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Bruno Boury a,* 
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A B S T R A C T   

Obtaining a “good” electrolyte is one of the major obstacles to the development of new-generation batteries with metal anodes (Li, Na, etc.). Its stability, efficiency in 
conducting ions (Li+, Na+, …) quickly and in large numbers, environmental acceptable and ease of integration into industrial manufacturing processes are among the 
most important criteria determining the choice of materials to be used. In this review, we focus specifically on the different uses of GO’s as part of the electrolyte in 
battery like M− metal (M = Li, Na, Zn…) or Vanadium redox flow battery as chemical modification of commercial separator; as component of new separator; as thin 
film and protective layers composite; and as filler in solid-state electrolyte composite with polymers and gel electrolyte. Analysis of the collected data allows to point 
out the efficiency and relevance of GO to improve stability, capacity and cyclability of the corresponding electrolyte in operating battery. The review also tries to 
identify the strengths and weaknesses of the different approaches in order to highlight the advantages and limitations of using GO in electrolyte production.   

1. Introduction 

1.1. General context 

The electrolyte in storage systems such as batteries is today one of 
the main technological locks for the development of new generations of 
energy storage devices. However, the technologies currently on the 
market no longer have room for improvement, it is therefore necessary 
to switch to a new generation of batteries. To increase the energy den-
sity, the use of lithium metal as negative electrode would be the holy 
grail. Although the cathode will limit the full cell capacity, the possi-
bility to use a very thin Li electrode will allow increasing the energy 
density of the battery as shown in Fig. 1. Furthermore, the safety of this 
battery will be enhanced using a polymer electrolyte, which presents 
higher mechanical properties than classical liquid organic electrolytes. 

To develop high energy metal anode batteries such as (Li-S, Li-air or 
Li-O2) three main issues have to be addressed: the formation of the so- 
called solid electrolyte interphase (SEI), the formation of metal den-
drites and the ion shuttling. 

To overcome these problems, various strategies can be proposed. 
One of them is the use of solid polymer electrolyte (SPE) pioneered by 
Armand et al. in 1979.[2,3] Using polymer electrolyte instead of flam-
mable liquid organic solvents improves the battery safety and is effective 
in operating the Bluecar electrical vehicles (Bolloré Group, Hydro- 

Quebec patent) although with limited performance. 
Within this context, GO has many advantages to design electrolyte 

material able to minimize both SEI, dendritic growth and ion shuttling. 
As briefly presented below, GO is produced by oxidation/exfoliation of 
graphite. Combining unique properties and easy to process, graphene 
oxide is currently considered as high potential material in many types of 
energy production or storage systems like fuel cells, batteries (Li-ion, Li- 
S or Li-O2), redox flow batteries, capacitors (dielectric and super-
capacitor).[4–8] Additionally, the attractivity of GO also relies on the 
fact that it gives access to reduced graphene oxide (rGO), another ma-
terial that presents high potential for similar applications. 

1.2. The electrode interface, dendrite growth issue and ion shuttling issues 

In batteries, an electronic insulator and ionic conductive material 
must separate the electrodes,[9–12] the commercial technologies use 
solid, inert, insulating and porous “membranes”, the separator, soaked 
in liquid electrolytes presenting high ionic conduction (σ ~ 10− 3 −

10− 2S cm− 1). 
However, the different components of the electrolyte react at the 

surface of the electrode and produce the SEI, when the working potential 
lies outside their electrochemical window stability. The full under-
standing of the SEI is not achieved yet (53 reviews for “SEI” and “Bat-
tery” on Scifinder in 2022) but it results in the formation of a thin solid 
film of several nanometers polymeric organic–inorganic material 
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presenting inorganic-rich phases close to the electrode/SEI interface 
(Li2CO3, Li2O and LiF for F-containing components), and organic-rich 
phases close to the electrolyte (Lithium ethylene glycol dicarbonate 
and ROLi, where R depends on the component of the electrolyte). An 
ideal electrolyte would master the formation of the SEI presenting the 
highest possible Li+ transport without electron transport leading to 
further reduction of the electrolyte. 

The second important issue that faces the development of M− metal 
battery is the dendrites and whiskers growth, corresponding to the for-
mation of Li(s) multi-branching crystals with needle-like structure,[9] 
Lithium is particularly prone to this phenomenon responsible for short 
circuits leading to disastrous battery failure. 

The dendrites initiation/formation/growth process results from de 
reduction of Li+(sol) into Li that then form the deposit of Li(s) through very 
complex process, not yet fully understood.[13] Many parameters have 
been identified to play a major role, among which the concentration and 

diffusion of Li+ cation in the electrolyte, the kinetics of reduction of Li+

ions, the current density during the charge but also the mobility of the 
counter-anion, the mass transfer properties of the electrolyte and the 
surface heterogeneity of the initial Li(s) microstructure.[14] These pa-
rameters can lead to local depletion and heterogeneous concentration of 
chemical species,[15] aggregation on Li(s) of generated Li atoms ac-
cording to a diffusion-controlled mechanism or their nucleation sepa-
rately from the surface of Li(s) by a nucleation-controlled mechanism. 
Besides, the SEI composition, heterogeneity and growth, make the 
process even more complex and the different models are not yet able to 
take into account the dendritic growth.[9] Besides the use of GO, the 
most common strategies to overcome these issues are treatments of Li(s) 
by a sub-micron organic or hybrid film, additives in the liquid electro-
lyte for reacting with Li(s) surface, new separators, gel and solid-state 
electrolytes. 

A third issue is the ion shuttling. All batteries, require a high and 

Nomenclature 

↕ Thickness 
DFT Density Functional Theory 
EC Ethyl carbonate 
ECl Ethyl-cellulose 
EDC 1-(3-Dimethylaminopropyl)-3- 

ethylcarbodiimidehydrochloride 
EMC Ethyl methyl carbonate 
EC Diethyl carbonate 
DCC N,N’-dicyclohexylcarbodiimide 
DOL 1,3-dioxolane 
DME 1,2-dimethoxyethane 
DMC Dimethyl carbonate 
DMF Dimethyl formamide 
DMSO Dimethyl sulphoxide 
GF Glass fiber 
GEP Gel polymer electrolyte 
LiBOB Lithium bis(oxalato)borate 
LiPF6 Lithium hexafluorophosphate 
LiTFSI Bistrifluoromethanesulfonimide lithium salt 
LCO Lithium Cobalt Oxide 
LFP Lithium Iron Phosphate 
LMO Lithium Manganese Oxide 
LTO Lithium Titanium Oxide 
Of Oxygen-containing function 
PAA Poly(acrylic acid) 

PAN poly(acrylonitrile) 
PC Propylene carbonate 
PDAAQ poly(1,5-diaminoanthraquinone) 
PEO poly(ethyeneoxyde) 
PEG poly(ethyleneglycol) 
PEGA poly(ethylene glycol)diacrylate 
PEGMA-EGDMA poly(poly[ethyleneglycol)-methylether 

methacrylate) 
PMMA poly(methylmethacrylate) 
PP Poly(propylene) 
PSS Polystyrenesulfonate 
P(SF-DOL) poly(vinylsulfonyl fluoride-ran-2-vinyl-1,3-dioxolane) 
PTC poly(vinylidene fluoride-tri- 

fluoroethylenechlorofluoroethylene) 
PTFE Poly(tetrafluoroethylene) 
PVA poly(vinyl alcohol) 
PVDF poly(vinylidenedifluoride) 
PVP Poly(vinylpyrrolidone) 
PVDF-HFP poly(vinylidenedifluoride-hexafluoro propylene) 
SEI Solid Electrolyte Interface 
SHE Solid Hybrid electrolyte 
SPE Solid Polymer Electrolyte 
SPEEK poly(etheretherketone) 
TCNQ Tetracyanoquinodimethane 
THF Tetrahydrofuran 2,2,6,6-tetramethylpiperidine-1-oxyl 
TPP-4DMAP Triphenyl phosphite-4-dimethylaminopyridine  

Fig. 1. Illustration of the different Li-batteries characteristic (capacity and safety); adapted from [1].  
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specific ion transport, either M+ with M being a metal or H+ in the case 
of Vanadium redox flow battery (VFB). In the case of Li-S, the use of 
inexpensive, abundant, and non-toxic sulphur as a cathode theoretically 
gives a specific capacity of ca. 1670 mA h g− 1 with high theoretical 
specific energy of 2500 W h kg− 1 or 2800 W h L-1. However, the per-
formances are severally limited due to the formation of soluble poly-
sulphides (Li2S8, Li2S6, Li2S4, Li2S3, and Li2S2) that migrate to the anode 
and form a solid deposit after reduction. In VFB, the challenge is to 
inhibit the migration of VO2

+ among others, while preserving the 
migration of H+ and HSO4

- /SO4
2-. Similar problems are encountered in 

other types of aqueous flow battery systems.[16]. 

1.3. Aims & comprehensiveness of the review 

Here, we excluded references mentioning graphene oxide in the 
formulation of the active material of the electrodes (example of recent 
reviews.[4,6,8,17–19]) applications of GO in fuel cells, or capacitors and 
supercapacitors. As illustrated in Fig. 2, we will only consider GO as part 
of the electrolytic domain as a coating, gel or solid electrolyte, alone or 
in a mixture, whatever its proportion and whatever the battery type. 

2. What makes GO attractive for electrolyte & protective layers 
on separator & electrode 

2.1. Synthesis & structure 

The frequently used method to prepare GO is based on the work by 
Tour et al.[20] and following those of Hummers and Hoffeman in 1958. 
[21] This method by Tour et al. uses increased amounts of KMnO4 and 
H2SO4:H3PO4 (9:1), helping to eliminate the release of toxic NOx. GO 
became very popular with the beginning of the research on both gra-
phene and related materials as a convenient alternative initial step to the 
direct physical exfoliation of graphite. Indeed, it has quickly been pro-
posed as a convenient chemical exfoliation route of graphite to prepare 
GO, a precursor of reduced graphene oxide, initially claimed to be an 
equivalent of graphene.[22] The synthesis is simply performed in water 
with cheap and well-known reagents like permanganate (MnO4

- ), nitrate 
(NO3

–), sulphuric acid (H2SO4), hydrogen peroxide (H2O2) acid and so 
on, specific reviews are dedicated to this.[23] Double oxidation of GO 
[24,25] or reoxidation of a reduced GO[26,27] are sometimes reported, 
generally aiming at increasing the level of O-containing (Of) functions 
and limiting restacking. 

The 2D structure of graphene oxide is the product of the oxidation of 
graphite layers according to the expected reactivity of carbon double 

bonds with strong oxidants. A precise and unique graphene oxide 
structure and/or composition do not exist, only different graphene ox-
ides possessing similar properties and chemistry. The oxidation treat-
ment produces Of essentially alcohol, phenol, aldehyde, epoxide, 
quinone and carboxylic function. The ratio of these functions is highly 
dependent on the experimental procedure, an average C/O ratio being 
around 2. Fig. 3 summarized some properties brought by GO. A detailed 
description of the GO structure and functionality can be found else-
where.[28,29] Layers can be several microns wide and present holes and 
an average 1 nm thickness for pristine graphene (≈0.34 nm). 

GO aqueous suspensions (1 to 10 mg L-1) are prepared mostly in basic 
conditions and some in acidic conditions. They can be processed by 
blading, spraying, dipping, 3D printing, etc.[30] To enhance the pro-
portion of individual layers and avoid their stacking, sonication of GO 
suspensions is generally performed with classical ultrasound bath, but 
can induce massive fragmentation.[31] With increasing concentration, 
GO suspension behaves as discotic liquid crystals with very specific 
rheology and potential outcomes on their processing.[32–35] Such 
stacking of GO layers is a spontaneous process resulting from the aspect 
ratio of the GO layers and the hydrogen bonding between the OH 
functions. The structure is characterized in XRD analysis by a peak at 2θ 
= 10.8◦ corresponding to interlayer distance of ~ 8 Å (002) plane, the 
latter can vary from 5 to 9 Å, depending on the presence of intercalated 
molecules of water.[36]. 

The stacking of the GO layers results in high mechanical strength, 
poor hydrophilicity, and dramatically decreases the specific surface area 
to ~ 200 m2 g− 1 compared to the theoretical ~ 2500 m2 g− 1 (expected 
for individually separated layers).[38,39] Stacking allows preparing GO 
freestanding films and papers with several micron thickness by simple 
vacuum filtration on a membrane. Each of the submicron-size layer 
observed in these papers (Fig. 4) is made of hundreds of stacked indi-
vidual GO layer. To avoid as much as possible the layers to stack, 
different strategies can be adopted to form “porous GO” such as aerogels, 
sponges or foams.[5,40] Freeze-drying is the simplest solution but has 
limited effect on stacking and leads to a twisted, randomly assembled 
and cross-linked sub-micron flakes with opened micro-to- 
macroporosity. When combined with ice-templating, freeze-drying 
leads to well-organised film of vertically aligned sub-micron size chan-
nels and few nanometers thick GO walls.[41] Fully separated layers are 
achievable by adsorption or grafting in solution of molecules, macro-
molecules, soft and hard templates like surfactants, polystyrene beads, 
metal nanoparticles or oxide nanoparticles.[42]. 

2.2. Properties 

- For filtration. The report of an ultrafast migration of water through 
the nanochannels of stacked GO,[43] has opened the ways to many 
different approaches to nano and molecular separation.[44–46] Such 
migration of water is generally described as a cooperative process 
occurring within nanochannels of the interlayers. Their size determines 
the selectivity of the membrane: the solvated species of larger size are 
selectively blocked at the entrance of the nanochannels, the solvated 
species with smaller size being able to enter and migrate through this 
space. Defects and holes in the GO structure, which account for an 
average of 2 % of the total surface area, cannot explain the high 
permeability of aqueous solutions.[47] Besides, other phenomena 
operate in this process, one being coordination of Of function with 
transition metal cations while alkali and alkaline-earth ions tend to 
interact with non-oxidized regions by cation/π interactions. Addition-
ally, the negative charge of phenolate and carboxylate groups can limit 
entrance to anions similarly to what is observed in the Gibbs-Donnan 
effect.[48]. 

These phenomena explain why GO was chosen in electrolyte mate-
rial to allow the migration of metal ions and prevent that of other species 
like sulphides. In their seminal work, Zhang et al. assumed that not only 
GO can accommodate volume expansion of the S-cathode, its functional 

Fig. 2. Different uses of GO between the surface of anode to the surface of 
cathode in batteries. 
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groups “both epoxy and hydroxyl groups of GO can enhance the bonding 
of S to the C-C bonds due to the induced ripples by the functional 
groups”.[49] Additionally, non-porous GO films efficiency to block the 
sulphides originates from both their repulsion with the negatively 
charged GO nanolayer and their size larger than the interlayer space. 
Another example of this has been reported for vanadium redox flow 
battery,[50] a molecular sieving operating efficiently by blocking the 
transport of oxovanadium ions throughout GO, while allowing the 
transport of H+. 

- Thermal stability. Spectroscopic analyses evidence that after loss of 
residual water, thermal reduction of GO starts around 180 ◦C, a tem-
perature much higher than the working batteries considered today. 
[51,52] However, this may strongly depend on the experimental con-
ditions such as pressure in particular but also the nature of the atmo-
sphere. A fast-heating rate can potentially lead to explosive thermal 
decomposition),[53] typically between 180 and 200 ◦C. Once this 
exothermic decomposition step is completed, thermal reduction con-
tinues with increasing temperature but at a slower pace and full thermal 
reduction is only reached at very high temperature. Besides, GO im-
proves in some cases the thermal stability of the polymer with which it is 
associated but this occurs at temperatures higher than the reduction of 
GO (ca > 200 ◦C) and questions the state of GO in these conditions. 

- Electrochemical stability. GO is known to react electrochemically, its 
electro-reduction is an alternative to chemical or thermal reduction to 

prepare rGO.[54,55] Different studies have established that Of functions 
start to reduce at ca. − 1 V (vs Ag/AgCl) on various substrates and at 
different pH.[55–5758,59] The reduction of GO to rGO by contact with 
Li anode upon cycling[60] or by contact with Li is also known.[61,62] 
Obviously, the formation of H2 is expected according to standard po-
tential of reaction of alcohol function with lithium, but if rGO is formed 
this implies the reduction of the O-bounded carbon atoms of GO for 
example with formation of lithium hydroxide or oxide. Such reaction 
between GO (0.6 V versus SHE) and Li (-3.04 V versus SHE) according to 
eq. (1) is assumed to produce an”etching” of the growing dendrite and 
represents an additional tool to prevent this issue.[63,64] 

2 Li + GO → Li2O + rGO (1)  

The electro-reduction of GO is widely studied, but the electro-oxidation 
is rarely described although it is important in the perspective of high 
voltage batteries. Chemical oxidation of GO is possible, recently it was 
demonstrated that it is an interesting approach of the synthesis of MnO2, 
GO also acting as a sacrificial template.[65] Besides, in a comparative 
study between graphene oxide and reduced graphene oxide,[66] Xu 
et al. ascribed the higher capacitance of GO over rGO to the pseudo- 
capacitance of GO resulting from electrochemical oxidation according 
to eq. (2). Note that, for high potential Li-metal batteries, the ideal 
stability range is 0 to 5 V versus Li/Li+.[67] 

> CH - OH → > C = O + 2H+ + 2e− (2)  

- Conductivity. The electronic conductivity of GO (3.94 10-6 S m− 1) is 
much lower than the one of graphene (498 S m− 1) but it is reported that 
pressing each of them with carbon black results in much closer values, 
respectively 87.7 S m− 1 and 136.6 S m− 1, unfortunately pressure value is 
not reported by the authors.[66] 

Differently, the proton conductivities of GO is relatively high, Hay-
ami et al. reported a σ ~ 10-2 S cm− 1 at 95 % relative humidity above 
340 K, a value that approaches that of commercial proton conductors 
such as NafionTM.[68] H+ conductivity varies with the presence of epoxy 
functions,[69,70] and also with the thickness of the GO layer. The 
proton conductivity increases very quickly for thickness between < 60 
nm (σ = 1 10− 6S cm− 1) and 200 nm (σ = 4 10− 4S cm− 1) and then de-
creases slightly for thickness between 200 nm and 1 µm.[69] Epoxide 
groups are assumed to be the major contributors to the efficient in the 
proton transport process. Consequently, GO is considered as an impor-
tant potential candidate in the development of ion exchange membranes 
for fuel cells and other batteries based on H+ migration, for example lead 

Fig. 3. Representation of the GO structure and of the four main phenomena properties.  

Fig. 4. High-resolution SEM side-view images of 10-mm-thick sample of a GO 
paper; permission from ref.[37] copyright (2007). 
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battery.[71]. 
For Li-ion or Li-metal battery, the targeted ionic conductivity is be-

tween 10-3 and 10-2 S cm− 1, close to that of usual liquid electrolyte (10-1 

to 10-3 S cm− 1). Publications rarely mention the ionic conductivity of the 
GO alone that is prepared and used, a situation merely understandable 
when considering the variability of GO in composition, size, aggregation 
degree, etc. Through more than 200 references, we have identified only 
two values that differ by a factor of 1000: σ = ~6 × 10-8 S cm− 1 [72] and 
σ = 7 × 10-5 S cm− 1.[73] In the latter, a study on GO/PEO composites, Li 
et al. concluded with: “The results suggest that GO nanoplatelets are 
neither electrical nor ionic conductive and therefore can be used as a 
passive filler in the nanocomposite electrolyte”.[74]. 

- tLi + transference number. The Li+ transference number tLi+ can be 
defined as the ratio of Li+ mobility to the total ionic mobility as given in 
relation (1) where D is the self-diffusion coefficient of Li+ and its counter 
anion A-. 

tLi+ =
DLi+

(DLi+ + DA− )
relation 1  

Recent studies demonstrate that beside ionic conductivity, tLi + is 
determining for battery performance like charge–discharge capability 
[75] and suppression of the lithium dendrite growth (presented below). 
[76] tLi + can be lower than 0.5, generally between 0.2 and 0.4, for 
conventional liquid electrolyte, an ideal tLi + would be equal to 1, as in 
some of the solid state ceramic electrolytes. To the best of our knowl-
edge, a tLi + value for GO has never been reported. 

- Dendrite Growth. As we will observe in the references below, the 
presence of GO associated with separator and with polymer in SPE 
frequently decreases the growth of lithium dendrites. Shahbazian-Yassar 
et al.,[77] in the case of a Li plating on a Cu collector covered by a 
nanofilm of GO/PVDF (↕ 0.2 µm, ≈50 µg cm− 2) ascribed the effect of GO 
layer to its lithiophilic nature which may be explained by both the high 
defects density and the layers stacking, able to “buffer” the migration of 
Li+ cation; see Fig. 5 for illustration of the phenomenon. This tends to 
standardize, homogeneously and randomly distribute cations migration. 

In addition, the mechanical properties of GO help to limit the “tip 
effect” and thus the dendrite formation. Similarly, for a mesoporous GO- 
polypyrrole coating on a copper collector, Wu et al. attributed to GO a 
nano-sieving effect that could “sufficiently slow down the shuttling 
speed of Li ions between electrodes, and reduce the Li dendrite growth 
rate, especially at high current densities”.[78]. 

However, another effect of GO has been reported in the case of the 
Zn/MnO2 battery, where the inhibition of Zn dendrites is also observed. 
For Zhang et al., GO led to a homogeneous nucleation and deposition of 
Zn, but also to a preferential growth orientation. Indeed, the presence of 
GO in contact with Zn leads to the dominance of the (002) plane of Zn 

and the absence of the (101) plane.[79]. 

2.3. Chemical modification related to ionic conduction 

The chemical reactivity of GO relies essentially on Of that, a priori, 
behave like in any organic compound.[81,82] Table 1 gives an overview 
of the possible reactions related to the type of Of taken from the recent 
review by Guo et al.[80] and Fig. 6 is an illustration of the different 
chemical reactions that can be performed. In addition to this high level 
of functionality, the good dispersibility of GO in various solvents makes 
its chemical modification relatively easy to perform. 

Of are determining for the interaction/association of GO with the 
polymer matrix to which it is added. Van der Waals interactions are also 
frequently used for a non-covalent modification of GO.[81] This avoids a 
synthetic step costly in time, in energy, and in chemicals. Therefore, 
covalent binding of a functional moiety on GO should be duly justified, 
for example the grafting of E-containing specific functions (E = B, N, S, 
F…). Another reason is to bind chemicals that would otherwise migrate, 
segregate or evaporate over time. The objective is to achieve the highest 
level of homogeneity and stability over time, for example to avoid 
stacking or restacking of GO layers. Let’s emphasize that a general 
problem is the quantitative determination of the level or degree of 
modification. As it can be difficult to determine, it requires additional 
efforts from researchers. 

Esterification of carboxyl group is among the simplest example of 
covalent chemical modification reported in the field of batteries, the 
carboxylic group being directly esterified with OH-terminated PEG or 
PEO by direct mixing of GO, for example methoxy-polyethylene glycol 
(Mw = 350 g mol− 1) at 60 ◦C for 12 h in acidic conditions.[83] In 
another work, activation of –CO2H by SOCl2 was preferred prior to 
esterification with PEG[84] or with boric acid.[85]. 

Amidation of carboxylic group can be obtained with an amine but 
the activation of the carboxylic group requires the use of a coupling 
agent such as DCC,[86,87] EDC,[88,89] or TPP-4DMAP in pyridine. 
[90]. 

Epoxides on GO react by ring-opening with an amine and lead to 
prepare different imidazolium-containing GO for solid state hybrid 
electrolytes.[91,92] The same reaction with 3-amino-1 propane sulfonic 
acid is a way to introduce -SO3H group.[93,94] Although easy to 
perform in basic conditions, the possibility of parallel reactions with 

Fig. 5. Schematic view of Li deposition mechanism in case of GO-modified 
samples. A–F) adsorption of Li-ions to the lithiophilic GO coating and 
controlled on-site delivery of Li-ions to the metal surface, leading to a uniform 
Li deposition. Further suppression of Li dendrites will be obtained by high 
mechanical stability of GO acting as physical barrier; from ref.[77]. 

Table 1 
What can be done with functions on GO; other information can be found from 
ref.[80].  

Target 
functional 
group 

Reaction Advantages Limitations 

Epoxide Nucleophilic 
ring-opening 

Mild conditions Risk of partial 
reduction of GO when 
using basic 
nucleophiles 

Hydroxy Silanization Large choice of 
silane 

No use of amino- 
terminated or thio- 
terminated silane  

Chlorosulfonic Well established to 
prepare sulfated 
GO 

Use of water-free 
solvent  

Boronic acid Mild condition Limited grafting level  
Esterification Large choice of carbocylic reagent  
Carbamatisation Mild conditions Possible side reaction 

with carboxylic 
function  

Williamson 
reaction 

Mild conditions Avoid high pH 

Carboxyl Esterification High 
chemselectivity 

Limited grafting level 

π-bound Diazotation Large 
compatibility with 
other functions 

Oligomerization as side 
reaction  
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other functions on GO like aldehyde, ketone or even carboxylic acid 
depending on the pH should be questioned. 

To increase the homogeneity of polymer/GO blends and definitively 
avoid any stacking of GO, polymer chains can be grown from specific 
function on the surface of GO. To this end, either a polymerizable group 
or an initiating function is first generated on GO surface. For example, 
the polymerisation by reversible addition-fragmentation chain transfer 
(RAFT) of (ethyleneglycol)methylethermethacrylate was initiated from 
sulphur functions, resulting from the treatment of GO by S-(thiobenzoyl) 
thioglycolic acid.[95] In other studies, polystyrene-based chains were 
grown from GO by oxidising OH-group with Ce(IV), generating oxygen 
radical that launch the vinylic polymerisation of 1′4-vinyl(R)aromatic 
(R = SO3H or Cl).[96,97] A last example is the growth of hairy poly-
acrylamide chains via radical polymerization by atom transfer from C-Br 
functions onto GO, the latest being obtained by bromination of alcohol 
functions with α-bromoisobutyryl bromide.[98]. 

Silanisation, by means of the reactivity of the –OH group towards the 
Si-O-R and Si-OH groups, allows the grafting of already-made SiO2 
nanoparticles,[99–101] or their growth with Si(OEt)4 as precursor. 
[102] Silanisation is also used to introduce organofunctional groups 
such as propyl-ammonium function, for example dimethyloctadecyl-[3- 
(trimethoxysilyl)propyl]ammonium chloride.[103]. 

Alcohol functions can also react to form acetal, for example with 
glutaraldehyde, which has been used to cross-link GO layers either with 
itself or with another OH-bearing functions like cellulose. [103]. 

Finally, we can mention that carboxylic and alcohol groups are 
probably also involved when grafting inorganic particles of WO3 with 
Na2WO4 as precursor.[104]. 

3. GO and commercial separator 

A separator is a macroporous membrane separating the electrodes 
and impregnated with liquid electrolyte. Synthetic organic (poly-
propylene, polyethylene, polycarbonate) or inorganic materials (silica) 
as well as biopolymers (cellulose) are mostly used. Their mechanical and 
surface properties are determining for the overall performance of the 
battery.[105–107] Separator must be chemically and thermally stable 
with enough mechanical resistance to withstand manipulation and 
deformation. Most importantly, a uniform porosity and wettability are 
key parameters. A polymer separator typically increases the resistance of 
the electrolyte by a factor four to five. This technology is well identified 
by manufacturers and a specific interest is brought to the design of a 

separator which would control the SEI, would slow down the dendritic 
growth and polysulphides. Two approaches can be distinguished, rep-
resented in Fig. 7, one based on the surface modification of a commercial 
separator with GO, the other aimed at developing new separators 
incorporating GO. Below, we consider both approaches but only when 
the treatment of these separator is sub-micrometric in size, considering 
that thicker treatments better fit in the “Thin layer with GO” section. 

3.1. Chemical modifications of commercial separator 

Celgard separator made of a polyethylene layer sandwiched between 
two outer layers of polypropylene (↕ ~25 μm, Fig. 8a) presents uni-
formly distributed slit-like submicronic pores (size < 100 nm). Its 
olefinic nature may seem not adapted when considering cation con-
duction processes.[108] It is however very popular, due to its inertness 
and stable association with the polar electrolyte. GO has soon been 
explored to increase its surface polarity and wettability. A ‘pre-wetting’ 
by alcohols (generally isopropanol), allows forming a GO nanocoating (↕ 

Fig. 6. Illustration of some chemical modifications in view of the use of GO for application in batteries (esterification amidation, epoxide-RO, chain growth …).  

Fig. 7. Representation of the Assembly or modification of a commercial sepa-
rator by GO. 

C. Maignan et al.                                                                                                                                                                                                                               



Chemical Engineering Journal 485 (2024) 149616

7

~30 nm) by direct filtration of a GO suspension on the separator.[109] 
However the strength and stability over time is questionable in the 
absence of covalent bonds between GO and the separator. To avoid such 
questions, GO is frequently associated with a polyolefin-compatible 
polymer, for examples with PVDF[110] or NafionTM.[111]. 

For Li-S battery, Zhi et al. first reported the spray-coating of the 
Celgard separator with a suspension containing GO and oxidized CNT 
forming a submicron-thick layer (0.3 mg cm− 2

, GO/CNT 50/50 wt%), as 
illustrated in Fig. 8b.[112] Improved performances were ascribed to the 
limitation of the Sn

2- migration. Zhang et al. also observed such an effect 
but with a nanocoating of NafionTM (↕ 100 nm) and GO (↕ 30 nm) 
covering the macropores on the separator, able to “physically” suppress 
the Sn

2- while Of of GO and -SO3
- of NafionTM enhance Li+ hopping as 

illustrated in Fig. 9.[111] More recently, similar improvement of Li-S 
battery was reported for GO associated with Co-phthalocyanine (5 µg 
cm− 2, ↕200 nm),[113] with nanocellulose,[114] or with MgAl layered 
double hydroxide nanosheet that, in this latter case, leads to a very low 
capacity decay of 0.08 % per cycle over 500 cycles at 0.2 C and a high 

reversible capacity of 608 mA h g− 1 after 100 cycles at a high sulphur 
loading. [115]. 

Celgard was also efficiently modified with GO-based nanocoating to 
improve its performance in other types of batteries such as Li- 
Anthraquinone (↕ 905 nm, 0.1 mg cm− 2, GO/Super P 33/67 wt%), 
[116] Li-LFP (↕ ~900 nm, 0.07 mg cm− 2, GO/Prussian blue/Poly-
acrylonitrile 31/60/9 wt%)[117] and Li-Cu(TCNQ) (↕ ND, 0.13 mg 
cm− 2, GO).[118]. 

Whatman® separator, generally named GF, is the other commercial 
and popular separator made of randomly arranged borosilicate glass 
fibers (∅ <2 µm, Fig. 8c), it is much more porous (66 %, ~0.6 <
pore ∅ < 0.8 μm) than Celgard (41 %) although thicker than it (↕ 250 
μm). Compared to Celgard, adhesion of GO on silica-based material is 
certainly stronger and more stable, ensured by H-bonds between –OH 
function or even Si-O-GO link. By spray coating,[77] Shahbazian-Yassar 
et al. prepared a GF separator by depositing 1.0, 0.5 or 0.2 mg cm− 2 of 
GO mixed with PVDF (GO/PVDF ND/ND wt.%, Fig. 8d). The uniform 
deposition of Li during plating/stripping and the inhibition of dendrite is 
ascribed to “defect sites” and to negatively charged functional groups on 
GO along with its high mechanical stability. Interestingly, Celgard 
treated in the same condition led to lower electrochemical performance. 

GO was associated with some other separators, in the case of an Li- 
LiCoO2 cell, a GO/PVdF-HFP coating on a “manufactured PET 
nonwoven substrate” improves performance for an optimal GO- 
concentration 0.0066 wt%, but “PET” structure is not defined.[119]. 

Conclusion on Modification of Commercial Separator with GO – This 
strategy is acceptable for production processes. It consumes low quan-
tities of reagent and occupies a limited volume. In addition, from a single 
commercial separator, different direct treatments (spray-coating or 
filtration) allow addressing specific solution to each type of battery. 

3.2. Elaboration of new separators with GO 

To elaborate a porous separator, blading of a slurry followed by 
phase inversion in a non-solvent is a relatively simple process. As an 
example, an acetone/DMF solution of PVDF/Al(H2PO2)3/GO (33/66/ 

Fig. 8. Microstructure of commercial separators observed by SEM: a/ the pristine Celgard separator, b/ the GO/o-CNT separator, reprinted with permission from ref.. 
[112] copyright (2015) c/ the pristine Whatman® separator and d/ the GO/PVDF-modified separator; reprinted with permission from ref. [77] copyright (2018) 

Fig. 9. Illustration of the effect of GO on Celgard separator; reprinted with 
permission from ref.ef [111] copyright (2016) 
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0,01 wt%) after phase inversion (to ethanol) and wetting with liquid 
electrolyte (LiPF6/EC/DEC/DMC/VC) were carried out for preparing a 
separator with high porosity (51 %, ↕29 µm) and offers in Li- 
LiNi0.8Mn0.1Co0.1O2 batteries a high capacity up to 188.8 mAh/g at 0.2C 
and a retention capacity of 82.2 % versus 41.4 % for Celgard after 200 
cycles.[122] GO also improves the. 

performance of PVDF-HFP-based separators prepared by direct 
casting (Fig. 10a).[120] For an optimum GO content of 0.1 wt% (↕ 130 
μm, pore size distribution 5–200 mm and 10–400 nm, porosity of 65.3 
%) this separator in Li-LFP battery led to a capacity (160 mAh/g) 37.9 % 
higher compared to pure PVDF-HFP (116 mAh/g) and 19.4 % higher 
than Celgard (134 mAh/g). 

For a separator made of a poly-hyperbranched-PEO assembled with 
GO, porosity was introduced by soft templating using a colloidal poly-
styrene suspension. Although the electrochemical performance in Li-LFP 
cells are somehow interesting, a separator without GO was not reported 
as a control and the wt.% of GO not given. It is thus not possible to 
highlight the contribution of GO in this case.[73]. 

However, the most recent approach of elaborating new separators is 
the electrospinning of GO-containing fibers forming a non-woven mat 
with adaptable thickness and diameter of the fiber. PEO-based fibers 
were electrospun from GO/PEO/EC/LiClO4 suspension in acetonitrile 
(GO content 0.07 – 0.35 wt%, 300 < ∅ < 800 nm).[123] An interesting 
comparison with similar MWCNT-containing fibers points to a higher 
ionic conductivity when using GO as filler (up to σ = 0.057 10-3 S cm− 1) 
but a slightly higher transference number when using MWCNT (up to 
tLi+ = 0,51). A situation quite disturbing when considering the huge 
difference of functionality and structure between GO and MWCNT and 
that questions the “cooperative process between Of at the GO surface” 
that is frequently claimed in publications. In addition, even perfectly 
unstacked, the very low proportion of GO (0.5 to 1 wt%) corresponds to 
a very small proportion of PEO in interaction with the GO interface and 
very small volume fraction of the SPE for Li+ to migrate. 

For PVDF-based fibers electrospun from a PVDF/GO/TiO2 solution 
(400 < ∅ < 650 nm, GO-content 1, 2, and 3 wt% and TiO2-content 5 wt 
%), the presence of GO clearly led to higher electrolyte uptake (up to 
490 %) and σ (up to 4 10-4 S cm− 1).[124] For interested readers, a 
comparison can be made with a rGO/PVDF electrospun separator.[125]. 

Polyacrylonitrile is the most studied in this field, it is easy to process, 
it offers excellent resistance to oxidative degradation and cyano groups 
are potentially efficient to bind Li+ leading to homogeneous ionic con-
duction hindering dendrite growth.[126,127] Electrospun PAN fibers (∅ 
~210 nm) were covered with a thin layer of a doubly oxidized GO 
(HGO) by filtration (↕ 5 μm), the average pore size diameter ~ 520 nm of 
PAN fibrous mat (↕ 35.0 μm) is reduced to 223 nm by HGO resulting in 
improving resistance to dendrite growth (Fig. 10b).[121] Direct elec-
trospinning of PAN/GO suspension (91/9 wt%) gave fibers (600 < ∅ <
850 nm) and mat having high porosity (70 %), high wettability (300 % 
of liquid electrolyte uptake) and improves performance of Li-S battery 

(capacity of 597 mAh/g after 100 cycles, 38 % higher than with Celgard 
separator). This was ascribed to the specific role of –C≡N in binding 
polysulfides and to electrostatic repulsions between negatively charged 
GO and polysulfide Sn

2-.[128] In a Li-LFP battery, polyacrylonitrile-co- 
vinylacetate/polymethylmethacrylate/GO mat (99/11/2 wt%, fiber ∅ 
~130 nm) led to attractive performance: tLi+ = 0.77, σ = 1.5 × 10-3 S 
cm− 1 at 30 ◦C and high discharge capacities (155 mAh/g at 0.1 C, 52 
mAh/g at 2C). Noticeably, here also GO was prepared by a double 
oxidation process.[24]. 

Hydrolysis of the nitrile groups followed by esterification with 
alcohol functions on GO was performed to ensure a covalent bonding 
between PAN and GO.[129] The resulting electrospun mat (GO-content 
10 wt%, ∅ = 200–––300 nm, mat ↕130 μm) had good ionic conductivity 
(σ = 4.53 10-3 S cm− 1), transference number (tNa+ = 0.70, tLi+ = 0.64) 
and improved C-rate capacity compared to PAN and commercial Celgard 
separators in Na-Na3V2(PO4)3 and in Li-Li4Ti5O12 cells. 

One can also mention that electrospun fibers with polyurethane 
[130], polyurethane/polyvinylpyrrolidone[131], polyimide[132,133] 
or PVDF-HFP p/poly-m-phenyleneisophthalamide (PMIA)[134] were 
also reported, but the absence of precise structure of these polymers 
severely limits the usefulness of the data. 

Conclusion on Elaboration of New Separator with GO – Electrospinning 
offers the possibility to vary the composition, fiber diameter and mat 
thickness and is well suited for upstream research. What’s more, the 
flexibility of this technology and the ability to produce membranes on a 
large scale make it competitive with commercial separators. 

4. GO in coating and thin layer 

The terms “interlayer” or “protective layer” or “film” or “coating” or 
“artificial SEI” generally refers to a submicron to micron-size layer (↕ >1 
μm) covering either the surface of the separator or the electrode. Here, 
we will abbreviate all these different situations by TL for Thin Layer. 
This very broad scope concept is basically depicted in Fig. 11. Thicker 
film, in absence of commercial separator, are considered in the solid- 
state electrolyte section. 

To modify the properties of the separator, various polymer-based or 
inorganic-based protective layers have been reported and can effectively 
stabilise the Li interface,[11,135] or block the sulphides migration in the 
specific case of Li-S battery.[136,137] Below, we differentiate the case 
of the protective layer when it is coated on the separator, the anode or 
the cathode. 

4.1. Thin layer combined with separator 

In 2014, Hammond et al. used a layer-by-layer approach to form a 
non-porous protective multilayer TL (↕ 0.4–4 μm) on Celgard with 
alternating GO, PEO and PAA layer, with or without LIBOB. The nano- 
layer of GO was reported to increase the Li-transfer number, decrease 

Fig. 10. Example of microstructure of the two main types of separators observed by SEM and prepared either a/ by phase inversion of a GO/PVDF-HFP mixture; 
reprinted with permission from ref. [120] copyright (2020) and b/ by electrospinning of GO/PAN mixture; reprinted with permission from ref.[121] copy-
right (2022). 
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the ionic conductivity and the electrolyte permeability of the whole set. 
Nevertheless, a chrono-potentiometry test indicates a short-circuit time 
multiplied by 4 with GO and an increase in the Young modulus, that is 
assumed to explain the resistance to perforation by Li dendrite.[138]. 

In Li-S battery, the TL technology has been largely developed to 
prevent the polysulphides shuttling by using carbon-based materials. 
Graphene oxide is a good candidate and a thin layer (↕ 4–6 mm, 
0.4–0.12 mg cm− 2) of GO alone deposited on Celgard by direct filtration 
was reported to efficiently block the polysulfides, this occurring within 
the very upper part of the layer (5–15 nm).[109]. 

Many different GO-containing composites have been reported and 
listed below according to their chronological publication: GO/MWCNTs 
(1.1 mg cm− 2, ↕~30 μm on Celgard),[139] GO/PVDF (91/9 wt%, ↕18.3 
μm on Celgard),[140] aligned MWCNT GO (↕ 2 μm, density 0.10 mg 
cm− 2, GO content 0.05 mg cm− 2, on Celgard),[141] GO/CNC,[142] GO/ 
polyaniline paper (↕ 9 μm, PANI-content 2.48 mg cm− 2 on Celgard), 
[143] GO/SiO2/CMC (100/3/0.08 wt%, ↕<5μm on Celgard),[144] GO/ 
CaF2/Ketjen black/PVDF (8:1:1 wt%, ↕ND, on PP membrane, 0.15 mg 
cm− 2),[145] GO/polyaniline deposited on MWCNT (GO layer ~ 700 
nm, MWCNT mat > 3 μm, GO facing the cathode on glass fiber sepa-
rator),[146] GO/PAN (1:10 wt%, electrospun PAN nanofibers ∅ ~640 
nm, ↕63 μm on glass fiber facing the cathode),[147] GO/PVDF (GO 0,1; 
0,2 and 0,5 wt%; electrospun PVDF fiber ∅ ~1 μm; 2–40 μg cm− 2, ↕5 to 
10 μm on Celgard),[110] GO/poly1,5-diaminoanthraquinone (20/80 wt 
%, ↕40 μm on glass fiber separator),[148] BaTiO3-GO/PVDF (80/20 wt 
%, ↕25 μm on Celgard).[86]. 

In a study on a GO/nanocellulose composite as interlayer on Celgard, 
GOs with different oxidation degrees were prepared by playing on the 
time of graphite oxidation by KMnO4, leading to a high level of epoxide 
functions. Electrochemical tests evidenced an improvement of the spe-
cific capacity for the less oxidized GO but limited to the first 100 cycles, 
and a detrimental effect of a too oxidized GO but interpretations not 
straightforward and unfortunately, information on the cellulose itself 
are missing.[149] Another interesting comparison has been made be-
tween thin films (↕ ~40 μm on Whatman ↕260 μm) of GO-based com-
posite including either SiO2 or TiO2 or PDAAQ (80/20 wt% in each 

case).[148] In all cases, the performance of the Li/S battery was 
improved by the TL and GO/PDAAQ gives the best performance in terms 
of cyclability, coulombic efficiency and blocking of polysulphides. 

This TL technology is also tested in other battery like: Li-LCO (a GO/ 
SiO2/CMC film 100/3/0.08 wt% and ↕<5 μm on Celgard)[144] or Li- 
Li4Ti5O12 (GO-PAM/PVDF 80/20, ↕ND on Celgard).[98]. 

For Li-O2 battery,[150] a synergistic effect between the three com-
ponents PSS-Li, GO-Li and SiO2 (4, 10 and 15 wt%, ↕67 mm, on glass 
fiber) has been demonstrated to prevent the shuttling of redox molecules 
such as TEMPO from catalyzing the cathodic reactions: 2Li+ + O2 + 2e- 

→Li2O2. Similarly, TL of pure GO (200 nm, 0.01 mg cm− 2, on PTFE 
membrane) prevents the migration of 5,10-dihydro-5,10-dimethylphe-
nazine, a redox-mediator required for oxygen reduction.[151]. 

For Zn-ion battery,[79] Zhang et al. obtain a thin layer of GO (↕ 
10–20 μm) by direct filtration of GO solution on a GF separator (Fig. 12). 
Among different effects, the GO layer clearly reduces the interfacial 
charge-transfer resistance during platting/stripping. It is also demon-
strated that the ionic conductivity of the GF is improved by the GO layer 
(up to σ = 0.014 S cm− 1) resulting in high electrochemical performances 
in Zn/MnO2 cell. In that case, the suppression of dendrite was not 
ascribed to the mechanical strength of GO but to specific interaction 
with Zn as explained in the above section. In the same publication, au-
thors report similar improvements in Li symmetrical cell, but without 
evidence of any effect of GO on Li similar to the one on Zn. 

In an aqueous battery like C-Nax[FeFe(CN)6], GO (↕ ~7–8 mm on GF 
separator) improves the retention of capacity (78.8 % after 10 cycles for 
a current density of 2 A/g) thanks to sieving effect; the hydrated Fe3+

(aq) 
(∅ of 9.6 Å) being blocked by the interlayer nanochannels ~1 nm 
contrarily to the hydrated Na+(aq) (∅ of 7.2 Å) whose migration is 
required.[152]. 

4.2. Thin layer on anode 

According to DFT calculations, the adsorption of Li near GO defects is 
a thermodynamically favoured process leading to an initial deposition of 
a thin layer of Li on the GO sheets.[153] Before this theoretical confir-
mation of the lithiophilic character of GO, a uniform and continuous GO 
coating on Li(s) was obtained via simple wetting with a DMC solution, 
Fig. 13.[154] Furthermore protective layers with GO on anode aims to 
avoid direct contact of liquid electrolyte with Li and/or to modify the 
SEI, example of this are: GO/black phosphorus in a Janus bilayer 
structure in Li-S and Li-LFP batteries (↕ 500–1000 nm),[155] GO/PVDF- 
HFP/PEGA (13/26/48,6 wt%, ↕8–9 μm) in Li-Li and Li-LFP cell,[62] 
GO/P(SF-DOL) (20/80 wt%, ↕3 μm) in Li-LiNi0.5Co0.2Mn0.3O2 cell. 
[156]. 

A GO-containing layer was also investigated to stabilise the Li surface 
in contact with an inorganic electrolyte like Li6PS5Cl when tested in LCO 
battery (GO/H3PO4/ECel: 8/80/12 wt%, ↕33 μm).[157] Prevention of 
dendrite growth, limitation of polysulfide migration and improved sta-
bility are generally ascribed to different reasons: the mechanical prop-
erties; a filling-in effect to smooth the surface; or an impermeabilization 
avoiding direct contact of Li with liquid electrolyte. An outstanding 
question is an increase in the reduction of GO in contact with Li while 
combined with other chemicals of the SEI. 

In the specific case of Li-O2 battery, a GO/SiO2 composite was pro-
posed to protect Li from corrosion.[101] Interestingly, GO/SiO2 com-
positions present an optimum, the best result being obtained with a 2/1 
mass ratio (↕ 22 μm) that was conveniently deposited by drop casting. In 
this case, the battery reaches at least 348 cycles at 1 A/g, with 1000 mA 
h g− 1 of capacity, much more than a coating with either GO or SiO2 
alone. 

To avoid treating a reactive metal like lithium, it would be easier to 
treat the Cu collector combined with a first plating that will produce Li 
between the Cu collector and the protective layer. This was reported in 
the case of spin-coating of GO on Cu collector (~0.134 mg cm− 2), using 
a liquid electrolyte with 5 % fluoroethylene carbonate to generate an 

Fig. 11. Representation of the thin layer made of a GO-containing composite 
deposited on a commercial separator. 
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LiF/GO-rich SEI on Li that improves the life-time and coulombic effi-
ciency of Li-LiNi1/3Mn1/3Co1/3O2 battery.[158] Such effective treatment 
of the current collector works also for Mg-metal battery, another elec-
trode material candidate for new generation of batteries. Corrosion/ 
passivation of the Mg interface and electrolyte oxidation was prevented, 
at least partially, by electrodeposition of the GO layer (↕ 200 nm, 60 μg 
cm− 2) on Al or Cu collector up to 4.0 V and without negative impact on 

plating/stripping of Mg. It was demonstrated that the O-rich function on 
GO is a key factor in this process since a rGO coating does not offer the 
same protection.[159] Additional data on the prevention of Mg corro-
sion were reported recently.[160]. 

Fig. 12. A/ example of a thin protective layer on a GF separator and B/ its performances in a Zn-MnO2 cells with GF and GO/GF separator at a current density of 0.5 
A/g; reprinted with permission from ref.[79] copyright (2020) 

Fig. 13. TEM images of Li covered by ultrathin GO layer and performance of the corresponding Li-S battery; reprinted with permission from ref.[154] copy-
right (2016) 

Fig. 14. Structure a GO coating on the sulphur cathode observed by SEM and long-term cycling performance of Li-S battery with sulphur cathode at 1C rate with and 
without the GO membrane; reprinted with permission from ref..[161] copyright (2016) 
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4.3. Thin layer on cathode 

For Li-S battery, numerous publications report the formulation of the 
sulphur cathode with GO, generally further reduced in rGO, but this is 
not the topic of the present review. Instead, or more likely in combi-
nation with this, a thin GO layer on top of the sulphur cathode was 
deposited by simple blading (↕ 0.75 μm) and leading to improved 
electrochemical performance (initial discharge capacities of 1182 mAh/ 
g for electrodes with 80 % sulphur content at a 0.5C rate and a capacity 
of 835 mAh/g after 100 cycles at 0.5C, Fig. 14).[161] Recently, an easy 
way to process GO/sulphur-carbon/MXene cathode led to a specific 
capacity of 1425 mAh/g at 0.1C in the initial cycle and a cyclic retention 
of ~85.1 % after 500 cycles.[162]. 

Conclusion on TL technology - Some general remarks to point out: 1/ 
the additional layer associated with the separator is generally effective 
to improve the performance of the battery, although it often results in 
higher polarization voltages due to their relatively high resistance; 2/ 
the most useful studies are those where at least one parameter, espe-
cially the composition or the thickness, is screened on its impact on 
battery performance, allowing to better identify the role of each 
component in a multicomponents film; 3/ a full characterisations of the 
GO’s evolutions is generally missing. 

5. GO in gel electrolyte 

An electrolyte gel is a quasi-solid material that frequently consists of 
three parts: a cross-linked polymer matrix swollen at the molecular level 
by a liquid solvent, sometime called “plasticizer”, at room temperature, 
in which lithium salts are dissolved, see Fig. 15 for a simplified repre-
sentation.[163,164] When the polymer bears ionic functions, the salt 
might not be necessary. Both the polymer and the liquid must have high 
polarity and dielectric constant to allow dissolution and dissociation of 
salt ions. In addition, high thermal stability and good chemical stability 
are required to prevent secondary reactions, especially in contact with 
electrode materials. 

To prepare gel polymer electrolyte (GPE), the most used polymers 
are PEO, PVA, PMMA, PAN, PVDF, or PVDF-HFP swollen in classical 
plasticizers such as carbonate (EC, EMC, DMC, DEC, PC), ether (DOL, 
THF, DME), amide (DMF) or sulfoxide (DMSO). The salt is frequently 
LiClO4, LiPF6, LiBOB, or LiTFSI. In this domain, graphene oxide has been 
used as a filler, sometimes after chemical modifications, that can in-
crease the mechanical properties but also the ionic conductivity. 

In some reports, GO is used in a supercapacitor in a gel electrolyte, 
Chen et al. observed a 260 % increase in the conductivity when adding 1 
% of GO to a pure PVDF-HFP-2EMIMBF4 gel (GO/PVDF-HFP/EMIMBF4: 
1/33/66 wt%, σ = 9 10-3 S cm− 1 at RT).[165,166] The effect of GO is 
attributed to amorphization of the P(VDF-HFP), an optimum GO-con-
tent ~ 1 wt% being observed in that case and related to the polymer/GO 
interactions versus GO stacking. 

For Li-LFP battery, Wang and Gong have compared GO and PEO- 
modified GO in PVDF-HFP-based GPE: one made GO/ PVDF-HFP 
LiTFSI/EMITFSI (GO optimum content: 0.3 wt%, σ = 1.3 10-3 S cm− 1 

at 30 ◦C, tLi+ = 0.79, up to 4.85 V)[167] and the other made a PEO- 
esterified GO (GO@PEO/PVDF-HFP/LiTFSI/EMITFSI, GO@PEO opti-
mum content: 2.4 wt%, σ = 1.6 10-3 S cm− 1 at 30 ◦C, tLi+ = 0.82).[168] 
In both cases, GO improves the performance of Li-LFP cell, optimum 
concentration corresponding to a large decrease in the crystallinity of 
the polymer. However, the superior Li-LFP cell discharge capacity (+16 
% at 0.1C and X 7.5 at 5C) demonstrates the interest of the esterification 
of GO with PEO that enhances the compatibility with PVDF-HFP and 
avoids GO stacking. Another chemical modification of GO giving 
attractive results is the functionalisation with SO3H-groups. The addi-
tion of 3 wt% of a SO3H-GO to a NafionTM-based GPE swollen in EC:PC 
increases the ionic conductivity from 3 to 5 10-3 S cm− 1 at 30 ◦C, and the 
transference number is the one of a single ion conductor (tLi+ ~0,99). 
[93] An interesting point of this study is the analysis of the Li+ motion by 
7Li NMR allowing the determination of the diffusion coefficients that 
represents the long-range motions (~10 nm to ~ mm) and spin − lattice 
relaxation T1 that depends on rotational and short-range translational 
motions in the time scale of the reciprocal of the NMR frequency (~1 
nm). Lithium diffusion in the NafionTM GO-free was found higher than in 
the presence of GO and “the shorter T1 values in the GPE with SO3H-GO 
confirms that Li+ is involved in more stringent interactions with the 
lattice,” as explained by the authors. 

For Li-LiCoO2 cell, Li et al. mixed PVDF with a modified-GO cova-
lently grafted with borate-polyacrylic acid and swollen in 1 M LiClO4- 
EC/PC/DMC (Fig. 16).[85] Here, the optimum GO-content is much 
higher than in other GPE ~ 10 wt% but leads to a fairly ionic conduc-
tivity σ = 3.82 10-3 S cm− 1 at 25 ◦C, a large stability window (~4.7 V), 
an average transference number tLi+ = 0.52 and an attractive discharge 
capacity. In a different polymer matrix, PTC was selected to prepare a 
GPE because of its high dielectric constant (ε = 50–57; GO/PTC/ 
PEO:0.1/10/1, swollen with 1.0 M LiPF6 in EC/DEC/FEC).[169,170] 
Here again, GO slightly improves the ionic conductivity (σ = 2.28 × 10-3 

S cm− 1, +12 %), the transference number (tLi+ = 0.60, +33 %) and 
stability (up to 5 V). Very recently, for polyethylene glycol-based matrix 
(PEGMA-EGDMA swollen in 1 M LiPF6 in DEC/DMC), the reported effect 
of GO seems limited although an optimal GO-content of 0.3 wt% gives 
the best performance for ionic conductivity and a tLi+ ~0,6. This GO- 
content also leads to the highest swelling ratio.[95,171]. 

In Li-O2 battery, PVDF-HFP mixed with PEO and GO (94.3/4.7/0.95 
wt% swollen in 1 M LITSFI in TEGDMF) gives the lowest conductivity σ 
= 3.4 × 10− 4 S cm− 1 at 25 ◦C, higher stability window (5.2 V), similar 
tLi+ = 0.58 and good prevention against dendrite growth.[172]. 

Aqueous GO-containing GPE were investigated for application in Zn- 
O2 battery. In formulation with PVA, PAA, KOH and KI, GO improves the 
electrochemical performance. The reason is ascribed to be the same 
phenomenon than the one observed for other batteries despite the fact 
that the shuttling ions are significantly different.[173]. 

A different type of GPE was obtained recently by swelling light 
molecular weight PEG (400 g mol− 1) with 1.3:2.4-dibenzylidene-D-sor-
bitol (DBS) as an organogelator and filled with various amount of GO 
(0.3, 0.5, 0.7, 1, 2 and 4 wt%).[174] The self-organisation of DBS/PEG 
association in the gel (↕ 50 μm) is disturbed by the presence of GO and 
besides, variation of the ionic conductivity reaches an optimum value σ 
= 5.0 10-4 S.cm− 1 at RT for a GO concentration of 0.5 wt%. 

Very recently, a gel polymer electrolyte (GPE) for solid state super-
capacitor was prepared by an easy casting process from aqueous solution 

Fig. 15. Representation of a GO-containing composite gel swollen with solvent 
and Li+-containing salt. 
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of agarose as a matrix and GO as a filler (Agarose/LiOAc/GO (100/ 40/ 
120/x x = 0,4 0,8, 1,2, ↕800 µm). The amount of water in the gel is not 
clear but a high ionic conductivity is reported σ = 73.8 mS cm− 1 with 
other mechanical and thermal performance.[175]. 

Conclusion on GEP technology - Some general remarks: 1/ studies of 
the electrochemical performances as a function of the swelling level are 
generally never reported but would be interesting for understanding the 
behaviour of these material; 2/ although an optimum for GO-content is 
generally observed, it also clearly depends on the matrix and salt 
composition; 3/ GO has always important effect on the mechanical 
properties, crystallinity of the polymer and the electrolyte uptake; 4/ 
elucidation of the structure by CryoTEM and SAXS tool would be useful 
although generally never reported. 

6. GO in solid-state electrolyte 

Solid-state electrolytes (SSE) can be either an inorganic (ISE), or a 
polymeric (SPE) or hybrid inorganic and organic (HSE); in almost all the 
cases, GO is used as a filler of an organic polymer together forming an 
SPE. Often, the SPE is immersed in a liquid electrolyte solution before 
being used and it is difficult to identify to what extent the SPE has been 
swollen by the liquid and resulting in a kind of borderline situation 
between SPE and GPE (see previous section).[176]. 

Reported GO-containing SPE combine pristine or modified GO with 
PEO or many different polymers and frequently a lithium salt as simply 
represented in Fig. 17. To the best of our knowledge, GO has never been 
combined with inorganic conductors such as oxides, sulphides, and 
halides that possess high ionic conductivities of 10-4 to 10-2 S cm− 1 at 
room temperature and Li-ion transference numbers close to unity but 

suffer from non-deformability and/or poor stability in ambient condi-
tions.[2,177]. 

6.1. Pure GO as SPE 

To the best of our knowledge, GO alone has only been reported by Qu 
et al., pressed into tablet (↕ ~30 µm) and sandwiched between two 
Celgard separator for test in Li//LMO battery.[63,64] The interesting 
point is that they assumed the possibility to “etch“ the grown Li dendrite 
by oxidation with GO which thus acts as a physical barrier but also as a 
reducing agent. Unfortunately, characterisations of the GO tablet are not 
reported (σ, tLi+…). 

6.2. Unmodified GO in PEO-based SPE 

The history of SPE begun with the report of Wright et al. of highly 
crystalline PEO/M+ complexes (M = Na, K),[178] Armand et al. pro-
posed to use such phenomenon for the elaboration of SPE for Li-batte-
ries,[2,3] and pioneered the ionic conductivity of PEO/salt systems. 
[179] PEO-based SPE present high flexibility, facile manufacturability, 
excellent conformability, and low density, but much lower room- 
temperature ionic conductivities (~10-7 to 10-5 S cm− 1) than conven-
tional liquid electrolytes like carbonate or ionic liquids (~10-2 S cm− 1). 
PEO/GO composites were first investigated as membrane for fuel cells, 
[180] then Ardebili et al.[181] and Wang et al. in 2014,[182] followed in 
2015 by Khan et al.,[183] reported separately improvement of the ionic 
conductivity of PEO/ClO4 (σ ~ 10-7 − 10-8 S cm− 1) with few wt.% of GO 
(up to σ ~ 10-5 − 10-4 S cm− 1). The discrepancy between the conduc-
tivity values reported may result from either the difference of Mw of the 
used PEO, from the EO/Li+ ratio, or from the solvent used. Nevertheless, 
their results agree on several points: 1/there is an optimal GO-content in 
each case (either 0.6 wt%[182,183] or 1 wt%[181]); 2/ it leads to an 
increase in conductivity by two orders of magnitude; 3/ GO disrupts the 
crystallinity of PEO and PEO/ClO4 complexes and introduces free vol-
ume;[182] 4/ a higher concentration is detrimental because of GO 
restacking. Other benefits of the presence of 1 wt% GO electrolyte is the 
increase in the tensile strength up to 1.27 MPa (+260 % compared to 
GO-free SPE) that, in addition to other mechanical properties, allows 
building flexible LIB.[184]. 

Wide-angle X-ray scattering and ionic conductivity analyses con-
ducted by Li et al. on GO/PEO/LiClO4 composite (10 wt% of GO) 
highlight the anisotropic structure of SPE cast from solution leading to 
GO nanosheet essentially parallel to the surface of the film.[74,185] As a 
result, an anisotropic factor σ‖/σ⊥ = 4 was determined between ionic 
conductivity parallel to the surface σ‖ or perpendicular σ⊥ to it, such 
phenomena being essentially presents between room temperature and 

Fig. 16. SEM images of the dried PVDF/GO gel polyelectrolyte covalently grafted with borate-polyacrylic acid (CGPES) and cycle stability and columbic efficiency 
curves of Li/GPE/LiCoO2 cell; reprinted with permission from ref..[85], copyright (2016) 

Fig. 17. Representation of a GO-containing composite SPE with including a 
Li+-containing salt. 

C. Maignan et al.                                                                                                                                                                                                                               



Chemical Engineering Journal 485 (2024) 149616

13

ca. 65 ◦C as illustrated in Fig. 18, where 18 A/ shows the effect of few wt. 
% of GO on the conductivity of a P(EO)12:LiClO4 mixture and 18B/ is a 
representation of the evolution the structure of the such mixture with 
and without GO upon heating. However, the ionic conductivity values 
are somewhat different from those previously reported for such 
composites. 

An interesting comparison between different PEO/Salt/GO SPE, with 
salt being either CF3SO3Li, LiTFSI or LiNO3, highlighted the importance 
of the counter anion.[186] Whereas LiTFSI and LiNO3 lead to σ ~ 10-4 −

10-5 S cm− 1, lower conductivity σ ~ 10-6 S cm− 1 was measured for 
CF3SO3Li, a result corroborated by two other phenomena. The first one 
is the lower level of PEO crystallisation observed for an optimum GO- 
content of 0.3 wt% with either LiTFSI or LiNO3. Differently, with 
CF3SO3Li as a lithium salt, such level of crystallisation is obtained for a 
GO-content of 0.5 wt%. The second phenomenon is that the Gutmann 
donor number values, 16.9 for CF3SO3

- anion on and 5.4 for TFSI anion, 
suggesting stronger interactions between CF3SO3

- and Li+ than between 
TFSI- and Li+. 

Xu et al. recently report that adding 1 % of GO to a PEO-LiTFSI SPE 
significantly improves the ionic conductivity (σ = 1.54 × 10-5 S cm− 1 

versus σ = 2.2 × 10-6 S cm− 1 at 24 ◦C), the electrochemical stability (5 V 
versus 4.3 V), the transference number (tLi+ = 0.42 versus tLi+ = 0.12) 
and ultimately performance in Li//electrolyte//Li cells (lower over-
potential 27 mV versus 80 mV and higher stability on cycling 600 h 
versus 180 h).[187] Performances of such LiFePO4//GO-PEO-LiTFSI//Li 
battery are attractive: initial discharge capacity is 142 mAh/g at 0.5C, 
discharge capacity retention and Coulombic efficiency are respectively 
91 % and 100 % after 100cycles and specific discharge capacities at 
different C-rate is improved specially at 1.0C (92 mAh/g versus 59 mAh/ 
g). 

GO also improved the electrochemical performance of different PEO- 
based polymer, however, the high level of control over the polymer 
structure, some of them with very sophisticated structure, does not meet 
necessarily high electrochemical performance, see for example a star- 
shape polymer based on triphenylene and six arms made of block poly 
(methyl methacrylate)-poly(poly[ethylene glycol] methyl ether meth-
acrylate.[188]. 

GO was also reported to improve the conductivity of PEO-based Na+- 
ion conducting SPE PVP/NaIO4[189–191] or PVA/NaIO4.[192] How-
ever its effect is lower to the one observed in the case of Li+ systems, for 
example, ionic conductivity remaining at σ ~ 10-6 S cm− 1. 

The most recent data reported in this field is the impregnation of 
aerogels of GO with PEG/PEO/LiTFSI for preparing SPE with residual 
pores (∅ 15 μm) ([EO]/[Li+] = 12:1 and optimized GO wt.% = 10). 
[193] A more uniform and smoother deposition of Li is observed 
compared to PEO alone however ionic conductivity (σ = 4.12 × 10-4 S 
cm− 1 at 50 ◦C), transference number is not determined and performance 

in LFP|SPE|Li battery is almost similar to a “GO-doping” of PEO. 

6.3. Peg-modified & cation-modified GO in PEO-based SPE 

Covalent grafting of PEG chain onto GO is possible via different 
routes, see section on chemical modifications of GO) and has been 
explored with the objective to achieve a perfect mixing of GO with PEO 
and to enhance the ionic conductivity. Lee et al.[84] investigated a 
composite where PEG-grafted GO was mixed with a branched poly(poly 
(ethylene glycol))methylethermethacrylate having hepta(isobutyl)- 
POSS side group (BCP) and LiClO4. Comparison between material with 
either PEG-grafted GO or unmodified GO reveals that both fillers 
improve the ionic conductivity of BCP with optimum wt.% slightly 
different around 0.2 and 0.5 wt% respectively. Furthermore, while the 
ionic conductivity is higher with PEG-grafted GO (2.1 10-4 S.cm− 1) than 
with unmodified-GO (σ = 1 10-4 S.cm− 1), this relatively small increase 
questions the value of an expensive chemical modification. A very 
interesting point of this study is that in both cases the higher the wt.% of 
the filler, the higher the Tg, a situation at the opposite of previously 
reported data for GO/PEO composites.[181,182] The concomitant in-
creases in Tg and σ at low concentration of filler is not easy to under-
stand. A possible explanation relies in the fact that this also coincides 
with an increase in the proportion of free ClO4

- anion determined by 
FTIR. It is observed that the proportion of “free” ClO4

- anion is higher 
with PEG-grafted GO than in the case of GO alone; the PEG chains 
grafted onto the GO seem more efficient for solvating and dissociating 
the Li+ ClO4

- pair than pure GO. More recently graphene nanoplatelets, 
not graphene oxide, was covalently linked to PEG400 through their few 
carboxylic function.[194] Tested as filler of a PEO (9 105 g/mol) this 
clearly reduces the crystallization of PEO, however, compared to an 
unmodified graphene nanoplatelets, improvement of the ionic conduc-
tivity, σ = 2.5 10-5 S.cm− 1 versus 7.9 10-6 S.cm− 1 at 0.5 wt%, questions 
the relevance of the costly chemical modification. 

Cationic functionalization of GO has been achieved by covalently 
linking imidazolium to GO. For example, Zhang et al. grafted a poly(1,2- 
diethoxyethylimidazolium) (ox-PIL) (see Fig. 19),[90] and Zhu et al. 
grafted an (3-aminopropyl)-3-methylimidazolium bromide.[92] In both 
cases LiTFSI is the lithium salt and PEO the polymer matrix (1 106 for 
ref.[92], 6 105 for ref.[90]). 

Such cationic sites on GO are expected to enhance tLi+, the idea being 
that the imidazolium moiety will interact/fix the lithium salt anion, 
decrease its association with Li+, and lower the activation energy of the 
Li+ migration. All these phenomena are expected to reduce/avoid the 
dendrite growth by improving the ionic conductivity and the tLi+. For 
these two SPE, a decrease in the Tg as well as the melting temperature Tf 
of the SPE are observed for a filler content of 1 wt%[92] or 5 wt%.[90] 
and transport properties: σ at 30 ◦C = 3.16 x 10-5 S.cm− 1, tLi+ = 0.61 for 

Fig. 18. A/ conductivity anisotropy as a function of temperature calculated from the first heating scan for a P(EO)12:LiClO4 (top) and GO0.1-P(EO)12:LiClO4 SPE and 
B/ illustration of the crystalline structure change of such SPE from room temperature (left) to 100 ◦C (right); reprinted with permission from ref.[74] copy-
right (2015) 
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ref.[92] and σ at 30 ◦C = 3.16 x 10-5 S.cm− 1 for ref.[90] These values 
may seem too weak to justify the important cost of preparation for such 
modified GO, but performance in symmetric cells and in battery with an 
LFP cathode demonstrate that it is worth it, especially in the case of the 
ox-PIL SPE. In this case, the discharge capacity was greatly improved: 
145 mAh.g− 1 against 104 mAh.g− 1 at 0.1C at 50 ◦C for pristine PEO/ 
LiTFSI and 85 mAh/g at 2C-rate.[90] Besides, the improved electrolyte/ 
electrode interface stability is evidenced by Li stripping/plating exper-
iments showing that with the GO modified with ox-PIL, the PEO/LiTFSI/ 
ox-PIL@GO electrolyte can cycle for more than 800 h without short- 
circuit compared to 490 h for the PEO/LiTFSI/GO electrolyte.[90] 
Higher cyclability can be attributed to the limitation of dendrite growth 
that is corroborated by the smooth, dense and homogeneous surface 
observed for Li anode and ascribed to the decrease in PEO crystallinity 
induced by the GO modification.[90]. 

In both references, the electrolyte/electrode compatibility via the 
charge/discharge process is demonstrated. In the case of PEO alone, the 
charge/discharge curves are abrupt and unstable at 1 C. In contrast, by 
adding GO-IL, the charge/discharge curves are smooth with high 
coulombic efficiency at 60 ◦C and 0.1 C.[92,195]. 

6.4. Unmodified GO in SPE with polymer different from PEO 

Besides PEO, PVDF, PVDF-HFP and PMMA-based macromolecules 
are other polymers reported for SPE elaboration and selected for their 
physico-chemical properties along with their commercial availability. 
Here again we differentiate the SPE made with either unmodified or 

modified GO.[196]. 
As with PEO, the ionic conductivity is increased by addition of GO for 

optimal concentration that can be as different as 0.005 wt% for GO/ 
PVDF/LiClO4,[197] 0.8 wt% for GO/PMMA-PPEGMA/LiTFSI,[188] 2.5 
wt% for GO/PVDF-HFP,[198] or 9.0 wt% for GO/Chitosan/PMMA/ 
Glycerol.[199] Concentration higher than 10 wt% are generally detri-
mental, probably because although GO disturbs the crystallisation of the 
polymer, it is also a non-covalent cross-linker and negatively impacts the 
mechanical properties at such a high content. The increase in ionic 
conductivity produced by GO in such polymers is much lower than the 
one reported in some case for PEO: from + 25 % for GO/PMMA- 
PPEGMA/LiTFSI,[188] to + 156 % for or 2.5 wt% for GO/PVDF-HFP, 
[198]. 

As for PEO, GO also slightly improves the electrical stability (for 
example up to 4.7 V for PVDF/LiTFSI)[197], tLi+ (up to = 0.74 for 
PVDF/LiTFSI).[197]. 

GO also improves the thermal stability of polymers that are generally 
stable enough at the temperatures envisaged for the operation of the 
batteries (<120 ◦C). It also increases the polarity and wettability of 
polymers like (PVDF- HFP)[198] and polyimide.[200]. 

In a very recent report, a multicomponent SPE made of Chitosan/ 
GO/PVP/LiTFSI/SiO2 (100/0.5/10/10/10; ↕0.08 mm) exhibits a σ =
2.76 × 10-3 S⋅cm− 1 at (23 ◦C), a high tLi+= 0.76 and good cyclability 
and performance in battery LiCoO2 as cathode. The report underlines the 
importance of the GO’ structure and, although is represent only 1 % of 
the total mass, a highly porous GO (Holey GO) obtained by an oxidative 
hydrothermal treatment, multiplies the ionic conductivity by 70 

Fig. 19. A/ schematic illustration of the advantages/disadvantages of peo/litfsi, peo/litfsi/go and peo/litfsi/ox-pil@go cpes, b/ sem images of li electrodes after 100 
cycles obtained from (b) li|peo/litfsi|li cell, (c) li|peo/litfsi/go|li cell, (d) li|peo/litfsi/ox-pil@go|li cell. e/ battery performance of lfp|cpe|li cells assembled by the 
peo/litfsi, the peo/litfsi/ go, and the peo/litfsi/ox-pil@go at 1c: (a) at 50 ◦C; reprinted with permission from ref.[90] copyright (2022) 
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compared with pristine GO.[201]. 

6.5. Modified GO in SPE with polymers different from PEO for Li-metal 
battery 

In PVDF matrix with LiClO4, sulfonated-GO prepared via diazonium 
of sulfanilic acid modifies to some extend the mechanical, thermal and 
structural property even at concentration as low as 0.002, to 0.020 wt%. 
[202] More significantly, the electrochemical performances obtained for 
an optimum of 0.004 wt% of GO dramatically increase the transference 
number (tLi+ = 0.93), the ionic conductivity (6.2 × 10-3 S cm− 1 at 40 ◦C) 
and the stability (up to 4.7 V vs. Li+/Li). Performances in Li-LiMnO2 are 
also clearly improved by the sulfonated-GO. For example, a 55 % in-
crease of energy density was observed (331.5 Wh kg− 1 without modified 
GO, 512.0 Wh kg− 1 with 0.004 wt% of modified GO). Unfortunately, a 
plating stripping study is not reported. Other reported modifications by 
anionic functions led to much smaller improvement of the ionic con-
ductivity and obtained with much higher GO concentrations: for an 
adenosine 5′-diphosphate modified GO σ is 6 time higher (at the best) for 
7.5 wt% of GO in PVDF-HFP/LiTFSI (1 × 10-4 S cm− 1 at 40 ◦C, tLi+ =

0.51).[89]. 
Example of a GO associated with inorganic solid-state electrolyte are 

rare, the only example that we found concerns Li7P3S11 that was coated 
with GO (0, 0.5, 1.0 and 2.0 wt% in pellets of ↕1mm) for tests in Li// 
LiNbO3-coated or Li//LiCoO2 batteries. However, the processing at 
250 ◦C for 1 h results in the transformation of GO into rGO and is out of 
the scope of this review.[203]. 

6.6. GO in solid-state electrolyte for Zn-O2 battery 

Differently from other batteries, the electrolyte in Zn-O2 battery is 
based on fast and continuous shuttling of hydroxide anions. Although O- 
rich function in GO can performed this through H-bonding of solvated 
OH–, GO alone does not exhibit high performances, probably because of 
the Donnan effect and the size of hydrated OH– that is too large to enter 
in the nanochannels d-spacing. To prepare an SPE for Zn-O2 battery 
[103] GO and nanocellulose were blended, grafted with ammonium- 
containing alkoxysilane and cross-linked with glutaraldehyde. The 
resulting 30–50 μm thick electrolyte offers different pathways for hy-
droxide mobility either by a Grotthuss type process (direct OH– jumps 
from a stationary oxygen atom to a neighbouring oxygen atom after 
reorientation and correct positioning) or vehicle type process (via 
translational diffusion phenomenon of the solvated OH– species). 

6.7. GO in solid-state electrolyte for vanadium redox flow battery 

For electrolyte of vanadium redox flow batteries (VRFB sometime 
VFB),[16] the challenge is to permit a fast, massive and selective proton 
migration without migration of vanadium ions, especially 

dioxovanadium (VO2
+) which results in lower battery efficiency and 

faster capacity fading. NafionTM membranes are the SPE benchmark in 
VRB. The limitation of their performances is ascribed to large ion cluster 
channels causing vanadium ion pathways that result in lower battery 
efficiency and fast capacity fading. GO has been selected as a potential 
candidate for improving the performances and assuming strong inter-
facial interactions with SO3H-containing polymer. Data of different re-
ports on GO/NafionTM membrane are summarized in Table 2. 

In 2014, Lee et al. reported that GO decreases the proton conductivity 
and the vanadium permeability while increasing the GO content from 0, 
0.001, 0.01, 0.1 to 1 wt%.[204] Yong Gun et al. also reported such data 
the same year.[205] But Yu et al. then reported improved performance 
for a GO content of 1.0 wt% that was ascribed mainly to the processing 
of the membrane that could lead to different level of stacking aggrega-
tion of GO.[206] Impressive performance were reported in 2017 for a 
spin-coated nanolayer of GO/NafionTM (↕ 400–440 nm, GO content 0.1 
or 2 mg g− 1) deposited on a re-casted NafionTM 212 film (↕ 50 μm).[207] 
In addition to the high performances in battery, the nanofilm with very 
low GO content increases the tensile strength, decreases the elongation 
at break, divides by almost 2 the water uptake and divides by 1.5 the 
swelling ratio. 

Graphene oxide also improved the performances of other SO3H- 
containing polymer like SPEEK, sulfonated polyimide or mixture of 
polyvinylpyrrolidone/polysulfone reported in Table 3. SPEEK can 
clearly compete with NafionTM and performance can even be slightly 
improved by amidation of GO with ethylenediamine. However, chemi-
cal modification of GO can be disappointing as exemplified by the per-
formance of a highly sophisticated zwitterionic structure of GO bearing 
poly-(4-vinylbenzyl tetramethylammonium) and poly-(4-vinyl-
benzenesulfonic) (3.0 at. % of N and 1.8 at.% of S).[97]. 

From these various works, no general trend emerges concerning the 
effect of wt.% of GO filler on the membrane properties. Indeed with 
increasing proportion of GO the proton conductivity increases,[97] de-
creases[208,209] or passes by an optimum[88] while the permeability 
to VO2

+ cation also increases,[88] decreases[208,209] or passes by an 
optimum.[97] May be related to these observations is that, even at very 
low content (ca 0.01 wt% of GO), serious agglomeration in SO3H-con-
taining polymer can occur depending on the processing of the materials. 
[104]. 

The effect of GO is even more questionable when comparing it to 
graphene nanoplate (GNP) as a filler of SPEEK and NafionTM. For the 
latter, Yu et al. report that GO, compared to G, decreases less the proton 
conductivity while greatly decreases the VO2

+ permeability (Table 4). 
[206] Differently, the two reports by Dai et al. on respectively SPEEK/ 
GO [208] and SPEEK/G,[210] data gathered in Table – suggest an 
opposite situation: G decreases less the proton conductivity and greatly 
decreases the VO2

+ permeability compared to GO. This question should 
be clarified to confirm or infirm the relevance of the usual arguments on 
the benefit of the Of onto GO and their role on the migration process of 

Table 2 
Overview of different data reported on GO/NafionTM membrane for VRF batteries.  

Material Proton Permeability Ionic CE VE EE Ref. 
conductivity to VO2

+ selectivity 
10-3 S cm− 1 10-7 cm2 min− 1 107 S min cm− 3 

Nafion 212 76 28 2.7    [207] 
GO/Nafion 117 ~35 to ~ 20 ~5 to 7 6.3a 90 % a 90 % a 82 % [204] 
GO-content 0, 0.001, 0.01, 0.1 and 1 wt% 
thickness 27.8 μm 
GO/Nafion117 29.3 8 3.7 96  85 [206] 
GO content: 0 and 1.0 wt% 
thickness 70 μm 
GO/Nafion nanolayer 72 0.82 87.7 96 %b 89 %b 87.5 %b [207] 
GO content 0.1 or 2 mg g− 1 

thickness 400–440 nmc 

CC (Coulombic efficiency), VE (Voltage efficiency) and EE (Energy efficiency) all at 50 mA cm− 2. 
a for GO-content = 0.01 wt%, b for GO-content = 2 wt%, c on recast Nafion 212 50 µm. 
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respectively H+ and VO2
+. 

7. Conclusion on solid state electrolyte 

The above data show that: 1/ the effect of GO for improving ionic 
conductivity and transference number or to limit the problem of oper-
ating batteries like dendrite growth is not demonstrated unambiguously; 
2/ beside PEO, other polymers are competitive but may suffer from 
other limitations (cost, pollution); 3/ when chemical modification of GO 
is performed, the grafting level is generally not or poorly determined. 
The true question for such synthetic step is the ratio between its cost and 
its benefits in terms of performances in batteries; 4/ so far, no clear 
comparative study shows the advantage of GO over other grafted 
nanofillers such as metal oxides SiO2, Al2O3 or TiO2. 

7.1. GO as additive of liquid electrolyte 

An additive is a chemical compound entering generally in low 
quantity in a chemical formulation. As part of the progress toward safe 
Separator/(Liquid electrolyte) system, the additive from the liquid 
electrolyte reacts initially, at higher potential (in discharge) resulting in 
the formation of pre-SEI, able to limit the other electrolyte components 
reaction. Indeed, an improved SEI, preserving from the growth of den-
drites is formed. This is among the simplest and most direct solutions 
and easy to implement on production process. However, the ideal 
candidate must be cheap, non-toxic, stable and efficient. Liquid 

electrolytes topic is revisited frequently every year,[211–213] but sur-
prisingly, for “additive”; “electrolyte”; “battery”; “graphene oxide” on 
Scifinder, results are very limited (49 Journal articles, 19 patents and no 
review at this time). 

A tryptophan-based Graphene oxide as an additive to the electrolyte 
for aqueous zinc-ion batteries improves their performances (Zn∣Zn 
symmetric battery with 500 h at 0.2 mA cm− 2 and even more than 250 h 
at 1.0 mA cm− 2). This results in a uniform distribution of the electric 
field which reduces the nucleation overpotential of Zn metal, provides a 
more uniform deposition process on the metal surface and improves 
cyclability of the aqueous Zn-ion battery.[214]. 

8. Conclusion & perspectives 

Graphene oxide is, on the one hand, an attractive material due to its 
two-dimensional structure, its potentially very high specific surface area 
and the diversity of its oxygen functions. It is usable in aqueous sus-
pension or in ethanol, can be easily post-modified to adapt it for use in 
battery electrolyte, and easily processed as a filler with different poly-
mers. On the other hand, it is up to now rather expensive (although 
cheaper price could be expectable with increasing the capacity), the 
standardization of its synthesis remains a problem and raises the ques-
tion of precise structure of the GO used that can deeply vary, modifying 
the percentages of the different oxygenated functions, the stacking of the 
nanosheets and their size, the degree of chemical modification when this 
is carried out, etc. all of which impact the performance in applications. 

This being said, the various examples that we have reported in this 
review show that chemists have proven that GO has a strong potential to 
increase the lifespan of new generation batteries, particularly those with 
a metal anode (Li, but not only). Given its mechanical and structural 
properties, it has been widely and successfully explored to limit poly-
sulfide shuttling and dendrite growth. However, other physicochemical 
properties deserve to be studied in the light of recent progresses on the 
parameters which control the formation and properties of the SEI, in 
particular surface energy. Almost all possible combinations of use of GO 
have been explored, including its association with a commercial sepa-
rator, the synthesis of new separators, or the protection of the electrodes 
by surface films. However, the comparison of electrochemical perfor-
mances is currently not always relevant (or at least challenging), since so 

Table 3 
Overview of different data reported on GO/SPEEK membranes for VRF batteries.  

Material Proton 
conductivity 

Permeability Ionic CE VE EE Ref. 

10-3 S cm− 1 to VO2
+ selectivity  

10-7 cm2 min− 1 104 S min cm− 3 

GO in SPEEK a 16.9 to 7, 7 11.5 to 5.2 1.166 to 1.44 ~95 %a 91 %a 87 %a [208] 
1, 2, 3 or 5 wt% of GO 
50––60 μm thickness 
Ethylenediamine-modified GO in SPEEKb 40–50 5 to 10 18.5 to 10 96.5 

%b 
92.4 % b 89.2 % b [88] 

GO-content 1, 2, 3, 4, 5 wt% 
thickness 60 μm 
Zwitterionic-GO in 9.2 7.4 0.91 94 79 75 [97] 
sulfonated polyimidec 

GO-content 0.5, 1, 2, 4, 6 wt% 
thickness 50 μm 
GO in PSF-PVPd 37 to 22 0.026 to 0,012  95 d 80 d 75 d [209] 
GO-content 0.025, 0.05, 0.075, 
0.1 wt% 
Thickness unknown 
GO with “PTFE” and “commercial perfluorinated sulfonic acid 

membrane “? 
9 5.8 4.5 85 95 91 [104] 

GO-content 0.01 wt% 
thickness 46 μm 

CC (Coulombic efficiency), VE (Voltage efficiency) and EE (Energy efficiency) all at 50 mA cm− 2. 
SPEEK sulfonated poly(etheretherketone). 

a 63 % of SO3H substitution for SPEEK and performances for 2 wt% of GO, b 72 % of SO3H substitution - GO amidified with ethylenediamine (13.82 % nitrogen) 
performances for 2 wt% of ethylenediamine-GO, c performances for 4 wt% of Zwitterionic-GO, d PSF-PVP polyvinylpyrrolidone Polysulfone, (MW 480 000 g mol− 1)) 
performance for 0.05 wt%. 

Table 4 
Comparison of the effect GO and G as a filler of SPEEK and NafionTM.  

Materials Proton conductivity Permeability Ref 
10-3 S cm− 1 10-7 cm2 min− 1 

SPEEK 16.9  11.5 [208] 
SPEEK with 1 % GO 15.3 (-10 %)  9.2 (-10 %) [208] 
SPEEEK 15  15.6 [210] 
SPEEK with 1 % G 14.1 (-6%)  8.7 (-44 %) [210] 
Nafion 117 31.5  22.5 [206] 
Nafion 117 with 1 % GO 29.3 (-5%)  7.5 (-66 %) [206] 
Nafion 117 with 1 % G 26.5 (-16 %)  10.5 (-53 %) [206]  
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many different experimental conditions are used: nature and composi-
tion of the electrodes and electrolyte, temperature… From this point of 
view, the scientific community should move toward standardized as-
says. Besides, too frequently experimental information is missing in re-
ports such as technical data of the reagents (purity, molecular weight of 
polymer), experimental parameters (T◦, pH, concentration, time), 
characteristics of the SPE (composition and proportion, thickness, fiber 
diameters) and electrochemical test conditions. 

Finally, in the context of the use of GO as part of the electrolyte in 
batteries, more fundamental and modelling studies seem essential to 
carry out. Without being exhaustive, we believe the next point to be 
taken into account: the ionic conductivity of pure GO according to the 
synthesis conditions; the GO/salt and GO/solvent interaction (in 
particular the ionic liquids and carbonates, commonly used); the elec-
trochemical oxidation of GO in battery, to understand its evolution at 
the interface with the electrodes; and last but not least, the GO/polymer 
interaction, that is determinant for SPE and that can evolve upon 
cycling. 
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