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ABSTRACT: Bacteria can naturally synthesize a wide range of
biopolymers that have appealing material properties for numerous
applications. In the past decade, the development of green
electronics based on bacterial polymers has gained major attention.
Polymer electrolytes are key components in electrochemical
devices owing to their mechanical properties, thermal stability,
and ionic conductivity. The present review focuses on the recent
progress of bacterial-polymer-based electrolytes and their applica-
tions in electrochemical energy conversion and storage. First, we
described the ion transfer mechanism of polymer electrolytes and
the multiple approaches for improving ionic conductivity and
mechanical properties. Then, we summarized the composition,
performance, and approaches applied for the development of
multiple bacterial polymer electrolytes, namely, polysaccharides, polyanhydrides, and polyesters. Lastly, the practical applications of
bacterial-polymer-based electrolytes in electrochemical energy storage and conversion, namely, fuel cells, batteries, supercapacitors,
and other electrochemicals, are reviewed. Bacterial polymer electrolytes are presented as a fruitful, eco-friendly, and high-
performance alternative for traditional solid polymer electrolytes.
KEYWORDS: bacterial polymers, biodegradable, polysaccharides, polyanhydrides, polyesters, electrolyte, xanthan, bacterial cellulose

1. INTRODUCTION

The increasing demand for advanced energy storage devices
such as batteries and supercapacitors, with high energy density,
long life cycle, flexibility, and environmentally friendliness, has
brought an extensive search for alternative biobased materials
to replace synthetic polymers used in different components of
such electrochemical devices. In general, the main components
in batteries and supercapacitors are the current collectors, the
electrodes (cathode and anode), a separator membrane, and an
electrolyte which is usually a salt solution providing the ion
transport mechanism between the cathode and anode.1,2

Despite the fact that conventional liquid electrolytes used in
electrochemical devices have high conductivity, their use is
associated with high risk of leakage and corrosion, thereby
leading to safety issues related with short-circuiting of
electronic systems and the toxic effects of liquid electrolytes
in contact with skin.2−4 Solid-state and quasi-solid-state (i.e.,
gel type) polymeric electrolytes have been developed to
overcome the problems related to liquid electrolytes.5−8 The
first solid-state polymer electrolyte, developed by Fenton,
consisted of an alkali salt homogeneously dissolved in
poly(ethylene oxide) (PEO). These PEO-based electrolytes
featured ionic conductivities of the order of 10−8 S cm−1.9

Since then, several synthetic polymers hosts, such as
poly(methyl methacrylate) (PMMA) and poly(vinylidene

fluoride), have been employed to prepare solid electro-
lytes.5,10−14 These polymer-based electrolytes feature good
conductivity, mechanical properties, and dimensional stability.
However, they are made from synthetic non-biodegradable
polymers that contribute to pollution and climate change.3,15

Some bacteria can naturally convert a variety of carbon
sources into a wide range of biopolymers. These bacterial
biopolymers are suitable for a wide range of industrial, medical,
cosmetic, food, environmental, and energy applications.16−18

Polysaccharides, polyanhydrides, polyesters, and polyamides
are among the most common biopolymers synthesized by
bacteria.19 Some of these bacterial polymers are already
commercially exploited. For instance, dextran (DEX) and
xanthan polysaccharides have an annual production of around
2000 and 100,000 tons, respectively.19,20 One limitation of
bacterial polymers for the development of novel electro-
chemical energy devices is their low intrinsic ionic con-
ductivity. In the search for novel polymer electrolytes with
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enhanced performance, many researchers have carried out
multiple approaches such as doping a polymer host with
organic and inorganic salts and ionic liquids.21

Several reviews have addressed the biosynthesis, modifica-
tions, and industrial applications of bacterial polymers. Despite
being a suitable candidate for polymer electrolytes, no previous
reviews have focused on their use for the development of novel
energy storage devices. In this paper, the recent advances of
bacterial-polymer-based electrolytes for energy applications are
reviewed. In the following sections, strategies for improving
their performance in electrochemical device technology will be
summarized. A comprehensive list of bacterial-polymer-based
electrolytes, including different types of polysaccharides,
polyanhydrides and polyesters, is presented. The main uses
of bacterial-polymer-based electrolytes in electrochemical
device applications including batteries, fuel cells, and super-
capacitors are discussed. We aim to extend the available
knowledge of bacterial polymers and describe their relevance
and applied potential as electrolytes.

2. APPROACHES FOR A BETTER PERFORMANCE
2.1. Performance and Ion Transfer Mechanism. For

many electrochemical devices, the properties of the polymer
electrolytes in use are crucial for their performance and
efficiency. The performance requirements for polymer electro-
lytes vary depending on the intended application. For instance,
for lithium-ion batteries, the polymer electrolytes are required
to have (1) high ionic conductivity, (2) appreciable lithium-ion
transference number, (3) good mechanical strength, (4) large
electrochemical stability window, and (5) excellent chemical
and thermal stability.22 For direct methanol fuel cells
(DMFCs), the effectiveness of polymer electrolytes depends
on (1) the conductivity properties (ion exchange capacity,
water uptake, and proton conductivity), (2) methanol
permeability, (3) mechanical and thermal stability, and (4)
morphology and elemental analysis.23 Lastly, for super-
capacitors, key factors regarding polymer electrolytes are (1)
ion mobility and conductivity, (2) thermal and chemical
stability, and (3) operating voltage window.24 High ionic
conductivity and optimal mechanical/thermal properties are
generally desired for any application.
One of the determinant factors of ionic conductivity is the

number of mobile ions in the polymer electrolyte. Polymer
hosts alone exhibit very limited ionic conductivity.25 One of
the most widely used approaches is adding salts to the polymer
host as a source of mobile ions. Multiple salts have been
reported to achieve good ionic conductivity in biopolymer
electrolytes, such as lithium, ammonium, and magnesium
salts.26−28 The number of mobile ions varies depending on the
level of salt dissociation in the polymer host.22 Typically, the
degree of dissociation is associated with the lattice energy of
the salt and physicochemical properties of the polymer host,
such as the dielectric constant (ε), the glass transition
temperature (Tg), and the Hildebrand solubility parameter
(δ).29 For instance, Ulaganathan et al. compared the effect of
different lithium salts (LiBF4, LiClO4, and LiCF3SO3) on the
performance of solid polymer electrolytes.30 The results
indicated that electrolytes doped with LiBF4 exhibited the
highest ionic conductivity. This was associated with LiBF4
having the lowest lattice energy (699 kJ mol−1), which allows
an easier solvation of Li+ ions in the polymer matrix. Also, the
degree of crystallinity is an important factor. Mobile ions can
move faster in the amorphous phase of polymer electrolytes

than in the crystalline phase.31 Thus, polymer materials with a
low degree of crystallinity are desirable. On the other hand,
conductivity values increase with temperature. The depend-
ence of ionic conductivity on temperature follows one of two
mechanisms.32 The first is the Arrhenius behavior

T E KT( ) exp( / )0 aσ σ= − (1)

where σ is the conductivity, K is the gas constant, T is the
temperature, σ0 is a constant related to the conductivity at 0 K,
and Ea is the activation energy for ion transport.33,34 The
second is the Vogel−Fulcher−Tammann behavior

T T B T T( ) exp( / )0
1/2

0σ σ= − −−
(2)

where B is the pseudoactivation energy and T0 is the
equilibrium glass transition temperature.22,32,35 Ideally, poly-
mer electrolytes are required to reach ∼10−3 S cm−1 of ionic
conductivity for a wide range of applications.32,36,37

Hydrogel polymer electrolytes generally exhibit higher ionic
conductivity than solid electrolytes owing to the ionic
transport mechanism occurring in each state. Ionic migration
in solid polymer electrolytes undergoes translational motion by
hopping into a free space created by the constant redistribution
of free spaces in the polymeric material, which significantly
limits the ionic conductivity.38 Hydrogels consist of a 3D
interconnected water-filled porous network created by a
hydrogen-bonded cross-linking self-assembly mechanism.39

The porous network serves as a channel for free ions to flow
easily. The flow of ions in the porous network varies depending
on the type of ion and pore size.40 Importantly, the water
content in the gel electrolyte may enhance the ionic
conductivity but limit the mechanical strength.41

2.2. Complementary Approaches. 2.2.1. Blends. Poly-
mer blending is the process of physically mixing multiple
polymers without undergoing chemical bonding between
polymer types.21 Depending on the selection of polymers for
blending, the blended material can exhibit modified mechan-
ical properties that can be tailored for specific applications.42

For instance, Aziz et al. used a methylcellulose:DEX
(MC:DEX) polymer-blend-based electrolyte doped with
NH4I salt for the development of an electrical double layer
capacitor (EDLC) application.43 The MC:Dex composition
with 40 wt % NH4I showed an ionic conductivity of
1.12 × 10−3 S cm−1. DEX has also been blended with chitosan
to prepare a solid polymeric electrolyte with the incorporation
of various amounts of lithium perchlorate (LiClO4).

44 The
ionic conductivity of the blended DEX/chitosan membrane
with 40 wt % LiClO4 was 5.16 × 10−3 S cm−1. Kadir et al.
reported that blending DEX with chitosan significantly reduced
the degree of crystallinity, which is beneficial for enhancing
ionic conductivity.45

2.2.2. Cross-Linking. In cross-linked polymers, the polymer
chains are linked to each other by covalent bonds. Cross-
linking generally increases the stiffness or mechanical rigidity of
the polymeric material.46 In some cases, it may increase the
amorphous phase of the polymeric materials.47 Chemical cross-
linking is carried out by adding a cross-linking agent. The
mechanical properties of polymer electrolytes vary depending
on the concentration of the cross-linking agent.48 Some cross-
linking agents used in biopolymer-based electrolytes are
formaldehyde, poly(ethylene glycol) diacrylate, and glutaralde-
hyde, among others.49−51 A polymeric network can also be
obtained without the use of chemical cross-linkers. This is the
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case of bacterial cellulose (BC), which is naturally synthesized
as an entangled network of cellulose nanofibers. Xu et al.
prepared a gel polymer electrolyte with superior mechanical
strength, incorporating lithium hexafluorophosphate into a BC
network.52

2.2.3. Plasticizer. Plasticizers are low-molecular-weight
chemicals that contribute to the plasticity and flexibility of
the polymeric material by lowering their glass transition
temperature.53 Plasticizers also facilitate the ionic mobility
across the polymer electrolytes, which translates in higher ionic
conductivity.54 Multiple plasticizers have been employed to
develop polymer electrolytes, including dimethyl carbonate,
diocthyl adipate, dibutyl phthalate, propylene carbonate, and
glycerol, among others.21 Neto et al. used glycerol as a
plasticizer in conjunction with erbium salts and ionic liquids
for the preparation of a gellan gum polymer electrolyte with
good thermal stability.55 Tavares et al. opted for ethylene
glycol as a plasticizer in a xanthan-based polymer electrolyte.51

It was noted that the plasticizer decreased the degree of
crystallinity, thus improving the ionic conductivity.
2.2.4. Ionic Liquids. Ionic liquids (ILs) are low-temperature

molten salts usually displaying organic cations and inorganic
anions.56 Most salts require high temperatures to achieve this
due to their relatively high melting point. However, several
ionic liquids are able to remain in the liquid state at room
temperature.57 These are called room-temperature ionic liquids
(RTILs) and are actively applied for the fabrication of high-
performance polymer electrolytes as the source of charge
carriers. Favorable properties of RTILs are their electro-
chemical stability window, good ionic conductivity, non-
volatility, and low flammability.58,59 RTILs are usually added to
the polymeric mixture before casting or by immersion. Some
RTILs previously used in biopolymer-based electrolytes are 1-
butyl-3-methylimidazolium iodide, N-methyl-N-propylpyrrole
bistrifluoromethanesulfonimide, methyl-trioctylammonium bis-
(trifluoromethyl sulfonyl)imide, and 1-methyl-3-propyl imida-
zolium iodide, among others.60−63

3. BACTERIAL-POLYMER-BASED ELECTROLYTES

Many types of bacteria are able to synthesize biopolymers.
Through a materials science approach, the properties of
bacterial biopolymers are improved to develop polymer
electrolytes in either solid or gel state. Figure 1 illustrates
certain types of biopolymer-producing bacteria species, the
structures of the most commercially available bacterial
polymers, namely, bacterial cellulose, xanthan, and DEX, and
the potential application of such polymers in electrochemical
devices, such as lithium-ion batteries, dye-sensitized solar cells,
and polymer membrane fuel cells. In this section, the recent
progress of polymer electrolytes based on different types of
bacterial polymers is summarized. A comprehensive list of
recently reported bacterial-polymer-based electrolytes is shown
in Table S1 (Supporting Information).

3.1. Polysaccharides. 3.1.1. Bacterial Cellulose. BC is
synthesized by some types of bacteria, such as Acetobacter sp.68

In the BC synthesis, the polymerization of glucose into β-1,4-
glucan chains occurs.69 BC is composed of a hierarchical
structure of cellulose fibrils, which are subsequently composed
of micro- and nanofibrils that form a coherent 3D network
with remarkable mechanical properties (Figure 1a).64,70 BC
has enormous potential for a diversity of applications,
including polymer electrolytes.52,71,72

BC is the most studied bacterial polymer for electrolyte
applications. Multiplied approaches have been carried out to
maximize the ionic conductivity of BC electrolytes in both
solid and gel states. Torres et al. investigated the conductivity
of BC films reinforced with reduced graphene oxide (RGO)
and doped with NH4I.

73 The optimized film with 5 wt % NH4I
reached 1.32 × 10−4 S cm−1 at room temperature. The BC−
RGO film reached an outstanding tensile strength of 121.7
MPa (Figure 2).74 Gadim et al. developed Nafion−BC
polymer electrolyte membranes for fuel cells.75 The composite
membranes were prepared with a composition of 50 wt %
Nafion and 50 wt % BC and exhibited in-plane protonic

Figure 1. Schematic representation of the bacterial-polymer-based electrolytes. (a) Hierarchical structure of cellulose fibrils. Reproduced with
permission from ref 64. Copyright 2019 Elsevier. (b) Structure of xanthan and (c) structure of dextran. Reproduced with permission from ref 65.
Copyright 2019 Elsevier. (d) Schematic of lithium-ion batteries. Reproduced with permission from ref 66. Copyright 2019 Elsevier. (e) Schematic
of a dye-sensitized solar cell (DSSC). Reproduced with permission from ref 21. Copyright 2016 Elsevier (f) Schematic of the proton exchange
membrane (PEM) fuel cell. Reproduced with permission from ref 67. Copyright 2018 Elsevier.
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conductivity that varied depending on the temperature and
relative humidity (RH). At 98% RH and 94 °C, the protonic
conductivity reached 0.14 S cm−1. Gadim et al. also
investigated a BC−poly(4-styrene sulfonic acid) (PSSA)
nanocomposite, reaching a similar protonic conductivity as
the previous Nafion−BC (0.1 S cm−1) at the same RH and
temperature.76,77 Under similar environmental parameters,
Vilela et al. reported the protonic conductivity of BC−
poly(bis[2-(methacryloyloxy)ethyl] phosphate) [P(bisMEP)]
and BC−fucoidan polymer electrolyte membranes to be 0.03
and 1.6 × 10−3 S cm−1, respectively.15,78 The relatively low
protonic conductivity of the BC−fucoidan membrane
elucidates the need for a source of charge carriers, such as
salts or RTIL.
Gel polymer electrolytes are also suitable for electrochemical

applications.79 Several studies investigated the performance of
BC hydrogel polymer electrolytes. Zhang et al. prepared a
BC−KOH−KI hydrogel with outstanding mechanical strength
(2.1. MPa) and ionic conductivity (54 × 10−3 S cm−1).80 Fei et
al. synthesized a BC−poly(acrylic acid) (PAA) hydrogel
polymer electrolyte soaked in 1 M Na2SO4 that exhibited
0.06 S cm−1 of ionic conductivity at room temperature.81

Kotatha et al. synthesized a multiple-polysaccharide composite

Figure 2. Ionic conductivity (room temperature) versus tensile
strength in bacterial polymer electrolytes. The labels indicate the
references.

Figure 3. (a) Photographs showing the elongation of the BC/PVA composite hydrogel electrolytes (BPCE) prepared by Zhao et al.85 (b) The
stress−strain curves show that 6-BPCE composite hydrogels had a tensile strength ∼9 times higher than that of hydrogels of pure PVA (PCE). (c)
Ionic conductivity of the hydrogel electrolytes. PCE, 2-BPCE, 4-BPCE, and 6-BPCE indicate 0, 2, 4, and 6 wt % concentrations of BC, respectively.
Reproduced with permission from ref 85. Copyright 2019 American Chemical Society.

ACS Applied Energy Materials www.acsaem.org Review

https://dx.doi.org/10.1021/acsaem.0c02195
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acsaem.0c02195?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02195?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02195?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02195?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02195?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02195?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02195?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02195?fig=fig3&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c02195?ref=pdf


consisting of KIO4-oxidized BC gel coated with chitosan
(CTS) and alginate (ALG).82 The optimized CTS/ALG
content enhanced the tensile strength (8.96 N) of the
composite. However, the elongation at break was slightly
reduced compared to pure BC (from 42.2 to 39.5%). Yue et al.
modified BC by sulfonation and fabricated a sulfonated BC
(SBC)−polyaniline (PANI) gel polymer electrolyte.4 Impor-
tantly, ionic conductivity was associated with the degree of
sulfonation, reaching 5.2 × 10−3 S cm−1. The degree of
sulfonation gives free sulfonic groups that bond to water
molecules in hydronium form and serve as proton carriers.
Protons hopping through the water-filled highly porous
network result in faster transport of charges, thus increasing
the protonic conductivity.4,83,84 Zhao et al. fabricated highly
flexible hydrogel electrolytes based on BC and poly(vinyl
alcohol) (PVA) with KOH and Zn(CH3COO)2 solutions.85

Apart from the high ionic conductivity of 0.08 S cm−1, the
tensile strength (0.951 MPa) was ∼9 times higher than that of
pure PVA (Figure 3). Xu et al. developed a gel polymer
electrolyte based on BC cross-linked by a fast freeze-drying
method.52 The gel had a conductivity of 4.04 × 10−3 S cm−1

and a tensile strength of 49.9 MPa. Ding et al. synthesized a
composite aerogel electrolyte consisting of BC and
Li0.33La0.557TiO3 nanowires.86 The aerogel exhibited 1.54 ×
10−3 S cm−1 of ionic conductivity and ∼53 MPa of tensile
strength. Lastly, Yan et al. prepared a quasi-solid electrolyte
based on BC with a so lut ion of l i th ium bis -
(trifluoromethanesulfonyl)imide (LiTFSI) and N-methyl-N-

propylpyrrole bistrifluoromethanesulfonimide salt ([Py13]-
[TFSI]) RTILs reaching a maximum conductivity of 2.38 ×
10−4 S cm−1 at room temperature.61

BC has also been used as reinforcement in other biobased
polymer electrolytes. Fei et al. developed PAA−sodium
alginate hydrogel polymer electrolyte chemically cross-linked
by poly(ethylene glycol) diacrylate (PEGDA) and Ca2+ and
reinforced with BC.49 The hydrogel showed an ionic
conductivity of 0.035 S cm−1. Yang et al. fabricated a BC-
reinforced poly(methyl vinyl ether-alt-maleic anhydride)
(P(MVE-alt-MA)) and triethyl phosphate/vinylene carbo-
nate/sodium perchlorate (TEP/VC/NaClO4) as plasticizer.72

Although the hydrogel demonstrated a relatively low ionic
conductivity (2.2 × 10−4 S cm−1), the composition enabled
superior flame retardancy behavior.

3.1.2. Xanthan. Xanthan is a high-molecular-weight
exopolysaccharide produced by Xanthomonas bacteria.87 Its
structure consists of a β-1,4-linked D-glucose backbone and a
trisaccharide side chain consisting of β-D-mannose-(1,4)-β-D-
glucuronic acid-(1,2)-α-D-mannose.88,89 Although xanthan is a
well-established product in the food industry, other applica-
tions include biomedical, drug delivery, oil recovery, and
polymer electrolytes.87,90−93

Pawlicka et al. prepared xanthan−acetic acid (AA) polymer
electrolytes with ethylene glycol and glutaraldehyde as a
plasticizer and cross-linking agent, respectively.51,94 The
resulting ionic conductivity reached 7.26 × 10−5 S cm−1. A
similar approach was carried out by Caldeira et al., fabricating

Figure 4. (a) XRD diffractograms of xanthan−PVA electrolytes with different AA concentrations. (b) Tensile stress vs elongation behavior of pure
PVA and xanthan−PVA membrane. (c) Log of the conductivity as a function of temperature at different AA concentrations. Reproduced with
permission from ref 50. Copyright 2018 Springer-Verlag.
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xanthan−PVA polymer electrolytes with AA, glycol, and
formaldehyde as the plasticizers and cross-linking agent,
respectively (Figure 4a).50 X-ray diffraction analysis revealed
a large halo at 2θ = 24° at any AA concentration (Figure 4b),
which indicated a predominant amorphous phase. Moreover,
the addition of xanthan to PVA increases the overall flexibility
of the membrane (Figure 4c). However, the ionic conductivity
remained relatively low (1.94 × 10−4 S cm−1) at room
temperature (Figure 4d).
Several studies have reported the use of strong bases or acids

as a source of charge carriers. Di Palma et al. developed a
simple alkaline xanthan-based hydrogel soaked in 8 M KOH,
which exhibited an excellent ionic conductivity of 8.8 × 10−2 S
cm−1.95 In a later study, Di Palma et al. selected HCl instead of
KOH as the source of free ions, which exhibited 3.6 × 10−2 S
cm−1 of ionic conductivity at 5 M HCl.92,93,96 Similarly,
Sharma et al. prepared a xanthan hydrogel doped with 0.015 M
NaOH that demonstrated an ionic conductivity of 4.71 × 10−3

S cm−1.97 Zhang et al. synthesized a xanthan gel electrolyte
with sulfate salts.98 The gel was composed of 3 M ZnSO4 and
0.1 M MnSO4 dissolved in 20 wt % xanthan polymer host and
exhibited 1.65 × 10−2 S cm−1 of conductivity. In the same line
as their previous research, Yu et al. prepared a xanthan-based
electrolyte with 1 M Na2SO4 as the sulfate salt that exhibited
an excellent conductivity of 1.12 × 10−2 S cm−1.99 Lastly, Soni
et al. prepared a xanthan gel in 1 M H2SO4.

100 The
conductivity of the electrolyte is not mentioned, but the
assembly and performance of a supercapacitor using the
xanthan electrolyte are reported.
3.1.3. Dextran. DEX is composed of α-1,6-linked α-D-

glucose backbone and the initial end of the branch chain linked
by α(1,4) or α(1,3) glycosidic bonds.101 Species of the
Leuconostoc and Streptococcus genus are the main producers of
DEX.19 Its high water solubility, biodegradability, and
biocompatibility make DEX suited for applications in the
food industry, drug delivery media, and biomaterials.102−104

The studies investigating DEX-based electrolytes are mainly
focused on electrolytes suited for supercapacitors. Hamsan et
al., Aziz et al., and Kadir et al. conducted a series of studies
investigating the electrical response of pure DEX, blends, and

different ammonium salts. For instance, pure DEX doped with
20 wt % NH4Br or 20 wt % NH4NO3 demonstrated a relatively
low ionic conductivity, reaching 3.00 × 10−5 and 1.67 × 10−6 S
cm−1, respectively.105,106 However, the addition of 20 wt %
glycerol to the DEX−NH4NO3 electrolyte increased the
conductivity to up to 1.15 × 10−3 S cm−1 (Figure 5).107 The
incorporation of ammonium salts to polymer blends showed a
better performance than pure DEX as a polymer host. CTS−
DEX blend electrolytes doped with NH4SCN, NH4F, and
NH4I exhibited maximum ionic conductivities of 1.28 × 10−4,
1.00 × 10−3, and 5.16 × 10−3 S cm−1, respectively.45,108,109

Interestingly, the CTS−DEX blend doped LiClO4 salt showed
the same conductivity as with NH4I (5.16 × 10−3 S cm−1).44

On the other hand, a PVA−DEX blend doped with NH4I
exhibited a relatively low conductivity of 2.08 × 10−5 S
cm−1.110 Lastly, methylcellulose (MC)−DEX polymer blend
doped with NH4I was reported to have a decent ionic
conductivity of 1.12 × 10−3 S cm−1.43

3.1.4. Gellan. Gellan, also known as gellan gum, is a
tetrasaccharide composed of two D-glucose, one L-rhamnose,
and one D-glucuronic acid repeating units.111,112 It is mainly
obtained from Sphingomonas elodea, although other Sphingo-
monas species can synthesize it.113,114 Gellan gum-based cell
and drug delivery systems have been widely investigated, but
not much effort has been devoted to the field of materials for
electrochemical applications.113,115

Noor et al. fabricated gellan membrane electrolytes doped
with LiCF3SO3 using a simple casting method.116 The highest
ionic conductivity (5.4 × 10−4 S cm−1) was observed at 40 wt
% LiCF3SO3. The IR-deconvolution analysis demonstrated
that ionic conductivity was directly associated with the
percentage of free ions in the membrane (Figure 6).117

Concentrations of LiCF3SO3 higher than 40 wt % reduced the
conductivity due to the decrease in the mobility of free ions.
Halim et al. used LiI as the dopant for gellan-based
electrolytes, exhibiting 3.8 × 10−4 S cm−1 of ionic
conductivity.118 By adding glycerol to the mixture, the ionic
conductivity increased to 1.5 × 10−3 S cm−1. Neto et al. cast
gellan-based polymer electrolytes with N,N,N-trimethyl-N-(2-
hydroxyethyl)ammonium bis(trifluoromethylsulfonyl)imide,

Figure 5. (a) Ionic conductivity versus NH4NO3 content of DEX-based electrolytes. Reproduced with permission from ref 106. Copyright 2019
Springer-Verlag. (b) Ionic conductivity versus glycerol content in 20 wt % NH4NO3 DEX-based electrolyte. Reproduced with permission from ref
107. Copyright 2020 Elsevier.
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[N1 1 1 2(OH)][NTf2], glycerol, and Er(CF3SO3)3 as the RTIL,
plasticizer, and salt, respectively.55 Despite using multiple
approaches, the maximum ionic conductivity reported was 5.21
× 10−6 S cm−1 at 30 °C. Singh et al. used KI salt (40 wt %) in a
simple casting method with gellan, which exhibited 2.5 × 10−2

S cm−1 conductivity.119 Lastly, Sudhakar et al. prepared borax-
cross-linked gellan-based electrolytes with different acid
dopants (H3PO4, H2SO4, and HCl)120 The maximum
conductivity of 5.1 × 10−3 S cm−1 was obtained by adding
H3PO4 at 35 °C.
3.1.5. Levan. Levan is a group of fructans differentiated by

their β(2,6) glycosidic bonds and laterally branched β(2,1)
bonds that are synthesized by many types of bacteria, such as
Bacillus spp., Zymomonas spp., and Halomonas sp.121,122 Only
one study investigated levan as the main component of solid
electrolytes. Jo et al. developed a polymer electrolyte based on
levan and choline and malate-based RTIL.123 The electrolyte
served as a substrate for biocompatible organic transistors,
which can be applied in implantable devices.

3.1.6. Other Polysaccharides. An early study by Annapurna
et al. used the extracellular polysaccharides (EPS) as-produced
by Rhizobium sp. isolated from Aeschynomene indica (L).124

Gas chromatography/mass spectrometry analysis of the EPS
showed to be composed of derivatives of glucose, mannose,
and pyranose. The EPS extract was cross-linked with
sulfosuccinic acid (SSA) and cast into a solid membrane
electrolyte, which exhibited proton conductivity ranging from
2.60 to 5.04 × 10−3 S cm−1 at different temperatures (30−90
°C). Gonzales et al. investigated the exopolysaccharide
extracted from Nostoc commune cyanobacteria (NCP).125

This NCP can be used to prepare films with an amorphous
structure. Ammonium salt NH4I and RTIL 1-butyl-3-
methylimidazolium chloride ([Bmim]Cl) can be easily
dissolved in NCP. The glass transition temperature (Tg) of
NCP varied depending on the charge carriers used. The lowest
Tg (−71.34 °C) was reached with the addition of RTIL. The
broadband dielectric spectroscopy (BDS) tests performed
confirmed that ion diffusion and polarization effects took place
after the addition of ammonium salt and [Bmim]Cl. This
suggested that NCP could be used for the preparation of
polymer electrolytes.

3.2. Polyanhydrides. 3.2.1. Polyphosphates. Contrary to
the bacterial polysaccharides previously described, polyphos-
phates are polyanhydrides constructed by polymerized
phosphate (PO4

3−) units linked by phosphoanhydride
bonds.126 It is an intracellular polymer synthesized by a wide
range of organisms, including bacteria and archaea.19 The
commercial applications of polyphosphates are in the field of
fertilizers, water treatment, and food industry.18 Despite some
studies displaying potential, polyphosphates as polymer
electrolytes remain poorly investigated.
Iliescu et al. developed polyphosphoester (PPE) membrane

electrolytes doped with LiCF3SO3 salt and cross-linked by
tris(1,4-butanediolmonoacrylate) phosphate (TPA). The high-
est ionic conductivity reached 4.22 × 10−6 S cm−1 at 20 wt %
LiCF3SO3. Sun et al. investigated ammonium polyphosphate

Figure 6. Ionic conductivity and percentage of free ions in the gellan-
based electrolyte at different LiCF3SO3 concentrations. The graph was
built using the data obtained from ref 117.

Table 1. Electrochemical Properties of Metal-Ion Batteries Based on Bacterial Polymers

battery type electrolyte discharge voltage (V) current density (mA cm−2) capacity (mAh g−1) ref

Al−air xanthan 0.9 3 96
HCl

Zn−air BC−PVA 1.24 0.5 85
KOH
Zn−(CH3COO)2

Li-ion BC ∼0.42 0.5 141.2 52
Zn−air BC 0.46 5 794 80

KOH
KI

Li-ion BC 138.4 61
LiTFSI
[Py13][TFSI]

Zn-ion xanthan 1.8 0.15 260 98
ZnSO4/MnSO4

Al−air xanthan 1 3 93
KOH

Li-ion P3HB−3HV 100 133
EC/DEC/LiPF6

Li-ion Li0.33La0.557TiO3 151.7 86
nanowires
BC
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(NH4PO3) as polymer electrolyte for intermediate temperature
fuel cells (ITFCs).127 The ionic conductivity ranged from 2.2
× 10−5 to 2.69 × 10−3 S cm−1 depending on the temperature
(ranging from 50 to 275 °C). Despite exhibiting a relatively
low conductivity at low temperatures, ITFCs normally operate
at >150 °C, which makes NH4PO3 suitable for this application.
An earlier study by Kluy et al. demonstrated similar results.
They fabricated an ammonium polyphosphate−SiO2−TiO2
composite for ITFCs, which exhibited ∼2.4 × 10−3 S cm−1

at 200 °C.128 Lastly, Skovroinski et al. synthesized an
aluminum/ion polyphosphate metallo-gel that exhibited a
conductivity of 1.72 × 10−2 S cm−1.129 The metallo-gel also
exhibited fast self-healing properties, which are desirable for
flexible and long-lasting devices.
3.3. Polyesters. 3.3.1. Polyhydroxyalkanoates. Polyhy-

droxyalkanoates (PHAs) are produced by many bacterial
species and are regarded for their biodegradability, biocompat-
ibility, and thermoplastic properties.130,131 PHAs are suggested
to be a worthy candidate for replacing fossil-fuel-based
plastics.132 Dall’Asta et al. developed a PHA-based gel polymer
electrolyte aimed for lithium-ion batteries.133 The bacterial
PHAs applied consisted of the biopolymers poly(3-hydrox-
ybutyrate) (P3HB) and poly(3-hydroxybutyrate-co-3-hydrox-
yvalerate) (P3HB−3HV) gelled with commercial liquid
electrolyte EC/DEC/LiPF6. The gel polymer electrolyte
exhibited 0.8 × 10−3 S cm−1 of ionic conductivity. The
biodegradation test indicated that PHB−HV is readily
biodegradable in water (75 ± 5% biodegradation value after
28 days). Hazwan Hussin et al. used the biopolymer poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) (P3HB−3HHx) pro-
duced by Cupriavidus necator Re2058/pCB113 filled with
nanocrystalline cellulose and added glycerol and LiClO4.

134 At
the highest concentration of LiClO4 (40 wt %), the polymer
electrolyte showed the highest conductivity of 1.56 × 10−4 S
cm−1.

4. APPLICATIONS
4.1. Batteries. Batteries may be the most successful and

widespread electricity storage systems.135 The introduction of
lithium-ion batteries in 1991 revolutionized the industry of
portable electronic devices.136 Owing to their extensive use

worldwide, secondary batteries pose safety issues and environ-
mental hazards that need to be addressed.137 Several studies
investigated the application of bacterial-polymer-based electro-
lytes in metal-ion batteries as a novel biocomponent (Table 1).
For instance, Zhang et al. prepared flexible Zn−air batteries
based on BC hydrogel electrolytes soaked in KOH and KI, Zn
foil anode, and carbon cloth loaded with a catalyst as the
cathode.80 The battery demonstrated a capacity of 794 mAh
g−1 at 10 mA cm−2 of current density, along with great
flexibility and stable open-circuit voltage at various bending
angles. Notably, Zhang et al. developed a high-performance
Zn-ion battery composed of high ionic conductivity (1.46 ×
10−2 S cm−1) xanthan-based electrolyte doped with ZnSO4/
MnSO4, MnO2/CNT cathode, and Zn anode. The battery
demonstrated a capacity of 260 mAh g−1 at 1 C and about 1.8
V of discharge voltage. Regarding cyclability, the Coulombic
efficiency remained at 100 and 90% capacity retention after
over 330 cycles. After 1000 cycles, the capacity was limited to
127 mAg g−1. Importantly, xathan gum-based electrolytes slow
down self-corrosion and limit the formation of zinc dendrite.
Zinc dendrites are a well-known problem in Zn-ion batteries
that cause internal short circuits.138 Indeed, xanthan serves as a
promising material for polymer electrolytes in competitive
high-performance Zn-ion batteries with properties that reduce
corrosion and avoid the growth of zinc dendrite. Xu et al.
developed Li-ion batteries based on cross-linked BC polymer
electrolytes with LiFePO4 cathodes and Li anodes.52 The
discharge voltage reached about 0.42 V and a discharge
capacity of 141.2 mAh g−1. Like xanthan electrolytes in Zn-ion
batteries, the cross-linking process increases the mechanical
strength of the gel polymer electrolyte, which suppresses the
occurrence of lithium dendrite.139 Yan et al. prepared Li-ion
batteries using BC−LiTFSI−[Py13][TFSI] electrolytes, LiFe-
PO4 cathodes, and Li anodes.61 The assembled cell showed a
capacity of 138 mAh g−1 that remained almost constant after
100 cycles at 0.1 C. Ding et al. used compressed BC−
Li0.33La0.557TiO3 NW aerogels as electrolytes in Li-ion
batteries. The battery cell maintained its electrical performance
even after 1200 h at high current density (5 mA cm−2).

4.2. Supercapacitors. Supercapacitors are attractive
energy storage components for several portable electronic

Table 2. Performance Comparison of Supercapacitors Based on Bacterial Polymer Electrolytesa

electrolyte σ (S cm−1) Cs (F g−1) - scan rate (mV s−1) η - # of cycles Ed (Wh kg−1) ref

CTS−DEX blend 5.16 × 10−3 8.70 - 10 92% - 100 0.86 44
LiClO4

borax−gellan 5.1 × 10−3 146 - 2 95% - 1000 9 120
H3PO4

PVA−DEX blend 2.08 × 10−5 4.20 - 50 0.55 110
NH4I
CTS−DEX blend 5.16 × 10−3 19.1 - 100 3.1 108
NH4I
CTS−DEX blend 1.00 × 10−3 12.4 - 100 1.4 109
NH4F
MC−DEX blend 1.12 × 10−3 55 - 100 6.3 43
NH4I
DEX 1.67 × 10−6 1.61 - 50 105
NH4Br
DEX 1.15 × 10−3 15.7 - 0.5 92% - 1000 1.57 107
NH4NO3

glycerol
aσ, ionic conductivity; Cs, specific capacitance (stable); η, Coulombic efficiency; Ed, energy density (stable).

ACS Applied Energy Materials www.acsaem.org Review

https://dx.doi.org/10.1021/acsaem.0c02195
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

H

www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c02195?ref=pdf


devices owing to their high-power density (>10 kW kg−1), fast
charge/discharge capacity, long life cycle, and flexibility.140−142

The performance of supercapacitors is mainly determined by
the physical characteristics of the electrode and electrolyte
materials. In electrochemical double-layer capacitors (EDLCs),
the energy storage occurs through the adsorption of ions at the
interface between the electrodes and electrolyte, which
suggests a non-faradic process (entirely electrostatic).143

Numerous studies assembled EDLCs based on bacterial
polymer electrolytes (Table 2). Most of the studies reported
specific capacitances relatively low compared to the capaci-
tances of synthetic-based supercapacitors recently developed.
For example, Kotatha et al. developed EDLCs based on BC gel
coated with CTS and ALG electrolytes and activated carbon
electrodes, both immersed in EMImBF4.

82 The discharge
capacitance varied greatly at a current density from 2.5 to 100
mA cm−2. At the lowest current density, the EDLCs reached
almost 120 F g−1, higher than the liquid-phase EMImBF4.
However, BC electrolytes without CTS and ALG coating
exhibited the lowest discharge capacitance at most current
densities. Yu et al. assembled a supercapacitor based on
nitrogen-doped porous carbon and aqueous KOH electrolyte
that exhibited 341 F g−1 of specific capacitance at 1 A g−1 of

current density.144 In contrast, the specific capacitances of
capacitors based on DEX doped with NH4Br, DEX−PVA
blend doped with NH4I, and CST−DEX blend doped with
LiClO4 are limited to 1.61, 4.20, and 8.70 F g−1,
respectively.44,105,110 The specific capacitances of various
synthetic supercapacitors are above >250 F g−1.145,146

However, two studies reported high-performance bacterial-
polymer-based supercapacitors that can compete with the
conventional ones. Yu et al. developed a supercapacitor based
on MnO2−carbon nanotube (CNT) film electrodes and
xanthan−Na2SO4 electrolyte (Figure 7a,b).99 The electrolyte
alone exhibited outstanding ionic conductivity, reaching up to
1.12 × 10−2 S cm−1 (Figure 7c). The quasi-rectangular shape
in the CV curves, even at 100 mV s−1, indicates good high-rate
performance (Figure 7d), and the near triangular galvanostatic
charge−discharge (GCD) curves suggest a fast charge−
discharge cycle (Figure 7e). The supercapacitor exhibited a
high specific capacitance (347 F g−1) at a current density of 1
A g−1 and 128.8 F g−1 at 10 A g−1 (Figure 7f). The Coulombic
efficiency maintained around 100% even after 10,000 charge/
discharge cycles. The specific capacitance dropped to 82% of
the initial capacity after 5000 cycles and ended in 67.1% after
10,000 charge/discharge cycles (Figure 7g), which indicates

Figure 7. (a) Schematic of the all-solid-state supercapacitor. (b) Photograph of the supercapacitor powering an electric time meter. (c) Ionic
conductivity of the xanthan−Na2SO4 electrolyte at different concentrations. (d) CV curves at different scan rates (1−100 mV s−1). (e) GCD curves
at different current densities (1−10 mA cm−2). (f) Rate performance at different current densities (1−10 A g−1). (g) Cycle performance. (h)
Specific capacitance and capacity retention after many bending cycles. Reproduced with permission from ref 99. Copyright 2019 Published by The
Royal Society of Chemistry.
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excellent reliability. Interestingly, the specific capacitance
remained at ∼93% of its original value after 100 bending
cycles (Figure 7h), proving to be a high-performance flexible
supercapacitor. Wang et al. fabricated an all-BC supercapacitor
based on BC immersed in H3PO4 as polymer electrolyte and
activated pyrolyzed BC as the electrode material.147 The
specific capacitance reached 241.8 F g−1 at a current density of
0.1 A g−1 with a 92.9% capacitance retention after 10,000
charge−discharge cycles.
Other than EDLCs, Wang et al. developed a yarn

supercapacitor based on twisted CNT−BC membranes with
electrochemically deposited polypyrrole.148 The proposed yarn
supercapacitor showed a high electrical performance, reaching
an areal capacitance of 458 mF cm−2 at a current density of 0.8
mA cm−2. Also, no significant reduction in capacitance was
observed after 2000 cycles, which indicates a high cycling
stability. Previous works with BC−polypyrrole yarn super-
capacitors reached a maximum of 76.6 mF cm−2 areal
capacitance,149 thus proving a significant step forward in the
development of sustainable yarn supercapacitors.
4.3. Fuel Cells. Fuel cells offer a sustainable alternative to

traditional power generation methods. Like supercapacitors
and batteries, fuel cells are a type of energy conversion and
storage device.21 Proton exchange membrane fuel cells
(PEMFCs) are devices that convert chemical energy from a
fuel and oxidant into electrical energy by electrochemical
reactions.150 PEMFCs consist of a proton-conducting mem-
brane (electrolyte) sandwiched between cathode and anode
catalyst layers.151 Gadim et al. prepared a membrane electrode
assembly (MEA) using a Nafion−BC electrolyte and conven-
tional Pt/C electrodes on the carbon gas diffusion layer
(Figure 8a−d).77 The open-circuit voltage reached 0.9 V and
the maximum power density 16 mW cm−2 at 40 mA cm−2 of

current density (Figure 8e). Moreover, the membrane was
found to be remarkably degraded after testing (Figure 8d),
which poses a challenge to the lifetime and reliability of the as-
prepared Nafion−BC electrolyte. Gadim et al. also tested the
efficiency of a BC−PSSA MEA, demonstrating a better
performance than the previous Nafion−BC MEA.75,77 Overall,
the open-circuit voltage was ∼1 V, and the power density was
40 mW cm−2 at 125 mA cm−2 of current density. Additionally,
the membrane did not show significant degradation marks after
testing (Figure 8g). Jiang et al. prepared MEAs with Nafion−
BC blends that underwent an annealing process.152 The lowest
methanol permeability was observed in the annealed 1:1
(BC:Nafion ration) blend electrolyte, reaching 7.21 × 10−7

cm2 s−1. Moreover, the PEMFC showed a maximum power
density of 106 mW cm−2 at 382.4 mA cm−2. Vilela et al.
evaluated the electrochemical performance of PSS−BC
membranes (1.73 × 10−2 S cm−1 protonic conductivity) in
single-chamber microbial fuel cells (MFCs).153 The results
indicated the MFC with a culture of Shewanella f rigidimarina
delivered a power density of 2.42 mW m−2 and open circuit
voltage of 0.44 V. Lastly, Annapurna et al. tested the
performance of Rhizobium sp. EPS−SSA MEA.124 The
performance was much higher than previous MEAs, with a
peak power density of 400 mW cm−2 at 1250 mA cm−2. This
may be attributed to the great protonic conductivity of the
EPS−SSA electrolyte (0.3 × 10−2 S cm−1). These results are
comparable to those previously reported in PSSA−PVA MEA
(210 mW cm−2 at 500 mA cm−2). The development of
PEMCFs based on bacterial polymers is still in development,
and further research is required to achieve competitive peak
performance.

4.4. Other Applications. Other less investigated applica-
tions, such as dye-sensitized solar cells (DSSCs) and

Figure 8. Photographs of (a) pure BC membrane, (b) Nafion−BC composite membrane, (c) Nafion−BC composite membrane MEA, and (d)
Nafion−BC composite membrane MEA after fuel cell testing. (e) Power and polarization curves of the Nafion−BC composite membrane MEA.
Reproduced with permission from ref 75. Copyright 2016 Published by Elsevier. Photographs of (f) pure BC and (g) BC−PSSA membrane after
fuel cell testing. Reproduced with permission from ref 77. Copyright 2017 Published by Elsevier.
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electrochromic devices, have surged owing to the versatility
and biocompatibility of bacterial polymers. DSSCs are
sustainable energy devices that transform sunlight into
electricity. DSSCs are a very attractive photovoltaic technology
for being easy to manufacture, inexpensive, flexible, and
versatile.154 In DSSCs, the electrolyte serves as a medium for
the transfer charges by a redox couple (mostly I3

−/I−) for dye
regeneration (Figure 9a).155 Galliano et al. prepared a DSSC
with a xanthan gum gel electrolyte that exhibited an open-
circuit voltage of 0.62 V and short-circuit current density of
6.58 mA cm−2.156 Singh et al. developed a DSSC based on
gellan gum gel electrolyte doped with KI. The DSSC showed a
short-circuit current density of 3.2 × 10−3 mA cm−2, an open-
circuit voltage of 0.57 V, and a fill factor of 0.90%.119 These
parameters remain very far from reaching the performance of
conventional liquid electrolyte DSSCs.
Electrochromic devices reversibly change their optical state

due to electrochemical reduction and oxidation reactions in
response to an electric potential (Figure 9b).157 This
technology is popular in autodimming mirrors, smart windows,
and information displays. Neto et al. built an electrochromic
device prototype based on gellan with [N1 1 1 2(OH)][NTf2],
glycerol, and Er(CF3SO3)3 and WO3/CeO2−TiO2 on ITO/
glass as the electrochromic material.55 The applied potential
ranged from −3.0 to 2.8 V and exhibited an electrochromic
contrast of 4.2% in the visible region. The efficiency at a
wavelength of 555 nm was 3.5 cm−2 C−1 in the colored state
and 0.90 cm−2 C−1 in the bleached state.
Organic transistors (OTs) are flexible and biocompatible

components for biosensing, including recording biosignals.158

Jo et al. fabricated an organic transistor using levan as the

substrate and solid electrolyte, poly[3-(5-carboxypentyl)-
thiophene-2,5-diyl] (P3CPT) as semiconductors, and gold
electrodes (Figure 9c,d).123 The levan-based OT exhibited a
high specific capacitance of 40 μF cm−2 at 10 Hz, mainly
attributed to the addition of choline- and malate-based RTILs,
and a reliability of 1.11% of effective bending strain and 5% of
stretching. Electrocardiogram signals were successfully meas-
ured in human skin and heart of rat applying the levan-based
OT. Levan-based OTs are presented as promising alternatives
to conventional electrolyte components for biomedical
applications.

5. CONCLUSIONS

Polymer electrolytes are key components for widely used
electrochemical energy transformation and storage devices.
Conventional polymer electrolytes require the use of toxic
chemicals and non-biodegradable materials that compromise
environmental and human health. Under this context, recent
research focusing on bacterial polymer electrolytes display a
promising alternative to conventional non-biodegradable
components. In this review, we focused on the recent progress
of bacterial-polymer-based electrolytes and their applications in
electrochemical energy conversion and storage devices.
Multiple studies reported high-performance bacterial polymer
electrolytes in terms of thermal and mechanical properties and
ionic conductivity. However, only a few studies achieved
performances that are competitive with synthetic electrolytes.
The desired properties of polymer electrolytes depend on the
intended application. We describe the available approaches to
tailor the physical and electrochemical properties of polymer
electrolytes and those that were applied in bacterial-polymer-

Figure 9. (a) Schematic of a typical DSSC. Reproduced with permission from ref 159. Copyright 2013 Published by Hindawi Publishing
Corporation. (b) Schematic of a solid-state electrochromic device. Reproduced with permission from ref 160. Copyright 2018 Published by
Elsevier. (c) Schematic and (d) photograph of the organic transistor based on levan electrolyte. Reproduced with permission from ref 123.
Copyright 2020 Published by Wiley-VCH.
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based electrolytes. Moreover, we summarized the development
and performance of batteries, fuel cells, supercapacitors, and
other electrochemical devices fabricated based on bacterial
polymer electrolytes. Bacterial polymers are presented as a
fruitful line of research in electrolyte materials for electro-
chemical applications due to their compatibility with multiple
approaches, biodegradability, and high performance.
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