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A B S T R A C T   

Solid-state lithium-ion batteries with composite polymer electrolytes are considered to be one of the most 
apparent technology to lead in the world of batteries. The primary upside of such batteries is their addressed 
safety issues followed by good flexibility along with mechanical strength and improved interfacial conditions. 
Among various polymers, poly (vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) has exhibited to be po
tential enough to easily dissociate lithium salts as it is enriched with strong electron withdrawing groups. Along 
the years, researchers have introduced various methods by which the ionic conductivity and the overall per
formance have effectively improved. Hence, in this review we briefly discuss the recent progress and major 
contributions of several passive and active fillers in composite polymer electrolytes (CPEs) and how they 
consequently impact the overall cell performance. The unique mechanisms as well as effects of fillers with respect 
to their dimension, optimal quantity and type and how they can overcome the limitations of conventional solid 
polymer electrolytes (SPEs) are detailed here. Mostly the factors affecting the ionic conductivity and overall cell 
performance in PVDF-HFP based CPEs are intensively reviewed. Finally, we evaluated the improvisions made to 
diminish the electrode-electrolyte interfacial resistance which contributes a major role in all solid-state batteries.   

1. Introduction 

Currently energy demand exponentially increases due to pronounced 
growth of industries, huge hike in fossil fuel utilization for trans
portation, increasing human population, extensive usage of modern 
electronic gadgets, etc. At this stage, there is no feasible way to actually 
decline the consumption of energy, rather we should focus on how to 
effectively use the energy that is generated or the energy which is 
available on the Earth’s crust and is viable for use of humans [1,2]. 
Major efforts are aimed at development of energy storage devices such 
as supercapacitors and batteries to effectively hold the energy that is 
generated for future use. The relying on the use of renewable energy is 
not a solution to this abruptly increasing energy demand as it is reported 
that the global consumption of renewable energy will reach 247 EJ by 
2050 [3] as the renewable energy is geological region specific as well as 
time specific and cannot be harvested equally throughout all regions. 
Thereby, the sole effective way of moving forward is to store the energy 

generated in potent and highly efficient energy storage devices [4]. 
Lithium-ion batteries (LIBs) have been ruling the market over three 
decades since Sony and Asahi Kasei first commercially marketed it in 
1991 [5]. Ever since, it has made an accelerated growth in the devel
opment of its electrode materials as well as its electrolytes. Till date, a 
conventionally commercial LIB comprises of an anode at the left ter
minal where oxidation (insertion of Li+) takes place along with a cath
ode at the right terminal where reduction (re-insertion of Li+) takes 
place along with a separator in between accompanied with an organic 
electrolyte containing Li+ conducting salts [6,7]. It has been ruling the 
market since three decades as it is utilized in electronic gadgets, con
sumer electronic appliances, electric vehicles, etc., due to its superior 
voltage and high capacity leading to high energy densities [8]. The 
major drawback of such batteries is the safety concern that holds them 
back to a certain extent despite of the excellent wettability on the 
electrode surface and fulfilling ionic conductivity on a commercial level 
[9]. To dig into the problems of major accidents caused by the liquid 
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electrolyte-based LIB due to buildup of heat leading to explosions or 
electrolyte leakage due to the volume consumed by it, the development 
of solid-state batteries has become a word of change here [10]. The 
usage of lithium metal as the anode in the conventional batteries is 
hindered as lithium metal is prone to form dendrites in the liquid elec
trolytes leading to detrimental effects which thereby restricts the energy 
density to slide up [12]. In a solid-state battery, the volume advantage is 
one factor that is addressed along with the prime concerns of flamma
bility and dendrite formation which are effectively being rectified [13]. 
Nevertheless, the issues of interfacial resistance and moderately low 
ionic conductivity at room temperature hinder them in implementing 
for the commercial market [14]. Looking at the upside, the solid-state 
batteries have better thermal as well as mechanical stability and also a 
steady conduction of lithium ion for unvaried deposition on the anode, 
leading it to achieve increased stability during long cycling of the 
desired cell [15]. Fig. 1 depicts the schematic representation of the 
evolved LIBs over extensive research to achieve higher energy density. 
Solely, the solid-state batteries are of different kinds using mainly three 
types of solid electrolytes i.e., inorganic or ceramic solid electrolytes 
(ISEs), solid polymer electrolytes (SPEs) and composite polymer elec
trolytes (CPEs) [16]. Inorganic solid electrolytes are purely crystalline in 
nature and tend to have high interfacial resistance due to irregular 
electrode surfaces and lack of contact between electrolyte and electrode. 
As they are mechanically rigid, they can withstand the dendrites of 
metallic lithium. On the other hand, SPEs are made of polymers or 
polymer blends or crosslinking along with easily dissociable lithium 
salts. They are mostly not functional at room temperature due to lack of 
acceptable ionic conductivity range. It is to be noted that due to flexi
bility of polymers they have lower interfacial resistance but cannot 
withstand the puncture of lithium metal dendrites due to insufficient 
mechanical strength [17]. Also, the tapered stable electrochemical 
window and lower lithium-ion transference number than the ceramic 
solid electrolyte hinders its practical acceptance. Therefore, after quite 
research advancement, CPEs have come in the way which comprises of 
both the above-mentioned electrolytes to achieve better cell perfor
mance [18]. In comparison to the liquid electrolytes, there is still a 
shortfall on the ionic conductivity of the CPE with improved safety 
concern, weight as well as large volume decrease. The CPEs can be used 
not only in lithium-ion batteries but also in all battery systems that use 

lithium metal as an electrode like Li–S, Li–O2, Li–Se, Li–CO2 batteries 
because lithium metal is capable of offering a very high theoretical ca
pacity of 3860 mA h g− 1 and electrochemical potential as low as − 3.04 V 
vs SHE, and also light weight as its atomic mass is 6.941 amu [19–22]. 
Diving into the literature of the various solid-state electrolytes, ISE 
possess a purely robust nature of its own and are highly compatible with 
cathodes of high voltages to give enhanced energy densities [23]. They 
are broadly classified into oxide-based electrolytes and sulfide-based 
electrolytes. Oxide-based electrolytes such as garnet-type, per
ovskite-type, NASICON-type oxides, etc are widely explored [24–26]. 
They impart a moderate range of ionic conductivity in between those of 
sulfides and solid polymer electrolytes and are the most compatible with 
lithium metal at the interface having high mechanical and electro
chemical stability towards Li [27]. Unfortunately, oxides are more on 
the brittle end as compared to sulfide-based ceramic electrolytes reason 
being their volume change giving rise to cracks on the surface upon 
cycling [28]. The sulfide-based electrolytes such as thio-LISICON or 
argyrodites, have the highest ionic conductivity of all, almost equivalent 
to liquid electrolytes but they tend to react with lithium metal enhancing 
the instability at the interface [29]. On the other hand, they are stable 
enough to counteract lithium dendrite formation and possess lower 
interfacial resistance. However, the commercialization of the solid-state 
batteries over liquid LIBs is still a challenge due to their insufficient 
contact between electrode/electrolyte interface and high processing 
temperature [30]. In comparison, the SPEs typically use polymers such 
as polyethylene oxide (PEO), poly(methyl methacrylate) (PMMA), poly 
(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP), poly
acrylonitrile (PAN) etc. specifically having polar groups to dissociate the 
lithium salts to generate more mobile Li+ in the cell which thereby 
improves the lithium transference number [31–33]. Nonetheless, the 
SPEs alone suffer from low ionic conductivity and poor voltage endur
ance. Specifically, efforts have been made to enhance the ionic con
ductivity of the SPEs up to 10− 3 S cm− 1 or higher at room temperature 
by adding plasticizers, ionic liquids or solvents into the electrolytes 
which takes a toll on the stable electrolyte by compromising its me
chanical strength and interface stability [34]. Such polymer electrolytes 
with liquid plasticizers or solvents added are known as gel polymer 
electrolytes (GPEs). Thus, CPEs build a bridge through the disparity 
between ISEs and SPEs. There are typically two variations of filler used 
being passive fillers and active fillers and they are also called solid 
plasticizers [35]. Inert fillers mainly consist of metal oxides like TiO2, 
Al2O3, BaTiO3, etc. or porous fillers which are 
MOF-based/carbon-based/clay-based fillers like graphene oxide, 
montmorillonite (MMT), etc. [36–40] These filler materials do not 
inherently possess mobile ion transport abilities but accelerates ion 
conduction by Lewis acid-base interactions and creating a pathway for 
free lithium ions to propagate through the polymer matrix [41]. In 
contrast, ISEs like Li7La3Zr2O12 (LLZO), Li3xLa(2/3− x)TiO3 (LLTO), 
Li10GeP2S12 (LGPS), etc. are used as active fillers [42–44]. They intro
duce more free lithium ions in the system which creates steady ion 
channels or networks making the energy barrier of ion transportation 
low. Predominantly, in solid-state lithium-ion batteries LiFePO4 has 
been shown to be a favourable cathode material due to its moderate 
working voltage (3.5 V vs. Li/Li+), moderate capacity (170 mA h g− 1), 
flat voltage plateau, available material supply, low material cost, and 
acceptable environmental compatibility. The polymer electrolytes have 
an initial decomposition voltage of 3.9 V (vs Li/Li+), and a phosphate 
cathode is more compatible with its low oxidation window. Thus, the 
flexibility and lower interfacial resistance of the SPEs and higher con
ductivity as well as mechanical strength to withstand lithium punctures 
are merged in one. 

In this review, we focus on one particular polymer that is PVDF-HFP 
and explore into the work that has been done towards all solid-state 
lithium-ion battery (ASSB) and possibilities of future works as well. 
The PVDF-HFP is generally acquired by copolymerization of vinylidene 
difluoride (VDF) and hexafluoropropylene (HFP) [45]. It is well-known 

Fig. 1. Schematic representation of the existing lithium-ion batteries on basis 
of various electrolytes. Adapted with permission from ref. [11]. 
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as a copolymer of polyvinylidene difluoride (PVDF) which is incorpo
rated with strong electron withdrawing group like (-CF3) which en
hances the extent of attracting the lithium ion from its anion in the salts 
and easily dissociates them due to its high dielectric constant (ϵ = 8.4) 
[46]. The PVDF-HFP is composed of two phases: the crystalline phase 
serves as a mechanical support for the polymer electrolyte, while the 
amorphous component of the polymer aids in increased ionic conduc
tion. Higher amorphicity would result from steric hindrance provided by 
the CF3 pendant group in HFP monomers that are randomly mixed with 
VDF monomers. In addition, the PVDF-HFP contains fluorine having 
strong electricity absorption and cannot be readily oxidized by 
high-voltage cathodes, it can be employed as an electrolyte with 
high-voltage cathodes. Hence, these distinct properties make PVDF-HFP 
superior to rest of the polymers. The PVDF-HFP also demonstrates 
proper compatibility toward lithium metal, good miscibility for lithium 
salts and low glass transition temperature of − 90 ◦C [47,48]. Therefore, 
the PVDF-HFP contains more amorphous domains which can effectively 
trap more lithium ions. Currently the sole SPEs made of the PVDF-HFP 
have an ionic conductivity in the range of 10− 4 - 10− 6 S cm− 1 at room 
temperature which is quite low that can be increased drastically with the 
help of fillers [35,49]. Here, we aim to highlight all the CPEs established 
based on the PVDF-HFP as the polymer base with various fillers and 
discuss their fundamental interaction mechanisms including their per
formance in the cell and electrochemical stability during long cycling. 
Specifically, the contributions of the fillers on the anode and cathode 
electrolyte interfaces towards high conductivity, stability, high capacity, 
etc. are summed up. Finally, some future propositions for the develop
ment of CPEs for practical use in ASSB are reviewed. 

2. PVDF-HFP polymer used as solid polymer electrolytes (SPE) 

The primary requirement of the polymer used as electrolyte is its 
ability to dissociate the lithium salts into its counterparts i.e., the Li+

ions and its corresponding anions. This dissociation of the salt gives rise 
to a greater number of mobile Li+ leading to improvement in the ionic 
conduction. The presence of a greater number of polar groups like C––O, 
C–F, -N-, C––N, -O-, etc. in the polymers facilitates the desired process as 
reported by Zhou et al. [50–52] The dissociated lithium ions interact 
with the polar groups of the polymer and form polymer-salt complexes 
which establishes the segmental motion of the ion conduction in the 
polymers. The lithium ion hops from one coordination site formed by the 
polar groups in the chain of polymer to another coordination-site. This 
hopping mechanism and its dependence on the temperature can be 
explained by two predominant popular theories: the Arrhenius theory 
and the Vogel-Tamman-Fulcher (VTF) theory [53,54]. Materials which 
show linear variations in Arrhenius plots (σ vs 1/T) are indicative of 
straightforward hopping mechanism involved in the ion conduction 
whereas materials depicting non-linearity in the plot is suggestive of ion 
hopping along with contribution of segmental motion of the polymeric 
chains, both being coupled together [55]. However, ideally to ease and 
enhance the dissociation process of the salt, the polymer host should 
possess a certainly high dielectric constant whereas the salt should have 
lattice energy as low as possible to bring about the essential segmental 
motion in the polymer host further improving ion conductivity. It is 
generally seen that the ion conduction in the polymers take place only in 
the amorphous region and not the crystalline region. Here, the glass 
transition temperature of the polymer plays a major role below which 
the polymer becomes brittle and crystalline [56]. It is therefore 
preferred for the polymers to have glass transition temperature as low as 
possible so the working temperature range of the polymer is stretched 
wider. 

The PVDF-HFP is widely attracting attention as a polymer that has 
lower degree of crystallinity as well as low glass transition temperature 
of − 62 ◦C [57]. In addition, it has good thermal stability and also shows 
good solvent resistance with high polarity due to –CF3 groups from the 
HFP monomer present in it. The higher amorphicity is due to the random 

combination of the VDF and the HFP monomers which introduce more 
irregularity among the polymer chains [58]. The acquired domains of 
the irregularities in the PVDF-HFP are otherwise crystalline in the PVDF 
making it semi-crystalline, providing less free volume for the ions, thus 
leading to poor conductivity [59]. It is believed that the crystalline part 
of the PVDF units cater to the mechanical strength of the matrix whereas 
the HFP units contribute towards the amorphicity [60]. The PVDF-HFP 
is hydrophobic due to the fluorine content of the HFP groups with a 
comparatively lower degree of crystallinity than the PVDF with high 
mechanical strength and flexibility, also having high polarity due to the 
presence of strong electron withdrawing groups [61,62]. Lithium salts 
are readily dissolvable in the PVDF-HFP matrix making it a strong 
candidate for the SPEs. The matrix has enhanced donor number for 
lithium ions due to the presence of the –CF and –CF3 units which ascends 
the transport of ions from one chain to another either by intrachain or 
interchain segmental motion with breaking and forming of Li + bond to 
polar groups of the polymer matrix. Fig. 2 illustrates the lithium-ion 
conduction in the PVDF-HFP based CPEs. The ratio of the functional 
groups present in the polymer matrix to the lithium salts dissociated 
determines the ionic conductivity in the system. The molecular weight 
of the polymer matrix plays a vital role in long-range transport of the 
lithium ions through either of intrachain or interchain. This transfer is 
disrupted when molecular weight of the polymers is low, meaning the 
length of each polymer chain is not long enough for effective displace
ment of ions (segmental motions). The molecular weight of the 
PVDF-HFP is around 4,00,000 g mol− 1 which makes it suitable for use in 
the solid polymer electrolytes [63]. 

Nevertheless, at room temperature finite the Li ion transport takes 
place and thus the ionic conductivity of the PVDF-HFP is restricted and 
does not meet the practical values during charging and discharging of 
the cells. However, finite Li ion transport is due to the higher degree of 
the crystallinity despite of the high dielectric constant (ϵ = 8.4) of the 
matrix. To counteract this problem, crosslinking or blending of the 
polymers is done which slightly improves the ionic conductivity by 
forming more amorphous phase as ion conduction only appears in the 
amorphous regions of the PVDF-HFP. It is believed that the free volume 
in the polymer matrix increases where the diffusing ions can be situated 
by the above-mentioned means of blending of polymers, etc. and also the 
degree of crystallinity decreases slightly more that the PVDF-HFP matrix 
itself [64]. Thus, adjustment of the crystallinity plays the most vital role 

Fig. 2. Illustration of lithium ion conduction in PVDF-HFP polymer matrix 
in CPEs. 
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in ionic conductivity. Das et al., reported that the crystallinity of the 
polymers can be altered and adjusted by blending of polymers along 
with suitable percentage of plasticizer. They obtained an extremely 
amorphous phase at 30 % of ethylene carbonate (EC) along with a blend 
of PEO and the PVDF-HFP, and appropriate amount of LiClO4 as the salt. 
Even, the ionic conductivity is seen to peak at 30 % of EC with 3.44 ×
10− 6 S cm− 1 at room temperature [65]. Subramania et al., have obtained 
polymer blend films of PAN and the PVDF-HFP polymers via phase 
inversion method and reported an ionic conductivity as high as 3.41 ×
10− 3 S cm− 1 at 25 ◦C [66]. At C/10 rate, the cell exhibited a discharge 
capacity of 135 mAh g− 1. Consequently, there is also an increase in 
transference number seen in the polymer blend as compared to the PAN 
or the PVDF-HFP alone. A polymer blended membrane of PVDF-HFP and 
PMMA with carboxymethyl cellulose (CMC) coating was studied by Guo 
et al. [67] It was observed that the introduction of surface coating could 
increase the ion migration by providing favourable wettability and 
enhance segmental movements of the polymer chains by reducing the 
crystallinity. The ionic conductivity could reach up to 4.388 × 10− 3 S 
cm− 1 at room temperature indicating the practical prospect of the 
blended polymers. The cell with CMC exhibited a higher initial 
discharge capacity of 162.5 mAh g− 1 at 0.2 C-rate due to the enhanced 
Li+ absorption rates. Therefore, the alteration of the degree of crystal
linity and introduction of further amorphicity are researched on by 
plasticizing, copolymerization, blending of polymers, etc. [68] By 
impregnating electrolyte-affinitive poly(vinylidenefluoride-co- 
hexafluoropropylene) into ultra-light ~3 μm 3D-polytetrafluoroethy
lene scaffold, D. Chen et al. designed an ultraporous architecture to 
shorten Li + transfer pathways. Using LiFePO4 as cathode, the electrolyte 
delivers a capacity of 118 mA h g− 1 with an unmatched capacity 
retention of 90 % after 1000 cycles at 2C [69]. In spite of the above, due 
to the use of plasticizers there is a compromise on the mechanical 
strength of the polymer membrane which in turn do not suppress the 
lithium dendrite formation on the anode-electrolyte interphase. As a 
consequence, to improve the ionic conductivity at room temperature as 
well as the mechanical strength of the polymer electrolyte inhibiting 
punctures of lithium dendrites, various kinds of “fillers” also widely 
known as solid plasticizers are introduced into the system. These fillers 
also improve the overall electrochemical stability and are widely known 
as composite polymer electrolytes. They are viewed as a significant 
technique for boosting the PVDF-HFP-based polymer electrolytes in the 
future, as it can integrate the benefits of both the fillers and the polymer 
matrix. 

3. PVDF-HFP polymer used as composite polymer electrolytes 
(CPEs) 

It is observed that, in comparison to SPEs, CPEs have a much lower 
degree of crystallinity as well as better physical and electrochemical 
stability due to the lower glass transition temperature. In the presence of 
the fillers, the orderly arrangement of the crystalline regions of the 
polymer matrix is disrupted which enhances the ionic conductivity as 
the ion conduction takes place only in the amorphous spaces of the 
polymer electrolytes [70]. The decrease in the glass transition temper
ature is facilitated by the presence of the fillers as they extend the 
amorphization and aid in Li+ ion movement in the polymer chains. They 
also play a role in prevention of stacking large spherulites one after 
another as they create a barrier that hinders the smooth movement of 
lithium ions [71]. Thus, the fillers inserted into the matrix reduce the 
size of spherulites and increase the amorphous phase and ease the 
lithium ions to diffuse by making a smooth pathway. Furthermore, the 
ion transport pathway created due to the fillers promotes swift transfer 
of lithium ions in the major portion of the composite electrolyte as well 
as the electrode/electrolyte interface thereby enhances the electro
chemical performance due to decrease in the interfacial resistance. 
Primarily, the uniform dispersion of the inert fillers was widely 
researched on. In these kinds of materials, no active lithium ion was 

introduced into the electrolyte through the fillers where, metal oxides 
such as TiO2, SiO2, etc was incorporated and thus are called inert i.e., 
inert with respect to lithium ions [72,73]. Further, they contribute 
mainly in inhibiting the degree of crystallinity and in improving the 
movement ability of the PVDF-HFP segments. There are essentially four 
different kinds of inert fillers on the basis of what class of the materials 
they belong to for the fabrication of the PVDF-HFP made CPEs. They are 
namely ceramic (inert), ferroelectric ceramic, porous clusters, 
carbon-based materials or clays [74]. These fillers on their own do not 
have the ability to transfer lithium ions but they can create a more 
favourable environment for the hopping of Li+ ions to take place. The 
physical and chemical interactions between the polymer and the filler 
are vital for achieving consequences like reduction in the degree of 
crystallinity and gaining more free volume in the bulk of the polymer, 
and also the effect of spherulites becoming smaller is a physical conse
quence. However, the chemical interaction involves the formation of 
Lewis acid-base interaction on the surface of the filler where lithium ion 
acts as the Lewis acid and interacts with the groups on the filler surfaces 
[75]. These interactions along with various other interactions like 
spontaneous polarization, osmotic behaviour, etc. thus increase the 
overall performance of the PVDF-HFP based polymer electrolytes. 

3.1. Influence of various dimension fillers in PVDF-HFP based CPEs 

The effect of size and morphology of the fillers on the ionic con
duction principally stems from how it affects the ion transportation 
routes. Fig. 3 displays the structural representation of different fillers 
used in the PVDF-HFP based CPEs. Initially, researches focused on 
inorganic nanoparticle fillers without much concentration on the 
morphology which led to disconnected and short ion transfer routes. 
However, inorganic fillers possessing a high dimension aspect ratio can 
facilitate the formation of elongated and connected pathways for ion 
transfer, thus enhancing the Lithium-ion conductivity. So, with respect 
to morphology, fillers in the PVDF-HFP matrix can be classified into 
zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D) 
and three-dimensional (3D) material structures as shown in Fig. 4. 

The synthesis of 0D fillers is the easiest and the simplest, and various 
morphologies of such nanofillers can be achieved via different synthesis 
methods like sol-gel, hydrothermal, solution combustion, precipitation, 
etc. These synthesis routes are followed usually in the preparation of 
metal oxides or ferroelectric ceramic materials along with inorganic 
electrolyte active materials. The performance of the CPEs is exhibited 
based on the size or amount of the fillers used as well. If too much weight 
percentage of the filler was used with respect to the PVDF-HFP amount, 
that eventually led to agglomeration along with formation of more 
neutral ion pairs which do not allow the smooth transfer of lithium ions 
by blocking their transmission routes [77]. So, the right amount of the 
filler should be used to achieve the highest Li+ ionic conductivity along 
with the expected mechanical strength improvement and decrease in the 
degree of the crystallinity. It is observed that for most cases at lower to 
moderate amount of the filler, the polymer-filler interaction is the most 
efficient. Tian et al. studied the influence of micro sized (Fig. 5(b)) and 
nano sized particles of niobium (V) oxide (Fig. 5(a)) in PVDF-HFP matrix 
and concluded that nanoparticles of Nb2O5 dispersed more uniformly in 
the polymer-salt mixture, and could be tape casted without agglomer
ation of the nanoparticles whereas, the micro particles of Nb2O5 showed 
a tendency towards agglomeration hindering the mobility of lithium 
ions [76]. Fig. 5(c and d) depicts the nano-CPE could cycle for over 200 h 
with a lower overpotential in comparison to the micro-CPE which un
derwent short circuiting after 80 h of cycling at current density 0.5 mA 
cm− 2. 

1D fillers typically comprises of nanofibers or nanotubes morphology 
which are generated from 0D particles by being subjected to electro
spinning after being dissolved in a solvent along with a highly conduc
tive polymer [78]. They usually extend towards one direction in a 
continuous path which is beneficial for the ion migration as well. These 
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nanofibers or nanotubes can be classified on the basis of their orienta
tion (random or aligned arrangements) as they have a major influence 
on the mechanism of the electrolyte. When the fillers possess a vertically 
aligned orientation, the lithium ion can transport with ease through the 
interfaces of the filler and the polymer matrix continuously which is also 
determined by the regularity of the active sites on the fillers whereas, 
when the orientation is random then, this pathway of ions through one 
nanotube for instance is hindered by another nanotube as they are 
distributed irregularly. Thus, linear arrangement of fillers can be ad
vantageous in producing uninterrupted ion pathway across the bulk of 
the CPEs, leading to superior ionic conductivity. Wang et al., investi
gated the influence of homogeneously dispersed Li6.25Ga0.25La3Zr2O12 
(Ga-LLZO) nanofibers in PVDF-HFP matrix. It was observed that the CPE 
containing the Ga-LLZO nanofiber was electrochemically more stable as 
the crystallinity of the matrix was reduced and they provided continuous 
lithium-ion transport channels to rise up the ionic conductivity to 8.94 
× 10− 4 S cm− 1 at 15 wt % [79]. The specific capacity of the full cell with 
LiFePO4 (LFP) showed a specific capacity of 131 mAh g− 1 at 0.1 C-rate 
along with 98.7 % coulombic efficiency (CE) and recovery capacity as 
the rate was decreased to 0.1 C-rate from 2 C-rate. Nevertheless, aligned 
arrangements of nanofibers have not been explored with PVDF-HFP 
polymer matrix as host. Liu et al. reported the effect of a vertically 
aligned Li0.33La0.557TiO3 (LLTO) particles framework through ice tem
plating method in PEO matrix in comparison to LLTO particles prepared 
from mechanical mixing [80]. It is observed that due to the change in 
orientation of the filler particles the ionic conductivity increases by 2.4 
times suggesting that the uninterrupted vertical networks allow efficient 

transport of Li+ ions. Further, to construct these uninterrupted con
ducting pathways even 2D sheet like (nanosheets) materials as fillers are 
explored in the PVDF-HFP host. Luo et al., prepared a 2D holey silica 
nanosheet (HSN) and incorporated it as filler in a PEO/PVDF-HFP 
blended polymer matrix. This filler could generate supplementary 
channels and decline the crystallinity thereby aiding ion conduction 
[81]. The presence of 2D-HSN exhibited a high Li+ transference number 
of 0.34 as it enriched the ion migration environment and boosted ion 
transfer. The full cell with LFP as cathode delivered a high specific ca
pacity of 159 mAh g− 1 along with 95.5 % retention in capacity after 200 
stable cycles. 

In contrast to 1D or 2D materials, 3D material fillers have a more 
complicated structure comprising of various types like having highly 
porous surface or array like structures bundled together or a fully 
formed network-like structure. These 3D structures of the filler phase are 
generally acquired by adopting methods like hydrogel technology, high 
temperature annealing, etc. through which the lithium ions can pene
trate and transport with ease. Thus, by applying a methodological 
approach towards the composition and structure of the filler, a robust 
and conducting interface can be attained. Yao et al., introduced nano
porous UiO-66 MOF in a PVDF-HFP polymer matrix which could expand 
the amorphous phases of the polymer and make the dissociation of the 
lithium salt more favourable along with the well-defined conductive 
channels located in, and along the filler itself can exhibit superior 
electrochemical performance of stable overpotential with no drastic 
polarization during 3500 h cycling at 0.2 mA cm− 2. Ionic conductivity of 
1.1 mS cm− 1 at 30 ◦C was attained due to enhanced movement of ions 

Fig. 3. Structural representation of various fillers used in PVDF-HFP based CPEs.  
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through the interfaces [82]. So, the mechanism through which ions are 
transporting through polymer matrices depends on the morphology, size 
and structure of the fillers used. 

In summary, the range of fillers and composite techniques used in the 
PVDF-HFP-based CPEs results in a highly complex lithium-ion transport 
mechanism. This indicates that the composition approach with fillers 
and the architectures of the CPEs have a significant influence on the 
transport mechanism of lithium ions. Accordingly, rational composition 
and structural design can result in CPEs with strong ion conductivity and 

a stable interface, leading to stable and high discharge capacity. 

3.2. Passive fillers used in PVDF-HFP matrix 

3.2.1. Inert ceramic fillers with PVDF-HFP matrix 
The incorporation of ceramic fillers into polymer matrix was first 

studied in the 1980’s. Wieczorek et al., investigated the effect of ceramic 
alumina (Al2O3) particles on the flexible polymeric films in various 
weight proportions with respect to polymer as well as their grain sizes. 
Conductivity of about 10− 5 S cm− 1 was achieved at 30 ◦C at 10 wt% of 2 
μm particle size of Al2O3. It was well established that the particle size 
played a major role in the diffusion of more mobile ions in 2 μm as 
compared to 4 μm particle size of Al2O3, the conductivity did not show 
any difference in comparison to the electrolyte without filler particles 
[83]. Similarly, various metal oxides and metal sulphides have been 
explored to elevate the ionic conductivity as well as add to the me
chanical strength of the polymer electrolyte. They are predominantly in 
the particle size range of few micrometers or nanometers. Kumar et al., 
studied the upshot of using TiO2 nanorods in place of submicron sized 
TiO2 particles on the dispersion of filler and the porosity of the films. The 
ionic conductivity calculated using complex impedance measurements 
was found to be as high as 1.11 × 10− 2 S cm− 1 for the TiO2 nanorods 
whereas for the submicron-sized TiO2, the ionic conductivity was lower 
irrespective of the weight content of the filler used due to bigger particle 
size of the filler. Along with this, the rod-like morphology of crystalline 
TiO2 enhanced the tensile strength up to 50 % [84]. Thus, the inclusion 
of the rod-shaped filler particles facilitated the smooth transfer of side 
chain dipoles within the PVDF-HFP polymer matrix. For a particular 
volume fraction, the tendency to diminish the interaction of the polymer 
host with the lithium metal is higher for micron-sized particles as they 
cover more area leading to obstruction in the passivation process. 
Agglomeration after a certain percentage of filler lead to the formation 
of an insulating layer at the interface causing increased impedance. On a 
whole, the properties of a superior CPE are not linearly dependent on 
one factor but can be controlled by variations in the filler type, size, 
structure, morphology as well as surface area i.e., porosity, weight 

Fig. 5. Schematics of the mechanism of (a) nano-CPE, (b) micro CPE for Li+ transportation and (c) Lithium stripping-plating profiles of SPE, nano and micro CPE at 
0.5 mA cm− 2. Adapted with permission from ref. [76]. 

Fig. 4. Schematic illustration of various dimensional fillers used in PVDF-HFP 
based CPEs. 
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percentage, etc. The prime mechanism involved in this case is the for
mation of Lewis acid-base interactions between the filler surface and the 
anions of the salt [85]. The surface of the inert oxide fillers acts as Lewis 
acid and the counter anions of the lithium salts act as the corresponding 
Lewis base as they donate their electron pair. This interaction can be 
further accelerated and strengthened by introducing positively charged 
oxygen vacancies on the filler surface bringing about an enlarged release 
of mobile lithium ions which further amplifies the ionic conductivity. 
These mobile lithium ions will then be dispersed and transferred 
through hopping and segmental motions in the bulk of the polymer. The 
lone pairs of fluorine groups in the PVDF-HFP attract them and facilitate 
easy transport of ions, and increase the transference number of Li+ of the 
CPE. Xiong et al., introduced oxygen vacancies boosted flower-like CeO2 
in PVDF-HFP matrix and found that the amplification of ionic conduc
tivity up to 1.66 × 10− 3 S cm− 1 at room temperature as well as improved 
full cell discharge capacity as high as 166 mAh g− 1 at 0.1C with a 
retention capacity of 83 mAh g− 1 at 2 C-rate even at 1000 cycle is 
originated from the vacancies operating as Lewis-acid sites [86]. 
Furthermore, it was observed that oxygen vacancies lower the crystal
line phase due to enriched predominant segmental movements in the 
amorphous phases. It is believed that oxygen vacancies can be inten
tionally introduced via doping. The fillers used can thus vary the 
dielectric properties of the composite polymer electrolytes. An inter
ference of the fillers occurs in the regular arrangement of the polymer 
and salt i.e., -C-F⋅⋅⋅⋅Li+ (ion-dipole interaction) in PVDF-HFP, impeding 
the mechanism between mutual polymer chains and causing the 
reduction in dielectric polarization. The surface modification of fillers to 
enhance the dispersibility also plays an important role. It was reported 
that with in-situ preparation methods for nanofillers, there was an 
improvement in the overall performance of the CPEs. The conventional 
way of preparing the nano-sized materials and adding it to the polymers 
sometimes lead to agglomerated condensed masses of fillers and ob
structs the extent of amorphization of the CPE. Thus, in-situ synthesis of 
fillers via hydrolysis for PVDF-HFP matrix has been worked on. Cao 
et al., studied in-situ prepared nano-crystalline TiO2–PMMA hybrid used 
as additive in PVDF-HFP and achieved an ionic conductivity as high as 
2.77 × 10− 3 S cm− 1 at room temperature and thus it suggests that the 
PVDF-HFP matrix contains nanohybrids that are homogeneously 
distributed, resulting in favourable lithium-ion conduction paths around 
the particles and stronger interactions improving the conduction by 
suppressing the polymer crystallinity [87]. Additionally, the obtained 
discharge capacities at various current densities of the additive based 
CPE were significantly higher than that of the gel based electrolyte 
without nano-crystalline TiO2–PMMA hybrid. Henceforth, lithium-ion 
transportation can take place in two ways i.e., primarily, the hopping 
of ions assisted by polar -C-F groups in PVDF-HFP and secondarily 
hopping assisted via the filler-polymer interfaces. So, the conduction 
mechanism of CPEs can be governed by the unique traits of variety of 
fillers. 

3.2.2. Ferroelectric ceramic fillers with PVDF-HFP matrix 
The benefits of using ceramic fillers having ferroelectric nature is 

that they can drastically increase the polarity of the electrolyte due to 
their intrinsic trait of having high dielectric constant which promotes 
effective charge separation contributing to increase in charge carriers. It 
also accelerates the salt dissociation process and produces lithium-ion 
with ease of formation which amplifies ionic conductivity of the CPEs 
for instance, BaTiO3, PbTiO3, SrTiO3 etc. [88,89] The contribution to
wards better conductivity depends on the unique structures of ferro
electric materials that exhibit spontaneous polarization and their 
interaction with the lithium salts. This enhanced conductivity was well 
explained by interlinking the interaction between the lithium ions and 
the negative ions on the fillers surface and the precise trait of rapid 
polarization in ferroelectric ceramic materials. It is known that the grain 
size of the fillers compositing with polymers in their melt states gener
ates poorly formed spherulites which result in increased amorphicity, 

ultimately increasing the ionic conductivity of the CPEs. Sasikumar 
et al., reported the formation of hydrothermally-derived nano-BaTiO3 
with cubic structure (Fig. 6(c–e)) as filler in PVDF-HFP/PVAc matrix and 
noted that the ionic conductivity ascended with increase in filler con
centration and touched a maximum of 2.3 × 10− 3 S cm− 1 at 30 ◦C at 7.5 
wt% with of the filler and then reduced with further increase of filler 
content as depicted in Fig. 6(d–f) [90]. This was due to the increase in 
the crystallinity after a certain extent of filler amount which aggravated 
the conduction paths to get blocked and thus decreased the ionic con
ductivity. The full cell performance also improved with the presence of 
the filler giving an initial discharge capacity of 132 mAh g− 1 at 0.1C-rate 
and higher CE as compared to only SPE. Interestingly, Y. Ji et al., re
ported that ferroelectric ceramic BaTiO3 can considerably prevent 
dendrite growth while keeping high mechanical strength when coupled 
with PVDF-HFP polymer to create a homogenous, single-layer compos
ite separator with strong piezoelectric effects. The polarized composite 
polymer electrolyte in the Li|LiFePO4 cell demonstrates a notably 
enhanced cycling performance, with over 99 % capacity retention after 
400 cycles at 2C due to the piezoelectric mechanism [92]. However, the 
optimum amount of filler at which highest ionic conductivity achieved 
depends on the size as well as morphology of the filler incorporated and 
varies according to the filler grain size. The interaction of anions with 
lithium cations is rationalized by correlating the spontaneous polariza
tion of ferroelectric ceramic materials leading to conductivity 
enhancement in the PVDF-HFP-Li-salt CPE. The effect of electric field 
ranging from 0 to 100 V cm− 1 has been studied by Sunitha et al. using 
nano-ferroelectric ceramic materials on ionic conductivity in PEO 
polymer system [93]. It was observed that beyond electric field of 15 V 
cm− 1 there was a notable increase of one order of magnitude in the ionic 
conductivity. With increase in the electric field, the lithium-ion activa
tion barrier decreased exhibiting high values of ionic conductivity due to 
enhanced mobility of ions. Thus, similar studies involving electric field 
can be explored on PVDF-HFP based CPEs as well. 

3.2.3. Porous materials fillers with PVDF-HFP matrix 
The advantages of using porous materials as fillers in CPEs is that 

they provide numerous well-defined transmission pathways for lithium 
ions to propagate through their macromolecular porous structure acting 
as lithium hosts by creating profuse Lewis acid sites, and improving ion 
conduction and lithium ion transference. Specifically, a new class of 
materials known as metal-organic frameworks (MOFs) have captured 
huge attention as filler materials. They are macromolecular porous 
materials with metal ions in the center surrounded widely by organic 
ligands [94]. They can moderate the mechanical strength and inhibit the 
crystallinity as well as ionic conductivity when incorporated into 
PVDF-HFP polymer system. These organic linkers of the metal clusters 
have more affinity to interact with lithium ions and generate more Lewis 
acid-base pairs. Cui et al., incorporated ZIF-8 as a filler in PVDF-HFP 
matrix and achieved Li+ transference number as high as 0.66 and 
ionic conductivity of 3.44 × 10− 3 S cm− 1 due to the nucleophilic effect 
and strong electronegativity of the imidazole group of ZIF-8 those reach 
out to bind with Li+ via electrostatic attraction and thus facilitate swift 
transfer of ion through inner pathways [95]. The initial discharge ca
pacity exhibited for the cell incorporated with ZIF-8 was 277.4 mAh g− 1 

being slightly higher that the SPE without filler being 264.9 mAh g− 1 at 
0.2C. Similarly, with the incorporation of UiO66 MOF filler, it was 
verified by DFT-MD simulations that it could enlarge the area of amor
phous region in the PVDF-HFP polymer matrix by Yao et al. [82] The 4.5 
wt% of filler exhibited an ionic conductivity of 1.1 mS cm− 1 at 30 ◦C at 
0.72 transference number for lithium. The full cell performance with 
respect to LiFePO4 exhibited a capacity of 143.3 mAh g− 1 at 10 C-rate 
after 300 cycles at 100 ◦C. Thus, the contribution of the MOFs on the 
ionic conductivity amplification depending on the loading content of the 
MOF filler in the electrolyte as well as the enhancement of porosity on 
the electrolyte surface is evident. Meanwhile, peripheral modification of 
MOFs can also be done using surface functionalized metal oxides that 
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effectively induces anions in the medium to enhance the mobile 
lithium-ion migration rate. Wei et al., studied the performance of dual 
filler of nano-sized MOF UiO-66-NH2 incorporated with superacid ZrO2 
[91]. Here, the strong immobilization of the ions take place due to 
presence of superacid via increased Lewis acid-base interactions on the 
interfaces leading to high lithium-ion transference number of 0.72. 
Structural stability is also reinforced by the contribution of hydrogen 
bonding interaction between the F atoms of PVDF-HFP matrix and –NH2 
groups of the MOFs displayed in Fig. 6(a). The nanosized MOF promoted 
the kinetics of ion migration by reducing the interfacial impedance and 
exhibiting an ionic conductivity of 1.05 × 10− 4 S cm− 1 at 60 ◦C (Fig. 6 
(b)). The symmetric cell with the dual filler could stably operate beyond 
600 h with short-circuiting at 0.05 mA cm− 2 and an initial discharge 
capacity of 158 mAh g− 1 at 0.2C-rate. Interestingly, MOFs along with 
ionic liquids like 1-ethyl-3-methylimidazolium bis[(trifluoromethyl)] 
sulfonyl]imide ([EMIM]+[TFSI]-) can trap anions in electrolyte through 
their nanopores without restricting the free flow of lithium ion in 
continuous channels due to their smaller radii as compared to the an
ions. Liu et al., reported a CPE demonstrating a homogeneous 
lithium-ion flux with ionic conductivity of 4.3 × 10− 4 S cm− 1 at room 
temperature with the above mechanism [96]. Microporous molecular 
sieves are a new type of materials which are used as fillers in CPEs due to 
their inherent properties like special pore size giving high surface area, 
highly selective nature and well-defined microstructures with ordered 
interconnected pathways [97]. Due to these properties, they are more 

superior to inert ceramic fillers as the porosity and the Lewis acid-base 
sites can be modulated which influences the lithium-ion transport and 
the ionic conductivity. Also, at the cation exchange centres in the 
interconnected channels of microporous molecular sieves, lithium ion 
can acquire the cation position during periodic replacement of anions in 
the framework and give rise to new pathways for lithium-ion conduc
tion. Xiao et al., formed CPE by incorporating molecular sieve ZSM-5 
which has mesoporous channel structure via steam bathing technique 
which showed significant enhancement in the electrochemical proper
ties of the CPE as compared to vacuum drying and phase inversion 
methods. The ionic conductivity was enhanced by steam bathing to 5.1 
mS cm− 1 due to formation of well-uniform and aligned surface 
morphology accompanied by abundant interlinked pores on the layer of 
CPE also contributing to the vital interfacial properties [98]. The 
fabricated full cell with LiCoO2 (LCO) exhibited a discharge capacity of 
144.97 mAh g− 1 at 0.1C-rate which was retained after cycling up to 97.5 
% of its initial discharge capacity. As all molecular sieves vary in pore 
distribution as well as size in their ordered arrangements, they produce 
different surface morphology as well as electrochemical properties. 
Jiang et al., reported a comparative study of using three different mo
lecular sieves namely NaY, MCM-41, and SBA-15 in PVDF-HFP to pre
pare microporous CPEs. SBA-15 based CPE that showed the best 
performance exhibiting rich pores on the surface leading to ionic con
ductivity of 0.50 mS cm− 1 whereas NaY and MCM-41 showed compact 
structures with scarcely porous surface and reduced performance [99]. 

Fig. 6. (a) Arrhenius plots of the CPE with different ratios of the dual filler, (b) Schematic of dual filler superacid-ZrO2 and UiO-66-NH2 with PVDF-HFP,(c, e) TEM 
images of cubic-structured BaTiO3, (d) Nyquist plots and (f) Arrhenius plots of cubic-structured BaTiO3 at various weight percentages. Adapted with permission from 
ref. [90,91]. 
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The full cell with SBA-15 was tested and it showed a coulombic effi
ciency of 87 % in the first cycle and also thereby retains its initial 
discharge capacity up to 94 % beyond 20 cycles. Thus, due to the 
presence of structured pores on the surface of MOFs can contribute to
wards the enhancement of lithium-ion transference number via various 
mechanisms mentioned above. 

3.2.4. Carbon-based or clays with PVDF-HFP matrix 
Clays have been seldom used as filler in polymer matrixes as they 

have distinct abilities of intercalation as they are multi-layered in 
structure with diverse morphologies along with their cation exchange 
capacity and ease of structural modification. The swelling processes 
upon addition of the clays facilitates the uniform dispersion of the fillers 
in the host polymer. The ability of nano-clays to intercalate can 
contribute in the appropriate functionalization of the layers to enhance 
the overall ion transfer kinetics. Out of several reported clay fillers in 
PVDF-HFP-based CPEs, montmorillonite (MMT) with special sandwich 
type structure is well explored by Solarajan et al., and could give ionic 
conductivity as high as 2.3 × 10− 3 S cm− 1 along with stable electro
chemical window of 3.1 V [100]. Higher ion mobility in the polymer 
matrix intercalated within the MMT layers led to increased free volume 
effectively increasing ionic conductivity. Similarly, halloysite nanotube 
(HNT) clay having a 1D tube-like structure with superior mechanical 
features which restricted lithium dendrite formation and oppositely 
charged surfaces which majorly assists in the salt dissociation impacting 
the lithium-ion transference number. Zhang et al., reported the incor
poration of the HNT filler in PVDF-HFP matrix and achieved an ionic 
conductivity of 1.23 × 10− 3 S cm− 1 at 6 wt percent filler with lithium ion 
transference number of 0.57, beyond which, agglomeration took place 
whereas for the electrolyte without filler exhibited a lower transference 
number of 0.43 [101]. The symmetric cell showed stability up to 800 h 
at 0.15 mA cm− 2 current density and a 76 % capacity retention after 
1000 cycles with respect to full cell fabricated with LFP. Thus, a very 
small amount directly influences the interfaces by the interaction of 
anionic parts of the salt with cationic aluminium hydroxyl groups 
located at the inner parts of HNTs with lithium-ion adsorption on the 
outer parts of HNTs amplifying the ion transference. Carbon-based 
materials are generally incorporated in electrode materials or used as 
frameworks for electrode to boost the conductivity. Here in polymer 
matrix, it has been proven to work as filler for better performing elec
trolyte with appropriately modifying the surface. The functionalization 
of 2D graphene has been explored for its ability to create more nucle
ation sites to prevent further growth of PVDF-HFP grains. The me
chanical strength of the overall matrix is increased by the decrease in 
grain size by fine grain strengthening effect. The uniformly distributed 
anion groups throughout the 2D carbon layer also magnifies the 
segmental motion in the PVDF-HFP matrix at room temperature with 
consistent lithium-ion flux. Zhai et al., studied the influence of fluori
nated graphene as filler in PVDF-HFP polymer and reported notable 
small grain size increased the transport of lithium-ion at the interface 
giving lithium-ion transference number of 0.472 as compared to poly
mer electrolyte without the filler of 0.315 [106]. From the Arrhenius 
plot derived from lithium-ion conductivities at various temperatures, it 
was seen that the activation energy was lower for the filler induced CPE 
and also the ratio of ion conductivity to electron conductivity was 
higher. This balance of conductivities could prevent the electronic 
conductivity of carbon from short circuiting the cell. The full cell with 
CPE and LiNi0.6Co0.2Mn0.2O2 (NCM622) as cathode exhibited a 
discharge capacity of 159.7 mAh g− 1 at 0.2C-rate whereas the electro
lyte without filler showed huge fluctuations in the capacity values at the 
same current rate. It is also observed as compared to one dimensional 
nanofillers that carbon functionalized nanosheets like g-C3N4 nano
sheets can create an ion migration network with ease due to their large 
interface which potently amplifies the capacity of ion migration. Li et al., 
reported that the presence of g-C3N4 nanosheets in PVDF-HFP matrix 
effectively reduced the bulk impedance to 11.1 Ω with 15 wt% filler in 

the membrane which could be due to the sheet-like morphology and its 
surface enhanced with pyridine N working as a Lewis base which can 
accelerate the Li-ion transport by dissociating lithium salts [107]. The 
full cell with NCM622 exhibited a specific discharge capacity of 122.8 
mAh g− 1 at 0.5C-rate post 100 cycles. 

Carbon-based materials like carbon nanotubes (CNTs) are often used 
as filler after certain targeted modifications. Xiao et al. studied reactions 
at the electrodes-electrolyte interface proceeded longer for electrolyte 
without modified-CNT filler as compared to with the filler which results 
in the increased resistance of electrolyte without the filler [108]. Thus, 
by further modifications of carbon-based fillers higher ionic conduc
tivities can be achieved in the polymer electrolytes. As discussed here, 
Fig. 7 displays the various performance parameters of passive fillers in 
the form of bar diagram. In summary, with addition to slowing down the 
kinetics of crystallization, adding ceramic particles to SPEs can help the 
amorphous phase stay in place below room temperature. The increase in 
conductivity in CPEs can be ascribed to Lewis acid-base interactions or 
osmotic behaviour, and indirect specific interactions between the sur
face groups on filler particles and polymer chains and lithium salt an
ions. Furthermore, the addition of fillers to polymers does not 
dramatically alter the primary chain dynamics that drives ion transport. 
Instead of increasing the quantity of charge carriers, the addition of 
fillers to polymers merely results in an increase in the "free volume" and 
mobility of the polymer segment next to the filler surface. Therefore, the 
main variables influencing the ion conductivity of the CPEs are the 
content and dispersibility filler. 

3.3. Active fillers used in PVDF-HFP matrix 

3.3.1. Perovskite-type filler with PVDF-HFP matrix 
As inert fillers can only decrease the lithium ions from impeding to a 

certain extent, it is necessary to introduce active fillers as they can more 
effectively, enhancing ionic conductivity by creating additional net
works for lithium ion to transport. Generally, perovskite-type lithium 
lanthanum titanates (LLTO) are extensively used as fillers in CPEs due to 
its structural and chemical stabilities, facile preparation methods with 
ease of varying composition by doping, providing a wide and stable 
electrochemical window and show a bulk ionic conductivity as high as 
10− 3 S cm− 1 [109]. Perovskites have a general formula of ABO3 where A 
is occupied by a rare or alkaline earth metal ion and B is occupied by a 
transition metal ion. It is established that lithium ions propagate through 
the vacancies present in the A-site by a hopping mechanism. Thus, these 
vacancies can well be tuned by adjusting the composition of the metallic 
elements by methods like cation doping which is quite common. It has 
recently been studied that in the perovskites, the bulk ionic conductivity 
depends on the size of the doped A-site ion and also the strength of B–O 
bond [110–112]. So, A and B sites, both these centres have an impact on 
the ionic conductivity and can be substituted with different ionic-sized 
metals depending on their size, chemical reactivity, electronegativity, 
etc. Interestingly, anionic doping in LLTO particles also can modulate 
the ionic conductivity in CPEs due to differences in charge and ionicity 
of the metal-anion bonds. Yang et al., doped nitrogen in LLTO nanofibers 
(N-LLTO) where nitrogen with extra anionic charge could give rise to 
oxygen vacancies for charge balance. Additionally, difference in elec
tronegativity of N (3.07) and O (3.50) resulted in a dissimilarity in the 
covalency of bonds thus exhibiting ionic conductivity of 3.8 × 10− 4 S 
cm− 1 at room temperature in PVDF-HFP polymer [113]. The symmetric 
cell fabricated with N-LLTO showed minimum polarization at same 
current densities as compared to pristine LLTO as filler which indicates 
the suppression of lithium dendrites. In CPEs, the effective lithium-ion 
transport of LLTO also depends on the nanoparticle surface, dimen
sion, concentration and morphology. The transport of lithium ions pri
marily occurs through host PVDF-HFP phase itself, the active LLTO filler 
only provides a secondary ion transfer network which does not over
power the primary mode of lithium transfer. Cation doping is also quite 
often done with Al3+, nevertheless, it is studied that A-LLTO is 
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somewhat chemically unstable when in contact with Li metal. Thus, to 
overcome this problem, ultrathin coating or encapsulation of the 
A-LLTO particles was carried out. Le et al., modified the surface of 
A-LLTO using SiO2 (Fig. 8(d)) which is stable against lithium metal and 
the thickness of coating is maintained very thin enough to not hinder ion 
transportation [114]. The adhesion between polymer and salts on the 
exterior surface of the coated SiO2 also increases. Notably, the coating of 
SiO2 (Fig. 8(e)) lead to a slight decrease in the ionic conductivity in the 
CPE due to its electrical resistant nature but was still comparable to 

other reported CPEs. Galvanostatic cycling of the symmetric cell showed 
a very low and stable overpotential up to 1922 h at 0.48 mA cm− 2. Post 
500 cycles the full cell with LCO retained initial capacity to 80.5 % and 
coulombic efficiency as high as 99.2 % whereas the discharge capacity of 
SPE without filler declined significantly. Furthermore, Zhu et al., could 
achieve an ionic conductivity up to 2.18 × 10− 4 S cm− 1 at room tem
perature and electrochemically stable window up to 4.8 V with LLTO 
nanorods of diameter 200 nm synthesized through electrospinning 
[115]. These LLTO nanorods could significantly disrupt the ordered 
PVDF-HFP host and boost the lithium-ion shuttling efficiently. The Li/Li 
symmetric cell could run stably for over 2000 h at current density of 0.1 
mA cm− 2. The fabricated full cell with NCM622 as cathode showed a 
discharge capacity of 142 mAh g− 1 with 84.6 % retention rate after long 
cycling. Thus, the nanorod-like morphology of the LLTO filler played a 
crucial role in creating increased ion transport paths. Additionally, the 
influence of alignment of nanorods or nanowires is another factor that 
has been widely explored in CPEs and it is seen that highly aligned 
networks get ten times higher ionic conductivity as compared to 
randomly oriented nanowires. Further studies on the morphology of 
perovskite fillers in PVDF-HFP matrix and its effect on the performance 
of CPEs could be the focus of upcoming research. 

3.3.2. Garnet-type filler with PVDF-HFP matrix 
Garnet-type Li7La3Zr2O12 (LLZO) solid electrolytes are the most 

promising type of active fillers due to its high compatibility with lithium 
metal giving wide electrochemical stability window and high bulk ionic 
conductivity of 10− 3 S cm− 1 at room temperature [117]. They primarily 
exists in two stable phases i.e., the tetragonal and cubic phase out of 
which, ionic conductivity is high for the cubic phase although the 
tetragonal phase can be easily stabilized at low temperature [118]. With 
high temperature sintering, the stable cubic phase is achieved which 
exhibits high ionic conductivity and is utilized as filler in CPEs. Li et al., 
reported the role of 10 wt % LLZO 1D-structured nanofibers in 
PVDF-HFP polymer host which exhibited an improved ionic conduc
tivity of 9.5 × 10− 4 S cm− 1 at room temperature [119]. The interaction 
between LLZO and PVDF-HFP led to more flexibility in local chains 
along with the contribution of rich vacancies on the surface of the cubic 
LLZO nanofibers which boosted the lithium ion hopping mechanism as 
they could hop by replacing consecutive vacancy positions. The full cell 
with LFP as cathode manifested a discharge capacity of 140 mAh g− 1 

and coulombic efficiency of 99.9 % upon cycling. However, doping 
garnet-type materials with different aliovalent cations like Al3+, Ta4+, 
etc. for LLZO cubic phase stabilization is also preferred. Beshahwured 
et al., synthesized cubic phase ligament-like morphology of 
aluminium-doped LLZO (A-LLZO) using double-template method and 
incorporated 12 wt % as filler in PVDF-HFP to attain an ionic 

Fig. 7. Bar diagram representation of various parameters in different kinds of passive fillers. Adapted with permission from ref. [102–105].  

Fig. 8. (a) Schematic illustrations of CPE with LPS filler, (b) Comparison of 
ionic conductivities at various ratios of LPS filler, (c) LFPǁLi cycling perfor
mance at 0.2C and coulombic efficiency, (d) Schematic of Al-LLTO encapsula
tion with SiO2 and (e) TEM image of the A-LLTO/m-SiO2 particles. Adapted 
with permission from ref. [114,116]. 

B. Halder et al.                                                                                                                                                                                                                                  



Materials Today Chemistry 36 (2024) 101926

11

conductivity of 1.12 × 10− 4 S cm− 1 which is still lower than Li et al., 
since the 1D structure allows the creation of more Li-pathways [120]. 
Here, the full cell with A-LLZO CPE exhibited a specific discharge ca
pacity of 160.92 mAh g− 1 at 0.1C-rate with a retention capacity of 92.52 
% after cycling. Similarly, tantalum-doped LLZO showed an ionic con
ductivity in the same range of 10− 3 - 10− 4 S cm− 1. Zhang et al., reported 
the variation in ionic conductivity with respect to the size of the filler. It 
was observed that the nanosized LLZTO (N-LLZTO) particles in the PEO 
polymer showed almost 100 times greater ionic conductivity in com
parison with micron-sized particles as fillers [121]. Thus, on the basis of 
size and larger surface area in nano-sized LLZTO particles, Xu et al., 
comprehensively increased the performance by incorporating it as filler 
in PVDF-HFP polymer matrix as shown in Fig. 9(a–d). Here, N-LLZTO 
partially activates dehydrofluorination of the PVDF-HFP matrix that 
enhances Li+ coordination thereby leading to rapid dissociation of 
lithium salt and form 3D conduction pathways exhibiting an ionic 
conduction of 1.7 × 10− 4 S cm− 1 at room temperature (Fig. 9(e and f)) 
[122]. The CPE at 20 wt % filler showed a stable electrochemical win
dow up to 4.8 V with lithium-ion transference number as high as 0.57. 
The full cell LiFePO4/Li batteries showed a discharge capacity of 136.6 
mAh g− 1 at 0.5C-rate along with initial capacity retention of 94.6 %. 
However, the ionic conductivity of the LLZO is restricted to ~10− 4 S 
cm− 1 due to less surface area of the particles synthesized through con
ventional methods which shortens the ion-conduction pathways. Tao 
et al., designed a method of using MOFs as template due to their high 
surface area and extreme porous nature to synthesize cubic phase LLZO. 
These special structured fillers allow the creation of more ion migration 
channels as they also have porous channel-like structure inherently. The 
CPE exhibited an ionic conductivity of 5.47 × 10− 4 S cm− 1 at 60 ◦C with 
an electrochemically stable window of 4.85 V [123]. The assembled 

LiFePO4/Li full cell manifested an initial discharge capacity of 135 mAh 
g− 1 at 0.5C-rate with capacity retention of 83.51 % post 500 cycles. 
Similarly, Sun et al., introduced different sizes (micron and nano sized) 
of Cu-(1,3,5-benzenetricarboxylicacid)-1 (HKUST-1) MOF in the 
PVDF-HFP polymer along with Li6.75La3Zr1.75Nb0.25O12 (LLZN) 
garnet-typed nanowire fillers [124]. It is reported that the micron sized 
MOFs provide more mechanical strength to the CPE inhibiting lithium 
dendrites from forming and the nanosized MOFs could offset gaps be
tween particles to create more continuous flow of lithium ions [125]. 
The coarse surfaced LLZN nanowires contributed in lowering the acti
vation energy along the interface with its large aspect ratio. The CPE 
exhibited an ionic conductivity of 2 × 10− 4 S cm− 1 in ambient atmo
sphere and the Li/Li symmetric cell could cycle stably for 1700 h at 0.25 
mA cm− 2. Thus, the CPEs fabricated with garnet-type particles as filler 
show good electrochemical stability and also comparable ionic con
ductivities. In general, adding garnet-type particles to the PVDF-HFP can 
considerably increase the interfacial stability between CPEs and the 
lithium anode, making it particularly suitable as fillers. 

3.3.3. Sulfide-type filler with PVDF-HFP matrix 
Sulfides as electrolytes have the highest ionic conductivity and 

exhibit low grain boundary resistance as compared to the oxide-based 
inorganic solid electrolytes but unfortunately are the least explored 
type due to their instability towards air and moisture [126]. Conse
quently, the sulfide-based electrolytes are barely possible to store in 
moisture as they react to produce harmful gases like H2S that led to 
degradation of the electrolyte which restricts the scale-up. It is also re
ported that polar solvents used for CPEs like N-methyl-2-pyrrolidinone 
(NMP), acetone, etc. amplifies the degradation and dissolution of the 
electrolyte. Thus, it is crucial to choose a suitable solvent as well. 
Another issue with the sulfide electrolytes is their very narrow stable 
electrochemical window of 1.7–2.1 V. Majorly, the sulfide solid-state 
electrolytes are divided into two types, thio-LISICON Li4-xGe1-xPxS4 
(0<x < 1) (LGPS) and argyrodites Li6PS5X (X = Cl, Br, I). Once these 
electrolytes come in contact with lithium metal, they establish new 
reduced interphases with low ionic conductivity such as (Li2S, Li3P and 
Li15Ge4), increasing the impedance at the metal/electrolyte interphase 
[127]. Nevertheless, inspite of these issues, as the sulfides have the 
highest ionic conductivity efforts were being made towards designing 
novel compositions with the use of appropriate solvent. Li et al., 
demonstrated a novel CPEs that exhibited good air stability and 
enhanced electrochemical stability as PVDF-HFP could protect Li7PS6 
(LPS) from the hydrolysis reaction when exposed to moisture [116]. 
Hence, LPS interacts effectively by acting as cross-linking sites in the 
polymer increasing the amorphous phases (Fig. 8(a)). After optimiza
tion, at 10 wt% of LPS, the highest ionic conductivity of 1.11 × 10− 4 S 
cm− 1 was achieved as shown in Fig. 8(b). Additionally, the electro
chemical compatibility with lithium when evaluated using stripping/
plating studies showed stable cycling of 2000 h at 0.2 mA cm− 2 as 
compared to the polymer electrolyte without filler. The Li/LFP full cell 
exhibited a specific capacity of 160 mAh g− 1 at 0.2C-rate beyond 150 
cycles as shown in Fig. 8(c). Further, Cong et al., tactifully employed 
mono-alcohol perfluoropolyethers as co-solvents and dimethyl carbon
ate terminated perfluoropolyethers as interfacial stabilizers against 
lithium metal which manifested stable potential window until 4.8 V 
[128]. This electrochemical stability is attributed to the lowering of 
HOMO and LUMO levels by fluorine substitution in the solvent causing 
increased oxidation stability. According to this film making procedure 
an ionic conductivity of 0.18 mS cm− 1 and a high transport number of 
0.68 were achieved. The symmetric cell could cycle beyond 1200 at 0.1 
mA cm− 2 and the full cell coupled with LFP displayed specific capacity 
of 158 mAh g− 1 at 0.05C-rate. Further inspired from the sulfide elec
trolytes having high ionic conductivity and advantageous lamellar 
structure materials, Tao et al., fabricated a novel 3Li2S–2MoS2 (LMS), 
active intercalated filler combining both with immense lithium ion 
transport channels via ball-milling followed by quenching [129]. The 

Fig. 9. (a–d) Schematic illustrations of different weight percentage of fillers, 
(e) Nyquist plots and (f) Arrhenius plots for CPE with 20 wt percent filler in 
PVDF-HFP. Adapted with permission from ref. [122]. 
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long chains of PVDF-HFP gets slackened due to the incorporation of LMS 
enhancing the ion mobility. The lewis acid sites of PVDF-HFP also 
weakened the salt anions association and accelerated the dissociation as 
the LMS acted as a physical plasticizer. Thus the prepared LMS at 12 wt 
% presented an ionic conductivity of 1.17 × 10− 4 S cm− 1 at room 
temperature with a wide electrochemical stability window up to 4.8 V. 
The constructed Li/LiCoO2 cell delivered a discharge capacity of 145.79 
mAh g− 1 at 0.5C along with capacity retention of more than 86.22 %. 

3.3.4. NASICON-type filler with PVDF-HFP matrix 
The most widely explored NASICON-type inorganic solid electrolytes 

are lithium aluminium titanium phosphate Li(1+x)AlxTi(2-x)(PO4)3, 
(LATP) and lithium aluminium germanium phosphate Li(1+x)AlxGe(2- 

x)(PO4)3 (LAGP). They are considered promising due to their great sta
bility in air and fast ionic conductivity (10− 4 - 10− 3 S cm− 1) [130–132]. 
However, to attain reduced grain boundary and proper phase formation 
and fast ionic conductivity, NASICON-type electrolytes require elevated 
temperatures and prolonged time for densification which is difficult to 
scale up. Due to the brittle nature of the NASICON-type inorganic solid 
electrolytes, they are favoured to be used as fillers in CPEs which gives a 
new perspective of flexibility mechanical properties along with 
increased ionic conductivity in the PVDF-HFP matrix. There are various 
methods of synthesizing NASICON-type fillers like sol-gel method, 
solid-phase method, melt-quenching method, etc. ultimately reflecting 
in their particle size and morphology [133–135]. Andreev et al., studied 
the influence of particle size on the ionic transport of LATP prepared 
from sol-gel method in comparison with solid-phase method in 
PVDF-HFP [136]. The LATP prepared by solid-phase method revealed 
an average particle size of 5 μm as compared to uniformly sized 0.3 μm 
by sol-gel method. Consequently, it was observed that the conductivity 
activation energy was lower for the sol-gel method-formed LATP. The 
conductivity increase with concentration also depends on the particle 
size of the filler. Smaller particle fillers tend to agglomerate more than 
larger particle size fillers so the amount of the filler added should be 
systematically adjusted and optimized. Li et al., synthesized LATP via 
sol-gel method assisted with citric acid which was embedded smoothly 
on the PVDF-HFP matrix and had microporous surface which exhibited 
an ionic conductivity of 2.3 × 10− 4 S cm− 1 at 10 wt% with no added 
electrolyte uptake and good cyclability [137]. The full cell comprised of 
LFP as cathode demonstrated an initial specific capacity of 150 mAh g− 1 

and retained up to 130 mAh g− 1 post 50 cycles at 0.2C-rate. Further, to 
regulate the interfacial distribution of ionic charge carriers, 2D 

nanomaterial like graphitic carbon nitride (g-CN) with inherent polarity 
and high surface area is introduced along with LATP in PVDF-HFP by 
Zhang et al. Additionally, here the g-CN disrupts the ordered folding of 
PVDF-HFP decreasing the crystallization and improving the ionic con
ductivity of the CPE to 2.11 × 10− 4 S cm− 1 at 80 ◦C as compared to the 
CPE with solely LATP exhibiting ionic conductivity of 1.68 × 10− 4 S 
cm− 1 at 80 ◦C [142]. Moreover, surface modification by functionaliza
tion of LATP with groups like silane could enhance the Lewis acid sites 
by fully exposing them which further increase anion absorption ability 
thereby maximizing the ion transfer ability. Table 1 shows the perfor
mance of various fillers and their reported parameters with respect to 
weight percentages of filler used for PVDF-HFP based CPEs. It is also 
noted that all kinds of active fillers work differently and vary 
performance-wise as summarised in Fig. 10 in the form of bar diagram. 

In conclusion, ion conduction materials have more successful roles as 
active fillers to enhance the performance of the CPEs because inert fillers 
can provide only decrease in crystallinity and improve in mechanical 
support to the CPE. Solid-state electrolytes with a high number of ion 
transference and high inherent room temperature conductivity are 
commonly found in garnet-type Li7La3Zr2O12, Li10GeP2S12, etc. Large 
grain boundary resistance and poor electrode/electrolyte interfacial 
stability are two drawbacks that still restrict the use of solid-state elec
trolytes as active fillers in the CPEs. To create an efficient composite, the 
benefits of the polymer and inorganic solid-state electrolytes must be 
combined while accounting for mechanical and ion transport 
characteristics. 

3.4. Interface at the PVDF-HFP based CPE and the electrode 

The interfacial stability and resistance are the most challenging is
sues to overcome in all solid-state batteries. Polymer-based electrolytes 
have better interfacial contact as compared to ceramic electrolytes as 
they are more flexible. However, it is necessary to achieve ionic con
ductivity and interfacial wettability in the range of liquid electrolytes for 
the solid electrolytes to be fully developed for practical use. Research 
has been focused mainly on improving the solid-solid contact features 
leading to effects on ionic conductivity. Interfacial contact determines 
the overall parameters of a battery like cyclability, ion transfer number, 
ion conductivity, chemical as well as electrochemical stability. The 
interfacial impedance also largely determines the power output of the 
cell and the frequency of lithium ions present in the bulk. The me
chanical strength at the CPE interfaces determines the amount of 

Table 1 
Performance of various passive and active fillers at respective temperatures reported for PVDF-HFP based CPEs.  

Type of filler Electrolyte composition Ionic conductivity (S 
cm− 1) 

Temperature 
(◦C) 

Ref. 

Passive fillers 
TiO2 nanorods PVDF-HFP/LiClO4/5 % TiO2 1.72 × 10− 4 RT [145] 
Nano-BaTiO3 (BT) PVDF-HFP/PVAc/LiTFSI/7.5% 

BT 
2.0 × 10− 3 RT [146] 

Spherical zirconium dioxide (ZrO2) PVDF-HFP/PMMA/LiTFSI/6% 
ZrO2 

1.46 × 10− 3 25 [147] 

Single-layer layered-double-hydroxide nanosheets (SLN) PVDF-HFP/LiTFSI/1 % SLN 2.2 × 10− 4 25 [148] 
MOF-5 PVDF-HFP/LiTFSI/2 % MOF-5 1.20 × 10− 3 RT [149] 
Covalent linked 2,2’’-(ethylenedioxy) bis (ethylamine) to reduced graphene oxide 

(rGO-PEG-NH2) 
PVDF-HFP/LiTFSI/10 % rGO- 
PEG-NH2 

2.1 × 10− 3 30 [150] 

2D Boron nitride (BN) PVDF-HFP/LiTFSI/1 % BN 1.82 × 10− 3 RT [151] 
Al2O3 particles PVDF-HFP/LiTFSI/2 % Al2O3 5.26 × 10− 3 25 [152] 
Active fillers 
Li0.33La0.557TiO3 (LLTO) nanorods PVDF-HFP/LiTFSI/10%LLTO 2.18 × 10− 4 RT [153] 
Li1.5Al0.5Ge1.5P2.9Si0.1O12 (LAGP) glass PVDF-HFP/LiTFSI/20%LAGP 4.49 × 10− 3 RT [154] 
Li6.25Al0.25La3Zr2O12 (Al-LLZO) PVDF-HFP/LiTFSI/12%Al-LLZO 0.28 × 10− 3 RT [155] 
Nitrogen doped-Li3xLa2/3− xTiO3 (N-LLTO) nanofibers PVDF-HFP/LiTFSI/30%N-LLTO 3.8 × 10− 4 RT [156] 
Na1.3+xAl0.3CexTi1.7− x(PO4)3 (NCATP) PVDF-HFP/LiTFSI/30%NCATP 2.16 × 10− 3 25 [157] 
Li6.5La3Zr1.5Ta0.5O12 (LLZTO) PVDF-HFP/LiTFSI/12.5%LLZTO 1.61 × 10− 3 80 [158] 
3Li2S–2MoS2 (LMS) PVDF-HFP/LiODFB/12%LMS 1.17 × 10− 4 30 [159] 
Li7La3Zr2O12 (LLZO) nanofiber PVDF-HFP/LiTFSI/10%LLZO 9.5 × 10− 4 RT [160] 
Li7PS6 (LPS) PVDF-HFP/LiTFSI/10%LPS 1.1 × 10− 4 RT [161]  
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Fig. 10. Bar diagram representation of various parameters in different kinds of active fillers. Adapted with permission from ref. [138–141].  

Fig. 11. (a) Schematic illustration of Li deposition on bare Li anode, PVDF-HFP film and artificial protective layer (b) Schematic of the preparation procedure of 
PVDF-HFP/PFPEs/x wt. % LGPS (x = 10, 20 and 30) CPEs and (c) Lithium stripping-plating profiles at various current densities with PVDF-HFP/PFPEs/LGPS CPE. 
Adapted with permission from ref. [143,144]. 
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dendrite formation that can be suppressed on long cycling. Electrode 
deformation and electrochemical instability are mainly due to the un
wanted reactions that take place at the interfaces. Here, various ways to 
improve the interfacial contact are discussed with respect to lithium 
metal anode as well as cathodes with the PVDF-HFP based CPE. The 
most crucial challenge on the lithium anode side is the lithium dendrite 
growth as the CPE do not have the mechanical strength to withstand 
them on cycling thereby, lowering the coulombic efficiency. Thus, this 
factor is majorly hindering the use of lithium metal as anode in batteries. 
It is noteworthy that solid electrolytes were once considered as a remedy 
to lithium dendrites formed in presence of liquid electrolytes but it is 
proven that ISEs and CPEs still exhibit major dendrite formation. Further 
for SPEs, the mechanical strength is compromised even more as they 
perform effectively at higher temperatures whereas in CPEs the addition 
of fillers reinforces the mechanical strength to an extent. It is also 
necessary to develop a clear mechanism of lithium dendrites at the 
interface between a solid electrolyte and a lithium anode to achieve the 
homogeneous deposition of dendritic-free lithium at the interface. Thus, 
to overcome this uncontrollable growth of dendrites and highly unstable 
interface, an artificial protective layer (APL) is often casted on the 
lithium metal anode as shown in Fig. 11(a). The APL is composed of 
inorganic lithium fluoride and organic PVDF-HFP, rationally hybridized 
into a film on the lithium metal anode. The various advantages of the 
formed APL were reflected in the coulombic efficiency (>99.2 %) of the 
full cell with LiFePO4 as cathode. The improved performance was 
attributed to the features of the APL like good stability with lithium 
metal, increased mechanical modulus and optimized dendrite-free 
deposition of lithium during long cycle range. Along with incorpora
tion of LiF particles, the APL has mesoporous morphology with pore size 
2.5–12 nm with bimodal distribution. These pores can conduct rapid 
lithium-ion diffusion but cannot accommodate micro-sized Li dendrites. 
The LiF particles also increases the Young’s modulus largely (6.72 GPa) 
as compared to the pristine PVDF-HFP film (0.8 GPa), preventing the 
growth of dendrites [143]. Another way to reduce interfacial resistance 
is the addition of few drops of liquid electrolyte as wetting agent to 
promote the ion transfer kinetics. A restricted amount of liquid elec
trolyte does not compromise the safety of the battery largely whereas it 
instantly makes the cell performance better. Interfacial stabilizers also 
dramatically improve the stability at the interfaces and cell perfor
mance. Cong et al., incorporated few drops of high molecular weight 
perfluoropolyethers (PFPEs) which forms a stable electrolyte interface 
in-situ that is rich in LiF (Fig. 11(b)) [144]. Here, the lithium strip
ping/plating studies in the cell with interface stabilizer PFPEs showed a 
stable and flat profile beyond 1200 h at 0.1 mA cm− 2 (Fig. 11(c)). As for 
the cathode and CPE interface, PVDF-HFP polymer has a low oxidation 
window and decomposition voltage around 4 V so they are most 
compatible with low voltage cathodes like LiFePO4. The construction of 
composite cathode is quite explored where the cathode active material is 
uniformly dispersed in a solvent along with the composite polymer 
electrolyte slurry and cast on Al foil to form an intimate interfacial 
contact between the cathode and the CPE. This improves the wettability 
at the interface drastically enhancing the adhesion at the interface. Du 
et al., reported a composite cathode with LFP and PVDF-HFP polymer in 
DMF solvent which exhibited an excellent interfacial compatibility as 
the symmetric cell could be continuously cycled for over 1000 h at 0.1 
mA cm− 2 with very low overpotential [162]. Thus, composite cathode 
method does solve the interfacial issues largely but it simultaneously 
reduces the proportion of active material due to which the battery ca
pacity and energy density is compromised. One of the most important 
approaches for getting high energy density all-solid-state lithium bat
teries is a high-voltage composite cathode. The interface stability of the 
cathode and the PVDF-HFP-based CPE must be carefully taken into ac
count and regulated. High electrochemical/chemical stability, depend
able flexibility and soft contact with the cathode, and strong 
antioxidation ability at high voltage are the qualities that the 
cathode-modified layer should display. The anode-modified layer must 

have the following characteristics of strong chemical and electro
chemical stability, efficient dendritic growth suppression, good me
chanical robustness and flexibility and good anti-reduction ability at low 
voltage. These factors thus hinder the development of all solid-state 
batteries effectively. Thus, optimization and stabilization of the elec
trolyte/electrode interfaces in all solid-state batteries are the main focus 
for future research. Another new method involves in-situ polymerization 
of a polymer at the solid-solid contacts to develop adhesion. Ma et al., 
optimized the interface at the cathode and PVDF-HFP-LiTFSI membrane 
via in-situ polymerization of poly (ethylene glycol) diacrylate which 
tightly binds them both leading to huge decrease in interfacial imped
ance from 9380 Ω cm2 to 1100 Ω cm2 [163]. This is an advanced method 
as compared to the traditional method of adding few drops of liquid 
electrolyte for improving the interfacial wetting. To achieve higher en
ergy density solid-state batteries, we need to focus on incorporating high 
voltage cathode which is not possible without improving the interfacial 
stability as PVDF-HFP based CPE will lead to degradation. H K Tran 
et al., prepared a sandwich like composite polymer electrolyte with 
Al-LLZO as filler in the main layer along with PVDF-HFP and poly
propylene carbonate (PPC) blend polymer and sandwiched it with skin 
layers with the same just excluding the filler [164]. The presence of 
these skin layers on either side could enhance interfacial contact and 
make the electrolyte compatible with high voltage Al2O3–C@NCA 
(LiNi1− x− yCoxAlyO2) cathode with a wide electrochemically stable 
window of 4.9 V. Thus, all solid-state batteries aim to achieve high en
ergy density as well as stability at the electrolyte-electrode interface 
which is the current concern for the research community at present. 
Looking out for new methods to modify the interfaces is one promising 
approach towards development of better performing all solid-state 
batteries. An outline on the future directions of PVDF-HFP based CPE 
is shown in Fig. 12. Thus, in order to build high-performance all-so
lid-state lithium batteries, the interface between a CPE and an electrode 
is crucial, particularly for the interfacial stability of the high-voltage 
cathode side and the development of lithium dendrites on the lithium 
anode side. To enhance the compatibility of CPEs with the low-voltage 
cathode and the interfacial stability of the high-voltage cathode, the 
cathode side typically employs the strategies of a composite cathode and 
cathode surface modification. However, it is highly difficult for a basic 
CPE to stop the growth of lithium dendrites on the lithium anode side; as 
a result, creating an artificial SEI layer becomes a practical technical 
approach for altering the anode/CPE interface. 

4. Conclusion 

In summary, we reviewed PVDF-HFP based CPEs for next generation 
all solid-state lithium-ion batteries as they have the salient features of 
both ISEs and SPEs with high-safety and energy. As several polymers are 

Fig. 12. Schematic of the future directions of PVDF-HFP CPE.  
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utilized for developing CPEs, on a deeper macroscopic or microscopic 
level they all differ. The inherent features of the polymer determine the 
structure, degree of crystallinity and aggregation of a polymer on a 
macro level. Here, PVDF-HFP has been focused on as at its macro level, 
its low glass transition temperature enhances the degree of amorphous 
phase which favours ionic conduction of Li+. The lithium salt dissocia
tion ability is also highly favoured due to its high dielectric constant. On 
a microscopic level, the structural changes and ion conduction pathways 
in a polymer are well controlled by the incorporation of fillers as PVDF- 
HFP by itself is restricted by its low mechanical strength and ionic 
conductivity. It is required to use appropriate amount of fillers to hinder 
aggregation or segmental motion in polymer for conduction. The fillers 
dictate the ion transport pathway as has been discussed with Lewis-acid 
base interaction (passive fillers) between salt, filler and polymer or by 
introducing lithium ions in the system by themselves (active fillers). It is 
noteworthy that the amount of active filler used in CPEs are always 
higher in comparison to passive fillers until the aggregation of fillers 
take place. Various dimension and structures of fillers like spherical 
nanoparticles, nanorods, 3D frameworks, etc. also largely influence in 
construction of the ion conduction routes as has been discussed. In 
recent times, improvements of bulk ionic conductivities and stable 
electrochemical window with prolonged cycle life using several fillers 
have come a long way. The establishment of new mechanisms of con
duction need new materials to be explored with several additives for 
improved performance. As we know transport of lithium ions rely on the 
interfacial contact so, further, the electrode-electrolyte interface studies 
should be focused on in the future to avoid dendrite formation on the 
anode interface and achieve more electrochemical stability on the 
cathode interface. The capability of the cathode interface to withstand 
higher voltage is a crucial dictator in producing high energy density 
batteries. Thus, these bottlenecks should be dug into for achieving the 
promising high energy density batteries for commercial use. 
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