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A flexible solid-state electrolyte for wide-scale
integration of rechargeable zinc–air batteries†
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Rechargeable zinc–air batteries, having high energy densities and cost-effectiveness, are important

environmentally-benign energy storage solutions. Here we developed a facile strategy for fabricating a

nanoporous alkaline-exchange electrolyte membrane from natural cellulose nanofibres, exhibiting high

ionic-conductivity and water retention as well as high bending flexibility. These advantages render the

membrane a promising solid-state electrolyte for rechargeable zinc–air batteries in lightweight and

flexible electronic applications.

Broader context
Technological improvement that enables batteries with high energy-density, flexibility and safety is being driven by an ever-increasing demand for many new
applications. From portable electronics to electric vehicles, rechargeable zinc–air batteries hold great promise as environmentally-benign, reliable, and
high-energy-density devices. Zinc–air batteries owe the superior energy density from their unique ‘‘half-open’’ system where the active material (oxygen)
undergoing the redox reaction is obtained directly from the atmosphere. However, in portable applications their merits are largely limited by their bulky battery
configurations mainly relying on liquid electrolytes. One approach to overcome this barrier is to replace the incumbent liquid electrolytes with versatile,
solid-sate alternatives in rechargeable zinc–air batteries. Here we developed a porous alkaline-exchange electrolyte membrane based on functionalized cellulose
nanofibers for solid-state rechargeable zinc–air batteries, exhibiting high hydroxide-ion conductivity and water retention as well as high flexibility. Without the
packaging limitation of liquid electrolytes, a thin-film zinc–air battery employed with our functionalized cellulose membrane can be made into versatile shapes,
allowing for easy integration of rechargeable zinc–air into any bendable and wearable devices.

Introduction

Conventional batteries tend to be bulky and heavy relative to
the amount of energy they store, they thus pose challenges for
specific applications particularly in portable electronics with
arbitrary shapes. Therefore, future development of battery
technologies is moving toward thin, flexible and high-energy-
density solutions.1–4 Compared to batteries with closed systems
such as lithium-ion, zinc–air batteries possess an unique half-
closed system that uses the oxygen reactant at their air electro-
des.5 This feature results in a high theoretical energy density
associated with zinc–air batteries, making them a promising
solution in flexible energy storage devices.6,7 Additionally, zinc–air

batteries are relatively inexpensive to produce and safe to operate.8,9

However, the majority of zinc–air battery technologies to date
has utilized aqueous alkaline electrolytes, which are not suitable
for integrating into flexible devices.10–14 In order to realize their
flexible applications, transitioning from aqueous electrolytes
to shape-conformable solid-state electrolytes is of primary
importance. The solid-state electrolytes can function as both
aqueous electrolytes providing ion conduction and separators
preventing the battery internal short-circuiting, thus greatly
simplifying the design and fabrication process of the batteries.
There are commonly two approaches for fabricating solid-state
electrolytes.15 One is to impregnate basic (OH�) functional
groups into polymer backbone with a single phase (i.e., alkaline
anion-exchange membranes, AAEM), and the other is to incorporate
alkaline salts into inert polymer matrix (i.e., gel electrolyte
membranes). AAEM have been widely applied to alkaline fuel
cell applications.16–19 They also show a great promise in zinc–
air batteries, in which they conduct hydroxide ions during
battery operations and prevent zinc ion migration from reaching
the air electrode. However, their ionic conductivities, which strongly
rely on the ion-exchange capacities and degree of hydration,
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are very limited to boost power and energy performance of
zinc–air batteries. In addition, the water retaining property of
AAEM is relatively poor. As a result, the membranes tend to lose
water rapidly by evaporation because the air electrodes are
exposed to the atmosphere, thus leading to a fast degradation
of their ionic conductivities and the resultant battery performance.
On the contrary, gel electrolyte membranes exhibit good electrolyte
absorbing capabilities, functioning as electrolyte reservoirs. This
property leads to a high hydroxide-ion capacity of the gelled
membranes, and thus facilitating the hydroxide-ion conduction
and kinetic reactions of zinc–air batteries. Unfortunately, they can
hardly provide sufficient physical protection between the electrodes
compared to AAEM or commercially available separators (i.e.
Celgards) due to their high hydrophilicity and the resulting
relatively poor dimensional stability. More importantly, another
issue associated with gel electrolyte membranes is their progressive
release of the doped alkali. This alkali loss will cause a large
ohmic polarization of the zinc–air batteries, which severely
damages the batteries’ power and energy performance.

To address these challenges, we developed a green, efficient
and easy-to-scale-up strategy for fabricating a thin, ultra-flexible
and hydroxide (OH�) conductive, nanofibrous cellulose electro-
lyte membrane with high water retention for zinc–air battery
applications. Being the most earth-abundant, renewable polymer
material on the earth, natural cellulose fibres play a critically
important role in addressing future energy and environmental
challenges.20–26 The cellulose nanofibres are particularly interesting
due to their appealing characteristics, such as large specific surface
area rich in hydroxyl groups, high mechanical strengths, high
surface-to-volume ratios and lightweight,27–29 offering the possibility
of being solid-state electrolytes for lightweight and flexible energy
storage devices. Here, the developed approach takes the advantage
of these unique properties of cellulose nanofibres, so that a thin and
robust nanofibrous membrane with high water retention can be
achieved. Meanwhile, hydroxide-ion conductive cellulose nanofibres
are designed through a surface-functionalization of these nano-
fibres. Particularly, a self-crosslinking occurs among these
functionalized nanofibers at mild temperature (60 1C), which
can further enhance the dimensional stability of the membrane.
The promise by enhancing the intrinsic physical and chemical
properties of cellulose nanofibers leads to appreciable improvements
in both the mechanical integrity and hydroxide ion conductivity of
the nanofibrous membrane for the use in zinc–air batteries.

Experimental
Preparation of cellulose nanofibers

The cellulose nanofibres were produced from Northern Bleached
Softwood Kraft pulp (New Brunswick, Canada) through pre-refining,
enzymatic processing and nano-refining. The disintegrated pulp
was pre-refined using Noram PFI mill (Quebec, Canada) with a
revolution of 30 000. To gain a uniform pulp suspension, an enzyme
treatment of the refined pulp was conducted by using a mixture of
two enzymes (i.e., Mannanase and Xylanase) from Novozymes
(Franklinton, USA). The enzyme treated pulp was thoroughly

washed with DDI water to remove any soluble residues and
was charged into the PFI mill with the revolution up to 30 000 to
produce cellulose micro/nanofibrils.

Fabrication of hydroxide-conductive nanoporous cellulose
membrane

Dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride
(DMOAP) (42 wt% in methanol, Sigma Aldrich) was used as the
precursor for functionalizing cellulose nanofibers. First, the
cellulose nanofibres were dispersed and stirred in DDI water to
get a uniform cellulose fiber suspension. DMOAP precursor was
diluted with methanol solution to a concentration of 10% and
then was added into the cellulose fibre suspension. The amount
of DMOAP varied from 100 to 300 mol% with respect to the
cellulose repeating glucose unit. The mixture of cellulose fibres
and DMOAP was stirred at room temperature for 12 h. Then, the
resulting solution was centrifuged and washed several times with
ethanol and DDI water to remove any unreacted traces of
DMOAP. The quaternary ammonium functionalized cellulose
membrane was fabricated by vacuum filtration and dried at
room temperature for 6 h and then was cross linked at 60 1C
under vacuum for another 24 h. The resulting membrane with a
thickness of 30 mm was hydroxide-exchanged from Cl� form to
OH� form in 1 M KOH solution for 24 h. Finally, the hydroxide-
exchanged membrane was washed and soaked in DDI water.
The 1 M KOH-doped pristine cellulose (KOH-PC) membrane was
prepared by soaking the pristine cellulose membrane in 1 M
KOH solution for 24 h without washing by DDI water.

Fabrication of solid-state rechargeable zinc–air battery

A flexible zinc electrode, consisted of zinc powder (purum
powder, Sigma Aldrich), carbon nanofiber, carbon black and
poly(vinylidene fluoride-co-hexafluoropropene) polymer binder,6

was prepared for the battery testing. The mass of the zinc
electrode as prepared was 40 mg. The as-received Co3O4 nano-
particles (o50 nm particle size, Sigma Aldrich) was used as the
bi-functional electroactive material to fabricate the air electrode.
Catalyst ink consisted of Co3O4, ionomer (AS-4, Tokuyama Inc.)
and 1-propanol was sprayed onto a carbon cloth (Fuel Cell
Technology) as the gas diffusion layer with a catalyst loading of
1.0 mg cm�2. The in-house battery prototype was fabricated
through a layer-by-layer method by which the electrodes were placed
face-to-face with the membrane. All the tested membranes were
pre-wetted by 1 M KOH solution before the battery assembly.

Characterization and electrochemical measurements

X-Ray Diffraction (XRD) (INEL XRG 3000), Fourier transform
infrared spectra (FTIR) (Avatar 320) and X-ray photoelectron
spectroscopy (XPS) (Thermo Scientific Al K-Alpha X-ray source)
were conducted to characterize crystal structure and the surface
chemistry of the functionalized cellulose membranes. Scanning
electron microscopy (SEM) (LEO FESEM 1530) and transmission
electron microscopy (TEM) (Bruker AXS D8 Advance) were utilized
to observe the morphology of the cellulose nanofibers and the
membrane. Pore size distribution of the membrane was character-
ized by atomic force microscope (AFM) (Vecco Dimension 3000).
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Electrochemical impedance spectroscopy (EIS) (VersaSTAT MC
potentiostat) was carried out in the frequency ranging from
100 kHz to 0.05 Hz with potential amplitude of 20 mV. The
battery electrochemical evaluation was conducted under atmo-
spheric air. Polarization data was collected using galvanodynamic
method at a scan rate of 1.0 mA s�1 with cut-off voltage of 0.5 V
for the discharge and 2.5 V for the charge. Galvanostatic
discharge was tested at various constant current densities using
a battery tester (Neware BTS3000). Discharge and charge cycling
was conducted by a recurrent galvanic pulse method at a
constant current density of 250 mA g�1 with each cycle consisting
of 30 min for discharge followed by 30 min charge.

Results and discussion
Structural and morphological characterization

The quaternary ammonia-functionalized nanocellulose (QAFC)
membrane was fabricated through a filtration process (Fig. S1a,
ESI†). This filtration of water-based, functionalized cellulose
fibre suspension is considered to be a reliable, low-cost and
scalable process to fabricate the membrane. The QAFC membrane
contains numerous cellulose fibres including micron-sized fibre
bundles and micro/nanofibrils, which result in a translucent
membrane (Fig. 1a). The structure of a solid-state rechargeable
zinc–air battery using the QAFC membrane was also illustrated in
Fig. 1a. During the discharge, the generated hydroxide ions can
migrate from the reaction site of the air electrode to the zinc
electrode forming zinc oxide. While charging, the QAFC
membrane can transport the hydroxide ions produced at the
zinc electrode to the air electrode, at which the oxygen evolution
reaction takes place. The surface changes in chemical structure
of the functionalized cellulose nanofibers are illustrated in
Fig. 1b. Dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium
chloride (DMOAP) was utilized as the functional precursor
containing quaternary ammonia (QA) moieties. First, DMOAP
initiated the quaternarization of cellulose nanofibers (Fig. 1b,

step 1) through the formation of hydrolyzed silanol intermediates
and the adsorption of these intermediates onto the cellulose
surface by hydrogen bonding (Fig. S1b, ESI†).30 Subsequent
thermal treatment, namely, crosslinking process (Fig. 1b, step
2), allowed these hydrolyzed functional moieties further to react
with the hydroxyl groups of the cellulose by forming the inter-
facial covalent bonds (Si–O–C). Additionally, the hydroxyl groups
of the functional moieties can undergo self-crosslinking and form
siloxane bonds (Si–O–Si). As a result, a covalent cross-linking
bonding-network (Fig. S1c, ESI†), formed between the functional
moieties and the cellulose nanofibres, is considered to enhance the
dimensional stability of the membrane.31–33 The functional groups
as attached were further alkaline exchanged (Fig. 1b, step 3) and
thus the membrane became hydroxide (OH�) conductive.

The crystalline structure of the membrane made of the
pristine cellulose nanofibres (PC membrane) and QAFC mem-
branes were studied by XRD (Fig. 2a). The cellulose nanofibres
modified with 100 mol%, 200 mol% and 300 mol% concen-
tration of DMOAP are denoted as 1-QAFC, 2-QAFC and 3-QAFC,
respectively. The PC membrane displayed a typical profile of
cellulose I crystalline form with three characteristic peaks
corresponding to crystalline planes (101), (002) and (040).34

However, strong reductions of all the three characteristic peaks
for the QAFC membranes were detected after the functionaliza-
tion. Specifically, with an increased concentration of DMOAP in
the reaction, more pronounced decreases at the (002) plane
were observed for the 2-QAFC and 3-QAFC samples, indicating
that a significant portion of the cellulose I crystalline structure
had transformed into the amorphous phase. This result suggests
that the flexibility of cellulose nanofibers can be improved after
the functionalization, which is due probably to the increase of the
amorphous regions in the QAFC membranes. Moreover, the local
hydrophilic domain near the hydroxide-ion charges will increase
accordingly with the increased amorphousness in the membrane,
making ion transport will become easier through these hydrated
regions.35

Fig. 1 (a) Schematic diagram of the solid-state rechargeable zinc–air
battery using the functionalized nanocellulose membrane. (GDL: gas
diffusion layer; QA: quaternary ammonium) (b) The chemical structure
evolution of the cellulose nanofibre surface after functionalization, cross-
linking and hydroxide-exchange.

Fig. 2 (a) X-ray diffraction and (b) FT-IR spectra of the PC and QAFC
membranes. (c) XPS survey spectra of the PC and 2-QAFC membranes,
and (d) deconvolution of N 1s peak of the 2-QAFC membrane.
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FT-IR spectra of the PC membrane and QAFC membranes
are compared in Fig. 2b. The peak at ~3360 cm�1 corresponds
to the O–H stretch vibration of intramolecular and intermolecular
hydrogen bonds in the PC membrane. The fact that the peak
tended to broaden for the QAFC membranes in the region
3480–3220 cm�1 could be associated with a large quantity of
absorbed water in the more amorphous domain in the QAFC
membranes.36 Additionally, the increase in the absorption
intensity at 1640 cm�1, assigned to the water bending vibration
in the amorphous regions, implies a higher amount of the
bound water in the QAFC membranes.37 The new peaks at
B2350 cm�1, assigned to the OQCQO stretching vibration
mode, are correlated with the carbonate species formed in the
QAFC membranes. The presence of carbonate species is due to
the dissociated hydroxide ions in the QAFC membranes that can
be converted into carbonates by the adsorption of CO2 from the
air.38 Particularly, this peak intensity increased accordingly with
increasing the concentration of DMOAP in the reaction; a trend
which is consistent with the degree of QA functionalization.
Additionally, although there is an overlap of Si–O–Si, Si–O–C and
C–O stretching in the band region of 1000–1250 cm�1 in the PC and
QAFC membranes,39 the intensity of the broad peak at 1055 cm�1

(Si–O–Si) increased with the degree of QA functionalization,
confirming the successful functionalization of cellulose nano-
fibers. XPS was carried out to further investigate the changes
in surface chemistry resulting from the functionalization of
cellulose nanofibers. The XPS survey spectra of the PC and 2-QAFC
membranes are displayed in Fig. 2c. Compared to the O/C
atomic ratio of the PC membrane (0.69), the value of the
2-QAFC membrane decreased toward 0.51, indicative of a relative
increase in carbon atoms at the cellulose surface due to the long
alkyl chains of the attached QA functional groups. Three new
peaks of the 2-QAFC membrane at binding energies of 103.1 eV,
154.1 eV and 401.4 eV are assigned to Si 2p, Si 2s and N 1s,
respectively, whereas the presence of N and Si is not detected in
the PC membrane. Additionally, the nitrogen bonding states of
the 2-QAFC membrane are distinctive from high-resolution N 1s
spectrum in Fig. 2d. The strong peak at 401.3 eV (92.9 atomic%)
was attributed to quaternary-N species in 2-QAFC,40 while the
small peak at 403.9 eV (7.1 atomic%) was related to quaternary-
N+–O� species.32 The result reveals that quaternary ammonium
was the dominant nitrogen species in the 2-QAFC membrane.

The as-prepared cellulose nanofibers are composed of a
variety of micron-sized cellulose fibres and fine fibrils with lengths
of over several hundred microns (Fig. 3a). Fig. 3b exhibits that the
fine fibrils unravelled from the micron-sized fibre fragment have a
greatly expanded surface area. TEM images (Fig. 3c and d)
further identify that the diameters of these fine fibrils range
from 10–30 nm for nanofibrils up to several hundred nanometers
for microfibrils. These isolate nanofibers (micro/nanofibrils) tend to
construct smaller porous structure with a higher surface area in
the fibrous membrane than the micron-sized fibres. The surface
morphology of the 2-QAFC membrane was further characterized
by SEM. The membrane surface appears as a homogenous and
dense nanofiber network intertwined with the micron-sized fibres
functioning as the strong ‘‘scaffold’’ (Fig. 3e). A high resolution

SEM image (Fig. 3f) reveals that the membrane possesses a
porous structure in the nanoscale with a significant amount of pores
throughout the nanofiber network. Further, the high resolution
scanning allowed visualization of pores and determination of
pore size distributions (Fig. S2, ESI†). The pore size ranges from
25–300 nm, and the porosity is determined to be 72.8%. The
nanosized pores and nanofibres in the membrane are smaller
than the wavelengths of visible lights, making the membrane
translucent (Fig. 3g).41 In addition, the large contact area and
covalent cross-linking bonds among functionalized nanofibres
within the nanofibre network, along with the high strength of
individual nanofibres give the membrane a very strong mechanical
property.42 A microscopic view of a knotted 2-QAFC membrane in
Fig. 3h reveals its excellent flexibility without discernible physical
fracture.

Water uptake and swelling behaviour

In addition to the outstanding flexibility, the interconnected
nanoporous structure of the 2-QAFC membrane plays an
important role in absorbing and retaining water as well as
maintaining dimensional stability in the water-swollen state of
the membrane. It is apparent that high water uptake would be
favourable for ionic conductivity, benefiting from the hydrated
ion-transport channels throughout the membrane.35 For the
purpose of comparison, the water uptake and swelling behaviour
of the commercial AAEM (A201, Tokuyama Corporation, Japan),
2-QAFC and PC membranes were measured (Table 1). The PC
membrane showed more than 2 times higher water uptake than
that of the A201 membrane, owing to the excellent hydrophilic
nature of cellulose and the large internal surface area of cellulose
nanofibres within the nanoporous structure. Compared to the
PC membrane, the 2-QAFC membrane showed a slightly higher
water uptake but a pronounced lower through-plane and in-plane
swelling ratios. The result suggests that the covalent cross-linking
bonding-network (Fig. S1c, ESI†) formed between the functionalized
cellulose nanofibres in the 2-QAFC membrane is strong enough
to allow the membrane to hold a significant amount of water
with lower bulk volume expansion.41 The ratio of through-plane
swelling to in-plane swelling is often used to depict the extent of
swelling anisotropy of membranes.43 Compared to the A201
membrane, the fully hydrated PC membrane exhibited a much

Fig. 3 (a) and (b) Optical images of the cellulose fibre bundles with
unravelled fine fibrils. (c) and (d) TEM images of the micro/nanofibrils.
(e) A SEM image (surface view) of the 2-QAFC membrane. Yellow arrows
point to the micron-sized cellulose fibre bundles. (f) A high magnification
SEM image from the square region of (e) outlined in yellow. (g) A photograph
of the 2-QAFC membrane having a translucent appearance. (h) A SEM image
of a knotted 2-QAFC membrane showing excellent flexibility.
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lower anisotropic swelling degree (Table 1). In addition, this
anisotropic swelling behaviour is even less affected by the
functionalization. It was found that the 2-QAFC membrane
showed only moderate anisotropic swelling as its anisotropy
degree (1.1) was even lower than that of the PC membrane (2.8).
This result demonstrates that the surface-functionalization of
cellulose nanofibers enhances the dimensional integrity of the
membrane by decreasing the swelling of both the in-plane and
through-plane direction. The strong dimension integrity of the
membrane is particularly desirable for long-term battery cycling
operation.

Electrochemical characterization and performance

Ionic conductivity. The ionic conductivities (s) of the PC and
QAFC membranes were measured using a four-probe alternating
current (AC) impedance spectroscopy method. As shown in Fig. 4a,
the ionic conductivities of the QAFC membranes were significantly
improved compared to that of the PC membrane. The marked
improvement in the ionic conductivity is ascribed to the hydro-
xide ions disassociated from the QA functional groups in the
hydrated regions. It also should be noted that the chemical and
nanoporous structure of the QAFC membranes can trap extra
alkali during the hydroxide exchange process. The excess ‘‘free’’
(physically absorbed and hydrogen bonded) alkali will result
in an improvement of the ionic conductivity.44–46 Fig. S3 (ESI†)
shows the ionic conductivity of the 2-QAFC membrane soaked
in DDI water as a function of time. While a decline in conductivity
was observed at an initial stage, the conductivity of the 2-QAFC
membrane did not show further decrease after 80 h. The initial
decrease of the conductivity is mainly due to the excess ‘‘free’’
alkali which was gradually leached out in water. Regardless of
the release of alkali, the 2-QAFC membrane exhibited a high
ionic conductivity of 21.2 mS cm�1, benefiting from the dissociated
hydroxide ions from QA functional groups in the membrane.
To better understand the ion transport mechanism of the
2-QAFC membrane, the temperature dependence of the ionic
conductivity was evaluated in the range of 30 1C to 70 1C. The
commercial A201 membrane was also plotted for comparison.
As shown in Fig. 4b, the 2-QAFC membrane exhibited a similar
positive temperature-conductivity linear relationship to the A201
membrane, indicating the transport of hydroxide charge (OH�)
in the 2-QAFC membrane results from the Grotthuss hopping
mechanism.47,48 The activation energies (Ea) can be evaluated
from the slope of the ln(s) vs. (1000/T) using the Arrhenius
equation. The Ea of the A201 membrane is 11.26 kJ mol�1, in
agreement with that reported in the literature,48 whereas the Ea of
the 2-QAFC membrane (8.76 kJ mol�1) is considerably smaller

than that of the A201 membrane. The lower Ea suggests that
the 2-QAFC membrane facilitates the hydroxide ion hopping
in polymer chains compared to the A201 membrane as the
temperature increases. It is likely that the nanoporous structure
of the 2-QAFC membrane provides a significant amount of free
volume, which leads to relatively high segmental motions of
cellulose chains in the amorphous phase.

Battery performance. Compared to aqueous alkaline electro-
lytes in conventional zinc–air batteries, the hydration degree of
solid-state electrolyte membranes is one of the key factors that
influence the cell performance such as power output, capacity
and cycle life. High water content of membranes can facilitate
the conduction of hydroxide-ions and the resulting reaction
kinetics of batteries. Additionally, a certain amount of residual
water in membranes will be necessary to support sustained
hydroxide-ion transport during battery operation because water
also participates as the reactant in the oxygen reduction reaction
during discharge. To construct a solid-state rechargeable zinc–
air battery, we used commercial cobalt oxide nanoparticles loaded
on a carbon cloth to prepare the bifunctional air electrode and
paired it with a zinc electrode. The 2-QAFC membrane was

Table 1 Physical properties of the PC, 2-QAFC and A201 membranes

Membrane PC 2-QAFC A201

Thickness (mm) 30 30 28
Water uptake (%) 95.4 95.6 44.3
In-plane swelling ratio (%) 17.8 13.6 8.2
Through-plane swelling ratio (%) 50.2 14.6 35.7
Anisotropic swelling degree 2.8 1.1 4.4

Fig. 4 (a) Ionic conductivity of the PC and QAFC membranes. (b) Arrhenius
plot of ionic conductivity of the 2-QAFC and A201 membranes as a function
of temperature. (c) Galvanostatic discharge of solid-state zinc–air batteries
using the 2-QAFC, A201 and KOH-PC membranes at a current density of
25 mA g�1. Inset shows an extended view of the red circle region at an initial
110 min. (d) Galvanostatic charge and discharge cycling of the 2-QAFC and
A201 membranes at a current density of 250 mA g�1 with a 60 min per cycle
period. (e) Galvanostatic charge and discharge cycling of the battery using
pure oxygen and 20000 ppm CO2 contaminated gas reactants, respectively, at
a current density of 250 mA g�1 with a 60 min per cycle period, (f) corresponding
Nyquist plots of the impedance of the battery at designated time segments. The
inset of (e) showing an extended view of the first 420 min.
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sandwiched between the two electrodes. The battery using the
A201 membrane was also fabricated for comparison. Fig. 4c
shows the glavanostatic discharge performance of the solid-
state zinc–air battery using the 2-QAFC, A201 and KOH-PC (1 M
KOH-doped pristine cellulose) membranes. The measurement
was carried out at a constant current of 25 mA g�1 under
atmospheric air. Although the A201 battery initially had a higher
discharge voltage, the 2-QAFC battery quickly surpassed the
A201 battery, showing a B180 mV higher voltage plateau and
significantly higher discharge capacity (longer discharge time)
after 25 min. While the KOH-PC battery shared a similar
capacity with the 2-QAFC battery, the 2-QAFC battery displayed
a higher discharge plateau, indicating a higher energy density of
the 2-QAFC battery. The specific capacity of the battery using
the 2-QAFC membrane normalized to the mass of zinc electrode
was 492 mA h g�1, which is superior to the values reported
on solid-state Zn–air, Zn–MnO2 and Li-ion batteries.6,49–51

The battery as fabricated also showed a high power density of
2362 mW g�1 at a large current density of 4650 mA g�1 (Fig. S4,
ESI†). The rapid voltage and capacity loss of the A201 membrane
is due to a progressive loss of water and ionic conductivity in the
membrane during the constant current discharge. It should be
noted that simply wetting the A201 membrane by DDI water
could regenerate the battery performance for subsequent runs
with the same battery configuration. The gradual voltage decay
of the battery using the KOH-PC membrane especially after
500 min is related to the continuous depletion of the alkali
absorbed in the porous structure, which increased the overall
resistance of the battery. On the other hand, the battery using
the 2-QAFC membrane showed a steady decline from 1.3 V to
0.9 V after 500 min, and remained at this voltage over 1000 min.
The steady performance can be attributed by the presence of
high levels of bound water in the 2-QAFC membrane, thereby
mitigating the ohmic polarization of the battery due to minimal
loss of ionic conductivity. As a result, the 2-QAFC membrane
exhibited a higher discharge capacity with a more stable voltage
character in comparison to the commercial A201 membrane
and the KOH-PC membrane.

Cycle performance. Fig. 4d further reveals the importance of
the bound water in affecting the battery cycling performance.
During discharge, the membrane shrinks as water is consumed
by the oxygen reduction reaction. Meanwhile, the membrane
may undergo stress and deformation from the volume expansion
of the zinc electrode due to the formation of oxidized zinc
species. During charge, the membrane is gradually swollen as
water is generated for the oxygen evolution reaction. In addition,
the internal pressure caused by the generated oxygen bubble and
the formed zinc dendrite will lead to a mechanical failure of the
membrane. To further verify the overall physical and ion-transport
properties of the QAFC membranes, the galvanostatic charge and
discharge cycling of the batteries using the 2-QAFC and A201
membranes were conducted. The battery was cycled at a high
current of 250 mA g�1 with each cycle being 60 min (25% depth of
discharge) under atmospheric air. Fig. 4d shows that the 2-QAFC
membrane exhibited much longer cycle times with lower discharge
and charge polarization than the commercial A201 membrane.

The battery using the A201 membrane deteriorated noticeably
after 720 min, showing large discharge and charge polarizations,
whereas the battery using the 2-QAFC membrane exhibited much
better cycling stability without the loss of performance in both the
charge and discharge over 2100 min. This superior cycling stability
indicates that the 2-QAFC membrane, holding a larger amount
of water as well as a smaller anisotropic swelling, can tolerate
the periodic stress and dehydration during the discharge and
charge process, and thus facilitates hydroxide-ion access to the
electrodes. This assumption was confirmed by similarity in
electrochemical impedance spectroscopy (EIS) results of the
2-QAFC battery in the duration of each 60 min-cycle segment,
where no significant changes of the impedances were observed
at designated intervals (10 min) for both the discharge and
charge process, respectively (Fig. S5, ESI†). Additionally, the
uninhibited hydroxide-ion availability to the electrodes is evident
from a good reversibility of the zinc electrode during repeated
cycles, where the absence of a compact passivation layer of
oxidized zinc species on the zinc electrode surface was observed
(Fig. S6, ESI†).

Effect of CO2. CO2 contained in the air stream leads to the
carbonation of the 2-QAFC membrane on reaction of the OH�

with CO2. FTIR result (Fig. 2b) also reveals the presence
of carbonate in the 2-QAFC membrane. The effect of CO2

poisoning on the cycling performance of the 2-QAFC battery
was investigated. The galvanostatic discharge and charge of the
2-QAFC battery were performed using pure oxygen as reference,
and the oxygen gas containing 20 000 ppm CO2. The high CO2

concentration (B50 times higher than that of air) in the
mixture gas was used to enhance potential effects of the CO2.
The 2-QAFC batteries were initially operated at an open-circle-
voltage for two hours with flowing pure O2 and 20 000 ppm CO2

contaminated gas, respectively; then they were cycled under a
current density of 250 mA g�1. The galvanostatic cycling results
under different gas conditions are shown in Fig. 4e. Compared
to the pure O2 condition, the initial higher polarization in the
presence of CO2 is likely related to increased ion (OH� and
CO3

2�) transport resistances of the membrane. This effect
correlates with the result that the membrane in CO3

2� form
has a smaller conductivity compared to that of the membrane
in OH� form (Table S1, ESI†). Interestingly, for the first
420 minutes, the battery polarization was progressively smaller
with each passing cycle (Fig. 4e, inset). Additionally, after
cycling over 420 min, only a slightly higher polarization was
observed, compared to that of the battery cycled under pure O2.
The results suggest that the residual carbonate content in the
2-QAFC membrane was decreasing, and thus, the observed
similarity in battery performance between the case of pure
O2 and CO2/O2 mixture after 420 min. It is possible that a
high level of in situ ‘‘self-purging’’ process,52 which has been
previously reported in alkaline fuel cells, tends to occur at the
air electrode, where OH� anions are continuously generated
through the oxygen reduction reaction under high current
densities. Additionally, the increased pH environment will
be beneficial for the reaction kinetics, which further improves
the battery performance. EIS results (Fig. 4f) reveal that the
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charge-transfer resistance (polarization resistance) of the battery,
in the present of CO2, decreased after 420 min (i.e., 2010th min)
compared to that at the initial stage (i.e., 90th min). The drop in
resistance, caused by continuous generation of OH� with self-
purging, indicates an improvement of the charge-transfer kinetics
and a decrease of the resultant battery polarization.

Flexible device demonstration. A flexible device using the
2-QAFC membrane was demonstrated for a simple proof-of-
concept (Fig. 5a). Two flexible single cells (size 0.8 cm � 2.5 cm)
were connected in series using a silver paste as an external
circuit connection and fixed on the back side of a band aid.
Here the band aid was used as a flexible and air-permeable
substrate. As shown in Fig. 5b, the device as prepared was thin
and flexible enough to be wrapped around a finger. Meanwhile,
this device remained functional to power a red LED (light-
emitting diode) when bent. To further understand the overall
flexibility of the device, a single-cell device (size 1.0 cm � 2 cm)
was fabricated onto a bendable nickel foam substrate to afford
various bending conditions (Fig. S7, ESI†). Fig. 5c exhibits the
output power density of the device as a function of current
density under different angles. At any given angles, the power
densities of the battery remained virtually unchanged under
each different current density. Particularly, no significant
power decay was detected even at an angle up to 1201 at a high
current density of 3000 mA g�1. The result indicates a robust
physical property and high hydration level of the 2-QAFC
membrane. The water can be held strongly by hydrogen bonds
and capillary forces in hydrophilic nanopores of the 2-QAFC
membrane, which does not restrict the hydroxide-ion conduction
when the membrane was bended. The impedances of the 2-QAFC
battery were further measured under atmospheric air within the
frequency range from 0.05 Hz to 100 kHz. EIS spectra (Nyquist
plots) of the 2-QAFC battery under various bending angles at
a current density of 3000 mA g�1 are presented in Fig. 5d.
The battery resistance consists of three components: (1) a high-
frequency incomplete arc mainly corresponds to OH� transport
behaviour (Rint) at the interface of the membrane and electrodes;

(2) a medium-frequency semicircle represents a charge-transfer
resistance (Rct) in parallel to the electrode double layer capacitance;
(3) a low-frequency tail is attributed to the mass transport
limitations of reactants (i.e., oxygen, water, zinc species). The
values of Rint exhibited minuscule changes even bending
towards large angles (Table S2, ESI†), indicating uninhibited
OH� transport process between the membrane and the electrodes.
Additionally, the Rct values did not show significant variation with
changes in bending angles (Table S2, ESI†), which again reveals
that the 2-QAFC membrane possesses high flexibility to precede
the oxygen reduction reaction by strongly holding a large amount
of water within its nanofibrous structure.

Conclusions

In summary, for the first time, a highly flexible and hydroxide
conductive porous electrolyte membrane, made of the functionalized
cellulose nanofibres, was fabricated and utilized as both a solid
electrolyte and a separator for rechargeable, solid-state zinc–air
battery applications. The superior hydroxide-ion conductive
property and water retention within the nanoporous structure
of the membrane as well as low anisotropic swelling boosted the
specific capacity and improved the cycling stability of the
battery, compared to the commercial alkaline anion-exchange
membrane (A201). A flexible zinc–air battery device was created
and further demonstrated the outstanding electrochemical and
mechanical performance of the membrane, where virtually no
power density fading nor polarization of the battery were observed
for the discharge and the charge process under bending conditions.
Therefore, this novel concept of using natural cellulose nanofibres
to prepare the hydroxide-conductive solid-state electrolyte with high
water retention will open up a new possibility for the development
of high-performance, flexible, environmentally-friendly and cost-
effective rechargeable zinc–air batteries.
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