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1. Introduction

Rechargeable batteries are one of the cor-
nerstones of the green energy transition 
and are destined to play a crucial role in 
the decarbonization and electrification 
of the worldwide economies. The imple-
mentation of efficient, sustainable, and 
safe batteries will facilitate the shift into 
circular economy models as they have the 
potential to reduce the depletion of natural 
resources and the environmental pollution 
caused by fossil fuels.[1] Sodium ion bat-
teries (NIBs) have reentered the sustain-
able energy storage landscape as viable 
alternatives to the ubiquitous lithium ion 
batteries (LIBs). According to life cycle 
assessment, NIBs show generally lower 
impacts in global warming, fossil deple-
tion potential, freshwater eutrophication, 
and human toxicity potential when com-
pared to LIBs.[2] Sodium is naturally abun-
dant (0.0017% vs 2.36% in Earth’s crust).[3] 
It is markedly cheaper than lithium 
(17 $ kg–1 for Li, 0.15 $ kg–1 for Na),[4] and 
NIBs present notably lower supply risks. 

Furthermore, the stability of NIBs in the fully discharged state 
significantly improves the safety of stored batteries, which is of 
particular interest for large-sized batteries.[5] At the same time, 
the lower theoretical capacity of 1165 mAh g–1 of Na compared 
to 3829 mAh g–1 of Li translates into lower specific energy den-
sities of 90–120 Wh kg–1, limiting the implementation of NIBs 
to large-scale stationary applications.[6,7] As safety during use 
is of utmost importance in grid scale energy storage applica-
tions,[8] developing alternatives to conventional materials used 
in NIBs is of prime relevance. Additionally, further advances 
are required to boost the energy density of NIBs close to 
250 Wh kg–1, a value that is established in The European Stra-
tegic Energy Technology Plan Action 7 for 2030 to make them 
competitive with LIBs.

Although considered as an inert or passive component 
within a battery,[9] the separator–electrolyte pair is a critical com-
ponent defining both the electrochemical performance and bat-
tery safety.[10,11] The role of the separator is to prevent internal 
short-circuit between the electrodes while ensuring an efficient 
ion transfer across this electronically insulating physical barrier 
during charge/discharge.[12] Conventional NIBs use a petro-
leum-based polyolefin or a glass fiber separator soaked into 
an organic electrolyte such as ethylene carbonate or propylene 
carbonate containing dissolved sodium salts (NaClO4, NaPF6, 

Sodium ion batteries (NIBs) based on earth-abundant materials offer effi-
cient, safe, and environmentally sustainable solutions for a decarbonized 
society. However, to compete with mature energy storage technologies such 
as lithium ion batteries, further progress is needed, particularly regarding the 
energy density and operational lifetime. Considering these aspects as well as 
a circular economy perspective, the authors use biodegradable cellulose nan-
oparticles for the preparation of a gel polymer electrolyte that offers a high 
liquid electrolyte uptake of 2985%, an ionic conductivity of 2.32 mS cm−1,  
and a Na+ transference number of 0.637. A balanced ratio of mechanically 
rigid cellulose nanocrystals and flexible cellulose nanofibers results in a 
mesoporous hierarchical structure that ensures close contact with metallic 
Na. This architecture offers stable Na plating/stripping at current densities 
up to ±500 µA cm−2, outperforming conventional fossil-based NIBs con-
taining separator–liquid electrolytes. Paired with an environmentally sustain-
able and economically attractive Na2Fe2(SO4)3 cathode, the battery reaches an 
energy density of 240 Wh kg−1, delivering 69.7 mAh g−1 after 50 cycles at a rate 
of 1C. In comparison, Celgard in liquid electrolyte delivers only 0.6 mAh g−1 
at C/4. Such gel polymer electrolytes may open up new opportunities for 
sustainable energy storage systems beyond lithium ion batteries.
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etc.).[13] However, this configuration suffers from inferior elec-
trochemical performance and safety issues due to the relatively 
low porosity that hinders efficient ion transfer, poor electrolyte 
wettability of the separator that typically manifests itself in high 
internal resistance, problems with electrolyte leakage and den-
dritic puncture that can cause a short-circuit in the battery.[14] 
Replacing the conventional separator-liquid electrolyte pair by 
a gel-like electrolyte represents a step forward toward safer bat-
teries.[15] In this regard, polymers with polar functional groups 
play a predominant role, given their potential to dissolve alkali 
metal salts.[16] Due to their improved mechanical properties 
compared to traditional microporous separators, gel polymer 
electrolytes (GPEs) are particularly advantageous in sup-
pressing the formation of high surface area metal deposits (also 
known as dendrites).[15,17] The mechanically conformable nature 
of GPEs offers enhanced compatibility with electrodes, outper-
forming their liquid electrolyte counterparts in terms of inter-
facial compatibility with electrodes and operating lifetime.[18,19] 
Additionally, as the electrolyte remains immobilized within a 
crosslinked polymer matrix, dissolution of active material is 
limited, and undesirable safety issues associated with electro-
lyte leakage are avoided.[19] The most representative example 
for GPEs is polyethylene oxide [(CH2CH2O)n], where the ether 
oxygen groups can dissolve salts, providing ion transfer path-
ways.[20] Polyvinylidene fluoride and its copolymers, polyacry-
lonitrile, and poly(methyl methacrylate) are other preferent 
polymers to fabricate gel electrolytes.[20] However, the achieved 
low ionic conductivities at room temperature result into electro-
chemical performances that lag far behind those required for 
their practical implementation, while the poor interface com-
patibility and reduced electrochemical stability between electro-
lytes and the electrodes can result in a continuous performance 
deterioration.[14] In addition, the environmental impacts arising 
from non-renewable and non-degradable separator materials 
and GPEs are a source of concern regarding sustainability and 
end of life safety as they contribute to waste streams ending in 
landfills and oceans. Considering these issues and the princi-
ples of the circular economy, new solutions need to be devel-
oped in the field of battery electrolytes that reduce dependence 
on the extraction of finite resources without compromising 
electrochemical performance.

Renewable macromolecules derived from natural biomass, 
also referred to as biopolymers, show functional proper-
ties equivalent or above those of synthetic polymers, offering 
additional attractive features including renewability, biodeg-
radability, and lack of toxicity.[21,22] Among the wide variety 
of biopolymers ranging from natural polymers (cellulose, 
chitin, agarose, etc.), proteins (gelatin, silk, etc.) to complex 
3D branched architectures (lignin), polysaccharides hold a 
prevalent role. Their functional groups, often including OH, 
SO3H, CONH2, NH2, or CONH enable good affinity 
for liquids and ensure preferential interaction with the salt 
anion to improve salt solubility and cation transference in the 
electrolyte.[12] Particularly relevant are biopolymer electrolytes 
based on cellulose,[23,24] which offer environmentally sustain-
able and cost-effective alternatives to petroleum-based conven-
tional choices. A step forward in the development of renewable 
polymers-based electrolytes may arise from (nano)fibrous cellu-
losic structures. Electrolytes based on nanocellulose can absorb 

and confine the liquid electrolyte. As an additional advantage, 
they give access to 3D membranes with continuous intercon-
nected mesopores having good thermal,[25] mechanical,[26] and 
electrochemical stability,[27] together with large values of electro-
lyte uptake. This can provide efficient pathways for ion transfer 
across the membranes.[27,28] Contrarily to inorganic solid elec-
trolytes,[29,30] the mechanically soft and ductile character of cel-
lulosic GPEs ensures a better interfacial contact with the elec-
trodes and improved dimensional stability upon the accommo-
dation of any electrode volume changes during Na+ insertion/
extraction. Additionally, biopolymers can be easily functional-
ized to tune their functional properties,[31] enlarging the range 
of opportunities to develop new materials in the energy storage 
field.

Thanks to these advantages, different works have focused 
their attention on the development of freestanding porous 
battery separators comprising cellulose nanocrystals (CNCs), 
highly crystalline 100–1000  nm long needle-shaped nanopar-
ticles (2–20  nm in diameter) extracted through a controlled 
hydrolysis of cellulose.[25,27] These cellulosic nanoparticles have 
the intriguing ability to form structures with hierarchically 
arranged mesopores (pore diameters from 2 to 50 nm), either 
in the form of freestanding films,[27] hydrogels, or cryogels.[32] 
Importantly, mesoporous morphologies boost ion transference 
and ensure uniform ion-flux between the electrodes, providing 
a stable and reversible ion plating/stripping without dendrite 
formation.[33–36] Although structures solely comprising CNCs 
could be used a priori as GPEs or solid polymer electrolytes for 
batteries, their mechanical properties are not at par. Improving 
the mechanical stability of CNC-based materials upon blending 
with other cellulosic derivatives may ensure a good compat-
ibility between electrolyte partners through van der Waals inter-
actions and intermolecular hydrogen bonding.[37,38] In an analo-
gous fashion to that shown recently for Li+ conductors,[25,27] 
particularly attractive are the cellulosic derivatives with Na+-
binding groups, because these counterions can take part in the 
conduction mechanisms of the electrolyte. In this sense, cel-
lulose nanofibers (CNFs) could be interesting to develop Na+ 
conducting GPEs as the C6 primary hydroxyl groups exposed 
on their surfaces are selectively oxidized to sodium carboxylates 
(COONa) through a TEMPO-mediated oxidation process.[39]

Following a circular “reuse, recycle or biodegradable” per-
spective, here we develop for the first time a biopolymer-based 
gel electrolyte for NIBs. The continuous three-dimensional 
structure provided by CNCs hold the liquid electrolyte with 
no leakage or structure collapse. Paired with CNFs to boost 
Na+ transference, ionic conductivity values up to 2.32 mS cm–1 
with a transference number of 0.637 at room temperature 
are obtained. Obtained mesoporous morphology enables low 
interfacial resistance with metallic Na, which is translated 
into a stable Na plating/stripping at current densities up to 
±500 µA cm–2. When assembled into Na2Fe2(SO4)3/Na half-
cells, the battery delivers up to 80.6 mAh g–1 after 25 cycles at 
1C rate (gravimetric energy density of 240 Wh kg–1). The highly 
reversible and stable Na metal deposition enabled by the nano-
cellulose gel electrolyte, combined with the suppression of 
dendrite growth and delivery of high capacity promise future 
advances in the development of long cycle life beyond LIBs 
based on renewable resources.

Small 2022, 18, 2107183
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2. Results and Discussion

2.1. Fabrication and Morphology

The aim of this work is the fabrication of hierarchically struc-
tured GPEs based on nanocellulose that facilitate a rapid and 
homogeneous Na+ transfer. In the last years, different biomi-
metic approaches have been explored to engineer the structure 
of battery separators with suitable nano- and microporous mor-
phologies so that efficient ion transfer with dendrite growth sup-
pression and long-term cycling performance can be obtained. 
For example, Ma et  al. used a top-down approach to upcycle 
eggshell membranes into a high-performance separator for 
LIBs.[33] However, the bottom-up approach offers an easier and 
accessible process with increased versatility.[42] To benefit from 
both approaches, here we take inspiration from the hierarchical 
structure of the trees which contain 1D building blocks with 
plenty of oxygen-containing groups. Upon the combination of 
top-down and bottom-up processes, it is possible to achieve bio-
logical building blocks (nanocelluloses) that after self-assembly 
and chemical crosslinking can form ionically conducting GPEs 
suitable for sodium ion batteries. As summarized in Scheme 1, 
CNCs and CNFs are first extracted from lignocellulosic biomass 
through a top-down process.[43] Using a chemically induced 
hydrolysis (usually H2SO4-induced) or a mechanically induced 
destructuring approach assisted by a TEMPO-mediated oxida-
tion, the microfibrils that constitute the plant cell wall can be 
selectively broken down into colloidal building blocks to obtain 
spindle-shaped CNCs with diameters of 2–20 nm and lengths 
below 1 µm, or filament-like CNFs with diameters of 5–30 nm 
and lengths extending up to few micrometers.[44] During this 
process, the surface of CNCs are decorated with anionic sulfate 
half-ester groups (−OSO3

–),[27] while negatively charged carboxyl 
groups carrying Na+ as counterions (−COO–) are present on 
CNFs.[39] Given their high strength and dimensional anisotropy, 
both CNCs and CNFs are highly attractive for the fabrication 
of gels and hydrated physically and/or chemically crosslinked 
3D networks following a bottom-up approach. Importantly, 
charged surfaces enable an efficient dispersion, simultane-
ously providing interacting groups via electrostatic or hydrogen 
bonding.[45] Once the gel is formed, the aqueous gel phase 
can be easily replaced by a gas phase through freeze-drying, 
resulting in highly porous lightweight materials with a hier-
archical porous structure and average pore size in the tens of 
nanometers. These cryogels can be applied as a matrix for the 
development of GPEs after the infusion of ionically conducting 
liquid electrolytes, which rapidly penetrate into the nanoporous 
network structure via capillary effect. The strong affinity for 
polar liquid electrolytes of the nanocellulose structure arising 
from the synergistic effects of CNCs and CNFs (OH, COO–, 
OSO3

– groups, soft/rigid particle combination, hierarchical 
structure, etc.) makes these materials suitable for NIBs.[46]

Ideally, the nanocellulose concentration in the liquid sus-
pension should be kept as low as possible to maximize the 
porosity after freeze-drying. Preliminary experiments indicated 
that the concentration should be around 4 wt% for CNCs and 
2  wt% for CNFs, because lower concentrations fail to form 
gels. To obtain mechanically resilient GPEs after the infusion 
of the liquid electrolyte (and avoiding its eventual redispersion), 

glutaraldehyde is added as a chemical cross-linker to form 
acetal linkages between the hydroxyl groups of the nanocellu-
loses.[47] Among the studied concentrations of glutaraldehyde 
and CNC in water, bare CNCs cannot form physically stable 
structures and collapse after freeze-drying (Figure S1, Sup-
porting Information). The incorporation of long and flexible 
CNFs provides physically entangled networks that facilitate 
hydrogel formation,[45] which after glutaraldehyde crosslinking 
and freeze-drying result in macroscopic porous cryogels. These 
cryogels after the infusion of liquid electrolyte (1 m NaClO4 in 
ethylene carbonate/propylene carbonate (EC/PC) at 50/50 v/v) 
yield physically stable GPEs (Figure S2, Supporting Informa-
tion). Figure 1 shows the top-view and cross-sectional scanning 
electron microscopy (SEM) images of CNC/CNF 80/20, 50/50, 
and 20/80 cryogels. Highly porous structures with isotropically 
distributed three-dimensionally connected pores are achieved 
for all the compositions, both at the surface and across the 
entire cryogel thickness. Therefore, the abundant OH surface 
groups present on CNCs and CNFs will remain available to 
solvate Na+ and to separate it from ClO4

–, facilitating ion diffu-
sion between electrodes.[23] Interestingly, the 50/50 freeze-dried 
cryogel shows a rough morphology, being composed of smaller 
and more abundant pores, which is desired for GPEs to obtain 
high ionic conductivity.

2.2. Cryogel and GPE Physico-Electrochemical Properties

Attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) experiments were performed on nanocellulose-based 
GPEs to understand the specific interactions between the nano-
celluloses and the sodium salt. ATR-FTIR spectra in Figure 2a 
show the characteristic absorption bands corresponding to cel-
lulose, with a broad band at 3650–3200 cm–1 resulting from 
OH stretching, narrower bands at 2902 cm–1 due to asym-
metric and symmetric CH stretching, a band at 1160 cm–1 
(COC bending), at 1060 cm–1 (ring vibration and COH 
bending), and at 897 cm–1 (COC asymmetric stretching). 
The doublet appearing in the range 1840–1740 cm–1 originates 
from the CO stretching vibrations of PC (a single peak at 
1779 cm–1) and EC (two peaks at 1796 and 1768 cm–1).[48] Addi-
tionally, 50/50 and 20/80 GPEs show a small peak at ≈1605 cm–1 
typical for the dissociated carboxyl groups of CNFs,[49] while the 
shoulders at 1108 and 980 cm–1 (whose intensity decreases with 
CNF fraction) arise from the OSO3

− groups on CNCs. Finally, 
a sharp mode associated to ClO4

− appears at 621 cm–1 for all 
the cryogels soaked in liquid electrolyte (1 m NaClO4 in EC/
PC (50/50 v/v)). Although no shape differences are observed 
(Figure S3, Supporting Information), the blueshifting of the 
band in comparison to the 613 cm–1 of pure NaClO4,[48] indi-
cates an efficient salt dissociation in the presence of nanocel-
lulose. More precisely, the largest blueshifts are seen for 50/50 
and 20/50 samples, suggesting an improved dissociation of 
the salt into Na+ and ClO4

− ions.[50] Nanocellulose gel electro-
lytes are predominantly amorphous as confirmed by the broad 
halo centered at 2θ = 22° in the X-ray diffraction patterns, cor-
responding to the (200) plane of cellulose I (Figure  2b). This 
amorphicity indicates the formation of a polymer–salt complex, 
where Na+ coordinates with the oxygen-containing functional 
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groups present on nanocelluloses.[48] The thermal stability of 
nanocellulosic cryogels was studied by thermogravimetric anal-
ysis (TGA) as it is a prime requisite to improve battery safety. 
TGA curves in Figure 2c present a two-step thermodegradation 
process centered at ≈288 and ≈403 °C due to depolymerization, 

dehydration and subsequent decomposition of glycosyl cellu-
losic units,[51] yielding a char equivalent to 9 wt% of the initial 
sample with CNFs. Neat CNC shows a reduced thermal stability 
due to the catalyzing effect of its sulfate half-ester groups.[52] 
However, all synthesized cryogels show acceptable thermal 

Small 2022, 18, 2107183

Figure 1. Representative SEM images showing the top-view and cross section of CNC/CNF based cryogels at 80/20, 50/50, and 20/80 ratios.

Scheme 1. Schematic representation of the nanocellulose gel electrolyte fabrication: A top-down approach is followed to extract biocolloidal CNCs and 
CNFs from biomass, followed by bottom-up preparation of the CNC/CNF cryogel using a combination of self-assembly and sol-gel chemistry. GPEs 
are finally obtained upon organic liquid infiltration.
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stabilities within the expected range of battery operation as 
proved by the onset of thermal degradation (temperature at 
which the first 10% weight loss occurs) above 235 °C.

The pore morphology of the cryogels was further assessed 
through N2 adsorption–desorption experiments. According to 
Figure  2d, freeze-dried nanocellulose-based cryogels present a 
Brunauer–Emmett–Teller surface area (SBET) ranging from 44.2 
to 61.7 m2 g–1, where the cryogel comprising the larger frac-
tion of CNFs shows higher surface area. These surface areas 
that remain well above the 10.8 m2 g–1 obtained for the glass 
microfiber separator,[53] may facilitate the interaction with 
liquid electrolyte to dissociate Na+ and boost ionic conductivity. 
Importantly, all the cryogels show a type IV isotherm with 
H2 hysteresis, where most of the pores have a diameter from 
4 to 10  nm (see the DFT pore size distribution in Figure S4, 
Supporting Information). This mesoporous morphology can 
ensure a homogeneous Na+ flux between electrodes, which is 
translated into dendrite-free stable ion plating and stripping.[54]

The ability of the developed cryogels to adsorb liquid electro-
lyte was evaluated by electrolyte uptake measurements based on 
Equation (2). As shown in Table S2 (Supporting Information), 
all the samples present liquid uptake values exceeding 2000% 
(with a maximum of 4441% for the 20/80 sample), well-above 
the low value of 125% shown by the Celgard separator. These 
remarkably large values can be explained by a combination of 
high electrolyte affinity of nanocellulose, low surface tension 
and capillary action provided by the mesoporous hierarchical 
structure.[34] These characteristics are ideal to boost the ionic 

conductivity above 10−3 S cm−1, which is required for practical 
applications and are usually hard to realize with conventional 
GPEs.[55] To confirm the potential of nanocellulose gel elec-
trolytes as efficient medium for Na+ transport, we evaluated 
the ionic conductivity according to Equation (3) based on the 
Nyquist impedance plots shown in Figure 3a (see Table S2, Sup-
porting Information, for further details). All the GPEs present 
an ionically conducting nature as suggested by the straight lines 
with no semicircles, which is ascribed to coordination sites for 
the mobile Na+ provided by the OH groups on the CNC and 
CNF surfaces.[12] The ionic conductivity increases from 1.467 to 
2.323 mS cm–1 with increasing CNF fraction from 20 to 50 wt%, 
suggesting that the sodium carboxylate (-COONa) groups on the 
CNFs enhance the counterion mobility.[56–58] For comparison, 
1 m NaClO4 in EC/PC has an ionic conductivity of 8 mS cm–1,[5] 
confirming that nanocellulose facilitates Na+ diffusion in the 
system. This large ionic conductivity value of the 50/50 GPE cor-
relates well with the enhanced free ion concentration shown in 
FTIR results. However, further increase in CNF content results 
in drop of the ionic conductivity to 0.672 mS cm–1, as both the 
surface functional groups and surface area are the dominant 
drivers to achieve a large ionic transport. The achieved ionic 
conductivities are well-above the results reported for other 
separator–liquid electrolyte systems (1.35 mS cm–1 for agarose/
PVA,[34] 0.12 mS cm–1 for Celgard,[34] 0.4 mS cm–1 for cellulose 
acetate,[59] or 0.07 mS cm–1 for chitin nanofiber membranes),[60] 
or most of the GPEs for NIBs developed so far (see Table S3, 
Supporting Information, for further details).

Small 2022, 18, 2107183

Figure 2. a) ATR-FTIR spectra and b) XRD patterns of CNC/CNF GPEs composed of CNC/CNF cryogels soaked in organic electrolyte (1 m NaClO4 in 
EC/PC at 50/50 v/v). c) Thermogravimetric traces and d) N2 adsorption–desorption isotherms of freeze-dried CNC/CNF cryogels. The inset shows the 
calculated Brunauer–Emmett–Teller specific surface area.
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Single-ion conducting electrolytes (also known as ionomers) 
offer the additional advantage of ensuring stable alkali metal 
deposition.[61] We thus quantified the Na+ transference number 
(tNa

+) for our GPEs according to the Bruce–Vincent method[62]

t
I V I R

I V I RNa
ss 0 0

0 ss ss

( )
( )= ∆ −
∆ −

+  (1)

where I0 and Iss are the currents in the unpolarized and polar-
ized states, respectively; R0 and Rss are the resistances in the 
unpolarized and polarized states, respectively; and ΔV repre-
sents the applied potential step (see Figure S5 and Table S4, 
Supporting Information, for the data). A maximum tNa

+ of 
0.860 is achieved for the 20/80 GPE. In comparison, 80/20 and 
50/50 GPEs present lower Na+ transference number values of 

0.324 and 0.637, respectively. In any case, tNa
+ remains well-

above the 0.066 observed for the commercial polyolefin sepa-
rator soaked in liquid electrolyte. The transference number 
increases with CNF concentration, and it represents one of the 
largest reported so far for GPEs applied in sodium ion batteries 
(0.3 for poly(vinylidene difluoride-co-hexafluoropropylene),[63] 
0.48 for poly(vinylidene fluoride-co-hexafluoropropylene)/
poly(methyl methacrylate)/β-alumina,[64] 0.24 for poly(ethylene 
glycol) methyl ether methacrylate/glass fiber,[65] or 0.39 for 
poly(ethylene oxide),[66] see Table S3, Supporting Information), 
indicating that Na+ motion through the CNC/CNF gel electro-
lyte is facilitated by the Na+ dissociation provided by TEMPO-
modified CNF surfaces.

The electrochemical stability of the electrolyte is a key 
parameter for the final configuration of the battery as the 

Small 2022, 18, 2107183

Figure 3. a) Nyquist impedance plot of the GPEs. Electrochemical stability window of GPEs obtained by linear sweep voltammetry from 0.3 to 5.0 V with 
a stainless-steel working electrode and metallic Na as counter electrode at a scan rate of 1 mV s−1 with b) anodic scan and c) cathodic scan. d) Schematic 
illustration of the proposed Na+ conduction mechanism across the nanocellulose GPE. e) Comparison of the 50/50 CNC/CNF composition with the 
state-of-the-art GPEs applied in NIBs. Further details including the corresponding references are given in Table S3 (Supporting Information).

 16136829, 2022, 43, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202107183 by U
niversidad del Pais V

asco, W
iley O

nline L
ibrary on [10/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.small-journal.com

2107183 (7 of 12) © 2022 The Authors. Small published by Wiley-VCH GmbH

electrochemical stability window (maximum operating range) 
of the electrolyte determines the choice of the cathode. Accord-
ingly, voltammetric measurements in the potential range of 
0.3–5 V versus Na/Na+ were performed. As shown in Figure 3b, 
during the anodic scan all GPEs exhibit a rise in the oxidative 
current at around 4.7 V versus Na/Na+ that corresponds to the 
oxidative decomposition of the electrolytes (similar to the sta-
bility of the bare organic liquid electrolyte).[5] Such high anodic 
stability can be ascribed to the good trapping ability of the 
liquid electrolyte by the hierarchical nanocellulosic structure. 
In the cathodic scan shown in Figure  3c, the GPEs display a 
reductive decomposition current at around 0.3  V versus Na/
Na+. The 50/50 GPE shows the best cathodic stability, outper-
forming other GPEs based on thermoplastics.[67] Such large 
electrochemical stability enables the implementation of cath-
odes with higher voltages than the well-known Na3V2(PO4)3 
with a working voltage window of 2.8–3.8  V versus Na/Na+. 
When combined with Na2Fe2(SO4)3, an alluaudite-type cathode 
that has an exceptionally high voltage platform of 3.8 V thanks 
to the highly electronegative [SO4]2– as well as the unique 
Fe2O10 dimer geometry,[68] energy densities of over 400 Wh kg−1 
can be reached.[41] As schematically shown in Figure  3d, the 
increased Na+ conductivity and tNa

+ values of the nanocellulose 
GPE are achieved thanks to the synergistic effects of CNCs and 
CNFs, which combine OH, OSO3

–, and COO– groups. As 
a result, an improved dissociation of the salt into the mobile 
Na+ is achieved, which can rapidly move through the GPE in 
the presence of the organic liquid electrolyte. As summarized 
in Figure 3e, the 50/50 nanocellulose gel electrolyte developed 
here offers a good balance between ionic conductivity, electro-
chemical stability and transference number, making this mate-
rial suitable for practical implementation.

Solid polymer electrolytes based on cellulose with a Li+ con-
ductivity of 1.5 mS cm–1, a transference number of 0.78 and 
electrochemical stability window up to 4.5 V versus Li/Li+ have 
been recently reported.[69] Cu2+ was coordinated with CNFs to 
open the molecular channels and enlarge the spacing between 
the polymer chains to enable Li+ insertion and rapid transport. 
Although solid-state electrolytes avoid undesired liquid electro-
lyte leakage issues, the reported universal approach (it could be 
extended to other polymers and cations) relies on the modifica-
tion of the crystalline structure of the material, which can com-
promise the mechanical properties of the separator-electrolyte 
pair. In comparison, our approach chemically cross-links CNCs 
and CNFs into highly porous structures to provide efficient Na+ 
conducting pathways.

2.3. Electrochemical Performance of GPEs

Thanks to the hierarchical structure, large ionic conductivity, 
Na+ transference number and broad electrochemical stability 
window, nanocellulose gel electrolytes fulfill all the physico-
electrochemical requirements to function as efficient NIB elec-
trolyte. The next step toward high-performing and safe NIBs 
is to ensure an efficient long-term Na+ deposition. Therefore, 
sodium electrodeposition was assessed in symmetric Na/Na 
cells by performing successive plating and stripping cycles at 
current densities varying from ±50  to 500 µA cm–2. Each Na 

plating or stripping process was maintained for 1 h. As shown 
in Figure 4a, when cycled at 50 µA cm−2 (the positive and nega-
tive potentials correspond to Na plating and stripping, respec-
tively), the 50/50 GPE shows an increasing overpotential which 
stabilizes at nearly 47 mV. The CNC/CNF 20/80 and 80/20 com-
positions show larger overpotentials of 190 and 75 mV, respec-
tively (at 50 µA cm−2, Figure  4b,c), indicating that the 50/50 
formulation ensures an improved Na ion transference revers-
ibility and homogeneous Na electrodeposition between elec-
trodes. Moreover, the curves in Figure  4d show overpotentials 
of ≈316 mV for the Celgard membrane soaked in 1 m NaClO4 in 
EC/PC (50/50 v/v) liquid electrolyte. As compared in Figure 4e, 
the nanocellulose gel electrolyte enables a fivefold overpotential 
decrease with the square-wave shape of the polarization curve, 
indicating a smooth Na deposition with low tortuosity.[53]

The sudden voltage drop observed after 40, 100, and 242 h 
(highlighted by a yellow lightning symbol) for 20/80, 80/20, 
and Celgard (current densities of 50, 200, and 200 µA cm−2, 
respectively) is related to the premature cell failure by a den-
drite-induced short-circuit. Conversely, no voltage drop is seen 
for 50/50 until the current density increases up to 500 µA cm−2. 
Short-circuit occurred only after 329 h of Na plating/stripping, 
demonstrating that the 50/50 GPE can significantly smoothen 
and homogenize Na+ electrodeposition while suppressing den-
drite formation. Post-mortem SEM images of the 80/20 and 
20/80 GPEs obtained after symmetric cycling in Na/Na cells 
in Figure S6 (Supporting Information) confirm the presence of 
microscale high-surface area, non-uniform Na deposits indica-
tive of inhomogeneous sodium electrodeposition. In compar-
ison, the SEM images of the cycled 50/50 GPE display highly 
uniform Na deposits, which arise as a result of the homoge-
nous current distribution across the electrode/electrolyte inter-
face (manifested as a stable polarization voltage in Figure 4a). 
Energy-dispersive X-ray spectroscopy analysis further confirms 
the presence of a thick layer composed of Na, Cl and O on the 
20/80 and 80/20 GPEs. As summarized in Figure 4f, this per-
formance represents a significant improvement over the Na 
plating and stripping results reported so far for symmetric Na/
Na cells with separators soaked in a liquid electrolyte (further 
details in Table S5, Supporting Information). The 50/50 GPE 
developed here shows promising results, because low overpo-
tentials (guaranteeing an efficient utilization of the active mate-
rials) with long operation life spans are desired. We ascribe 
these results to:

•	 the combination of mechanical ductility provided by CNFs, 
which results in a stable interface without delamination due 
to the hydroxyl groups involved,[70] and inherent mechanical 
stiffness of CNCs, which offers resistance to dendrite growth;

•	 the mesoporous structure boosts a stable and uniform ion 
transference across the electrolyte (suppressing dendrite 
growth),[33] while the functional COO groups on the sur-
face of CNFs strongly interact with the ions in the electrolyte, 
facilitating ion pair dissociation, thus improving the Na ion 
transport (tNa

+ up to 0.86); and
•	 the adhesive character of nanocellulosic materials as recently 

proved by Tardy et al.,[71] who showed the potential of CNCs 
to form superstructures that self-assemble across multi-
ple length scales to provide adhesion through non-covalent 

Small 2022, 18, 2107183
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interactions. This ability, also found in other natural biopoly-
mers such as chitin nanocrystals or amyloids,[72] enables ioni-
cally conducting gels to successfully adhere onto metallic Na 
surfaces via supramolecular interactions.

Another relevant feature of the designed nanocellulose 
gel electrolyte is that it does not contain fluoroethylene car-
bonate, an electrolyte additive that is known to form a robust 
and stable solid–electrolyte interphase by preventing electro-
lyte breakdown and consumption (which in turn is translated 
into more stable metal electrodeposition).[73,74] As fluoroeth-
ylene carbonate presents adverse environmental and human 
health effects, limiting its use and thus reducing potential 
human and environmental exposure to hazardous chemi-
cals should be a priority in establishing a more sustainable 
battery industry.[75,76] Although our electrolyte still contains 
organic solvents with some toxicity and there is a strong 
need to replace all electrolyte chemicals with environmentally 
friendly alternatives in the longer term, this work represents 
an important step towards greener electrolytes with competi-
tive electrochemical performance, which could be potentially 
applied for transient or degradable batteries.[77]

2.4. Battery Performance

As the CNC/CNF 50/50 GPE offers the most attractive balance 
between mechanical, structural and electrochemical properties, 
we evaluated its potential as a NIB electrolyte. Figure 5a shows 
the galvanostatic charge–discharge curves (1.9–4.3 V vs Na/Na+) 
at 1C rate (120 mA g–1) for this GPE in a Na2Fe2(SO4)3/Na half-
cell. The alluaudite-type Na2Fe2(SO4)3 cathode, firstly reported 
in 2014,[78] was selected because it provides an environmentally 
sustainable alternative to the commonly studied Na3V2(PO4)3 
cathode, which requires vanadium, a genotoxic material that 
can cause serious toxicity issues to human and animal life.[79] 
In addition, all the elements (Na, Fe, and S) are earth-abundant 
(making it economically attractive), and its exceptionally high-
working voltage can deliver notably high energy densities.[41] An 
initial discharge capacity of 91.4 mAh g–1 is achieved, and the ini-
tial Coulombic efficiency of 97.2% increased to 99.1% after five 
cycles. After 50 cycles, the capacity decreased to 69.7 mAh g–1, 
corresponding to 76.3% capacity retention. In comparison, the 
Celgard separator (2325, tri-layer polypropylene-polyethylene-
polypropylene) presents a poorer electrolyte affinity and a low 
porosity of 39%. These features are translated into long pathways 

Small 2022, 18, 2107183

Figure 4. Room temperature voltage versus time curves for a symmetric Na/Na cell for Na plating/stripping at current densities ranging from ±50 to 
500 µA cm−2 and with a discharge/charge time of 1 h for: a) 50/50, b) 20/80, c) 80/20 GPEs, and d) Celgard membrane soaked in a 1 m NaClO4 in EC/
PC (50/50 v/v) liquid electrolyte. The yellow lightning signals the occurrence of short-circuit. e) Magnified view of the voltage versus time curves in 
the 190–200 h range for CNC/CNF 50/50 GPE (blue line) and Celgard (black line). f) Comparison with the state-of-the-art separator–liquid electrolyte 
pairs. Further details including the corresponding references are given in Table S5 (Supporting Information).
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for ions to cross the separator.[80] Accordingly, Na2Fe2(SO4)3/Na 
half-cells with Celgard exhibit large polarization effects between 
charge and discharge cycles, which affects the electrochemical 
performance at relatively fast charge–discharge rates. As a 
result, Celgard soaked in 1 m NaClO4 in EC/PC (50/50 v/v) can 
only deliver 0.6 mAh g–1 at C/4.

The reversible capacity provided by the nanocellulose gel 
electrolyte in combination with the high working voltage of 
the battery result in a gravimetric energy density (based on the 
active mass of the cathode) of 240 Wh kg–1 at a rate of 1C (cal-
culated by integrating the second cycle in the capacity-voltage 
curve), making this system competitive against current LIBs. 
Additionally, the charge/discharge curves of the battery with the 
50/50 GPE presents a lower electrochemical polarization (the 
difference between charge and discharge plateaus) as compared 
to that observed for Celgard, suggesting that the nanocellulose 
gel electrolyte promotes Na+ diffusion between the Na and 
Na2Fe2(SO4)3. The shape of the voltage profile barely changes, 
indicating that the crystal structure of the cathode material 
remains unchanged. It is important to note that the nanocellu-
lose gel electrolyte here developed surpasses the specific capaci-
ties provided by other separator-liquid electrolyte systems with 
Na3V2(PO4)3 as cathode, such as the 91 mAh g–1 at 24 mA g–1 
for polypropylene,[81] the 101 mAh g–1 at 24 mA g–1 provided by 
polysulfonamide,[81] the 70 mAh g–1 at 12 mA g–1 provided by a 
chitin nanofiber membrane,[60] or the 116 mAh g–1 at 12 mA g–1 
given by an agarose-based separator.[34] Yet, the developed nano-
cellulose gel electrolytes still have room to improve the electro-
chemical performance by reducing their thickness to 25–30 µm. 
This would reduce the overall resistance of the cell,[82] although 
the limited resistance of thin GPEs against dendrite puncture 
may presents issues regarding battery durability and safety.

The interconnected porous nanocellulose structures, the 
cryogels as well as the gel electrolytes are capable of holding 
large amounts of liquid. This feature, together with the non-
toxic and biodegradable character of nanocellulose, enables the 
development of ionically conducting gels that provide specific 
mechanical and chemical conditions to mimic the extracel-
lular matrix.[83,84] As a result, they can be applied as 3D micro-
environments for cell culture,[85] as biocompatible inks for 3D 
bioprinting,[86] wound dressing,[87] or for biosensing purposes 
in diagnostics and bioimaging.[88] Moreover, the ease of nano-
cellulose functionalization can be exploited to control biological 

interactions, enabling their implementation as on-demand 
drug delivery systems that are able to release loaded drugs 
under external stimuli such as pH changes or near-infrared 
exposure.[89]

3. Conclusions

The development of safe, green, and electrochemically efficient 
batteries is an urgent task toward electrification and imple-
mentation of the decoupling and decarbonization agenda. In 
this context, here we show a strategy to develop environmen-
tally sustainable, economically attractive, and electrochemically 
relevant sodium ion batteries. Biomass resources are used for 
the first time to synthesize a biopolymer-based gel electrolyte 
offering a good balance between the often mutually exclusive 
renewability and electrochemical performance. A gel electro-
lyte with a mesoporous structure is achieved after crosslinking 
mechanically stiff cellulose nanocrystals and flexible cellulose 
nanofibers with glutaraldehyde. The COONa surface groups 
present on cellulose nanofibers increase the amount of mobile 
Na+, boosting counterion mobility and offering ionic conduc-
tivities up to 2.32 mS cm–1 and a Na+ transference number of 
0.637. The hierarchical porosity and efficient Na+ transference 
enable a homogeneous and stable Na plating/stripping with 
reduced overpotential. These characteristics are translated into 
a dendrite-free Na electrodeposition capable of operating at cur-
rent densities up to 500 µA cm−2. The anodic stability of 4.7 V 
versus Na/Na+ makes nanocellulose gel electrolytes adequate 
for high-energy cathode configurations, including beyond 
lithium ion chemistries. When assembled in Na2Fe2(SO4)3/Na 
half-cells, nanocellulose gel electrolytes present a good capacity 
retention with a gravimetric energy density (based on cathode 
mass) of 240 Wh kg–1 at a rate of 1C, surpassing the electro-
chemical performance of the conventional separator-electrolyte 
pairs relying on fossil resources.

4. Experimental Section
Materials: Microcrystalline cellulose with a particle size of 20  µm 

(310697-500G), sulfuric acid (H2SO4, 95%–97%), glutaraldehyde, sodium 
perchlorate (NaClO4), EC, and PC were obtained from Sigma-Aldrich. 
Iron (II) sulfate heptahydrate (FeSO4·7H2O) and sodium sulfate 

Small 2022, 18, 2107183

Figure 5. a) Galvanostatic charge–discharge profiles at 1C (1C = 120 mA g−1) in Na2Fe2(SO4)3/Na half-cell configuration for the CNC/CNF 50/50 GPE 
together with b) its corresponding evolution of the discharge capacity and Coulombic efficiency. Galvanostatic charge–discharge profiles at C/4 for 
Celgard separator soaked in 1 m NaClO4 in EC/PC (50/50 v/v) (in magenta) are provided for comparison. The inset in (a) magnifies the specific capacity 
region for Celgard (up to 2 mAh g−1).
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decahydrate (Na2SO4·10H2O) were obtained from Acros Organics. 
All chemicals were used as received without any further purification. 
For electrochemical studies, 25  µm thick Celgard separators (2325) 
were used as received. Cellulose nanofibers in a dry powder form with 
diameters of 10–20  nm and lengths of 2–3  µm were purchased from 
Nanografi (Ankara, Turkey).

Cellulose nanocrystals were prepared by a sulfuric-acid assisted 
hydrolysis process.[27] 5  g of microcrystalline cellulose were hydrolyzed 
with 100  mL of 64  wt% sulfuric acid solution at 45  °C for 30  min at a 
stirring speed of 400  rpm. Hydrolysis was then quenched by adding 1 
L of cold deionized water. The excess aqueous acid was removed by 
centrifugation at 4000 rpm for 10 min. Colloidal CNCs were achieved by 
sonication in a Vibracell Sonicator (Sonics & Materials Inc., Danbury, 
CT) at 40% output for 5  min. The resulting water-dispersed CNCs are 
surface-decorated with anionic sulfate half-ester groups, where the acid 
groups are sulfate esters with one ester group grafted to the surface of 
the CNCs. The colloidal aqueous CNC dispersion (pH of 2.3, 1.16 wt% 
concentration) was stored in the fridge at 4 °C until needed.

Gel Polymer Electrolyte Fabrication: Nanocellulose-based gel 
electrolytes were obtained after the fabrication of CNC/CNF cryogel 
membranes. Three different compositions of CNC/CNF (80/20, 
50/50, 20/80) were prepared for the experiments as the 100/0 and 
0/100 formulations failed to form mechanically stable gels. Table S1 
(Supporting Information) provides the amounts of all the different 
components along with the nomenclature. To prepare the 50/50 sample, 
5 mL of 4 wt% CNC suspension was mixed with 10 mL of 2 wt% CNF 
suspension followed by continuous stirring at 60  °C for 30  min. After 
that, the pH of the mixture was adjusted to around 2.5 using 1 m HCl. 
80  µL of 10  wt% glutaraldehyde was added as the cross-linker. The 
mixture was again stirred at 60 °C for another 1 h and then cooled down 
to room temperature. 3 mL of the above suspension was drop-cast into 
a petri dish (area: 22.1 cm2) and placed in a freezer at −20 °C overnight 
followed by freeze drying for 24 h. Finally, the obtained CNC/CNF 
cryogels were dried at 80 °C for 12 h under vacuum to ensure complete 
drying and then introduced in a glove box (see Table S2, Supporting 
Information, for the thickness values). The obtained cryogels were 
immersed in 1 m NaClO4 in EC/PC (50/50 v/v) overnight to obtain the 
gel polymer electrolytes.[40]

Synthesis of Cathode Material: Na2Fe2(SO4)3 was used as the cathode 
material. It was synthesized according to a method reported by Dou 
et  al.[41] Anhydrous FeSO4 and Na2SO4 were obtained via annealing 
under vacuum at 200 °C for few minutes. Then, 2 mmol of Na2SO4 and 
4  mmol of FeSO4 were dissolved in 10  mL of deionized water until a 
transparent green solution was obtained. The solution was protected 
with inert atmosphere by pumping high purity nitrogen gas. 100  µL 
pyrrole was added into the solution under magnetic stirring for 1 h. The 
solution was then dropwise added into liquid nitrogen and the obtained 
spherical particles were freeze dried for 24 h. Finally, the freeze-dried 
product was annealed under argon atmosphere at 350 °C for 24 h.

Characterization: SEM analyses were performed on a DSM 982 
Gemini instrument (Zeiss). Before analysis, the samples were sputtered 
with a 7 nm thick platinum coating. ATR-FTIR spectra were recorded on 
a Bruker Alpha FT-IR Spectrometer equipped with diamond ATR optics 
(4 cm–1 resolution). A Mettler Toledo TGA/SDTA 851e instrument under 
atmospheric air with a 50 mL min−1 flow rate and heating rate of 10 °C 
min−1 was used for thermogravimetric analyses. Powder X-ray diffraction 
(XRD) patterns were obtained with a PANalytical Empyrean powder 
diffractometer in reflection mode using Cu Kα radiation (45 kV, 40 mA). 
The electrolyte uptake was measured after immersion in 1 m NaClO4 in 
EC/PC (50/50 v/v) for 24 h according to:

Electrolyte uptake 100
dry

wet drym
m m( )= × −  (2)

where mwet and mdry correspond to the weight of the wet GPEs and fully 
dried cryogels, respectively.

The ionic conductivity and electrochemical performance studies 
were carried out by assembling membranes of 13 mm diameter (area = 
1.327 cm2) in a Swagelok-type cell in an argon-filled glove box (H2O and 

O2 < 0.3 ppm). Data was recorded with a VMP3 Biologic electrochemical 
workstation at room temperature. Gel polymer electrolytes were 
sandwiched between two stainless-steel rods. The resistance of the 
GPE was measured using a two-probe ac impedance spectroscopy 
analyzer in the frequency range of 1 mHz to 1 MHz with a potentiostatic 
signal perturbation of 5  mV. The results were fitted using EC-lab Z-fit 
analysis software and the ionic conductivity (σi, S cm–1) values were then 
obtained using the following formula

i
b

d
R A

σ = ×  (3)

where d is the membrane thickness, Rb is the bulk resistance extracted 
from the intercept of the curve with the real impedance axis in the 
Nyquist plot, and A is the contact area of the separator and stainless-
steel electrode.

The electrochemical stability window was studied by voltammetric 
measurements. Gel polymer electrolytes were sandwiched between a 
stainless-steel rod and a Na-metal disk. The voltammograms (using 
VMP3, Biologic) were measured in the potential range of 0.3–5 V with a 
scan rate of 1 mV s–1.

Na stripping and plating performance was tested at different current 
densities of ±50, 100, 200, 300, and 500 µA cm−2 with areal capacities 
of 50, 100, 200, 300, and 500 µAh cm–2, respectively. The GPEs 
were mounted between two Na-metal discs. The symmetric cycling 
performance of Celgard was performed as a control. The post-mortem 
analysis of GPEs after symmetric cycling was carried out by SEM and 
energy-dispersive X-ray spectroscopy.

For half-cell characterization, Swagelok type cells were assembled 
with a Na foil of 11  mm diameter as an anode. The Na2Fe2(SO4)3 
electrodes were fabricated by mixing active material, carbon black, 
and binder (polyvinylidene fluoride) in the ratio of 7:2:1 in N-methyl-
2-pyrrolidone as solvent. The obtained electrode slurry was drop-cast 
onto titanium current collectors followed by vacuum drying at 120 °C 
overnight. The obtained total mass loading was measured to be ≈1 mg 
cm–2. Galvanostatic charge–discharge curves at room temperature were 
measured in the 1.9–4.3 V (vs Na/Na+) window at different current rates 
(1C = 120 mA g–1). For comparison, the performance of Na/Na2Fe2(SO4)3 
cells containing a Celgard separator soaked in 1 m NaClO4 in EC/PC 
(50/50 v/v) was also investigated.
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