
nanomaterials can be organized into the 
following research framework: 
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This framework emphasizes that synthesis and 
characterization should not be treated as 
independent stages. Instead, characterization 
results should directly guide subsequent 
optimization of synthesis conditions. 
Conclusion 
Transition-metal nanomaterials represent an 
important class of advanced electrode materials 
for next-generation energy-storage technologies. 
Their variable oxidation states, diverse crystal 
structures, tunable morphology, and rich 
electrochemical chemistry make them suitable for 
supercapacitors, lithium-ion batteries, sodium-ion 
batteries, lithium-ion capacitors, and related 
hybrid systems. 
The literature demonstrates that nanoscale 
engineering can improve electrochemical 
behavior by increasing active surface area, 
shortening diffusion pathways, enhancing 
electrolyte accessibility, and generating favorable 
defect structures. Transition-metal oxides remain 
particularly important because of their chemical 
diversity and strong redox activity, while 
transition-metal sulfides, nitrides, hydroxides, 

and mixed-metal compounds offer additional 
opportunities for improving conductivity and 
charge-storage kinetics. Recent 2024–2025 
reviews confirm continued progress in porous 
architectures, mixed-metal composites, sulfide 
electrodes, nitride structures, and green synthesis.  
Nevertheless, high laboratory performance alone 
is insufficient to establish practical suitability. 
Poor conductivity, particle aggregation, structural 
degradation, volume changes, limited 
reproducibility, environmental concerns, and 
difficulties in scaling synthesis remain major 
challenges. The development of conductive 
composites, hierarchical structures, defect-
controlled materials, and environmentally 
responsible synthesis routes can help address 
these limitations. 
Future research should therefore prioritize 
mechanism-driven materials design, operando 
characterization, scalable synthesis, realistic 
device testing, and sustainability assessment. In 
particular, transition-metal nanomaterials should 
be evaluated under practical electrode loadings 
and full-cell configurations rather than solely 
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through idealized half-cell or three-electrode 
measurements. Such an integrated approach can 
accelerate the transition from laboratory-scale 
nanomaterial discovery to reliable, durable, and 
commercially relevant energy-storage 
technologies. 
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