
 

 
ABSTRACT  
 

The growing demand for safer and more sustainable rechargeable batteries has made the 
drawbacks of conventional liquid electrolytes increasingly clear, particularly their tendency 
to leak, their flammability and their unstable electrode–electrolyte interfaces. Hybrid and 
composite gel polymer electrolytes (GPEs) have emerged as promising alternatives 
because they combine the flexibility of polymers with the ionic conductivity and stability 
provided by liquid and solid components. However, most studies still examine individual 
hybrid GPE systems on their own and report performance gains without offering broader 
comparisons, so there is limited understanding of how specific material choices and 
interfacial engineering strategies control ion transport, interfacial stability and full-cell 
performance. This review addresses that gap by systematically compiling and critically 
analysing recent work on hybrid and composite GPEs for lithium-ion and sodium-ion 
batteries. It discusses different polymer matrices, fillers, ionic liquids, plasticizers and 
crosslinking approaches in terms of their effects on ionic conductivity, electrochemical 
stability, mechanical properties and electrode compatibility. Based on the reported results, 
key structure property performance relationships are highlighted and translated into 
practical design guidelines for next-generation hybrid GPEs. Remaining challenges such 
as limited room-temperature conductivity, interfacial resistance, dendrite growth and 
scalable processing are outlined, and future research directions are suggested for the 
development of robust, high-safety gel polymer electrolyte systems for advanced energy 
storage. 
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1. INTRODUCTION 
 
The twenty-first century is fundamentally 
powered by electrochemical energy storage 
systems. From electric vehicles and 
renewable energy grids to mobile 
electronics and defence technologies, 
batteries have become the central enabler 
of global technological advancement. As 
society accelerates toward an electrified 
and carbon-neutral future, the performance, 
safety, and scalability of batteries are no 

longer secondary considerations—they 
define the pace and sustainability of this 
transition [9,13]. 

Contemporary energy storage technologies 
must simultaneously satisfy three essential 
criteria: high energy and power density, 
robust safety and thermal stability, and 
scalable cost-effective manufacturing. 
Meeting these interconnected objectives 
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ensures that the global shift toward 
sustainable energy remains technologically 
and economically viable [9,11]. 

Over the past three decades, lithium-ion 
batteries (LIBs) have dominated the energy 
storage domain due to their high specific 
energy, lightweight architecture, and stable 
cycling performance [6,9]. However, as 
demand surges across sectors such as 
electric mobility and grid-scale storage, the 
inherent limitations of conventional LIB 
configurations have become increasingly 
evident. Lithium resources remain 
geographically concentrated and expensive 
to extract, introducing supply chain 
vulnerabilities [11]. Moreover, graphite 
anodes—though mature and reliable—are 
limited by their theoretical capacity of only 

372 mAh g⁻¹, restricting further energy 
density improvements [6]. Additionally, 
liquid electrolytes used in traditional LIBs 
are flammable and prone to dendrite 
formation, which raises significant safety 
and performance concerns [9]. 

To address these limitations, current 
research emphasizes synergistic material 
integration rather than isolated innovation. 
Instead of focusing solely on individual 
components, next-generation battery 
development now centres on multi-material 
systems capable of working in harmony to 
deliver system-level improvements [1–3,9]. 
Among these, silicon–graphite hybrid 
anodes, gel polymer electrolytes (GPEs), 
nanostructured functional composites, and 
solid-state electrolytes have emerged as the 
most promising technologies for achieving 
both high performance and safety [1–4,9]. 
Silicon–graphite hybrids enhance energy 
storage capacity by leveraging silicon’s 
ultrahigh theoretical capacity while 
mitigating its volume-expansion challenges 
through graphite’s mechanical buffering 
[1,4,6,7]. Gel polymer electrolytes bridge 
the performance gap between liquid and 
solid systems, providing superior ionic 
conductivity, thermal stability, and 
interfacial compatibility [2,5,8]. 
Nanostructured composites further stabilize 
electrochemical interfaces and accelerate 
charge transport, while solid-state 
electrolytes offer higher safety margins, 

increased energy density, and improved 
cycle life [9,11]. In summary, the evolution 
of battery technology is no longer defined by 
incremental progress but by the integration 
of complementary materials and 
architectures. This review investigates how 
the synergistic combination of silicon–
graphite hybrid anodes, GPEs, 
nanostructured composites, and solid-state 
systems can collectively redefine the future 
of sustainable, high-performance energy 
storage. 

 

 

 

 

 

Figure1.:  
Overview of the key application domains for 
next-generation battery technologies, 
including electric mobility, grid storage, 
consumer electronics, and defence 
systems. Adapted from [9]. 

1.1 Silicon–Graphite Hybrid Anodes 
The anode remains a central performance-

defining component in both lithium-ion and 

sodium-ion batteries. Silicon has emerged as one 

of the most promising anode materials because 

of its exceptionally high theoretical capacity 

(~4200 mAh g⁻¹), which is nearly ten times 

higher than that of commercial graphite (372 

mAh g⁻¹) [1,4,6]. Furthermore, silicon’s natural 

abundance, low environmental impact, and cost-

effectiveness make it an attractive candidate for 

next-generation energy storage systems [1,4]. 

Despite these advantages, silicon anodes face 

significant technical challenges. During 

lithiation and delithiation, silicon undergoes 

volumetric expansion of nearly 300%, leading to 

pulverization, electrical
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disconnection, and unstable solid–electrolyte 

interphase (SEI) formation. These structural 

instabilities cause rapid capacity fading and 

poor cycle retention [6]. In contrast, graphite 

exhibits excellent mechanical stability, good 

conductivity, and a well-formed SEI, but its 

limited specific capacity restricts further 

enhancement of energy density [7].Silicon–

graphite hybrid anodes provide a synergistic 

solution to these limitations. In such systems, 

graphite acts as a mechanical buffer to 

accommodate silicon’s expansion while 

facilitating efficient electron transport and 

stabilizing SEI formation. Silicon, in turn, 

enhances the overall energy density of the cell. 

This complementary relationship has been  

 

shown to significantly improve cycle life, rate 

performance, and structural durability [1,7]. 

Liu et al. [1] demonstrated that hybrid Si–

graphene composites can achieve excellent 

capacity retention and long-term cycling 

stability compared with conventional graphite 

anodes, while Wu et al. [7] emphasized the 

vital role of carbon in improving interface 

stability and mechanical resilience. 

The design of high-performance silicon–

graphite hybrids focuses on achieving uniform 

distribution, stable interfaces, and efficient 

mechanical buffering. Several advanced 

architectures—such as core–shell composites, 

porous matrices, and graphene- or carbon-

coated hybrids—have been proposed to 

optimize these characteristics [1,6,7]. In core–

shell structures, a conductive graphite or 

carbon coating encapsulates silicon 

nanoparticles to minimize direct exposure to 

the electrolyte, reducing SEI instability and 

mechanical stress [7]. Porous carbon 

frameworks provide void space to 

accommodate volume expansion, maintain 

electrical connectivity, and enhance electrolyte 

accessibility [4,6]. Graphene and carbon 

nanotube reinforcements further improve 

electron transport pathways and mechanical 

integrity [1,7]. 

Recent progress has also been made in the 

development of scalable synthesis methods 

such as high-energy ball milling, spray drying, 

and in situ carbonization. These approaches not 

only reduce cost but also enable tunable control 

of particle morphology and hybrid ratios, 

making them compatible with commercial 

electrode fabrication processes [10]. 

Furthermore, interface engineering using 

functional binders, surface coatings, and 

artificial SEI layers has proven effective in 

suppressing interfacial degradation and 

improving cycling life, particularly in high-

loading electrodes designed for electric 

vehicles and grid-scale applications [2,5]. 

Experimental results have consistently shown 

that Si–graphite hybrids outperform pure 

silicon and pure graphite electrodes in both 

specific capacity and long-term cycling. For 

example, Si–graphene hybrid composites 

exhibit high capacity retention even after 500 

cycles and deliver enhanced rate capability due 

to improved structural and electrical stability 

[1,7]. In sodium-ion systems, similar hybrid 

frameworks have shown promise in mitigating 

the challenges of larger ionic radii through 

mechanical flexibility and optimized electronic 

pathways [4,6]. 

 

This balance of capacity and stability positions 

hybrid anodes as a transitional platform 

between conventional graphite and emerging 

solid-state designs [9]. 

Despite considerable advancements, several 

barriers remain before Si–graphite hybrid 

systems can achieve large-scale industrial 

adoption. SEI instability remains a primary 

cause of performance degradation during 

extended cycling, as repeated volume changes 

induce fracture and reformation of the SEI 

[6,7]. High initial irreversible capacity loss 

remains problematic, particularly in silicon-

Material Type Specific 

Capacity 

(mAh g⁻¹) 

Cycle 

Life 

(cycles) 

Key Advantage Primary Limitation 

Pure Graphite 350–370 >1000 Excellent stability 

and low cost 

Limited energy density [6] 

Pure Silicon 3000–4200 <100 High theoretical 

capacity 

Severe expansion, unstable SEI [4,6] 

Si–Graphite Hybrid 800–1500 300–

1000 

Balanced capacity 

and cycle stability 

Manufacturing complexity, SEI control 

[1,7,10] 
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rich composites [4,7]. Mechanical stress at 

high areal loadings can lead to electrode 

cracking and reduced efficiency [4,6]. 

Manufacturing constraints persist, particularly 

in maintaining uniform dispersion and 

interfacial bonding at production scale [10]. 

Furthermore, achieving compatibility between 

hybrid anodes and advanced electrolytes such 

as gel polymer electrolytes (GPEs) and solid-

state electrolytes (SSEs) is essential for 

improving interfacial stability, safety, and 

overall system performance [2,9]. 

Recent research directions emphasize 

integrating materials innovation with process 

scalability. Key areas include pre-lithiation and 

pre-sodiation strategies to enhance initial 

Coulombic efficiency and reduce irreversible 

losses [4,6]; multifunctional binders with self-

healing or stretchable properties to sustain 

electrode integrity under stress [7]; AI-assisted 

material modeling for predicting optimal Si/C 

ratios and interface configurations [11]; and 

hybrid integration with GPEs and SSEs to 

improve thermal safety, interface contact, and 

electrochemical performance [2,9]. 

Patent and publication data show rapid growth 

in Si–graphite composite and hybrid electrolyte 

research, signaling a clear transition from 

academic exploration to pre-commercial 

maturity [11]. This convergence of scalable 

manufacturing techniques, advanced interface 

engineering, and predictive computational 

design defines the roadmap toward next-

generation high-energy, long-life battery 

systems. 

 

Figure2.:                                    
illustrates the silicon–graphite hybrid anode concept as a dual-core engine, where silicon 
delivers capacity and graphite provides stability. Adapted from [7].Schematic illustration of 

“dual‐core” (Si and graphite) ‐powered vehicle, showing many advantages and also obstacles 
from the industrial perspective that need to be addressed in the near future. CE, columbic 
efficiency; Si, silicon (7) 

1.2 Gel Polymer Electrolytes: A Safer 
Ionic Pathway 
Electrolytes play a decisive role in 
determining the performance, safety, and 
longevity of modern energy storage 
systems. Traditional liquid electrolytes, 
while offering high ionic conductivity, suffer 
from several limitations including 
flammability, leakage, and the tendency to 
promote lithium dendrite formation. These 
challenges have driven growing interest in 
gel polymer electrolytes (GPEs), which 
combine the ionic conductivity of liquids 
with the mechanical stability of solids, 
creating a safer and more adaptable 
platform for advanced batteries [2,5,8,9]. 
GPEs consist of a polymer matrix—such 

as PVDF-HFP, PEO, or PAN—swollen 
with a liquid electrolyte solution containing 
lithium or sodium salts. This hybrid design 
enables the system to maintain high ionic 
mobility while improving structural integrity 
and thermal safety. The polymer 
framework confines the liquid phase, 
minimizing the risk of leakage or 
flammability, and allowing GPEs to retain 

ionic conductivities in the range of 10⁻⁴–
10⁻³ S cm⁻¹, comparable to conventional 
liquid systems [2,5]. 

Recent advancements in materials design 
have further enhanced the functionality of 
GPEs. Cross-linked polymer networks, 
ionic liquid-based gels, and Nano filler-
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reinforced composites have demonstrated 
improved mechanical strength, enhanced 
electrochemical stability, and consistent 
performance even at ambient 
temperatures [8,9]. Nano fillers such as 

Al₂O₃, SiO₂, and TiO₂ not only strengthen 
the polymer framework but also promote 
faster ion transport and suppress dendritic 
growth, thereby improving electrode–
electrolyte compatibility [5,8]. 

One of the most critical advantages of 
GPEs lies in their interface behaviour with 
high-capacity anodes such as silicon. The 
semi-solid nature of GPEs allows them to 
form a conformal contact with electrode 
surfaces, creating a uniform and flexible 
interface that can accommodate 
mechanical stress during cycling. This 
helps in stabilizing the solid–electrolyte 
interphase (SEI) and mitigating 
degradation mechanisms that commonly 
occur with rigid electrolytes [2,8].GPEs are 
also proving highly compatible with 
sodium-ion batteries, which require more 
flexible ion transport channels due to the 
larger ionic radius of sodium ions. The 
adaptability of GPEs supports efficient Na⁺ 
transport and improved electrochemical 
stability, making them a strong candidate 
for cost-effective, large-scale energy 
storage [8,9]. 

From a manufacturing perspective, GPEs 
offer excellent process ability and are 
compatible with scalable fabrication 
techniques such as solution casting and 
roll-to-roll coating. This industrial 
advantage, coupled with their mechanical 
flexibility, positions GPEs as an ideal 
bridge between liquid-electrolyte batteries 
and solid-state systems. Their ability to 
serve as interfacial layers in hybrid battery 
architectures particularly between silicon–
graphite anodes and solid electrolytes 
makes them a key enabler of next-
generation, safe, and high-energy devices 
[2,5,9].In summary, gel polymer 
electrolytes represent a crucial 
advancement in battery design by 
combining safety, ionic mobility, and 
interface stability. Emerging research in 
self-healing gels, hybrid solid–gel systems, 

and AI-optimized formulations continues to 
extend the boundaries of this technology, 
accelerating its transition from laboratory 
research to practical, commercial 
applications [2,5,8,9]. 

1.3 Nanostructured Functional 
Composites 
Electrode and electrolyte optimization 
have significantly improved battery 
performance, yet one of the most 
transformative advancements in recent 
years lies in the integration of 
nanostructured functional composites. 
These engineered materials, which 
combine inorganic nanoparticles and 
conductive polymer frameworks, serve 
multiple functions — enhancing ion 
transport, improving mechanical 
resilience, and stabilizing interfacial 
reactions [3,5,8,9,11]. 

When materials are engineered at the 
nanoscale, their surface-to-volume ratio 
increases dramatically, allowing faster 
ionic movement and greater 
electrochemical reactivity. This structural 
refinement not only shortens ion diffusion 
pathways but also provides abundant 
active sites for lithium or sodium insertion. 
Furthermore, elastic or porous 
nanostructures can absorb the mechanical 
stress caused by repetitive volume 
expansion, particularly in silicon-rich 
anodes, thus mitigating structural 
degradation during cycling [3,8]. 
Among various systems explored, 

manganese oxide (Mn₂O₃) based 
composites have demonstrated 
exceptional promise. When integrated with 
conductive polymer networks such as 
poly(thiophene-co-pyrrole), these hybrids 

exhibit remarkable synergy Mn₂O₃ 
contributes electronic conductivity and 
structural rigidity, while the polymer 
imparts elasticity and maintains 
continuous electron pathways [3]. This 
combination promotes uniform ion 
distribution, reduces interfacial 
impedance, and results in more stable 
solid–electrolyte interphase (SEI) 
formation during extended operation. 
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In addition to oxide-based nanostructures, 
conductive polymer gels and hybrid 
nanocomposites have been investigated 
for their ability to enhance both ionic 
transport and electrochemical durability. 
These multifunctional frameworks not only 
serve as mechanical buffers but also act as 
smart materials — capable of self-healing, 
stress dissipation, and even dielectric or 
photocatalytic functionality under specific 
conditions [5,9]. Such adaptability makes 
them particularly valuable for next-
generation flexible and wearable battery 
systems. 

Recent research further highlights the 
importance of Nano interfacial 
engineering, where the interphase 
between electrode and electrolyte is 
modified at the atomic or molecular level to 
suppress parasitic reactions and reduce 
interfacial resistance. Nanostructured 
coatings, functional fillers, and self-
assembled Nano layers have been shown 
to stabilize SEI layers, improve electrode–
electrolyte adhesion, and enhance ionic 
mobility [8,9]. These advances are 
especially relevant to hybrid systems 
integrating silicon–graphite anodes and 
gel polymer or solid-state electrolytes, 
where interfacial compatibility directly 
influences performance and cycle life 
[2,5,9].The growing body of patents and 
research on nanocomposite electrolytes 
and interlayers further signifies the 
transition of this technology from 
conceptual research to applied 
engineering [11]. Through innovations 
such as 3D nanostructured scaffolds, 
printable composite films, and adaptive 
interfacial materials, nanostructured 
composites are rapidly becoming an 
essential component of the evolving 
energy storage landscape. 

In summary, nanostructured functional 
composites represent a crucial frontier in 
battery materials science. By combining 
high surface reactivity, mechanical 
resilience, and multi-functionality, they not 
only enhance electrochemical 
performance but also enable the design of 

safer, more flexible, and longer-lasting 
energy storage systems [3,5,8,9,11]. 

1.4 Electrochemical Impedance 
Spectroscopy (EIS) 

Understanding how advanced battery 
materials interact and perform under 
operational conditions requires precise 
diagnostic tools. Electrochemical 
Impedance Spectroscopy (EIS) has 
emerged as one of the most powerful and 
versatile characterization techniques for 
probing electrochemical processes at both 
bulk and interfacial levels [8,9]. By applying 
a small alternating current (AC) 
perturbation and measuring the resulting 
voltage response across a frequency 
range, EIS provides valuable insight into 
ionic transport, charge-transfer resistance, 
diffusion dynamics, and interfacial stability 
within electrochemical cells.EIS is 
particularly critical for next-generation 
battery systems, including those 
employing silicon–graphite hybrid anodes, 
gel polymer electrolytes (GPEs), and solid-
state electrolytes (SSEs). These 
architectures involve complex interfaces 
that strongly influence overall 
performance. Through impedance 
spectra—typically represented as Nyquist 
or Bode plots—EIS allows the 
deconvolution of various resistive and 
capacitive components associated with the 
electrolyte, electrode materials, and 
interphases[8]. 
A typical EIS profile consists of three major 
regions: 

High-frequency response: 
Corresponding to the bulk resistance of 
the electrolyte (R_b), which determines 
ionic conductivity. 
Mid-frequency semicircle: 
Representing charge-transfer resistance 
(R_ct) and interfacial capacitance at the 
electrode–electrolyte interface. 
Low-frequency tail:  
Associated with ion diffusion within 
electrodes or through SEI layers, often 
modelled as a Warburg element [8,9]. 
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By analysing these parameters, 
researchers can quantify key 
electrochemical behaviours such as SEI 
formation quality, ion mobility, and 
interface degradation. In silicon–graphite 
hybrid anodes, for instance, EIS helps 
monitor the evolution of impedance 
associated with volume expansion and SEI 
reconstruction during cycling. Similarly, in 
GPE and solid- disconnection, and unstable 

solid–electrolyte interphase (SEI) formation. 

These structural instabilities cause rapid 

capacity fading and poor cycle retention [6]. In 

contrast, graphite exhibits excellent 

mechanical stability, good conductivity, and a 

well-formed SEI, but its limited specific 

capacity restricts further enhancement of 

energy density [7].or example, operando 

EIS enables the observation of interfacial 
changes during charge–discharge cycles, 
while AI-driven algorithms are increasingly 
being used to model impedance data and 
predict degradation mechanisms with high 
accuracy [11]. 

In hybrid and solid-state configurations, 
EIS has become indispensable for 
quantifying ionic conductivity (σ), 
interfacial charge-transfer efficiency, and 
thermal effects factors that dictate the 
overall energy and power performance of 
a cell. The method also facilitates 
optimization of new materials by 
correlating microscopic structure with 
macroscopic electrochemical response, 
guiding both academic research and 
industrial product development [8,9,11]. 

In summary, Electrochemical Impedance 
Spectroscopy is not merely a diagnostic 
technique but a strategic tool for design 
feedback and performance optimization. 
Its ability to dissect the complex interplay 
between materials, interfaces, and ion 
dynamics makes it essential for advancing 
hybrid, polymer-based, and solid-state 
battery technologies. As EIS continues to 
integrate with data-driven modelling and in 
situ monitoring, it is expected to play a 
defining role in accelerating the 
commercial realization of next-generation 
energy storage systems [8,9,11]. 

1.5 Innovation Trends and Industry 
Transition 

The global battery industry is undergoing a 
rapid transformation, driven by the growing 
demand for high-energy, long-lasting, and 
safe energy storage systems. The focus 
has shifted from incremental material 
improvements to system level innovation, 
where materials, design, and 
manufacturing technologies evolve in a 
coordinated manner to deliver optimized 
performance [9,10,11]. This transition 
reflects a maturing industry moving from 
laboratory-scale discoveries to scalable 
and commercially viable energy storage 
solutions. 

One of the most notable innovation trends 
is the integration of hybrid material 
systems such as silicon–graphite anodes, 
gel polymer electrolytes (GPEs), and solid-
state electrolytes (SSEs) into unified 
architectures that balance energy density, 
safety, and manufacturing feasibility [9]. 
These composite systems combine the 
strengths of individual components while 
minimizing their inherent weaknesses, 
enabling the design of batteries that are 
both high-performing and durable. For 
instance, the combination of Si–C hybrid 
anodes with flexible polymer or solid 
electrolytes has demonstrated significant 
improvements in cycle life and safety 
compared to traditional lithium-ion 
configurations [10]. 

Another key area of advancement is 
interface engineering, where the atomic-
scale design of electrode–electrolyte 
interfaces is used to control ion transport, 
reduce resistance, and improve long-term 
stability. Researchers are increasingly 
employing in situ polymerization, artificial 
SEI formation, and Nano layer coatings to 
mitigate interfacial degradation, enhance 
adhesion, and promote uniform ion flux 
[9,11]. These strategies are particularly 
valuable in solid-state and hybrid systems, 
where interface quality often dictates 
performance more than bulk material 
properties. 
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Simultaneously, manufacturing innovation 
is accelerating the transition from 
experimental prototypes to industrial 
deployment. Scalable fabrication 
techniques such as spray drying, high-
energy ball milling, roll-to-roll coating, and 
3D printing are being adopted to produce 
advanced electrodes and electrolytes with 
precise microstructural control [10]. These 
approaches not only reduce cost and 
material waste but also enable customized 
architectures tailored for specific 
applications such as electric vehicles, 
portable electronics, and grid storage.At 
the digital frontier, the integration of 
artificial intelligence (AI), machine learning 
(ML), and computational modelling is 
redefining how battery materials are 
designed, optimized, and tested. 
Predictive algorithms can now simulate 
material behaviour, identify degradation 
pathways, and recommend compositional 
modifications before physical synthesis, 
drastically reducing development time [11]. 
This data-driven approach complements 
experimental research, allowing for faster 
optimization cycles and more reliable 
performance forecasting. 

Furthermore, the industry is witnessing a 
growing emphasis on sustainability and 
circular economy principles. Recycling and 
reprocessing of electrode materials, the 
use of bio-derived polymers for 
electrolytes, and the minimization of critical 
resource dependency (such as cobalt and 
nickel) are becoming integral to next-
generation battery R&D [9,10]. This shift 
not only aligns with environmental 
imperatives but also enhances the long-
term economic viability of large-scale 
battery deployment. 

In summary, the battery sector is evolving 
from a materials-driven science to an 
integrated innovation ecosystem. The 
convergence of hybrid architectures, 
digital design tools, scalable 
manufacturing, and sustainability practices 
is paving the way for a new industrial 
paradigm. This collective movement 
signals a decisive step toward commercial 
readiness and global adoption of safer, 

smarter, and more efficient energy storage 
technologies [9,10,11]. 

 

Figure3.: 
Growth in publications and patent activity 
related to silicon–graphite hybrid anodes 
and solid-state electrolytes over the last 
decade. Adapted from [11]. 

1.6 Scope and Structure of This 
Review 

This review presents a comprehensive 
discussion of emerging materials and 
design strategies that are shaping the 
future of rechargeable battery technology. 
It begins with an in-depth analysis of 
silicon–graphite hybrid anodes, 
emphasizing their structural optimization, 
electrochemical behaviour, and interfacial 
engineering approaches. Subsequent 
sections examine the development and 
performance of gel polymer electrolytes 
(GPEs), nanostructured functional 
composites, and solid-state electrolyte 
systems, highlighting their synergistic roles 
in enhancing energy density, safety, and 
long-term stability. 

The review also integrates 
Electrochemical Impedance Spectroscopy 
(EIS) as a diagnostic framework to 
evaluate ionic transport, charge-transfer 
resistance, and interfacial stability in hybrid 
and solid-state systems. Furthermore, it 
outlines industrial innovation trends, 
covering scalable fabrication methods, 
data-driven material optimization, and 
sustainability considerations that are 
accelerating the commercialization of 
advanced energy storage systems [8–11]. 
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Through this structured approach, the 
article aims to provide not only a 
consolidated understanding of recent 
scientific progress but also a forward-
looking perspective on how material 
synergy, interfacial engineering, and digital 
design are redefining the landscape of 
next-generation battery technologies. 

2. Silicon–Graphite Hybrid Anodes   

2.1 Introduction to Silicon-Based 
Anodes 

Among various anode materials 
investigated for next-generation lithium-ion 
and sodium-ion batteries, silicon stands 
out due to its exceptionally high theoretical 

capacity of approximately 4200 mAh g⁻¹, 
which is nearly ten times that of 
conventional  

 

 

 

 

 

Figure4.: 
 Schematic illustration of the silicon–
graphite hybrid anode concept. Silicon 
contributes high capacity, while graphite 
buffers expansion and maintains electronic 
pathways. Adapted from [1,7]. 

However, the practical deployment of pure 
silicon anodes faces severe challenges. 
During lithiation and delithiation, silicon 
undergoes a volumetric expansion of 
nearly 300%, resulting in pulverization, 
loss of electrical contact, and unstable 
solid–electrolyte interphase (SEI) 
formation. These phenomena lead to rapid 
capacity fading and poor cycling stability 
[6]. Graphite, on the other hand, is 
structurally stable but limited by its low 
specific capacity and slower lithium 
intercalation kinetics. Bridging the gap 
between these two materials has given rise 

to a new class of anodes — silicon–
graphite hybrids — which harness the high 
capacity of silicon and the mechanical and 
electrical stability of graphite [7,9]. 

2.2 Structure and Synergistic 
Mechanisms 

The silicon–graphite hybrid architecture 
operates on a principle of synergy: silicon 
contributes high energy capacity, while 
graphite acts as a flexible, conductive 
buffer that absorbs mechanical strain and 
stabilizes the SEI. This hybrid structure 
ensures better stress accommodation, 
electronic conductivity, and cycle retention 
compared to either component alone [1,7]. 

In these hybrids, graphite also provides 
pathways for rapid electron transfer and 
uniform lithium-ion distribution, reducing 
localized stress and suppressing dendritic 
growth. Moreover, graphite’s graphitic 
planes facilitate the formation of a stable 
SEI, which minimizes continuous 
electrolyte decomposition [6,9]. Silicon, in 
turn, increases the total energy density and 
ensures improved capacity retention when 
embedded within the carbon matrix. 

Experimental and computational studies 
confirm that a balanced Si:C ratio is 
crucial. A silicon content of 10–30% often 
yields optimal performance, where 
volumetric expansion is well managed 
without sacrificing capacity [1,7]. Excess 
silicon leads to structural instability, 
whereas low silicon content fails to deliver 
substantial capacity gains. 

2.3 Fabrication Approaches and 
Design Strategies 

The fabrication of silicon–graphite hybrid 
anodes has evolved significantly in recent 
years, focusing on achieving 
homogeneous dispersion, robust 
interfacial bonding, and mechanical 
flexibility. 
Prominent synthesis techniques include: 
High-energy ball milling: A scalable and 
low-cost method for uniformly mixing 
silicon and graphite powders, enabling 
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nanoscale dispersion and intimate contact 
between components [10].Spray drying 
and in situ carbonization: These methods 
produce spherical composite particles with 
controlled porosity, enhancing both ionic 
and electronic transport [9].Chemical 
vapour deposition (CVD): Used to create 
core–shell structures, where a thin carbon 
layer or graphite shell encapsulates silicon 
nanoparticles, protecting them from direct 
electrolyte exposure and SEI fracture [7]. 
In addition, interface engineering plays a 
vital role in extending cycle life. The 
application of functional polymer binders 
(such as PAA, CMC, or alginate) and 
artificial SEI coatings (e.g., Al₂O₃, LiF, or 

Li₃PO₄ layers) has shown to effectively 
suppress mechanical degradation and 
electrolyte decomposition [4,9]. Advanced 
binders with self-healing or elastic 
properties can maintain electrode integrity 
even under repetitive expansion–
contraction cycles [11]. 

2.4 Electrochemical Performance and 
Optimization 
The hybrid design substantially enhances 
the electrochemical stability and rate 
capability of the anode. Optimized Si–C 
composites exhibit specific capacities 

ranging between 800 and 1500 mAh g⁻¹ 
and can retain over 80% of their capacity 
after 500 cycles under moderate current 
densities [1,7,9]. 

Materi
al 
Type 

Specifi
c 
Capac
ity 
(mAh 

g⁻¹) 

Cycle 
Life 
(cycle
s) 

Key 
Advantag
e 

Major 
Limitation 

Graphi
te 

350–
370 

>100
0 

Excellent 
stability, 
low cost 

Limited 
capacity [6] 

Silicon 3000–
4200 

<100 Ultra-high 
capacity 

Volume 
expansion, 
unstable 
SEI [4,6] 

Si–
Graphi
te 
Hybrid 

800–
1500 

300–
1000 

Balanced 
performa
nce 

Manufactur
ing 
complexity 
[1,7,9,10] 

The inclusion of graphitic buffering 
suppresses impedance growth and 
enhances lithium-ion diffusion. EIS 
measurements show lower charge-
transfer resistance and improved 
interfacial kinetics for hybrid composites 
compared with pure silicon anodes [8,9]. 
The development of nanoscale voids, 
porous channels, and conductive carbon 
frameworks further facilitates ion and 
electron transport, leading to improved rate 
performance and reduced polarization 
[9,11]. 

2.5 Integration with Advanced 
Electrolytes 
One of the most promising frontiers for 
silicon–graphite hybrids is their integration 
with advanced electrolytes such as gel 
polymer electrolytes (GPEs) and solid-
state electrolytes (SSEs). These 
electrolyte systems provide enhanced 
thermal safety, wider electrochemical 
windows, and better interfacial stability, 
addressing the key limitations of liquid-
based electrolytes [2,9]. 

GPEs, due to their semi-solid nature, form 
conformal interfaces with hybrid anodes, 
accommodating expansion while 
maintaining ionic conductivity [5,8]. 
Similarly, SSEs paired with Si–C anodes 
have demonstrated superior performance 
through interface engineering techniques 
that lower interfacial impedance and 
improve overall mechanical compatibility 
[9]. The co-optimization of hybrid anode 
composition and electrolyte type is, 
therefore, a pivotal factor in advancing 
next-generation high-energy-density 
batteries [10,11]. 

2.6 Challenges and Future 
Prospects 

Despite the impressive progress, several 
challenges still hinder the large-scale 
commercialization of silicon–graphite 
hybrid anodes:SEI instability due to 
continuous expansion–contraction cycles 
[6]. Irreversible lithium consumption during 
initial cycles leading to capacity   loss [4,7]. 
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Complex manufacturing requirements for 
consistent particle dispersion and uniform 
coating [10]. Limited understanding of 
long-term degradation mechanisms under 
practical operating conditions [11]. Future 
research must focus on multi-scale 
modelling to correlate mechanical, 
electrochemical, and thermal behaviours, 
as well as AI-guided material discovery to 
identify optimal hybrid compositions. 
Developing scalable, eco-friendly 
synthesis routes and self-healing 
architectures will further accelerate the 
transition of these materials from the lab to 
commercial reality [9,11]. 

In conclusion, silicon–graphite hybrid 
anodes represent a critical advancement 
bridging conventional lithium-ion 
technology and future solid-state battery 
systems. Their unique combination of high 
energy capacity, mechanical resilience, 
and interfacial stability positions them at 
the forefront of the next generation of 
rechargeable energy storage technologies 
[9–11]. 

3. Gel Polymer Electrolytes (GPE) 

3.1 Fundamentals and Rational 
As the demand for safer and high-energy 
batteries intensifies, electrolytes have 
become the critical component defining 
system performance, safety, and lifetime. 
Traditional liquid electrolytes, although 
exhibiting excellent ionic conductivity, are 
inherently limited by flammability, leakage, 
and dendrite formation, posing serious 
challenges for large-scale and high-
voltage applications [2,5]. 

Gel Polymer Electrolytes (GPEs) have 
emerged as a transformative solution that 
bridges the gap between liquid and solid 
systems. A GPE typically consists of a 
polymer matrix—such as PVDF-HFP, 
PEO, PAN, or PMMA—incorporating a 
liquid electrolyte within its porous 
framework. This semi-solid design 
combines the ionic mobility of liquids with 
the mechanical stability of solids, achieving 

ionic conductivities in the range of 10⁻⁴–
10⁻³ S cm⁻¹ while significantly improving 

safety and flexibility [5,8,9]. The polymer 
host immobilizes the liquid phase and 
prevents electrolyte leakage, while the 
presence of plasticizers and inorganic 
fillers enhances both ionic transport and 
mechanical robustness. This makes GPEs 
ideal for flexible, wearable, and next-
generation lithium- and sodium-ion 
batteries [2,8]. 

3.2 Structural Design and Material 
Engineering 
The performance of GPEs depends 
heavily on polymer selection, filler type, 
and crosslinking strategy. Common 
polymer hosts such as PEO provide 
efficient lithium-ion conduction through 
segmental motion, whereas PVDF-HFP 
offers excellent electrochemical stability 
and mechanical strength [5]. Blending 
these polymers or incorporating ionic 
liquids can widen the electrochemical 
stability window and improve interfacial 
contact. 

To overcome the intrinsic low ionic mobility 
of polymers, researchers have 

incorporated nanofillers such as SiO₂, 
TiO₂, Al₂O₃, and graphene oxide (GO) into 
the GPE matrix [8,9]. These nanofillers not 
only enhance ionic conductivity by 
disrupting polymer crystallinity but also 
reinforce mechanical integrity, allowing the 
electrolyte to resist volume deformation 
under cycling. Functionalized nanofillers 

Figure 5.: 
Schematic illustration of a gel polymer 
electrolyte (GPE) system showing Li⁺/Na⁺ 
transport through polymer matrix, liquid 
retention, and stable electrode–electrolyte 
interface. Adapted from [2,5,8]. 
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additionally promote Li⁺ coordination, 
facilitating ion hopping across polymer 
chains. 

Crosslinking strategies—such as in situ 
polymerization or UV-induced gelation—
enable uniform ion pathways and prevent 
phase separation, resulting in enhanced 
thermal and electrochemical stability 
[9,10]. Such modifications yield GPEs that 
remain flexible and conductive even under 
elevated temperatures, making them ideal 
for high-performance and high-voltage 
battery systems. 

3.4 Recent Advancements and 
Functional Innovations 

The next generation of gel polymer 
electrolytes (GPEs) has evolved beyond 
basic ionic transport materials to become 
multi-functional, adaptive systems that 
respond intelligently to mechanical and 
electrochemical stress. Recent 
developments have introduced self-
healing polymer networks capable of 
autonomously repairing micro cracks and 
maintaining interfacial integrity during 
prolonged cycling, thereby extending 
electrolyte lifespan. In parallel, ionic liquid–
based GPEs have gained prominence due 
to their high ionic conductivity, negligible 
volatility, and non-flammable nature, 
making them ideal for applications 
requiring both thermal stability and safety 
[2,9]. 

Further innovation has emerged through 
the development of hybrid solid–gel 
architectures, which merge the flexibility 
and interfacial compatibility of GPEs with 
the mechanical rigidity of solid electrolytes. 
These composite systems offer improved 
electrochemical stability and mechanical 
durability, particularly suited for high-
energy-density devices such as electric 
vehicles and grid-scale batteries [10]. 
Complementing these material advances, 
AI-assisted material optimization has 
recently been employed to predict ideal 
polymer–salt–filler ratios, balance ionic 
mobility with mechanical strength, and 

accelerate formulation discovery through 
data-driven modelling [11]. 

Additionally, sodium-ion GPEs are gaining 
attention as sustainable and cost-effective 
alternatives for large-scale energy storage. 
Sodium-compatible polymer hosts with 
tailored side-chain chemistry have 

demonstrated efficient Na⁺ transport and 
high thermal and chemical stability, 
supporting their potential in 
environmentally benign, grid-oriented 
applications [8]. 

3.5 Challenges and Future 
Directions 

Despite rapid progress, several technical 
challenges limit the large-scale 
commercialization of GPEs: 

Limited long-term stability due to solvent 
evaporation and polymer degradation over 
prolonged cycling. Reduced conductivity at 
low temperatures, restricting all-climate 
usability. Complex processing routes for 
large-area, defect-free membranes. 
Trade-offs between ionic conductivity and 
mechanical strength, which remain difficult 
to balance [9,10].Future development 
must focus on hybrid polymer frameworks, 
where covalently bonded inorganic 
clusters and flexible organic chains deliver 
both robustness and ion mobility. 
Advanced simulation models and 
operando characterization techniques 
such as EIS and Raman mapping will 
further elucidate ion transport mechanisms 
and guide molecular-level optimization 
[11]. 

In summary, Gel Polymer Electrolytes 
(GPEs) represent a cornerstone of safe, 
flexible, and high-performance energy 
storage systems. Through continuous 
innovation in polymer chemistry, Nano filler 
engineering, and hybrid design, GPEs are 
poised to play a central role in the 
commercialization of next-generation 
lithium- and sodium-ion batteries 
[2,5,8,9,10,11]. 
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4. Nanostructured Functional 
Composites: Redefining 
Electrochemical Interfaces 

The evolution of nanostructured functional 
composites represents a paradigm shift in 
the design of advanced battery materials, 
merging electrochemical performance with 
mechanical resilience and interfacial 
intelligence. These hybrid materials 
integrate inorganic nanophases within 
conductive polymer or carbon frameworks 
to create multifunctional architectures 
capable of concurrent ion transport, stress 
buffering, and electronic conduction 
[3,5,8,9,11]. By leveraging nanoscale 
control over morphology and composition, 
researchers have significantly enhanced 
active surface area, reduced charge-
transfer resistance, and stabilized 
electrode–electrolyte interfaces — 
parameters that directly determine both 
energy density and lifetime in next-
generation storage systems. 

From a materials-design standpoint, Nano 
structuring transforms passive electrodes 
into dynamic, self-reinforcing systems. The 
large surface-to-volume ratio of 
nanomaterials accelerates ionic exchange 
and facilitates rapid electron percolation, 
while flexible polymer matrices 
accommodate volumetric strain during 
cycling. This synergy minimizes electrode 
pulverization and preserves structural 
integrity even under aggressive operating 
conditions a breakthrough that 
conventional microstructure materials 
cannot achieve [3,8]. 

From a fabrication standpoint, composite 
engineering enables unprecedented 
tunability. In systems such as manganese 

oxide (Mn₂O₃)–polymer nanocomposites, 
the inorganic phase provides electronic 
conductivity and structural stiffness, 
whereas the conductive copolymer imparts 
elasticity and uniform current distribution. 
The resulting hybrid maintains a stable 
solid–electrolyte interphase (SEI) and 
suppresses impedance build up during 

repeated cycling [3,5]. Parallel advances 
using graphene, carbon nanotubes, and 
amorphous carbon coatings have 
extended these benefits further by forming 
continuous electron pathways and 
distributing mechanical stress uniformly 
throughout the electrode matrix [8,9]. 
Functionalized Nano fillers chemically 
bond with polymer chains to create strong 
interfacial bridges, preventing 
delamination and phase separation. This 
nanoscale cohesion delivers remarkable 
improvements in both cycling life and rate 
capability. 

From an integration perspective, 
nanostructured composites serve as the 
connective tissue between next-
generation materials. Within hybrid battery 
architectures, they act as mechanically 
compliant interlayers that harmonize 
silicon–graphite anodes, gel polymer 
electrolytes (GPEs), and solid-state 
electrolytes (SSEs) [5,9]. Their ability to 
maintain continuous ionic pathways while 
mitigating mechanical mismatch ensures 
stable operation under high-energy, high-
temperature conditions. This 
multifunctional adaptability is what 
differentiates nanocomposites from 
traditional fillers — they do not merely exist 
in the system; they engineer the interface 
itself. 

From an industrial and research direction 
standpoint, emerging fabrication 
techniques such as sol–gel synthesis, 
electrospinning, and atomic layer 
deposition now allow precise manipulation 
of nanoscale interfaces. These methods 
enable hierarchical structures that 
combine porosity control, compositional 
uniformity, and surface functionalization. In 
parallel, machine-learning-driven materials 
discovery and computational interface 
modelling are redefining how researchers 
design these composites, cutting down 
experimental cycles and accelerating 
scalability [11]. 

In essence, nanostructured functional 
composites are no longer incremental 
improvements — they represent the 
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convergence of chemistry, physics, and 
materials engineering into a single platform 
that intelligently balances energy density, 
safety, and durability. By enabling elastic 
interfaces, fast ion diffusion, and structural 
self-regulation, these composites are 
setting the foundation for the next 
generation of high-performance energy 
storage technologies [3,5,8,9,11]. 

 

These types of hybrids are particularly 
promising when paired with Si–graphite 
hybrids because they buffer volume 
change without sacrificing ionic transport. 
They also work well inside GPE matrices 

to enhance interface strength and stability 
[2,5,9]. 

5. Solid-State Batteries: Toward Safer 
and Higher-Energy Architectures 

The global shift toward electrification and 
high-power mobility has intensified the 
need for energy storage systems that 
combine exceptional safety, high energy 
density, and prolonged cycle life. Among 
next-generation battery technologies, 
solid-state batteries (SSBs) have emerged 
as the most promising alternative to 
conventional liquid-electrolyte lithium-ion 
systems. Unlike liquid cells, where 
flammable organic solvents facilitate ion 
transport but risk thermal runaway and 
dendrite formation, SSBs employ solid-
state electrolytes (SSEs) that enable 
safe, compact, and high-voltage operation 

 

 

Figure 6.: 
Illustration of Mn₂O₃/conductive polymer 
hybrid improving electrode–electrolyte 
interface stability. Adapted from [3]. 

 Figure 7.: 
Comparison between conventional lithium-
ion and solid-state battery architectures. 
Solid electrolytes replace the liquid 
component, enabling denser, safer cells. 
Adapted from [9]  
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 5.1 Fundamentals and Design of Solid-
State Electrolytes 

From a materials-design perspective, the 
solid-state approach introduces a new 
dimension of electrochemical architecture. 
Solid electrolytes serve dual functions — 
ionic conductors and mechanical 
separators — providing both ion transport 
and dendrite suppression. Among the 
diverse electrolyte families, inorganic 
oxides, sulfides, and polymers represent 
the three major classes of SSEs, each 
offering distinct advantages and 
limitations. 

As summarized in Figure, oxide-based 
SSEs (such as LLZO and LATP) exhibit 
excellent thermal and chemical stability 
sulfide-based electrolytes (such as 

Li₁₀GeP₂S₁₂) provide superior ionic 

conductivity exceeding 10⁻² S cm⁻¹, and 
polymer-based systems offer flexibility and 
improved electrode contact [8–10]. These 
materials collectively form the backbone of 
today’s SSB research, balancing ionic 
mobility, process ability, and mechanical 
strength for next-generation energy 
devices. 
 

5.2 Interface Engineering and Ion 
Transport Optimization 

From a mechanistic standpoint, achieving 
stable and low-resistance interfaces 

between solid electrolytes and electrodes 
remains one of the defining challenges in 
SSB development. Unlike liquid systems 
that self-wet and conform, solid–solid 
interfaces suffer from poor physical 
contact, leading to voids, high interfacial 
impedance, and localized lithium 
deposition [8].To address these issues, 
researchers have developed advanced 
interfacial engineering strategies, including 
the introduction of buffer layers, atomic-
scale coatings, and 3D structured 
electrode–electrolyte architectures. As 
depicted in Figure 3, these designs 
improve interfacial contact, enhance ionic 
percolation pathways, and reduce charge-
transfer resistance. Typical coating 

materials such as Li₃PO₄, LiNbO₃, and 

Al₂O₃ have shown notable improvements 
in long-term cycling and impedance 
stability [9,10]. 

5.2.1 Polymeric Electrolytes 

Polymer-based solid electrolytes are built 
on flexible organic backbones capable of 
solvating lithium or sodium salts. Common 
host matrices include PVDF-HFP, PEO, 
and PAN copolymers. These systems 
exhibit good mechanical flexibility, are 
easy to process, and ensure intimate 
electrode contact—a key advantage in 
mitigating interfacial resistance. 

Polymer electrolytes can be categorized 
into two main classes: 
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Dry solid polymers: systems such as PEO-
LiX or PVDF-based materials, which rely 
on polymer segmental motion to enable ion 
conduction. 
Gel polymer electrolytes (GPEs): hybrid 
systems containing a trapped liquid phase 
that enhances ionic conductivity. (See 
Section 3 for details on GPE performance.) 
The downside of polymer systems is their 
lower room-temperature conductivity 
compared to sulfides or oxides, which 
limits power performance. However, their 
process ability, cost-effectiveness, and 
compatibility with Si–graphite anodes 
make them ideal interlayers or hybrid 
components in commercial cells [2,5]. 

5.2.2 Inorganic Electrolytes 

Inorganic solid electrolytes are currently 
viewed as the backbone of high-
performance solid-state systems due to 
their superior ionic conductivity and 
chemical stability. They are generally 
divided into: 
Sulfide-based electrolytes: e.g., 
Li₁₀GeP₂S₁₂ and argyrodite compounds. 
These materials offer liquid-like ionic 

conductivity (10⁻³–10⁻² S cm⁻¹), soft 
mechanical properties for good interface 
contact, and scalability potential. Their 
main limitation is moisture sensitivity, 
which complicates handling and 
processing. 

Oxide-based electrolytes: e.g., garnets 
(LLZO), NASICON, and perovskites. 
These offer high thermal and chemical 
stability but are brittle, making it difficult to 

maintain intimate electrode contact. 
Innovative sintering, coating, and 
pressure-assisted fabrication techniques 
are being explored to address these 
challenges. 
Nitride-based electrolytes: e.g., LiPON 
films, which are thin and stable but typically 
lower in conductivity and more expensive 
to manufacture.Inorganic systems provide 
excellent stability at high voltages, which is 
crucial for pairing with both silicon–
graphite anodes and advanced cathodes. 
However, achieving low-resistance 
interfaces remains one of the main 
engineering hurdles [9]. 

5.2.3 Unconventional Electrolytes 

Alongside the mainstream polymeric and 
inorganic families, there is a growing 
interest in unconventional systems such as 
halides, zeolites, and composite 
structures.Halide electrolytes have 
recently attracted attention for their high 
electrochemical stability with high-voltage 
cathodes and excellent compatibility with 
moisture, unlike sulfides. Zeolite 
frameworks and other nanoporous 
structures allow ion-selective pathways, 
improving safety and offering tunable 
architectures for specific ion chemistries. 
Mixed-matrix systems, combining halides 
with polymers or oxides, are being 
designed to combine the mechanical 
flexibility of polymers with the high 
conductivity of inorganic frameworks [11]. 

These unconventional electrolytes are still 
largely in the research phase but are 
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rapidly gaining momentum due to their 
versatility and potential to overcome 
existing limitations. 

5.2.4 Hybrid and Composite 
Architectures 

No single electrolyte family fully satisfies 
the competing demands of conductivity, 
stability, and manufacturability. Hybrid 
architectures — such as polymer/ceramic 
composites or multilayer stacks are 
emerging as a practical solution: 
A ceramic backbone ensures high ionic 
conductivity and structural stability. 
A polymer shell or interlayer improves 
mechanical compliance and electrode 
contact. 
The combination improves overall cell 
performance, reduces interface 
resistance, and supports larger electrode 
loadings. 
These composite strategies are now being 
integrated into pilot-scale production lines 
by several research groups and industrial 
players. Their compatibility with silicon–
graphite anodes and interfacial 
nanocomposites makes them central to 
scalable solid-state designs [9,11]. 

5.2.5 Material Selection and Design 
Trade-offs 

Each electrolyte class presents distinct 
engineering trade-offs: 

Sulfides: best-in-class conductivity, 
sensitive to processing. 
Oxides: excellent stability, but brittle. 
Polymers: flexible and scalable, but 
lower conductivity. 
Halides/Unconventional: emerging, 
promising balance of properties. 

The choice of electrolyte is increasingly 
application-driven. For example, EV and 
grid applications prioritize high energy 
density and thermal safety, favoring sulfide 
or hybrid solid–polymer stacks, while 
wearable and flexible electronics may 
prefer pure polymer or polymer-rich 
hybrids due to form factor flexibility. 

5.3 Fabrication Strategies and 
Industrial Translation 

From a fabrication standpoint, the 
processing of SSBs has advanced from 
laboratory-scale cold pressing to scalable, 
industrially relevant techniques. Tape 
casting, spark plasma sintering, aerosol 
deposition, and co-lamination now allow 
large-area film formation and multilayer 
stack integration under controlled 
densification conditions [10,11]. These 
methods reduce interfacial defects, enable 
uniform ion conduction, and maintain 
mechanical strength at lower processing 
temperatures a critical factor for 
compatibility with existing electrode 
manufacturing lines. 

From an integration standpoint, hybrid 
designs that combine silicon–graphite 
anodes, solid electrolytes, and gel polymer 
interlayers have shown exceptional 
promise. These semi-solid architectures 
maintain flexibility while achieving 
enhanced safety and energy density, 
effectively bridging the gap between liquid-
based lithium-ion and fully solid-state 
platforms [5,9]. 

 

5.4 Technological Outlook and 
Industrial Feasibility 

From a technological and industrial 
perspective, SSBs are rapidly transitioning 
from concept to commercialization. 
Several leading companies including 
Toyota, Solid Power, and Quantum Scape 
have demonstrated functional SSB 
prototypes with energy densities 

exceeding 400 Wh kg⁻¹ and robust cycle 
performance [11]. Beyond lithium, efforts 
are expanding toward sodium- and 
magnesium-based solid-state systems 
that promise resource sustainability and 
cost-effectiveness. 

Concurrently, the convergence of 
machine-learning-driven electrolyte 
design, operando electrochemical 
characterization, and predictive modeling 
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of interfaces is accelerating SSB 
optimization. Techniques such as 
operando EIS, synchrotron tomography, 
and molecular dynamics simulations 
provide real-time insights into ion transport 
and degradation processes, bridging the 
gap between experimental observation 
and computational prediction [10,11]. 

In essence, solid-state batteries embody 
the next evolution of electrochemical 
energy storage — an architecture that 
simultaneously delivers safety, 
performance, and scalability. With 
continued innovation in interface 
chemistry, composite electrolyte 
engineering, and large-scale fabrication, 
SSBs are poised to redefine the future of 
portable electronics, electric vehicles, and 
grid-scale energy storage [2,5,8,9,10,11]. 

6. Characterization Techniques and 
Electrochemical Evaluation 

Characterization forms the analytical 
foundation of battery research, linking 
material structure to electrochemical 
behaviour. For advanced hybrid and solid-
state systems, detailed examination of 
phase composition, morphology, and 
interface chemistry reveals how atomic-
level design translates into measurable 
performance. 

6.1 Structural and Morphological 
Characterization 

Structural characterization identifies the 
crystallographic and chemical features that 
define functional performance. X-ray 
diffraction (XRD) confirms crystallinity, 
phase purity, and the presence of 
secondary compounds in silicon–graphite 
anodes, nanocomposites, and solid 
electrolytes. Fourier-transform infrared 
spectroscopy (FTIR) provides 
complementary evidence of chemical 
bonding and polymer–filler interactions, 
such as characteristic C–O, C=O, and Si–
O–Si vibrations in gel polymer electrolytes 
and oxide composites. 

Morphological analysis through field-
emission scanning electron microscopy 
(FESEM) and transmission electron 
microscopy (TEM) reveals particle 
distribution, porosity, and interfacial 
homogeneity. These techniques help 
evaluate how nanostructuring or surface 
modification influences electrode texture, 
interfacial contact, and potential diffusion 
pathways. Together, they establish a clear 
link between physical structure and 
electrochemical stability. 

6.2 Electrochemical Characterization 
Electrochemical testing translates material 
architecture into quantitative performance 
indicators. Cyclic voltammetry (CV) 
measures redox reversibility and identifies 
potential-dependent reactions 

  Estimated ionic conductivity (σ_dc) 
values derived from bulk resistance (R_b) 
using different evaluation methods. (a) 
σ_dc values for PEO-salt systems. (b) 
σ_dc values for PMA-salt systems. The 
dotted lines indicate linear regressions. 
Data adapted from [8]  

Within electrodes and electrolytes. 
Galvanostatic charge–discharge (GCD) 
profiles yield information on specific 
capacity, rate capability, and Coulombic 
efficiency, reflecting how well the active 
material sustains repeated cycling. 

Electrochemical impedance 
spectroscopy (EIS) evaluates internal 
resistances and interfacial impedance. 
Variations in semicircle diameter or 
Warburg tail slope indicate the efficiency of 
ion transport and the stability of the solid–
electrolyte interphase. Collectively, these 
electrochemical analyses provide a 
functional perspective that complements 
structural characterization, confirming 
whether observed microstructural 
refinements lead to tangible 
electrochemical benefits. 
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Typical Nyquist plot illustrating high-
frequency intercept (bulk resistance), 
semicircle (interfacial charge transfer), and 
low-frequency tail (diffusion or SEI 
behaviour). Adapted from [8]. 

6.3 In-Situ and Operando Analysis 

In-situ and operando techniques capture 
the dynamic evolution of materials during 
actual operation. In-situ XRD tracks real-
time lattice expansion, phase transitions, 
and structural degradation under cycling 
conditions. In-situ Raman spectroscopy 
monitors vibrational changes that reflect 
polymer segmental motion or electrode 
surface reactions. Operando EIS provides 
continuous impedance mapping, offering 
insight into aging behaviour and 
degradation mechanisms. 

These approaches bridge the gap between 
laboratory characterization and device-
level diagnostics, enabling researchers to 
correlate transient structural changes with 
electrochemical signatures. They also 
facilitate predictive modeling and early-
stage failure detection, which are vital for 

industrial validation and large-scale 
deployment. 

6.4 Data Correlation and 
Performance Interpretation 

Integrating multiple characterization 
results allows comprehensive 
interpretation of structure–property–
performance relationships. Crystallinity, 
surface roughness, and interfacial contact 
directly affect ionic conductivity, diffusion 
kinetics, and overall energy efficiency. 
Correlating XRD, FTIR, FESEM, and EIS 
data helps identify the dominant limiting 
mechanisms in hybrid systems, guiding 
further optimization in composition or 
processing. Such correlations also inform 
machine-learning models and 
computational frameworks used for 
predictive materials design, where 
experimental descriptors serve as input 
features for data-driven screening of new 
electrode–electrolyte pairs. 

To strengthen the connection between 
electrochemical response and physical 
structure, it is crucial to combine 
complementary techniques that examine 
both dynamic electrical behavior and static 
material properties. While electrochemical 
impedance spectroscopy (EIS) provides 
frequency-dependent resistance data, it 
does not reveal structural or chemical 
evolution. Therefore, additional tools are 
employed in parallel to correlate 
impedance shifts with real-time physical 
changes, as summarized in table below 
Complementary Electrochemical & 
Structural Techniques While EIS provides 
a dynamic frequency response, it doesn’t 
give structural information. To correlate 
impedance behaviour with physical 
changes, other tools are used in parallel: 

 

 

 

Figure 10:  
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Technique What It 
Measures 

Why It 
Matters in 
This Context 

Galvanostat
ic cycling 

Cycle 
stability, 
capacity 
retention 

Tracks overall 
electrochemic
al 
performance 
under real 
conditions 

Cyclic 
voltammetr
y (CV) 

Electrochemic
al stability 
window, 
redox peaks 

Assesses 
compatibility 
of electrolytes 
and interface 
reactions 

X-ray 
diffraction 
(XRD) 

Structural 
phase 
transitions 

Identifies 
changes in 
electrode or 
electrolyte 
structure 
during cycling 

Raman / 
FTIR 
spectroscop
y 

Chemical 
bonding, SEI 
composition 

Detects 
formation of 
new phases 
or 
degradation 
pathways 

SEM / TEM Morphology 
and interface 
imaging 

Reveals 
cracking, 
delamination, 
or uniformity 
of interfacial 
layers 

 
By combining these techniques, 
researchers can directly correlate 
electrochemical signatures with underlying 
physical mechanisms, transforming raw 
measurements into mechanistic 
understanding. This multi-modal approach 
ensures that performance improvements 
are not merely observed but scientifically 
explained a crucial step toward designing 
durable, high-efficiency energy-storage 
systems. 

 

 

6.5 Emerging Trends and Industrial 
Diagnostics 

The next generation of characterization 
combines traditional tools with intelligent 
data interpretation. High-throughput 
spectroscopy, automated image analysis, 
and AI-based pattern recognition are 
transforming raw data into actionable 
insights. Industrial battery-management 
systems now incorporate embedded 
diagnostic modules that mimic laboratory 
characterization — miniature impedance 
sensors, temperature-mapping arrays, and 
voltage-response analytics enable real-
time health monitoring. 

This convergence of laboratory analytics 
and operational diagnostics marks a major 
step toward self-aware, predictive, and 
safer energy-storage platforms capable of 
continuous optimization throughout their 
service life. 

6.6 Summary 

Characterization and electrochemical 
evaluation transform empirical observation 
into quantifiable understanding. By 
integrating structural, morphological, and 
electrochemical insights with real-time 
diagnostics, researchers can trace every 
performance parameter back to its material 
origin. This holistic framework ensures that 
improvements in composition, interface 
engineering, or fabrication directly 
translate into higher capacity, stability, and 
safety for next-generation hybrid and solid-
state batteries. 

7. Challenges and Future 
Perspectives 

Despite tremendous progress in hybrid 
and solid-state battery systems, including 
advances in silicon–graphite anodes, gel 
polymer electrolytes, and nanostructured 
composites, several interrelated barriers 
continue to limit commercial scalability. 
The translation from laboratory prototypes 
to industrial systems is hindered by a 
combination of interfacial instability, 
mechanical fragility, electrochemical 
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degradation, and manufacturing 
complexity [11–13]. Overcoming these 
bottlenecks requires coordinated 
innovation in materials chemistry, interface 
engineering, and large-scale processing 
strategies, supported by predictive 
modeling and sustainable manufacturing 
practices [12,14]. 

7.1 Interfacial and Electrochemical 
Instability 

One of the most persistent challenges lies 
in maintaining stable interfaces between 
electrodes and solid electrolytes. Even 
when bulk ionic conductivity is high, 
electrode–electrolyte contact degradation 
and uncontrolled SEI evolution often 
dominate overall impedance and restrict 
cycle life [12,15]. Sulfide- and oxide-based 
solid electrolytes exhibit reactivity toward 
metallic lithium and silicon-rich anodes, 
producing interphases that evolve 
dynamically under cycling conditions. This 
leads to impedance growth, polarization, 
and capacity fading. Mechanical stress 
caused by silicon volume expansion 
exacerbates these effects, promoting 
microcracking and delamination. Recent 
studies suggest that chemically stable, 
passivating interlayers, combined with 
self-healing GPE matrices, can mitigate 
these effects by accommodating 
mechanical strain and suppressing 
parasitic reactions [16,17]. Stabilizing 
electrode electrolyte interfaces through 
thermodynamically compatible 
formulations remains the key enabler for 
achieving reliable, high-performance solid-
state batteries [12,15]. 

7.2 Mechanical Integrity and 
Manufacturing Scalability 

Mechanical integrity directly impacts the 
long-term reliability and manufacturability 
of solid-state and hybrid systems. Brittle 
ceramic electrolytes and rigid interfaces 
are highly susceptible to fracture under 
repeated cycling or thermal stress, while 
flexible polymer electrolytes often lack the 
mechanical strength required for industrial 
lamination and roll-to-roll fabrication 

[12,17]. Advanced composite designs that 
combine ceramic fillers with polymer 
matrices can provide a balance between 
elasticity and modulus, allowing for defect-
tolerant architectures suitable for large-
area processing [14,16]. From a 
manufacturing perspective, scalable 
synthesis methods such as tape casting, 
solvent-free extrusion, and in-situ 
polymerization are emerging as viable 
solutions to replace laboratory-scale 
vacuum deposition [13,17]. However, 
ensuring structural homogeneity and 
interfacial adhesion across large-format 
cells remains an unsolved engineering 
problem. Integrating additive 
manufacturing and automated coating 
technologies may bridge this gap, offering 
precision and reproducibility critical for 
industrial deployment [12,17]. 

7.3 Sustainability, Energy 
Efficiency, and Green Transition 

Beyond material performance, sustainable 
manufacturing and lifecycle impact are 
now at the center of solid-state battery 
research. The global shift toward low-
carbon energy systems has intensified 
pressure to reduce greenhouse gas 
emissions from material synthesis and 
processing [13]. Conventional solid-state 
electrolyte fabrication often involves high-
temperature sintering, solvent-intensive 
casting, or rare-metal precursors, all of 
which inflate energy demand and 
environmental footprint [14]. To align with 
future climate-neutral manufacturing 
targets, researchers are exploring low-
temperature synthesis, aqueous 
processing routes, and biopolymer-based 
gel electrolytes that minimize toxic 
solvents and waste generation [12,15]. 
Incorporating renewable energy inputs 
during production and recycling critical 
elements such as lithium and cobalt will be 
essential for aligning solid-state 
technologies with net-zero policy 
frameworks [13,14]. 
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7.4 Future Roadmap and Outlook 

The next decade of solid-state battery 
innovation will be shaped by synergistic 
progress in materials science, process 
engineering, and digital design 
frameworks. Several studies forecast that 
future breakthroughs will depend on the 
convergence of mechanically optimized 
architectures with AI-driven material 
discovery and predictive modelling of 
electrochemical interfaces [15–17]. 
Roadmaps toward 2035 envision scalable, 
dendrite-free, and thermally stable 
systems that integrate smart diagnostics, 
automated manufacturing, and closed-
loop recycling [16]. Interdisciplinary 
collaboration—uniting chemists, data 
scientists, and manufacturing engineers—
will be crucial for closing the gap between 
experimental success and real-world 
adoption [12,13]. With continued focus on 
sustainable synthesis, reproducible 
interfaces, and intelligent optimization, 
hybrid and solid-state batteries are poised 
to evolve from promising prototypes to 
cornerstone technologies in the global 
transition toward electrified mobility and 
renewable energy integration [14–17]. 

8. Conclusion and Future Outlook 

The exploration of silicon–graphite hybrid 
anodes, gel polymer electrolytes, 
nanostructured composites, and solid-
state systems reveals that the future of 
energy storage lies not in individual 
breakthroughs but in the integration of 
multiple innovations. Each improvement, 
from stable interfaces to flexible polymers 
and nanoscale architectures, is part of a 
larger narrative that redefines how the 
world stores and consumes energy. 
Despite remarkable progress, this domain 
still contains untouched potential, 
especially in connecting the chemistry of 
advanced materials with industrial-scale 
functionality. The interdependence 
between electrochemical performance, 
mechanical adaptability, and 
environmental responsibility remains a 
frontier that demands deeper and more 
coordinated exploration. 

As the global energy landscape shifts 
toward electrified mobility and renewable 
power generation, the urgency of 
developing sustainable, high-performance 
storage systems has never been greater. 
Batteries now serve as the backbone of 
this transformation, bridging the 
intermittency of solar and wind energy 
while enabling the transition away from 
fossil-fuel dependency. Hybrid and solid-
state technologies, with their superior 
stability and energy density, are poised to 
play a defining role in this global transition. 
Their success, however, depends on 
overcoming the challenges that separate 
laboratory achievement from real-world 
implementation.Industrial scalability and 
manufacturability remain among the most 
critical hurdles. Traditional fabrication 
methods must evolve into precision-
controlled, data-optimized processes 
capable of ensuring reproducibility and 
reducing material waste. Emerging 
solutions such as additive manufacturing, 
solvent-free processing, and in-situ 
polymerization have the potential to 
transform production efficiency while 
maintaining structural integrity. The 
integration of digital manufacturing tools 
and automated diagnostics will mark a new 
era where materials discovery, 
prototyping, and production are tightly 
interlinked. 

Equally important is the rise of advanced 
diagnostics and intelligent 
characterization. Real-time, in-situ 
analysis of interfacial chemistry and 
structural evolution offers unprecedented 
insight into failure mechanisms and long-
term performance. When coupled with 
machine learning and predictive modelling, 
these diagnostics evolve from observation 
to optimization enabling the design of 
materials and devices that adapt, heal, and 
evolve with use. This convergence of 
analytics and materials science signifies a 
paradigm shift from reactive to proactive 
battery design.The future of energy will not 
be shaped by chemistry alone, but by 
conviction the belief that scientific progress 
can coexist with environmental 
responsibility. Every ion that moves within 
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a cell carries more than electric charge; it 
carries the shared intent of humanity to 
build cleaner cities, sustainable industries, 
and a more resilient planet. The continuing 
evolution of hybrid and solid-state batteries 
reflects this transformation in thought 
where materials science, data-driven 
design, and sustainable engineering 
converge to redefine what energy truly 
means. The challenge before us extends 

far beyond storing power efficiently; it is 
about reimagining how civilization 
generates, conserves, and values it. When 
that vision is realized, and every home, 
vehicle, and network runs on the silent 
precision of these advanced systems, it will 
stand not only as an engineering 
achievement but as a defining chapter in 
how science and humanity learned to 
progress together. 
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