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electronic insulator with abundant oxygen-containing groups 
(epoxy, hydroxyl, and carboxyl groups), which can be easily func-
tionalized to improve its ionic conductivity. [ 12,16 ]  Owing to the 
wide range of oxygen functional groups on its basal planes and 
edges, GO is also readily exfoliated to yield well-dispersed solu-
tion of individual GO sheets in both water and organic solvents, 
and then fl ow-directed assembled into a free-standing paper-like 
material by vacuum fi ltration. [ 12,17 ]  However, despite all the pro-
gress of the development of a free-standing GO electrolyte mem-
brane, its advantages are diminished with the diffi culty to form a 
mechanically robust membrane. [ 17,18 ]  Consequently, that makes 
the free-standing GO membranes less attractive for being used 
as practical solid-state electrolytes in energy storage systems. To 
enhance the mechanical strength, several fi llers can be incorpo-
rated into GO matrix. Among the multifarious materials, cellu-
lose—the most abundant renewable material—is recognized as 
a good binder and surface modifi er thanks to its low cost, high 
hygroscopicity, fl exibility, ad porous substrate that allows strong 
binding of other materials. Particularly, considerable interest has 
been directed to nanocellulose fi ber because of its low thermal 
expansion, high surface area, high surface area-to-volume ratio, 
strengthening effect, good mechanical and optical properties 
which may fi nd many applications in nanocomposites. [ 19 ]  Mean-
while, due to its highly reactive area rich in hydroxyl groups, 
cellulose can be easily refashioned through a surface-function-
alization to conduct ions and be utilized in advanced batteries. [ 7 ]  

 Herein, for the fi rst time, we report on a laminate-struc-
tured nanocellulose/GO membrane functionalized with highly 
hydroxide-conductive quaternary ammonium (QA) groups to 
be applied as a robust solid-state electrolyte in fl exible, recharge-
able zinc–air batteries. The QA-functionalized nanocellulose/GO 
(QAFCGO) membrane is fabricated through chemical function-
alization, layer-by-layer fi ltration, cross-linking, and ion-exchange 
processes ( Figure    1  a). For the functionalization process, dimeth-
yloctadecyl [3-(trimethoxysilyl)-propyl] ammonium chloride 
(DMAOP) has been selected as the functional precursor con-
taining QA moieties. The hydroxide conductivity and the alka-
line stability in the highly surface-active DMAOP are provided by 
quaternary ammonium groups which are already attached to this 
organic compound. Thus, the hydroxide conducting character-
istic of the electrolyte membrane can be achieved directly through 
the precursor DMAOP without complex organic synthesis. First, 
the trimethoxy groups of trimethoxysilyl are hydrolyzed to form 
the corresponding silanols, and the hydrolyzed silanols undergo 
self-condensation to yield silanol oligomers intermediates 
(Figure S1, step 1, Supporting Information). Then, these inter-
mediates are adsorbed onto nanocellulose/GO surface rich in 
oxygen-containing groups through hydrogen bonding (Figure S1, 

  In order to spur the development of next-generation port-
able electronics, it is essential to produce batteries with high 
energy-density, fl exibility, reliability, and safety. [ 1,2 ]  Metal–air 
rechargeable batteries are considered as one of the best candi-
dates due to their unique half-opened systems that consume 
inexhaustible oxygen at the air electrodes, resulting in a high 
theoretical energy density. [ 3 ]  Particularly, zinc–air batteries 
have attracted most attention owing to their inexpensive mate-
rials, environmental benignity and safe operation. [ 4 ]  Recent 
progress in fl exible zinc–air battery has been demonstrated 
with a polymer-based rechargeable zinc–air battery which has 
high-energy density under mechanical bending stress. [ 1 ]  A new 
design concept of stretchable wearable cable-type zinc–air bat-
tery has also been proposed with unusual omnidirectional 
fl exibility. [ 5 ]  Furthermore, a fl exible fi ber-shaped zinc–air bat-
tery with a miniaturized 1D structure has been developed rep-
resenting a considerable advancement in conventional battery 
design. [ 6 ]  However, in portable applications, their merits are 
largely limited by the bulky battery confi gurations, as a result 
of relying on aqueous electrolytes. [ 7,8 ]  To this end, one approach 
is to swap aqueous electrolytes for versatile, solid-sate alterna-
tives, making zinc–air batteries safer, lighter, and more portable. 
The main issues related to the solid-state electrolytes are insuf-
fi cient ionic conductivity, electrolyte retention, and complex 
synthesis process. [ 9–11 ]  To address these challenges, researchers 
have sought to highly effi cient solid-state electrolytes based on 
graphene oxide (GO), the oxidation product of natural graphite 
fl akes. [ 12–14 ]  GO has been demonstrated as a promising candi-
date because of its outstanding physicochemical stability and 
electrochemical properties. [ 15 ]  Additionally, GO is a well-known 
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step 2, Supporting Information). Finally, these silanols and 
their oligomers are covalently bound to the oxygen-containing 
groups of nanocellulose/GO by losing water (Figure S1, step 3, 
Supporting Information). [ 14 ]  In the next step, the water-based 
suspensions of QA-functionalized GO nanosheets and cellulose 
nanofi bers alternately go through vacuum fi ltration to form a 
laminate-structured membrane (Figure  1 b) supported by QA-
functionalized GO at the top and bottom with a fl at and uniform 
surface (Figure  1 c). During the fi ltration process, the numerous 
cellulose nanofi bers tend to construct a dense interwined porous 
network (Figure  1 d), and perform as binder layers to integrate 
each single thin GO fi lm into a robust membrane. The subse-
quent cross-linking reaction via glutaraldehyde (GA) strongly 
consolidates the integrated membrane through covalent link-
ages between GO and nanocellulose. GA, which contains two 
aldehyde functional groups, reacts with hydroxyl groups on the 
surface of GO nanosheets and cellulose nanofi bers, and forms 
an acetal structure, resulting in a steady-state cross-linked 

laminate-structured membrane. [ 10,20 ]  Figure S2a of the Sup-
porting Information shows the poor chemical stability of GO 
membrane which has been completely redispersed in water 
after 24 h. Compared to the GO membrane, the composed 
GO nanosheets with interconnected nanocellulose framework 
(Figure S2b, Supporting Information) has demonstrated more 
stable structure. Particularly, the cross-linked QAFCGO mem-
brane remains intact in water after 24 h without any disintegra-
tion (Figure S2c, Supporting Information). Finally, after the ion 
exchange process, the hydroxide-conducting QAFCGO mem-
brane is obtained with excellent fl exibility as shown in Figure  1 e.  

 To confi rm the successful functionalization reaction, Fou-
rier transform infrared (FT-IR) spectra of GO, pristine cellulose 
(PC), quaternary ammonium-functionalized GO (QAFGO), and 
quaternary ammonium-functionalized cellulose (QAFC) are 
compared in  Figure    2  a. In the GO spectrum, the characteristic 
peaks are observed at 1739 cm −1  (carbonyl C O), 1619 cm −1  (sp 2  
carbon C C), 1384 cm −1  (O–H vibration of C–OH), 1224 cm −1  
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 Figure 1.    a) Schematic diagram of the overall preparation procedure (functionalization, fi ltration, cross-linking, and hydroxide-exchange) for the 
QAFCGO membrane. b) A SEM image (cross section) of the QAFCGO membrane. c) A SEM image (surface view) of the QAFCGO membrane with an 
inset photograph of QAFCGO membrane showing fl at and uniform GO surface. d) A SEM image of the cellulose dense interwined network structure 
with an inset TEM image of cellulose fi bers. e) A photograph of the QAFCGO membrane showing fl exibility.
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(carbon-hydroxyl C–OH), 1054 cm −1  (epoxide C–O–C), 856 cm −1  
(epoxy rings) and a broad band at 3200–3500 cm −1  (free hydroxyl 
O–H), which indicates abundant oxygen-containing groups on 
its basal planes and edges. [ 12,13 ]  In the spectrum of QAFGO, 
after functionalization, the peaks assigned to the vibration of 
C O (1739 cm −1 ), C–OH (1224 cm −1 ), C–O–C (1054 cm −1 ), and 
epoxy rings (856 cm −1 ) disappear. [ 14 ]  Alternatively, two new small 
peaks at 2852 and 2921 cm −1  emerge in the spectrum, owing 
to methyl and long chains of methylene groups in the pre-
cursor (DMAOP), which indicates the effective grafting reaction 
between the oxygen functional groups of GO and QA groups of 
DMAOP. In the PC spectrum, the peaks at 3342 and 2900 cm −1  
are attributed to the O–H and sp 3  hybridized C–H stretch vibra-
tion in the PC membrane. The small peak at 1641 cm −1  could be 
assigned to the O–H of water absorbed from cellulose. [ 21 ]  In the 
C–O stretching vibration region, the peaks at 1163, 1111, 1059, 
and 1035 cm −1  are corresponded to the vibrations of C1–O–C4, 
C2–O2H, C3–O3H, and C6H2–O6H. [ 22 ]  Similar to QAFGO, two 
new peaks at 2852 and 2921 cm −1  have appeared after function-
lization reaction, which come from the moiety of DMAOP and 
confi rm the successful functionalization of nanocellulose.  

 The X-ray photoelectron spectroscopy (XPS) analysis of GO, 
PC, QAFGO, and QAFC is carried out to approve the FT-IR 
results (Figure  2 b). In the wide-range XPS pattern of QAFGO, 
three small peaks other than C 1s and O 1s are detected at 
binding energies of 103.1, 154.1, and 403.4 eV, assigned to Si 
2p, Si 2s, and N 1s, respectively. Similar characteristic peaks of 
Si and N are observed in the XPS pattern of QAFC. According 
to C 1s spectra in Figure  2 c, the shifted peaks of oxygenated 
carbon groups in GO indicate a change degree of surface oxi-
dation after functionalization. The decrease of peak intensity 
at 287.02 eV can owe to the reaction between oxygen func-
tional groups of GO and trimethoxylsilyl of DMAOP, which 
is in agreement with the results of FT-IR. Furthermore, the 
signifi cant increase of C–C/C–H peak intensity at 288.68 eV 
(GO) demonstrates the increase of carbon atoms proportion 
due to the attached long alkyl chains of QA groups. Similarly, 
the C 1s spectra of cellulose also shows a downward trend of 
the oxygenated carbon groups peak intensity and a growing 
trend of C–C/C–H peak intensity, which further proves the 
present of QA functional groups on the surface of cellulose 
fi bers. 
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 Figure 2.    a) FT-IR spectra, b) wide region XPS spectra, c) deconvoluted XPS spectra in the C 1s region, d) XRD pattern of GO, PC, QAFGO, and QAFC.
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 In order to analyze the structure variation of GO nanosheets 
and cellulose nanofi bers after functionalization, the X-ray dif-
fraction (XRD) of GO, PC, QAFGO, and QAFC is studied in 
Figure  2 d. In the XRD pattern of GO, a sharp and narrow peak 
is obtained at 2θ = 10.3°, exhibiting a d-spacing of 8.58 Å which 
is in agreement with the literature. [ 23 ]  After functionalization 
with DMAOP containing bulky QA groups, the original peak 
at 2θ = 10.3° becomes much broader, giving a higher  d -spacing 
of 10.04 Å. This indicates that the bulky QA groups of DMAOP 
have successfully bound to GO and expand the interplanar 
distance of nanosheets, resulting in more free space for the 
entrance of small water molecules that are vital to assist the 
ion transport. [ 14 ]  In the XRD pattern of PC, three characteristic 
peaks at 16.9°, 22.9°, 34.5° are detected corresponding to the 
typical celluloselcrystalline planes (110), (200), and (004). [ 22 ]  
However, the intensities of these three peaks obviously reduce 
in the XRD pattern of QAFC, which indicates that a signifi -
cant portion of the celluloselcrystalline structure has converted 
into an amorphous phase. Such structural transformation can 
facilitate the ion transport because of the increased amorphous-
ness with more hydrophilic domain. [ 24 ]  

 The high ion conductivity is an important indication for a 
well-performed electrolyte. In order to study the hydroxide 
conductivity of the laminated QAFCGO membrane, the ion 

conductivities of QAFGO and QAFC after hydroxide exchange 
are compared to that of QAFCGO. As shown in  Figure    3  a. The 
pristine GO and PC exhibit low conductivities of only 2.5 and 
2.0 mS cm −1  at room temperature. However, after grafting QA 
groups and ion-exchange of hydroxide ions, the ionic conduc-
tivities of QAFGO and QAFC signifi cantly improve to 39.0 and 
25.0 mS cm −1 , respectively, which are almost ten times higher 
than those of the pristine GO and PC. The remarkable improve-
ment of ionic conductivities is ascribed to the high mobility of 
hydroxide ions dissociated from the grafted QA groups. Inter-
estingly, the functionalization of PC not only grafted adequate 
amount of QA groups onto the surface of cellulose fi bers, but 
also converted a signifi cant proportion of its crystalline struc-
ture into an amorphous phase (according to the XRD results, 
Figure  2 d). The increase of dynamic and disordered amor-
phous morphology plays a critical role in facilitating the ion 
transport compared to the well-ordered crystalline structure, 
thus further improves the ionic conductivity of QAFC. The 
temperature dependencies of ionic conductivities are also 
measured to fully understand the ion transport mechanism. 
All the samples are well hydrated and evaluated in the range 
of 30 to 70 °C. As shown in Figure  3 b, the activation energies 
are calculated using the Arrhenuis equation, achieving data of 
16.3, 8.4, and 10.5 kJ mol −1  for QAFGO, QAFC, and QAFCGO, 

Adv. Energy Mater. 2016, 6, 1600476

www.MaterialsViews.com
www.advenergymat.de

0

10

20

30

40

50

QAFGO QAFC

σ
(m

S
 c

m
-1
)

QAFCGOGO PC 2.9 3.0 3.1 3.2 3.3
-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

Ea=8.4 kJ mol
-1

Ea=10.5 kJ mol
-1

ln
( σ

) 
(S

 c
m

-1
)

1000/T (K
-1
)

QAFCGO

 QAFC

 QAFGO
Ea=16.3 kJ mol

-1

(a) (b) 

(c) 

 Figure 3.    a) Ionic conductivity of the GO, PC, QAFGO, QAFC, and QAFCGO at room temperature. b) Arrhenius plot of ionic conductivity of the QAFGO, 
QAFC, and QAFCGO membranes as a function of temperature. c) A schematic illustration of ion transport mechanism with QAFGO and QAFC.
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respectively. According to the XRD results and activation ener-
gies of QAFCGO, QAFGO, and QAFC, two types of ion trans-
port mechanisms including Grotthuss mechanism and vehicle 
mechanism exist (Figure  3 c). [ 9 ]  The suggested mechanism of 
hydroxide mobility is similar to that of proton mobility in water, 
and it is already clear that the structure depends strongly on 
the surrounding water molecules. [ 25 ]  OH −  transports through 
the hydrogen bonds network in water molecules by forming 
[H 3 O 2 ] −  conjugate and cleavages into H 2 O and OH −  and 
keeping regularity of this process. In the presence of abundant 
water molecules, large amounts of hydroxide ions can be disso-
ciated from the grafted QA groups, and then form into hydrated 
hydroxide ions with surrounding water molecules. After func-
tionalization, the enlarged  d -spacing of GO nanosheets gives 
more spaces for the hydrated hyroxide ions to migrate via 
vehicle mechanism. In QAFC, although some hydroxide ions 
can still move through the vehicle mechanism, due to the lower 
activation energy, the Grotthuss mechanism is dominant, in 
which the hydroxide ions can hop between two neighbor func-
tionalized sites without any carrier molecules. Therefore, ion 
migration in the QAFCGO membrane is a complex system 
with two transport mechanisms occurring simultaneously. Both 

mechanisms have exhibited positive temperature-conductivity 
linear relationships, and fi nally leading to a high ion conduc-
tivity of 58.8 mS cm −1  at 70 °C for the QAFCGO membrane.  

 The practical performance of the QAFCGO membrane is 
demonstrated in a rechargeable, fl exible zinc–air battery under 
atmospheric air. The battery was assembled through layer-by-
layer method, in which the QAFCGO membrane was paired 
with a zinc pellet electrode and a bifuncitonal air electrode with 
commercial cobalt oxide nanoparticles deposited on a carbon 
paper. The battery using the commercial A201 anion-exchange 
membrane from Tokuyama was also fabricated for the com-
parison.  Figure    4  b shows the charge and discharge polarization 
curves. The QAFCGO-based battery exhibits a high open-circuit 
voltage of ≈1.4 V, similar to that of the A201-based battery. In 
Figure  4 b, at high current densities beyond 20 mA cm −2 , the 
QAFCGO-based battery shows a remarkable advantage over the 
A201 battery, with smaller over potentials for both discharge 
and charge processes. For instance, at high current density 
of 60 mA cm −2 , the charge and discharge potentials of QAF-
CGO-based battery are 291 and 154 mV smaller than those of 
A201-based battery. This is further supported by the fact that 
the corresponding peak power density of the QAFCGO-based 
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 Figure 4.    a) A schematic image of rechargeable zinc–air battery using the QAFCGO membrane. b) Charge and discharge polarization curves of the 
batteries using the QAFCGO and A201 membranes. c) Galvanostatic charge and discharge cycling of the batteries using the QAFCGO and A201 mem-
branes at a current density of 1 mA cm −2  with a 20 min per cycle period (10 min discharge followed by 10 min charge).



C
O

M
M

U
N

IC
A
TI

O
N

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1600476 (6 of 8) wileyonlinelibrary.com Adv. Energy Mater. 2016, 6, 1600476

www.MaterialsViews.com
www.advenergymat.de

battery (44.1 mW cm −2 ) is higher than that of the A201-based 
one (33.2 mW cm −2 ) (Figure S3, Supporting Information). The 
pronounced performance indicates the great potential of the 
QAFCGO membrane for the solid-state rechargeable zinc–air 
battery application, compared to the commercial A201 mem-
brane. The galvanostatic charge and discharge cycling perfor-
mance of the batteries using the QAFCGO and A201 mem-
branes are also evaluated using a pulse cycling technique with 
each cycle per 20 min at a current density of 1 mA cm −2 . In 
addition, the QAFCGO-based battery exhibits much more 
stable cycling performance than that with the commercial A201 
one. As shown in Figure  4 c, the A201-based battery has shown 
noticeable performance degradation with large charge and 
discharge polarizations after 300 min, whereas the QAFCGO-
based battery demonstrates longer cycling time without any 
performance loss after 600 min. The admirable characteristics 
of the QAFCGO membrane, such as high ionic conductivity, 
guarantee enhanced cycling performance for solid-state bat-
teries. Compared to the A201 membrane, the superior battery 
performance using the QAFCGO membrane owes more to its 
higher water uptake and smaller anisotropic swelling degree 
(Table S1, Supporting Information). As shown in Figure  4 a, 
during discharge, oxygen from the air reacts at the cathode and 
forms hydroxyl ions which migrate into the zinc electrode and 
form oxidized zinc species, releasing electrons to travel to the 
cathode. The oxidized zinc species decays into zinc oxide, and 
water returns to the electrolyte. [ 26 ]  During charge, the zinc oxide 
reacts with water in the anode, while the water can be recycled 
back at cathode with oxygen evolution. Thus, during the overall 
operation process, the water and hydroxyl are recycled between 

the anode and cathode, and the water is not consumed. [ 27 ]  How-
ever, water evaporation over time is unavoidable when the air 
electrode opened to atmosphere, leading to electrolyte dry out 
problems and a shortened battery life. Since water plays an 
important role in the ion transport, the loss of that can directly 
reduce the ionic conductivity, resulting in a large Ohmic polari-
zation of the battery. Meanwhile, the membrane wrinkling 
comes from the gain and loss of moisture during the battery 
charging and recharging process, which can result in an inef-
fective interfacial contact between the electrode and electro-
lyte. Thus the electrolyte becomes less accessible to the active 
materials at the electrode. Accordingly, the swelling ratio is 
another key factor that affects the battery cycling performance. 
As shown in Table S1 of the Supporting Information, the water 
uptake of the QAFCGO membrane is fi ve times higher than 
that of the A201 membrane, whereas its anisotropic swelling 
ratio is only half of that of the A201 membrane. As a result, 
the QAFCGO-based zinc–air battery exhibits better superior 
rechargeablity and performance stability.  

 Based on the promising battery performance presented above, 
we have fabricated a fl exible zinc–air battery using the QAFCGO 
membrane, a fl exible zinc electrode, and an air electrode with 
cobalt oxide nanoparticles loaded on a carbon cloth. The stain-
less steel mesh and copper foil were attached respectively to the 
air and zinc electrode to ensure good electrical contact, and a 
plastic sheet was utilized as a bending substrate. As shown in 
 Figure    5  a, the application of the fl exible QAFCGO-based battery 
is successfully demonstrated by powering an electric fan. Since 
in fully solid and fl exible batteries, the components tend to 
delaminate with different bending angles, the battery  resistance 
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 Figure 5.    a) Demonstration and schematic illustration images of the solid-state, fl exible and rechargeable zinc–air battery. b) Charge and discharge 
polarization curves of the batteries using the QAFCGO under different bending angles. c) The corresponding power density plots of the batteries using 
the QAFCGO membrane under different bending angles.
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and the overall rechargeable performance will be affected. In 
order to investigate the bending effects, the galvanodynamic 
charge and discharge polarization and the corresponding power 
density are measured at 0°, 60°, and 120° bending angles. As 
shown in Figure  5 b, at any given bending angles, the charge and 
discharge polarization curves remain virtually uncharged even 
at a high current density of 80 mA cm −2 . This reveals not only 
a robust adhesion between the electrolyte membrane and the 
electrode but also the capability of the fl exible QAFCGO mem-
brane to maintain its high ionic conductivity under bending 
conditions. Only a minor loss of the output power density 
(i.e., 6 mW cm −2 ) is observed at a high current density of 100 
mA cm −2  under the bending angle of 120° (Figure  5 c). At this 
folded region with harsh bending stress, the electrodes undergo 
extreme compressive deformation and the electrolyte suffers 
from losing water due to the shape change of the battery. In 
spite of this, at various bending angles, the QAFCGO-based bat-
tery exhibits signifi cantly stable output power within current 
density of 60 mA cm −2  under stressed conditions.  

 In summary, for the fi rst time, a functionalized nanocellu-
lose/GO membrane with a laminated structure is developed as 
an effective practical hydroxide-conducting electrolyte for fl ex-
ible, rechargeable zinc–air batteries. Cellulose fi bers are fi rst 
utilized as interconnected framework to integrate graphene 
oxide into a fl exible membrane with high water content char-
acteristic. Cross-linking technique is applied to guarantee its 
structural stability as well as low anisotropic swelling degree. 
In addition, the incentive for laminated cross-linked structure 
of the membrane with uniform and compact GO protective 
surface and internal layer is also to eliminate the possibility of 
pushing the water out of the membrane during handling or 
bending, and to provide good adhesion to the electrodes. The 
superior hydroxide conductivity of 58.8 mS cm −1  at 70 °C was 
achieved after the successful functionalization. The battery 
using the QAFCGO membrane exhibited superior recharge-
ability and performance stability compared to the commer-
cial A201 membrane. An excellent output power density was 
achieved when the fl exible QAFCGO-based zinc–air battery 
under stress at different bending angles. This novel QAFCGO 
membrane opens up an opportunity for the development of 
fl exible, solid-state electrochemical energy conversion, and 
storage systems.  

  Experimental Section 
  Synthesis of GO : GO was synthesized by the improved Hummers’ 

method from natural graphite fl akes. First, concentrated H 2 SO 4  (360 mL, 
98%) and H 3 PO 4  (40 mL, 85%) were mixed carefully in a round-bottom 
fl ask. Graphite powder (2 g) was added into the mixture and mechanically 
stirred for 1 h. Then, the strong oxidizing agent KMnO 4  (18 g) was added 
slowly into the mixed solution, and the oxidation reaction lasted at 50 °C 
for 16 h. After cooling down the mixture, distilled deionized (DDI) water 
(400 mL) and H 2 O 2  (20 mL, 30%) were added dropwise and then stirred 
for 30 min. Afterward, the mixture was centrifuged and washed with DDI 
water, HCl (5%), and ethanol, respectively. Finally, the GO nanosheets 
were obtained by freeze-drying. 

  Preparation of Cellulose Nanofi bers : Three steps of prerefi ning, 
enzymatic processing, and nanorefi ning were proceeded to produce 
the cellulose fi bers from Northern Bleached Softwood Kraft pulp (New 

Brunswick, Canada). First, the prerefi ning was conducted by using the 
Noram PFI mill (Quebec, Canada) with a revolution up to 30 000 to 
disintegrate the original pulp. Then, an enzyme treatment of the refi ned 
pulp was carried out with a mixture of two enzymes (i.e., Mannanase 
and Xylanase) from Novozymes (Franklinton, USA) to gain a uniform 
pulp suspension. Finally, the enzyme treated pulp was washed several 
times with DDI water to remove unreacted residues, and then charged 
into the PFI mill again with the revolution to 30 000 to produce cellulose 
fi bers. 

  Functionalization of QAFGO and QAFC : In order to obtain quaternary 
ammonia-functionalized GO (QAFGO) and cellulose (QAFC), 
dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride 
(DMAOP) (42 wt% in methanol, Sigma-Aldrich) was adopted as the 
precursor. First, freeze-dried GO (60 mg) was dispersed in toluene 
(60 mL) by sonication for 2 h to obtain a stable GO suspension. 
Cellulose fi bers (300 mg) were dispersed in methanol solution (150 mL) 
by sonication for 2 h to obtain a stable cellulose fi ber suspension. 
DMAOPS was added respectively into GO and cellulose suspension in 
ratio DMAOP:GO/cellulose being 20:1 by mass. The functionalization 
was carried out at room temperature under magnetic stirring for 48 h. 
Then, the suspension was centrifuged and washed several times with 
ethanol and DDI to remove the unreacted traces of DMAOP. At last, the 
QAFGO and QAFC were obtained and stored in DDI water. 

  Fabrication of Hydroxide-Conductive QAFCGO Membrane : The 
hydroxide-conductive QAFCGO membrane was fabricated with QAFGO 
and QAFC through vacuum fi ltration, cross-linking and ion-exchange 
process. First, the vacuum fi ltration was carried out by alternating 
round of QAFGO (15 mL, 1 mg mL −1 ) and QAFC (5 mL, 1 mg mL −1 ) 
to obtain a laminated structure membrane. The membrane was then 
chemical cross-linked with 10 wt% GA and 0.2 wt% hydrochloric acid 
(HCl) in acetone at room temperature for 2 h. The ion-exchange was 
processed by immersing the membrane in 1  M  KOH solution and 
equilibrated for 24 h to convert chlorine (Cl − ) counterion into hydroxide 
(OH − ). The OH −  exchanged membrane was then washed with DDI 
water until pH of 7. The hydroxide-conductive membrane with thickness 
range of 30–50 µm was thereby obtained (the thickness of A201 was 
recorded to be 30 µm). 

  Fabrication of Solid-State Rechargeable Zinc–Air Battery : A rechargeable 
zinc–air battery was fabricated through a layer-by-layer method by which 
the electrodes were placed face-to-face with the membrane. Zinc pellet 
and zinc fi lm were prepared as zinc electrode for regular and fl exible 
zinc–air battery, respectively. The zinc pellet was made of pure zinc 
power (purum powder, Sigma-Aldrich) and the zinc fi lm was consisted 
of zinc powder, carbon nanofi ber, carbon black, and poly(vinylidene 
fl uoride-co-hexafl uoropropene) polymer binder. An air electrode was 
prepared by Co 3 O 4  nanoparticles (<50 nm particle size, Sigma-Aldrich) 
as the bifunctional electroactive material sprayed onto a carbon cloth 
(Fuel Cell Technology). Catalyst ink consisted of 10 mg Co 3 O 4 , 67 µL of 5 
wt% Nafi on (LIQUion solution, Ion Power Inc.) and 1.0 mL 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 . After spraying, the 
electrode is dried in an oven at 60 °C for 1 h. 

  Characterization and Electrochemical Measurement : The morphology 
of the membrane and the cellulose fi bers were imaged by scanning 
electron microscopy (SEM) (LEO FESEM 1530) and transmission 
electron microscopy (TEM) (Bruker AXS D8 Advance). FT-IR spectra 
(Avatar 320), XPS, and (Thermo Scientifi c Al K-Alpha X-ray source), 
XRD (INEL XRG 3000) were utilized to analyze the chemistry and crystal 
structure after functionlization of GO and cellulose. 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 charge and discharge 
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. Discharge and charge cycling was carried out 
by a recurrent galvanic pulse method at a fi xed current density of 1 mA 
cm −2  with each cycle consisting of 10 min for discharge followed by 
10 min for charge.  
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