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Physicochemical and electrochemical
characterization of hybrid cellulose separators for
aqueous zinc-ion batteries

C

Marita Afiandika,®® Aleksi Zitting, (2@ Amit Kumar Sonker, (2 ° Shizhao Xiong,

Gunnar Westman (2 9¢ and Aleksandar Matic () *2¢

In aqueous zinc ion batteries, the use of Zn metal as the anode has been hindered by the
inhomogeneous deposition of Zn and the growth of Zn structures that can pierce the separator. Here,
we present a functional separator based on cellulose nanocrystals (CNC) and TEMPO-oxidized cellulose
nanofibrils (TCNF) to regulate the nature of Zn deposition and thereby battery performance. The
incorporation of TCNF enhances the ductility, electrolyte uptake, and ionic conductivity, while small-
and wide-angle X-ray scattering (SAXS/WAXS) analysis confirms swelling of the CNC:TCNF structure
when soaking in an aqueous electrolyte, but also that the swelling is limited. With an optimized weight
ratio between CNC and TCNF (5:1), a longer cycle life at high current density (10 mA cm™2) and areal
?)

capacity (5 mAh cm™) is achieved, compared to when a commercial filter paper separator is used. This

work highlights the potential of forest biomaterials in the functionalization of separators for enhancing

rsc.li/frontiers-materials

Introduction

The development of rechargeable batteries using zinc (Zn)
metal anodes has been the focus of research for more than a
decade since Xu et al. presented the concept of the Zn-ion
battery (ZIB) in 2012." However, the cycle life of aqueous ZIBs
has been limited by uneven Zn deposition and stripping, and by
growth of dendrites that can pierce the separator and cause
battery failure during charge.”™ Numerous efforts have been
reported to mitigate these issues, such as coating of the metal
anode® and tuning the electrolyte formulation.® The former is
often pursued to protect the zinc metal anode from corrosion
and hydrogen evolution reaction, and has more recently devel-
oped into artificial layers with hybrid architectures.””® Electro-
lyte formulation is commonly used either to tune the first
solvation shell of Zn>" and the electric double layer, or to lower
the activity of free water, which drives parasitic side reactions
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the cycle life of aqueous zinc ion batteries.

such as hydrogen evolution and corrosion.'®** The separator,
in contrast, is an existing cell component that lies directly in
the ion transport path, and although often disregarded as a
passive component, it can regulate Zn>* flux and significantly
influence the cycling stability of Zn-ion batteries.'*"?

Glass fibre and filter paper are the two most common
separators utilised for aqueous ZIBs."* However, both separators
commonly have thicknesses on the order of hundred micro-
metres, which will decrease the volumetric energy density on cell
level.”® Although glass fibre has good wettability towards aqueous
electrolytes,'® it has an uneven pore distribution, leading to
inhomogeneous metal deposition at the anode during charge."”
Meanwhile, the mechanical strength of filter paper decreases
considerably when soaked with the electrolyte and cannot with-
stand dendrite propagation.'® To overcome these drawbacks,
several strategies have been introduced to modify the properties
of both glass fibre and filter paper separators, such as the
incorporation of nanoparticles'>*° or introducing an additional
coating.>"** These examples highlight the necessity of separator
functionalization, emphasizing its role beyond being a passive
component in the battery.

Various polymers have been investigated to develop func-
tional separators that enhance mechanical robustness and
inhibit dendrite growth,>® often by combining two components
so that mechanical and interfacial requirements are met by
different parts of the structure, as is common in composite
polymer electrolyte design.>* Among these polymers, cellulose-

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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based materials have been widely explored due to the abun-
dance of cellulose, combined with low-cost and excellent wett-
ability for aqueous electrolytes due to the presence of hydroxyl
groups that promote aqueous electrolyte uptake.?® Cellulose
nanocrystals (CNC)**?” and cellulose nanofibrils (CNF)*®*° are
often used as building blocks for battery separators. Materials
made entirely of CNC are commonly more brittle than other
cellulose-based materials, such as CNF-based membranes, due
to their high crystallinity and relatively uniform rod-like struc-
ture, which limits entanglement and results in the formation of
small pores.’*? This brittleness makes material handling
challenging.**** On the other hand, CNF produced by
TEMPO-mediated oxidation (2,2,6,6,-tetramethylpipelidine-
loxyl radical) is less crystalline, compared to CNC, and can
form an entangled fibre network enabling the formation of
flexible films, but usually with lower mechanical strength.?’
Although cellulose-based materials have attracted increasing
attention for ZIBs, there remains a need to develop new
formulations that can enable thin, yet strong films that are
compatible with Zn-metal anodes.

A particular advantage of cellulose-based materials for bat-
tery separators is the possibility to combine different types of
building blocks, as well as utilising functionalisation, which
allows tuning mechanical robustness and Zn deposition. In this
work, we report a new concept with hybrid separators
composed of CNC and TCNF, referred to as HCT separators,
prepared by straightforward evaporation-induced self-
assembly. The combined effects of CNC and TEMPO-oxidized
cellulose nanofibrils (TCNF) to improve electrochemical perfor-
mance, mechanical strength, and electrolyte uptake have not
yet been systematically studied for separators. We vary the
weight ratio of CNC: TCNF to optimize mechanical properties,
electrolyte uptake, and ion conductivity. We also explore the
structural properties using small- and wide-angle X-ray
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scattering (SAXS/WAXS) and evaluate the electrochemical
performance.

Results and discussion

Fig. 1a shows a schematic of the preparation procedure of the
HCT separators using evaporation-induced self-assembly. The
preparation is straightforward, comprising physical mixing of a
precursor aqueous solution, homogenization and casting to obtain
a free-standing separator after solvent (water) evaporation at room
temperature. The resulting transparent HCT separators are shown
in Fig. Sla—c (SI). The typical thickness of the HCT separators is
30-45 um (Table S1), corresponding to approximately 25% of the
thickness of the Whatman grade 5 filter paper used as the
reference separator (178 pm, experimentally measured (Fig.
S2a)). The surface morphology of the HCT separators was char-
acterized using scanning electron microscopy (SEM), and all
separators exhibit reasonably smooth surfaces with no visible
pores (Fig. 1b-d), confirming good film-forming properties.*® With
increasing TCNF content, the surface appears rougher. This can be
attributed to the tendency of fibrils to agglomerate, which has
been reported to result in uneven membrane surfaces at higher
CNC : CNF weight ratios (e.g. 1:4).”” In comparison, the filter paper
has an uneven surface with large pores (Fig. S2b and c).
Fourier-transform infrared spectroscopy (FTIR) was used to
investigate the chemical structure and intermolecular interac-
tions in the HCT separators. Full spectra are shown in Fig. S3a.
The spectra from all separators display characteristic bands of
cellulose; the band assignments can be found in Table S2.
Fig. 1e shows the spectral region of the water bending band
(1645 cm ™) from the water molecules commonly present in
cellulose materials, and a band from carboxylate groups
(—~COONa) (1602 cm ™) from TCNF.***° The carboxylate band
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(a) Schematic of preparation of HCT separators through evaporation-induced self-assembly. (b)—(d) SEM images of the surface morphology of

HCT separators with CNC:TCNF weight ratios (b) 5:1, (c) 5:2 and (d) 5: 3. (e) FTIR spectra of HCT and pure CNC separators in the range 1800-1500
cm~t. Red dashed lines indicate the positions of water bending band at 1645 cm~* and band from carboxylate groups. (f) SAXS and (g) WAXS profiles from
HCT separators. (h) Estimated crystallinity of HCT separators, obtained by fitting WAXS spectra from dry separators measured under vacuum.
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grows in intensity upon the addition of TCNF (Fig. 1e), showing
the successful incorporation of TCNF in the hybrid separators.

Fig. 1f shows the SAXS profile from the HCT separators. The
SAXS profiles from dry samples (before immersion in electro-
lyte) are almost featureless, with the scattering intensity follow-
ing a power-law decay. A fit of I(q) oc ¢ * to the low g region
gives an exponent o =& 3, which could come from rough
surfaces or densely packed structures. As CNC are rigid polymer
fragments and TCNF are flexible polymers, the likely explana-
tion is that this scattering behaviour comes from densely
packed structures, similar to collapsed polymer network. There
is an increase in the signal at higher g leading to a small
shoulder, which is more visible in the SAXS profile from a
separator with only CNC present, where the feature is found at
g =0.1 A~" (Fig. $3b). For the HCT separators, the shoulder is
less pronounced, likely due to the presence of TCNF, which can
fill previously unoccupied regions with its flexible chains,
reducing scattering contrast. The WAXS profiles (Fig. 1g) show

Research Article

the major crystalline peaks of the cellulose Iz phase, with no
indication of other crystalline phases of cellulose present.*® The
crystallinity of the HCT separators was estimated from the ratio
of the integrated crystalline peak area to the total integrated
WAXS area, including the amorphous contribution, following
previously reported methods (Fig. S3c).** Since the amorphous
background is sensitive to moisture content, the crystallinity
was determine from WAXS experiments performed in vacuum.
As expected, there is a decrease in the crystallinity with increas-
ing TCNF content (Fig. 1h), since TCNF is more amorphous
compared to CNC (Fig. S3d).**

Fig. 2a shows the stress—strain curves from mechanical tests
on the HCT separators, and the values of tensile strength and
strain at break are reported in Table S3. The addition of TCNF
to CNC increases the tensile strength at break. With increasing
TCNF content, the tensile strength decreases, but the strain at
break increases, which reflects the decreased brittleness with
the addition of TCNF. It is also worth noting that the HCT
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(a) Stress—strain curves, (b) TGA curves, and (c) electrolyte uptake of HCT separators. (d) SAXS curves from HCT separators soaked in electrolyte.

(e) Estimated correlation length based on Kratky analysis. (f) Schematic illustration of the structure of separators before and after soaking in electrolyte. (g)
lonic conductivity at room temperature and (h) LSV curves of Zn|[Ti cells using bare 2 M ZnSO, aqueous electrolyte, and various HCT and filter

paper separators soaked in the same electrolyte.
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separators exhibit enhanced mechanical flexibility (Fig. S4a), as
evidenced by a higher strain at break compared to separator
made up of only CNC (Fig. 2a) and commercial Whatman grade
5 filter paper (Fig. S4b). This improvement is beneficial with
respect to mitigating growth of Zn dendrites through the
separator.*® Furthermore, in the swollen state HCT 5: 1 retains
a tensile strength of 9.6 MPa, compared to ~2 MPa for filter
paper under the same conditions (Fig. S4b), indicating that the
mechanical integrity of the separator is maintained when
soaked in the electrolyte.

To compare the thermal stability of the HCT separators,
thermogravimetric analysis (TGA) was performed under N, flow
(Fig. 2b). Overall, the results show that the HCT separators are
thermally stable at temperatures relevant for ZIBs (< 80 °C).***>
Initially, up to 200 °C, a small, almost linear weight loss is
observed that can be attributed to water that is always present
in cellulose-based materials.*® At approximately 220 °C, a step
in the TGA curve is observed, which is most likely related to the
degradation of carboxyl groups of TCNF.***%%7 At higher tem-
peratures, a second step around 320 °C is related to pyrolysis or
depolymerization of the cellulose backbone.*®*°

Fig. 2c compares the electrolyte uptake of the HCT separa-
tors. HCT 5:1 shows the highest electrolyte uptake (almost
200% of weight), but with increasing the TCNF content, the
uptake decreases. The electrolyte uptake is comparable with
what has previously been reported for cellulose-based separa-
tors for aqueous ZIBs.”® Although porosity generally impacts
electrolyte uptake, the estimated porosity values of the HCT
separators are quite similar, 36% for HCT 5:1 and HCT 5:2
and 33% for HCT 5:3 (Fig. S4c). This suggests that electrolyte
uptake is not only influenced by porosity but that swelling of
the polymer matrix also occurs.

Fig. 2d shows the SAXS curves of the HCT separators soaked
in the electrolyte. A clear shoulder can be observed in the SAXS
curves induced by the swelling of the structure, indicating
changes in the spatial arrangement of cellulose crystals and/
or fibrils. Kratky analysis (Fig. S5a and b) was used to estimate
the correlation length related to the shoulder, and the results
are shown in Fig. 2e. In the dry state, the correlation length falls
between 3.5 and 4.5 nm and decreases modestly with increas-
ing TCNF content. The presence of a measurable correlation
length, corresponding to the characteristic spacing between
fibrils, provides further support for the « = 3 exponent in
Fig. 1f, reflecting a densely packed structure with broadly
distributed spacing rather than interfacial roughness. After
electrolyte soaking, the correlation length rises to 8.5-9.6 nm,
a roughly twofold increases over the dry state. Thus, electrolyte
uptake causes a considerable swelling of the structure of the
membranes. To better understand the effect of swelling, Fig.
S5c shows SAXS profiles from HCT separators soaked in water.
The shoulder is more pronounced for the water-soaked separa-
tors and is also found at lower g, reflecting a larger correlation
length, around 17 nm. This is roughly twice that of the
electrolyte-soaked separators and four times the dry state. This
more extensive swelling is accompanied by a softening of the
separator, although it remains free-standing. The reduced

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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swelling in the electrolyte compared to the swelling in water
can be attributed to interactions between the electrolyte ions
and the charged cellulose network. Zn*>* ions can coordinate to
the carboxylate groups of TCNF,**> forming ionic crosslinks
between fibrils that reduce their electrostatic repulsion and
restrict network expansion. Fig. 2f illustrate the effect of soak-
ing in 2 M ZnSO, aqueous electrolyte on the structure of the
HCT separators.

The ionic conductivity follows a similar trend (Fig. 2g) with
the electrolyte-soaked HCT 5:1 separator showing the highest
ionic conductivity (6.9 x 107* S ecm™'), reflecting its high
electrolyte uptake. In comparison, the HCT 5:2 and HCT 5:3
separators show considerably lower ionic conductivity, which
can not only be explained by a lower electrolyte uptake. An
increased fibril entanglement with the increased TCNF content
could also induce more tortuous conduction pathways, as well
as too strong coordination between Zn>" and carboxyl groups
in TCNF.

Fig. 2h shows the results from linear sweep voltammetry
experiments, used to evaluate the electrochemical stability
window for the separators soaked in a 2 M ZnSO, aqueous
electrolyte. A filter paper separator and the bare electrolyte were
included as references. Using a cutoff of 0.2 mA cm >, all HCT
separators exhibit anodic onsets comparable to filter paper,
indicating that oxidative stability is not compromised relative
to this reference. The resulting windows are fully compatible
with the voltage range of most ZIBs. For instance, the typical
operating voltage is 0.4-1.4 V for a V,05 cathode® and 0.8-1.8 V
for a MnO, cathode.”® A weak anodic feature at ~1.8-2.1 V
present in the bare electrolyte is absent in all separator-
containing cells, suggesting that the presence of a cellulose
based separator reduces the availability of free water at the
electrode-electrolyte interface, supressing water electrolysis. A
similar result has been reported for a cellulose nanofibril
separators with ZnSO, electrolyte.>® Since both HCT and filter
paper separators are cellulose-based, this suppression is there-
fore not specific to the HCT composition.

Based on the higher electrolyte uptake, ionic conductivity,
and mechanical strength, the HCT 5: 1 separator was selected for
further electrochemical characterization. To investigate Zn plating
and stripping, symmetric Zn||Zn cells were assembled using the
HCT 5: 1 separator soaked in 2 M ZnSO, aqueous electrolyte. Cells
with Whatman grade 5 filter paper are included for comparison.
Fig. 3a shows the cycling stability, where the Zn||Zn cell with the
HCT 5:1 separator showed stable cycling at current densities up
to 10 mA cm ™2, at an areal capacity of 5 mAh cm™2. In contrast,
the Zn||Zn cell with the filter paper separator short-circuited
already after 75 h at the lowest current density (1 mA cm™?).
The excellent performance of the cell with the HCT 5: 1 separator
is further underlined by long-term cycling at a high current
density and areal capacity (10 mA ¢cm ? and 5 mAh cm ?)
(Fig. 3b), sustaining the high current and high capacity for more
than 330 h compared to only 9 h for the cell with the filter
paper separator. Even at lower current density (0.5 mA cm™?) and
low areal capacity (1 mAh cm™?), the cell with the filter
paper separator short-circuited early (Fig. S6a).

Mater. Chem. Front., 2026, 10, 3832-3840 | 3835
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Fig. 3 (a) Rate performance of Zn||Zn cells with HCT 5:1 and filter paper separators at current densities of 1, 5, and 10 mA cm~2 at areal capacity of 5

mAh cm™2

The reversibility of Zn deposition/stripping in terms of the
coulombic efficiency (CE) was evaluated by galvanostatic
cycling of Zn||Ti cells. Fig. 3c and d show the voltage response
at 5 and 10 mA cm 2, at a fixed areal capacity of 5 mAh cm 2.
The cell with the HCT 5:1 separator showed an average CE of
99% at both current densities over 100 cycles (Fig. S6b and c).
In contrast, the Zn||Ti cell with the filter paper separator short-
circuited early. These results demonstrate that the HCT 5:1
separator can mitigate problems with uneven Zn deposition
and corrosion/passivation, which limit the cycle life and lower
the CE in cells with aqueous electrolytes.>®™®

The role of the HCT 5:1 separator in regulating Zn deposi-
tion was further investigated by SEM imaging of the morphol-
ogy of electrodeposited Zn on Ti substrates (1 mAh cm™> at a
current density of 10 mA em™>, Fig. 4a-j). SEM images of
pristine Ti (Fig. 4a and d) and Zn deposited on Ti in cells with
HCT 5:1 (Fig. 4b and e) and filter paper (Fig. 4c and f)
separators reveal clear differences. The electrode cycled with
the HCT 5:1 separator shows uniform deposition, whereas the
filter paper results in highly nonuniform growth. Since the Ti
substrate, electrolyte, and deposition conditions were identical
in both cases, this difference must originate from how Zn>" is
transported through the separator rather than from any change
in the intrinsic deposition behaviour of the substrate. This is
consistent with reports that deposit morphology is governed
primarily by the spatial distribution of Zn>" at the electrode

3836 | Mater. Chem. Front., 2026, 10, 3832-3840

. (b) Long term cycling performance of Zn||Zn cells with HCT 5: 1 and filter paper separators at 10 mA cm~2and 5 mAh cm™2. (c) and (d) Zn||Ti
cells with HCT 5:1 and filter paper at a fixed areal capacity of 5 mAh cm™2

and two current densities (c) 5 mA cm™2 and (d) 10 mA cm™2.

surface,” and that oxygen-containing surface groups can pro-
mote a more regular distribution of Zn** and thereby more
uniform deposition.®® In the HCT separator, the carboxylate
groups introduced by TCNF provide the most plausible site of
interaction, given that carboxylate can preferentially coordinate
Zn>" over water at the electrode/electrolyte interface.®’ In the
HCT separator these groups are immobilised on the fibril
network, so the interaction occurs as Zn”>* passes through the
separator rather than in bulk solution. Images of the separators
extracted from the cycled cells further highlight this result
(Fig. 4g-i). Due to the nonuniform and big pore size of filter
paper, trapped deposits are found inside the pores (Fig. 4g),
while the HCT 5: 1 separator shows minor surface features with
no deposits penetrating into the separator (Fig. 4h and i).

To assess the practical applicability of the HCT 5:1 separator,
full cells with KVO (K, 5V,0s) cathodes (loading 5.4-6.1 mg cm ™ ?)
were assembled. The Zn||KVO cell with the HCT 5:1 separator
showed a discharge capacity around 150 mAh g~ ' at a current
density of 0.5 A g~ (corresponding to 3.0 mA cm™?), Fig. 4j. The
cycling performance (Fig. 4k) shows an initial capacity decay
during the first 10 cycles, followed by recovery and stabilization
around 150 mAh g~ over 100 cycles. At a higher current density
(1 Ag', 5.4 mA cm ?), Fig. S7a and b, the cell had a discharge
capacity of 110 mAh g~ " over 100 cycles. For comparison, Zn||KVO
cells assembled with a filter paper separator showed lower
capacity at both 0.5 and 1 A g~ (Fig. S8a—d). At 0.5 A g™ ', the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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cell exhibits erratic coulombic efficiency, indicating soft short
circuiting (Fig. S8a and b). At 1 A g, an isolated event of the same
type occurs after 80 cycles (Fig. S8c and d). The initial capacity decay
followed by recovery is also observed in the filter paper cells (Fig. S8b
and d), indicating that it originates from the KVO cathode rather
than the separator. The decay is consistent with the structural
rearrangement and partial dissolution commonly reported for
vanadium-based cathodes in mild aqueous Zn*" electrolytes,”*
while the subsequent recovery is attributed to gradual electrochemi-
cal activation of the cathode, which is well documented for vana-
dium oxide and is expected to be more pronounced for the relatively
thick electrodes used here.** The discharge capacities are slightly
lower compared to literature,”” likely due to higher cathode loading
used in this work, 5-6 mg cm ™%, compared to 3 mg cm ™ in ref. 67
which increases electrode thickness and can introduce mass-
transport and kinetic limitations.®® The results nonetheless show
the potential of the HCT (5: 1) separator for practical application in
aqueous Zn-ion batteries.

Conclusions

Hybrid separators composed of CNC and TCNF were success-
fully prepared via evaporation-induced self-assembly at differ-
ent CNC:TCNF ratios. The addition of TCNF significantly
enhanced the ductility, electrolyte uptake and ionic conductiv-
ity. SAXS/WAXS analysis showed limited swelling of the CNC:
TCNF structure when soaking in the aqueous electrolyte,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

considerably less than in water. Electrochemical tests demon-
strated that Zn||Zn and Zn||Ti cells using a hybrid separator
with a 5:1 CNC:TCNF weight ratio could sustain long-term
cycling at practical conditions (5 mAh cm ™2, 10 mA cm™?) with
a coulombic efficiency of 99%. Furthermore, a Zn||KVO full cell
with the HCT 5:1 separator exhibited stable performance
for more than 100 cycles, with discharge capacities of 150 and
110 mAh g " at 0.5 and 1 A g, respectively, at the 100th cycle.
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