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Polymer Recently, there has been much innovation in the energy storage system. The
Battery famous energy storage system now is Lithium battery, due to high energy density,
Lithium little capacitance lost, and efficiency. But in the way of explosion, extreme

temperature, liability to explode again, and precipitate lithium that didn't evenly
become bad for lithium batteries. Actually, now there is much research innovation
to enhance lithium batteries performance. Mostly in modification materials like
synthesis, doped, and composite. And in another way, polymers also turn out to be
material batteries. In 1970 some scientists discovered an innovative polymer for
battery material. It's an open new view in science knowledge, especially material
development of batteries. Therefore, these research polymers in lithium batteries
material to increase. To responses of enhancement performance of lithium
batteries material, we make comparison between polymer usage and non-polymer
usage (synthesis, doped, composite) for lithium batteries. The result from non-
polymer usage showed composite had highest specific capacity (1349 mAh.g-1), but
doped also had high specific capacity even though not more than composite
methods. On the other hand, the use of polymers showed the highest specific
capacity of 2237 mAh.g-1. However, the use of non-polymers was far superior,
providing higher average specific capacity values. Therefore, the use of common
materials modified through synthesis, doping, and composites remains the best
way to improve the performance of lithium batteries today.

1. Introduction

The increase in industrialization is directly proportional to the growing energy demand but
inversely proportional to the availability of fossil fuels. Combined with population growth, this has
accelerated the adoption of renewable energy technologies (Awan et al,, 2024). Furthermore, the
depletion of non-renewable fossil fuel resources has led to the increasing prominence of renewable
energy storage systems, particularly lithium-ion batteries (LIBs), which have dominated the market
over the past three decades (Li et al., 2026). Their advantages, including high energy density, low
capacity loss, and high efficiency, have further strengthened their position in modern energy storage
applications (Marco et al., 2026). As a result, lithium-ion batteries (LIBs) have become increasingly
prevalent in contemporary society.

However, throughout their development, numerous fire incidents have been reported.
According to the International Association of Fire and Rescue Services (CTIF), approximately three
million fire incidents occurred across 46 countries in 2023, partly due to large-scale battery fires,
extreme temperatures, and the tendency of batteries to reignite after extinguishment (Zhang et al,,
2026). In addition, non-uniform lithium deposition on the anode can induce dendrite formation,
electrolyte consumption, and active lithium loss, all of which negatively affect battery cycling
performance (Ge et al., 2026). These challenges have encouraged the incorporation of additional
materials, such as TiO, doping in Li-S batteries to address sluggish redox kinetics, suppress lithium
dendrite growth, and enhance safety (Pang et al., 2026). Similarly, graphene-based FeS,@NSC core-



shell composites have been employed to mitigate volume expansion, which is a major cause of
structural degradation in Li-S batteries (Tu & Cao, 2026).

2. Literature Review

The discovery of conductive polymers in the late 1970s transformed the paradigm of materials
science. Conductive polymers such as trans-polyacetylene (trans-PAc) exhibited electrical
conductivity up to ten million times higher than conventional polymers while demonstrating
reversible charge-storage capability. This breakthrough subsequently led to the development of
conductive polymers including poly(phenylene) (PPh), polyaniline (PANI), polypyrrole (PPy),
polythiophene (PTh), and poly(3,4-ethylenedioxythiophene) (PEDOT), among others (Singh &
Jadoun, 2026). Moreover, polymers possess unique redox activity, efficient charge-transport
properties, and readily tunable molecular structures, making them a major focus of contemporary
research (Cui et al., 2026).

In battery technology, polymers have also emerged as promising solutions to address several
limitations of conventional batteries. For example, gel polymer electrolytes (GPEs) have been utilized
as electrolytes to provide enhanced safety and cycling stability in high-voltage lithium-oxygen
batteries (LOBs) (Gong et al., 2026).

To date, research on polymers in lithium batteries has focused on several key areas. These
include investigations into the evolution of gel polymer electrolytes (GPEs) and natural-synthetic
hybrid systems for designing hybrid GPEs through blending, core-shell structures, and crosslinking
strategies (Qayyum etal,, 2026). Other studies have examined polymer electrolytes for silicon-anode
lithium-ion batteries, including silicon-anode engineering approaches and compatibility
assessments with oxide- and sulfide-based solid-state electrolytes (SSEs) (Rangasamy et al., 2026).
Research has also explored pairwise interactions, interfacial failure mechanisms, and novel designs
of conductive polymer electrodes and SSEs to develop safe, high-performance, and durable all-solid-
state metal-ion batteries (Pandit et al., 2026). Furthermore, in situ radical polymerization has been
analyzed with emphasis on initiation chemistry, formulation design, process control, mechanistic
characteristics, practical advantages, and associated limitations (Luo et al., 2026).

Additional studies have investigated polymer binders for all-solid-state lithium batteries
(ASSLBs), focusing on process compatibility and structural control to establish continuous ion-
conduction pathways within electrode sheets and electrolytes (Hong et al.,, 2025). Research has also
addressed interface science, polymer electrolyte (PE) engineering strategies, advanced PE designs,
and the identification of challenges associated with polymer electrolytes in lithium-ion batteries
(LIBs) (Hu et al, 2026). Moreover, ion-conduction mechanisms, including ion hopping in solid
polymer electrolytes (SPEs), solvent-assisted transport in GPEs, polymer interfacial conduction in
composite polymer electrolytes (CPEs), optimization strategies such as copolymerization and
plasticization, single-ion conductors, artificial solid electrolyte interphase (SEI) layers, three-
dimensional filler networks, interfacial contact challenges, cycling stability, manufacturing
processes, future polymer-matrix developments, multiscale simulations, and flexible battery
integration have been comprehensively examined (Liang et al., 2026). Advanced polymer topologies
and architectures have also been investigated to balance conductivity, mechanical properties, and
stability while enhancing functional performance. In situ and operando characterization techniques
have been proposed to accelerate the rational design of solid-state polymer electrolytes (SSPEs) (Lan
etal., 2026). Finally, corrosion phenomena in lithium-ion and sodium-ion batteries, together with the
exploration of conductive polymer materials, have been systematically reviewed (Mohammadipour
& Gharahcheshmeh, 2025).

Based on the findings of these literature studies, the development of polymers for lithium
batteries
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Figure 1. XRD data of @ SPEs (Pinto et al., 2026), (-9 PVFP and TPVFP (Hu et al., 2026), (9

PE/C/Al(OH); (Wan et al., 2026), () LIPTAQ (Kong et al., 2026), () GPEs (Sabir et al., 2026), @
LiPTAQ-PAN (Kong et al,, 2026), and ® PDE-PF (Ren et al., 2026).

have encompassed polymer electrolytes, interfacial anode optimization, all-solid-state lithium
batteries (ASSLBs), synthesis methods, fabrication techniques, characterization results, and the
exploration of novel materials. However, these studies have not yet clearly elucidated the extent to
which polymer-based materials improve battery performance compared with lithium batteries
employing alternative synthesized, doped, or composite materials. Therefore, a comprehensive
analysis is required to compare the performance of lithium batteries with and without polymer-
based materials.

3. Discusion
3.1. Use of Polymers in Lithium Batteries

3.1.1. XRD (X-Ray Diffraction)

The XRD patterns of various polymer materials used in lithium batteries exhibit characteristic
features ranging from semi-crystalline to amorphous structures. Most samples display broad
diffraction peaks within specific 26 ranges, indicating the predominance of amorphous phases in the
polymer matrix. In Figure 2(a), the use of acetone, DMSO, NMP, and DMF results in variations in
diffraction peak intensity and sharpness, suggesting that the solvent type influences the degree of
crystallinity and polymer-chain arrangement during membrane formation. In Figure 2(b), the XRD
patterns of XG, PEO, and LiTFSI indicate that after composite membrane fabrication, several
crystalline peaks decrease in intensity or disappear entirely. The data presented in Figure 2(c) reveal
phase transitions between the a and 3 phases in PVDF-based polymer electrolytes with varying
additive compositions. The shift and enhancement of B-phase peak intensity suggest that the
incorporation of fillers or additives promotes the formation of the electroactive 3-PVDF phase.

In Figure 2(d), the presence of characteristic peaks corresponding to Al(OH)3; and PE/C confirms
the successful formation of the composite material without disrupting the fundamental structures of
the individual components. Figure 2(e) demonstrates differences in crystallinity among AQ, PBI, and
PTAQ. AQ exhibits numerous sharp peaks, indicating a highly crystalline structure, whereas PTAQ
displays broader diffraction features, reflecting a more amorphous nature. In Figure 2(f), increasing
the LiTFSI/DEGDME ratio in the gel polymer electrolyte leads to broader diffraction peaks, indicating
an increase in the amorphous phase due to interactions among the lithium salt, solvent, and PVDF-
HFP matrix. Meanwhile, in Figures 2(h) and 2(i), the incorporation of fillers and polymer



modifications results in reduced intensity of the primary crystalline peaks and broadening of the
diffraction patterns.

Overall, these XRD data demonstrate that polymer composition modification, filler
incorporation, lithium-salt addition, and solvent variation significantly influence the crystallinity of
the materials. Most modifications lead to reduced crystallinity and an increased amorphous phase
fraction.

Figure 2. Morphology of @ SPEs (Pinto et al., 2026), (*) PA+PES (Wang et al., 2026), (9 semi-
IPN PEO-based SPEs (Nguyen et al., 2025), () Li|PL-PF-PL|LiFePO, (Feng et al., 2026), (¢
PE/C/Al(OH); (Wan et al., 2026), 0 CSF, (Muhainia et al., 2026), (& PE/C/Al(OH); (Wan et al.,
2026), WLIPTAQ (Kong et al., 2026), O CO-Li, ® LiNbO3+LiCo0O, (Thompson et al., 2025), k)
FGPE (Ge etal., 2026), ® CoTP@CC-Li (Kim et al., 2026), (m GPE (Sabir et al., 2026), (" PDE-PF
(Ren et al., 2026), and (®)Li||[NCM811 (Chen et al., 2026).

According to Weckelmann et al. (2025), crystal structure plays a critical role in determining
ionic conductivity because it directly influences the energy barrier associated with ion hopping.
Structures such as body-centered cubic (bcc) lattices can enhance conductivity due to their relatively
low hopping barriers. In general, polymers exhibit low conductivity at room temperature; therefore,
conductivity enhancement requires structural engineering approaches, including the addition of
lithium salts, plasticizers, and elevated operating temperatures.

Table 1. Relationship Between Polymer Utilization and Morphological Characteristics of
Lithium Battery Materials

Polymer Material Crystallite Size (nm) Surface Area (m”* g™') Reference

solid polymer electrolytes (SPEs) - - Pinto et al.,, 2026
PE/C/Al(OH)3 - - Wan et al, 2026

poly (acrylic acid)-polyamide (PA) + - - Wang et al., 2026
(PES)

CS, PVDF, CSF2 - - Mahaninia et al., 2026
PEO/ LiTFSI (EO/Li 1:21) - - Patriarchi et al., 2026
CoTP@CC-Li - - Kim etal., 2026
LiNbO3 coated LiCoO2 +Li Polymer 247 - 428 - Thompson et al,, 2025
semi-IPN PEO-based SPEs - - Nguyen et al.,, 2025
FGPE - - Geetal, 2026
Li|[NCM811 - - Chenetal, 2026
Li|PL-PF-PL|LiFePO4 - - Fengetal., 2026
PDE-PF - - Renetal,, 2026

GPE - - Sabir et al., 2026
PVFP dan TPVFP - Hu et al, 2026

LiPTAQ - 265.64 Kong et al, 2026




3.1.2. Morphology

According to Chi et al. (2026), the use of polymers such as poly(ethylene oxide) (PEO) facilitates
the breaking and reformation of coordination bonds between the polymer chains and Li* ions,
thereby providing free volume for rapid Li* transport. This process occurs through a
“decoordination-recoordination” mechanism that enables efficient ionic migration. Furthermore,
Pandit et al. (2026) reported that smaller particle sizes increase the surface area of solid-state
electrolyte (SSE) electrodes and additives, thereby enhancing mechanical stability. In addition, well-
controlled morphologies can provide efficient ion-transport pathways, improve interfacial contact,
and maintain a balance between material density and ionic conductivity.

As illustrated in Figure 2, polymer-based materials exhibit diverse surface morphologies,
including smooth, porous, granular, and layered structures. Modifications in material composition
also result in rougher and more irregular morphologies, indicating interactions among the
components within the polymer matrix. As previously discussed, crystallite size plays an important
role in determining mechanical stability. Based on the data presented in Table 1, the reported
crystallite sizes (247-428 nm) are generally larger than those presented in Table 4. This suggests
that the surface area and mechanical stability of non-polymer materials remain superior.

However, Weckelmann et al. (2025) noted that although crystalline phases were initially
considered the primary ionic conductors, subsequent studies revealed that amorphous structures
are, in most cases, the dominant pathways for ion transport, with the exception of PEO4:LiSbF.
Therefore, the predominantly amorphous structures observed in Figure 1 indicate potentially more
effective ion-conduction behavior than the predominantly crystalline structures found in non-
polymer materials. Consequently, the morphological data suggest that polymer materials possess
both distinct advantages and inherent limitations when evaluated from a morphological perspective.

3.1.3. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is widely employed to evaluate ionic
conductivity and the effects of fillers, synthesized materials, and composite structures. In Nyquist
plots, the high-frequency region is typically represented by a semicircular arc corresponding to
charge-transfer resistance at the electrode-electrolyte interface, whereas the low-frequency region
is represented by an inclined line associated with ion-diffusion resistance within the electrode
(Pandurangan et al., 2026).

The EIS results indicate that all samples exhibit semicircular behavior in the high- to
intermediate-frequency regions, followed by a linear response at low frequencies. A smaller
semicircle diameter corresponds to lower charge-transfer resistance, resulting in more efficient ion
transport. Several samples also demonstrate reduced impedance following material modification or
electrochemical cycling, indicating improvements in ionic conductivity and electrochemical stability.
Furthermore, changes in the shape of the impedance curves after cycling suggest interactions
between the electrolyte and electrode during battery charging and discharging processes.

3.1.4. Cyclic Voltammetry (CV)

As shown in Figure 4, the cyclic voltammetry (CV) results reveal distinct oxidation and reduction
peaks, confirming the occurrence of redox reactions within the materials. The close overlap of CV
curves over multiple cycles indicates good electrochemical reversibility and material stability during
cycling. In addition, increases or shifts in peak current observed in several samples suggest that
material modifications can significantly influence ion- and electron-transport kinetics.

The preservation of the CV curve profile in subsequent cycles further indicates that the
materials exhibit satisfactory electrochemical performance, highlighting their potential suitability
for lithium-battery applications.
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Figure 3. EIS results of (@ SPEs (Pinto et al., 2026), () semi-IPN PEO-based SPEs (Nguyen et al.,
2025), (9 TPVFP (Hu et al., 2026), (9 CSF, (Muhainia et al., 2026), (¢-9Li|[NCM811 (Chen et al.,,
2026), ® FGPE (Ge et al., 2026), W LIPTAQ (Kong et al., 2026), @ Li|PL-PF-PL|LiFePO, (Feng
etal., 2026), and () GPE (Sabir et al., 2026).

Table 2. Relationship Between Polymer Utilization and Solution Resistance (Rs) and Charge
Transfer Resistance (Rct) in Lithium Batteries

Material Rct(Q) Rs(Q) Reference

solid polymer electrolytes (SPEs) 200 - 260 8-20 Pinto et al,, 2026
PE/C/AI(OH); - - Wan etal, 2026

poly (acrylic acid)-polyamide (PA) + - - Wang et al., 2026
(PES)

CS, PVDF, CSF2 - - Mahaninia et al., 2026
PEO/ LiTFSI (EO/Li 1:21) - - Patriarchi et al, 2026
CoTP@CC-Li 10.75 - Kim et al,, 2026
LiNbO3 coated LiCoO2 + Li Polimer - - Thompson etal., 2025
semi-IPN PEO-based SPEs - - Nguyen et al.,, 2025
FGPE 97 - Geetal, 2026
Li|[NCM811 44.2 - Chenetal, 2026
Li|PL-PF-PL|LiFePO4 - - Fengetal,, 2026
PDE-PF - - Renetal, 2026

GPE - - Sabir et al., 2026
PVFP dan TPVFP - - Hu etal, 2026
LiPTAQ - - Kong et al,, 2026
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Figure 4. Cyclic voltammetry (CV) results of @) PDE-PF (Ren et al., 2026), ® LIPTAQ (Kong et
al., 2026), () CSF, (Muhainia et al., 2026), (9 Li||[NCM811 (Chen et al., 2026), and (®) Li|PL-PF-
PL|LiFePO, (Feng et al., 2026).

3.1.5. Fabrication Methods

Relationship Between Polymer Fabrication Methods
and Specific Capacity (mAh.g-!)
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Graph 1. Relationship between polymer fabrication methods and specific capacity.

Based on Graph 1 and Table 3, the use of the melt-based fabrication method yields the highest
specific capacity, reaching 2237 mAh g™* for the PE/C/Al(OH); material. Meanwhile, gel polymer
electrolytes (GPEs) fabricated via the solvent casting method provide a specific capacity of 500 mAh
g%, making it the second-highest value after the melt-based fabrication approach.

In addition, other methods such as direct ink writing, solvothermal synthesis, in situ
copolymerization, in situ polymerization, symmetrical modification, and conventional synthesis
yield specific capacities in the range of 130-190 mAh g™™.

Although the literature indicates such variations in performance across fabrication methods,
the choice of material also plays a critical role in determining the resulting specific capacity. This is
supported by the findings presented in Figures 1, 2, 3, and 4, as well as Tables 1 and 2, which
collectively confirm that polymer material utilization significantly influences crystallinity, crystallite
size, surface area, morphology, solution resistance (Rs), charge-transfer resistance (Rct), and
electrochemical performance.



Table 3. Relationship Between Polymer Fabrication Methods and Specific Capacity, Energy
Density, and Power Density

Polymer Method Specific Energy Power Reference
Material Capacity Density Density
(mAh.g™) (Whkg™) (W/kg)

Solid Polymer Direct-Ink Writing 128 - - Pinto et al,, 2026

Electrolytes

(SPEs)

PE/C/Al(OH)s Melt-Based 2237 - - Wan et al, 2026
Fabrication

Poly (Acrylic Crosslinked - - - Wang et al,, 2026

Acid)-Polyamide Cyclodextrin-Cellulose

(PA)+(PES)

CS, PVDF, CSF2 Vanillin-Based Cross- 40,129,154 - - Mahaninia et al.,
Linker (Vc) 2026

PEO/ LiTFSI Solvent-Free 130 - - Patriarchi et al.,,

(EO/Li 1:21) 2026

CoTP@CC-Li Solvothermal 142.0 - - Kim etal,, 2026
Synthesis

LiNbO3 + LiCo02 Raft Dan Enkapsulasi - - - Thompson et al,,

+ Poly (ethylene Polimerisasi 2025

glycol)

Semi-IPN PEO- Thermal Cross-Linking - - - Nguyen et al.,

based SPEs 2025

FGPE In Situ 129 - - Geetal, 2026
Copolymerization

Li|]NCM811 Insitu Polymerized 197.9 - - Chen etal,, 2026

Li|PL-PF- Symmetrical 133.98-15596 - - Fengetal,, 2026

PL|LiFePO4 Modification

PDE-PF Sintesis 128.5 - - Renetal, 2026

GPE Solvent Casting 500 - - Sabir et al,, 2026

PVFP dan TPVFP Incorporation - - - Huetal, 2026
Fluoroether

LiPTAQ Sintesis 190.9 - - Kong et al,, 2026

3.2. Use of Polymers in Lithium Batteries

3.2.1. X-Ray Diffraction (XRD)
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Figure 5. XRD results of (@) Fe;0,, Fe;0,/rGO (Han et al., 2026), ® Li,~x/3Tis—2x/3Cry0;>
(Nasara et al., 2026), () Zn,-xCo,Fe,0, (Hussain et al., 2026), (9 pristine and doped SnO,, (Fe,
Co, Cu, Zn, Mn, Ni) (Liibke et al., 2017), (©) Nb,Os/LiFePO, (Tang et al., 2026), () PSC@S
(Almoguera et al., 2026), ® LiMn,0,/C/PVDF (Chen et al., 2026), ™ Fe,VO,/CNTs (Meng et
al,, 2026), O Si5;,@C (Pan et al., 2026), () Nay.g—xLixMngy.sFeq.3Cug.1Nig.1 02 (Krishnan et al.,
2026), ® FRNS-HC-1 (Guo et al., 2024), O N-doped carbon/SiOC (Monje et al., 2021), (m) N-
doped MoS; (Li et al,, 2019), ™ LCO (Zeng et al., 2026), (2 SPCFs (Jin et al., 2022), and )
synthesized LFP/C (Nekahi & Zaghib, 2020).



X-ray diffraction (XRD) data serve as an important parameter for validating the success of
mixing approaches such as synthesis, doping, and composite formation. In addition, XRD analysis is
essential for understanding crystallinity, crystal phases, purity, and crystallite size; therefore, it plays
a crucial role in material characterization.

Based on the literature data compiled in Figure 5 (a-p), most samples exhibit sharp diffraction
peaks, indicating a strong crystalline nature in lithium battery materials, both in electrodes and
electrolytes. However, this is not universal, as Figures 5 (k-o0) predominantly show amorphous
structures. The formation of crystalline or amorphous phases is strongly influenced by the applied
methods, such as synthesis, doping, and composite engineering. In addition, the elemental
composition of the base material also plays a significant role.

These structural characteristics are closely related to electrochemical performance. Considering
the ion transport processes during charge and discharge cycles, crystal structure becomes a key
factor governing ion mobility and their interaction with the electrode materials.

3.2.2. Morphology

"} C:

Figure 6. Morphological analysis based on SEM, EDX, and TEM data of @) Nb,05/LiFePO,
(Tang etal., 2026), -9 LFP/C synthesized via pH variation and hydrothermal synthesis
(Nekahi & Zaghib, 2026), (9 LiMn,0,/C/PVDF (Chen et al., 2026), (¢ Si5;o@C (Pan et al., 2026),
(0 N-doped carbon/SiOC (Monje et al., 2021), (©)Fe;0,4, Fe;0,/rGO (Han et al., 2026), ™
Nag.g—xLi,Mng.sFeq.3Cup.1Nig.1 02 (Krishnan et al., 2026), 0 FRNS-HC-1 (Guo et al,, 2024), ®
SPCFs (Jin et al., 2022), &) Fe,VO,/CNTs (Meng et al., 2026), ® N-doped carbon/SiOC (Monje
etal, 2021), ™ Li,—x/3Tis-2x/3Cry0,, (Nasara et al., 2026), ™ pristine and doped SnO,, (Fe,
Co, Cu, Zn, Mn, Ni) (Liibke et al., 2017), (© N-doped MoS; (Li et al., 2019), (») PSC@S
(Almoguera et al., 2026), (@ Zn,-xCo.Fe,0, (Hussain et al., 2026), ®) CMC-CS/LFP (Shen et al.,
2026), and © LiFeP0O,@LCO (Zeng et al., 2026).
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Graph 2. Relationship Between the Use of Non-Polymer Materials and @ Crystallite Size, (V)
Surface Area

Table 4. Relationship Between Non-Polymer Materials and Crystallinity and Surface Area
Results

Material Crystallite Size Sul;faf(le Area Reference

(nm) (m”g™)
PSC@S dan PSAC@S - 394 -1518 Almoguera et al,, 2026
Zn;_xCoxFe,04 (0 <x<0.2) 40.83 - 38.53 - Hussain et al., 2026
Sn02 Doping (Fe, Co, Cu, Zn, 6.8 95-102 Liibke et al, 2017
Mn, Ni)
N-MS - - Lietal, 2019
Lissx/3Tis-2x/3Crx012, x = 0.5 - - Nasara et al., 2026

N-doped carbon/SiOC 500 33-<5 Monje et al., 2021




Crystallite Size Surface Area

Material (nm) (m2g) Reference
SPCFs-800 - 281-244 Jinetal, 2022
FRNS-HC- 1:2 dan FRNS-AC-1:2 - 2602.630 - 2961.260 Guo etal, 2024
Nag.gLig.1Mng.4Feg.3Cug.qNig.102 9 nm - Krishnan et al., 2026
Fe304/rGO 9.7,9.2,8.7 - Han et al,, 2026
Fe2V04/CNTs 10-30 69.12 Meng et al, 2026
Si50@C - - Pan et al, 2026
Li1-xMn204/C/PVDF 300 - Chenetal, 2026
LiFePO, - 12.6-52.1 Nekahi & Zaghib 2026
Nb-doped LiFeP0,/C 200 - 400 - Tangetal,, 2026
LiCo02 dan LCO 250 56.6 -110.72 Zengetal, 2026
CMC-CS/LFP 50 - Shen etal,, 2026

The use of instrumentation such as SEM, TEM, and FESEM plays an important role in
understanding the effects of synthesis, doping, and composite formation on the resulting
morphology, including dimensions, porosity, and particle phase distribution. In Figures 6(a), (c), and
(d), the materials predominantly exhibit small granular spherical structures, with some particles
appearing elongated, compact, and polycrystalline. In contrast, Figures 6(p), (q), and (r) show
network-like structures resembling cotton-like morphologies.

Figure 6(0) displays microspherical structures with flower-like morphology, while Figures 6(j)
and (k) show wire- or needle-like structures that are interconnected and cross-linked. Figure 6(p)
exhibits a well-ordered macroporous structure (PSAC). When grouped based on mixing methods,
Figures 6(a), (h), (i), (j), (1), (m), (n), (o), and (q) correspond to morphologies obtained via doping
processes, where the resulting structures vary widely, including granular particles, fibrous networks,
flower-like fibers, solid rock-like formations, and sponge-like aggregates.

Meanwhile, Figures 6(b), (c), (d), (e), (), (g), (k), (p), (r), and (s) represent morphologies derived
from composite-based approaches, which include both granular and sponge-like structures. Figures
6(b) and (c) are specifically associated with synthesis-derived morphologies characterized by
granular particles. In particular, Figure 6(m) represents surface topography analysis obtained using
Atomic Force Microscopy (AFM), which reveals nanoscale surface roughness.

The morphological structures shown in Figures 6(a), (h), (i), (j), (1), (m), (n), (o), and (q) are
predominantly crystalline in nature, as also supported by the XRD results in Figure 5(b), (c), (d), (e),
(), (k), (1), and (o). A similar trend is observed for composite-based materials. The synergy between
porous structures (facilitating ion transport) and carbon or nanowire networks (facilitating electron
transport) is a key factor in enhancing reversible capacity and cycling stability in lithium battery
systems reported in this review.

3.2.3. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is a key technique for understanding charge
transport kinetics. In general, EIS spectra consist of a semicircular region (high-to-mid frequency
range) and an inclined line (low-frequency region). The ohmic resistance (Rs) is indicated by the
intercept of the curve with the real axis (Z') at the highest frequency.
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Figure 7. EIS resistance and capacity plots of @) Nb,05/LiFePO, (Tang et al., 2026), ()
LiFeP0,@LCO (Zeng et al., 2026), (I LiMn,0,/C/PVDF (Chen et al., 2026), (9 Si;,@C (Pan et
al,, 2026), (9 Fe,V0,/CNTs (Meng et al., 2026), () Nay.g—xLi,Mng.5Feo.3Cu.1Nig.1 0, (Krishnan
etal., 2026), ®Fe30,4, Fe30,/rGO (Han et al., 2026), (" CMC-CS/LFP (Shen et al., 2026), @
FRNS-HC-1 (Guo et al., 2024), ) SPCFs (Jin et al,, 2022), ® Li,—x/3Tis—-2x/3Cry0,, (Nasara et
al,, 2026), ® N-doped MoS;, (Li et al., 2019), (™ Zn,-xCo.Fe,0, (Hussain et al., 2026), and ™
PSC@S (Almoguera et al., 2026).

Table 5. Effect of Non-Polymer Materials on Solution Resistance (Rs) and Charge Transfer

Resistance (Rct) in Lithium Batteries

Material Rct(Q) Rs(Q) Referensi

PSC@S dan PSAC@S - - Almoguera et al,, 2026
Zn;_xCoxFe,04 (0 <x<0.2) - - Hussain et al., 2026
;r;‘olarrlr’l;gu dan Doping (Fe, Co, Cu, ) Liibke et al, 2017
N-MS 50.68 6.85 Lietal, 2019
Lig+x/3Ti5-2x/3Cry012, x = 0.5 5.52 - Nasara et al., 2026
N-doped carbon/SiOC - - Monje et al,, 2021
SPCFs-800 - 49.9 Jinetal., 2022
FRNS-HC- 1:2 dan FRNS-AC-1:2 - - Guo etal, 2024
Nay.gLig.1Mng.sFeq.3Cug.1Nig.1 02 - - Krishnan et al.,, 2026
Fe304/rGO 186 2.3 Han etal, 2026
Fe2V04/CNTs - - Mengetal,, 2026
Si50@C - - Pan et al, 2026
Li1-xMn204/C/PVDF - - Chen etal, 2026
LiFePO, - - Nekahi & Zaghib 2026
Nb-doped LiFeP0,/C 2.24 86.18 Tangetal., 2026
LiCo02 dan LCO - - Zeng et al,, 2026
CMC-CS/LFP 138 - Shen et al,, 2026




The EIS results in Figure 7(1) show a significant shift in the Rs values with variations in
temperature, where lower temperatures lead to an increase in electrolyte resistance. Charge transfer
resistance (Rct), represented by the diameter of the semicircle in the Nyquist plot, reflects the
resistance encountered by electrons crossing the electrode-electrolyte interface.

In Figures 7(e) and 7(f), the addition of CNTs or modifications in NLM significantly reduces the
semicircle diameter compared to the pristine materials. This indicates improved electrical
conductivity and faster redox kinetics. Nearly all panels in Figure 7(a), (b), (c), (g), (j), (1), and (m)
include an equivalent electrical circuit (EEC) inset used for fitting the experimental impedance data.

3.2.4. Cyclic Voltammetry (CV)

Cyclic Voltammetry (CV) characterization is widely used to analyze redox reactions,
electrochemical reversibility, and charge-transfer kinetics in energy storage systems. Based on the
current-potential profiles in Figure 8(a-n), several observations can be made. Most materials exhibit
well-defined anodic (oxidation) and cathodic (reduction) peaks, indicating the presence of Faradaic
reactions.

In Figures 8(a), (f), and (1), sharp peaks are observed in the first cycle, which subsequently shift
or decrease in intensity in later cycles, indicating lithiation and delithiation processes. Structural
stability during cycling can be evaluated through the overlap of CV curves across different cycles.

Figures 8(a) and 8(f) show nearly overlapping CV curves between the second and third cycles,
indicating excellent electrochemical reversibility and strong structural stability during lithium-ion
intercalation and deintercalation processes.

Furthermore, Figure 8(i) demonstrates that doping SnO, with various transition metals (Fe, Co,

Cu, Zn, Mn, Ni) alters the area under the CV curve, which is directly correlated with the resulting
charge storage capacity.

Corrent (mA)

Current(mA)
k2 b e
N @

—

N

|

Current density (A"

;\\‘f

Current(mA)

Potential va LLI* (V)

m n
Figure 8. Redox reaction kinetics, reaction mechanism, and potential window from CV data
of @Zn,;-xCo,Fe,0, (Hussain et al,, 2026), ®) LiFePO,@LCO (Zeng et al., 2026), () PSC@S
(Almoguera et al., 2026), (9 LiMn,0,/C/PVDF (Chen et al., 2026), () Si;,@C (Pan et al., 2026),
(0 Fe,VO,/CNTs (Meng et al., 2026), (8) FRNS-HC-1 (Guo et al., 2024), (W SPCFs (Jin et al.,
2022), @ Fe304, Fe30,/rGO (Han et al., 2026), () synthesized LFP/C (Nekahi & Zaghib, 2020),
() Li,—x/3Tis-2x/3Cry0,, (Nasara et al., 2026), O pristine and doped SnO,, (Fe, Co, Cu, Zn,
Mn, Ni) (Liibke et al., 2017), ) CMC-CS/LFP (Shen et al., 2026), and (W Nb,05/LiFePO, (Tang
etal,, 2026).



The effect of scan rate variation from low to high, as shown in Figures 8(c), 8(d), 8(g), and 8(m),
provides insight into ion-transport kinetics. Peak shifting behavior is observed, where increasing
scan rates cause the anodic peaks to shift toward more positive potentials, while cathodic peaks shift
toward more negative potentials. This behavior indicates increased polarization at higher scan rates.

In addition, pseudocapacitive contributions are evident. As shown in Figure 8(g), the CV curves
largely maintain their shape even at a high scan rate of 50 mV s™%, indicating significant surface-
controlled charge storage (pseudocapacitance). This behavior enables excellent high-rate
performance due to rapid and reversible charge storage mechanisms.

3.2.5. Methods

Table 4 and Graph 4 confirm the effectiveness of various methods such as composite
engineering, doping, and synthesis. For non-polymer materials, the highest specific capacity is
achieved through composite-based approaches, highlighting their effectiveness in improving energy-
storage performance.

However, Graph 4 also indicates that relatively high specific capacities are more frequently
observed in doping-based approaches compared with composite-based methods. It is important to
emphasize that, based on this literature review, the performance outcomes of composites and doping
strategies are not universally conclusive.

In other words, when the same material system is modified using different methods, doping
does not necessarily outperform composites in terms of specific capacity, and vice versa. Therefore,
the superiority of a given method is highly dependent on material composition, synthesis conditions,
and system-specific interactions rather than the method itself alone.

4. Conclusion

In this study, a comparison has been conducted between the use of polymers and mixed/non-
polymer materials (synthesis, doping, and composite systems) in lithium battery applications. From
the characterization results, X-ray diffraction (XRD) indicates that polymeric materials tend to form
amorphous structures. In particular, LIPTAQ, PVFP, and TPVFP are polymer materials that exhibit
crystalline characteristics. In contrast, non-polymer materials or element-based systems prepared
through mixing methods (synthesis, doping, and composites) generally show predominantly
crystalline XRD patterns, as evidenced by sharp diffraction peaks rather than amorphous features, as
observed in materials such as FRNS-HC-1, N-doped carbon/SiOC, N-doped MoS,, LCO, and SPCFs.

On the other hand, morphological characterization using SEM, TEM, and EDX reveals similarities
between polymer and non-polymer systems. Both systems exhibit comparable morphological
features, including small granular structures, fibrous networks, flower-like aggregates, large
granules, rock-like particles, sponge-like porous structures, dense porous frameworks, and other
similar morphologies. This confirms that morphological characteristics are not exclusively
dependent on whether the material is polymeric or non-polymeric.

Electrochemical results further indicate that polymer-based materials achieve the highest
specific capacity, reaching up to 2237 mAh g™, followed by 500 mAh g%, and then a range of 190-
130 mAh g™, In comparison, non-polymer materials do not exhibit the highest specific capacity
values. However, their average performance remains relatively high, ranging from 125 to 1000 mAh
g™, This suggests that non-polymer materials are, on average, more effective in providing stable and
substantial improvements in lithium battery performance.
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Figure 3. Relationship between the use of non-polymer materials and solution resistance

(Rs) and charge transfer resistance (Rct) in lithium batteries.
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