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Nanocellulose-Carboxymethylcellulose Electrolyte

for Stable, High-Rate Zinc-lon Batteries

Lin Xu, Taotao Meng, Xueying Zheng, Tangyuan Li, Alexandra H. Brozena, Yimin Mao,
Qian Zhang, Bryson Callie Clifford, Jiancun Rao, and Liangbing Hu*

Aqueous Zn ion batteries (ZIBs) are one of the most promising battery
chemistries for grid-scale renewable energy storage. However, their applica-
tion is limited by issues such as Zn dendrite formation and undesirable side
reactions that can occur in the presence of excess free water molecules and
ions. In this study, a nanocellulose-carboxymethylcellulose (CMC) hydrogel
electrolyte is demonstrated that features stable cycling performance and
high Zn?* conductivity (26 mS cm™), which is attributed to the material’s
strong mechanical strength (=70 MPa) and water-bonding ability. With

this electrolyte, the Zn-metal anode shows exceptional cycling stability

at an ultra-high rate, with the ability to sustain a current density as high

as 80 mA cm~2 for more than 3500 cycles and a cumulative capacity of

17.6 Ah cm~2 (40 mA cm2). Additionally, side reactions, such as hydrogen

fully enabling the use of renewable energy
sources.”3  Aqueous Zn ion Dbatteries
(Z1Bs) are one of the most promising bat-
tery chemistries for applications such as
grid-scale energy storage as they are safer
than flammable organic-based systems,
low-cost, environmentally friendly, and
feature rapid charge/discharge rates.l*”]
However, despite these advantages, ZIBs
have not been widely commercialized,
largely due to undesirable interactions
between the electrolyte and Zn-metal
anode, including dendritic growth on the
anode surface, side reactions forming an
inert passivation layer, as well as hydrogen

evolution and surface passivation, are substantially reduced due to the strong
water-bonding capacity of the CMC. Full Zn||MnO, batteries fabricated with
this electrolyte demonstrate excellent high-rate performance and long-term
cycling stability (>500 cycles at 8C). These results suggest the cellulose-

CMC electrolyte as a promising low-cost, easy-to-fabricate, and sustainable
aqueous-based electrolyte for ZIBs with excellent electrochemical perfor-
mance that can help pave the way toward grid-scale energy storage for renew-

able energy sources.

1. Introduction

Battery technology will play a pivotal role in the effort toward
decarbonization and the fight against global warming by more
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evolution during the plating/stripping
process. ™ These effects can cause poor
cycling reversibility of the Zn-metal anode,
leading to battery failure on the anode side.

Many strategies of electrolyte modifica-
tion have been explored to promote revers-
ible Zn plating. While water is necessary
in aqueous Zn ion batteries for ionic con-
duction, reducing the free water content in
the electrolyte helps eliminate detrimental
side reactions. Methods based on this
approach include “water-in-salt” electro-
lytes that feature ultra-high salt concentrations™>) or the use
of additives that act as water blockers.'®1°] However, such liquid
electrolytes do not provide additional mechanical strength to
prevent dendritic growth and are therefore unable to sustain
high current densities. To address this issue, hydrogel electro-
lytes have been developed, which feature a denser structure that
helps inhibit the growth of Zn dendrites. Cellulose, which is one
of the most abundant biomaterials on earth and is inherently a
low-cost, green material, 22! has been studied extensively as a
key building block of such hydrogel electrolytes for aqueous Zn
ion batteries.?>¥] In addition to providing mechanical strength
that helps prevent dendrite growth, the cellulose structure
helps to bond water and therefore limit the free water content
to decrease interfacial side reactions.33°) However, the mole-
cular structure of cellulose limits how much water it can bond.
As a result, cellulose-based electrolytes often feature either too
much free water, which causes parasitic side reactions, or too
little water after drying intended to remove free water, which
leads to low Zn conductivities (Figure 1A). Additionally, many
cellulose-based hydrogel electrolytes incorporate multiple,
synthetic cross-linking additives (e.g., polyacrylamide) to

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Cellulose-CMC electrolyte for aqueous Zn ion batteries. A) When the electrolyte membrane is made of pure cellulose, there is either too much
free water that causes parasitic side reactions, or too little water after drying that causes low Zn?" conductivity. B) In contrast, by adding CMC within
the cellulose matrix, after a squeeze-dry process to reduce the amount of free water molecules and to mitigate parasitic side reactions, there are still

water molecules bonded along the CMC chains, which enables the transport of the Zn ions.

increase the mechanical strength of the membrane. But
this approach limits the biodegradability of the material and
increases the cost of processing. As a result, it has remained
challenging to develop an electrolyte for aqueous ZIBs that ena-
bles high stability, cyclability, and the capability to withstand
high current densities for high power density energy storage.
In this work, we demonstrate a nanocellulose-carboxym-
ethylcellulose (CMC) electrolyte that features high ionic con-
ductivity, mechanical strength, and low free water content that
enables both high-rate and long-cycle-life aqueous ZIBs. In
this approach, CMC polymer chains are distributed within the
relatively ridged cellulose network (Figure 1B) to form a dense,
quasi-solid-state electrolyte that also functions as the battery
separator. CMC, an inexpensive and commercially available cel-
lulose derivative, features numerous carboxyl groups that form
stronger bonding interactions with water molecules compared
to cellulose alone,**l which can help limit the free water con-
tent when used in a membrane. The increased bound water
content helps promote Zn ion conductivity, while simultane-
ously preventing excess free water molecules from engaging in
parasitic side reactions. Additionally, a facile NaOH treatment
increases the tensile strength of the cellulose-CMC electrolyte
to >70 MPa. As a result, the cellulose-CMC electrolyte shows a
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high Zn ionic conductivity of up to 26 mS cm™ and stable Zn
electroplating/stripping as parallel platelets on the Zn anode at
ultra-high current densities as high as 80 mA cm2. The side
reactions caused by free water molecules, such as hydrogen evo-
lution and the formation of a passivating Zn,SO,(OH)s-xH,0
layer, are also greatly reduced. We demonstrate a Zn||MnO, full
battery based on this cellulose-CMC electrolyte showing excel-
lent cyclability of over 500 cycles at a rate of 8 C. Additionally,
the electrolyte requires minimal processing and is composed of
inherently biodegradable materials without any synthetic addi-
tives from fossil fuels, suggesting its potential as a low-cost,
sustainable, and high-performance electrolyte for next-genera-
tion energy storage applications.

2. Results and Discussion

2.1. Material Preparation and Characterization

The cellulose-CMC electrolyte is prepared using a simple
process including vacuum filtration and NaOH treatment
(Figure S1, Supporting Information). To fabricate the mem-
brane, we first dispersed a commercial cellulose nanofiber gel

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Characterization of the cellulose-5 wt.% CMC electrolyte. A) Digital image of the cellulose-CMC electrolyte. B) SEM image of the surface
morphology of the cellulose-5 wt.% CMC electrolyte. C) XRD patterns of the cellulose-5 wt.% CMC membrane before and after NaOH treatment.
D) Tensile tests of different NaOH-treated cellulose-CMC membranes (0-8 wt.%), as well as a glass fiber separator as a control. All membranes are
in wet state. E) lonic conductivity of a wet glass fiber separator, as well as various cellulose-CMC membranes (0-5 wt.% CMC) after different drying
conditions: wet, squeezed dry by Kimwipes with 0.5 MPa pressure, and vacuum dried for 30 s. The thicknesses of the electrolytes were 80 um.

(Figures S2A and S3, Supporting Information) within deionized
(DI) water at a concentration of 0.1 wt.%, then slowly pipetted
different masses of 0.5 wt.% CMC solution (Figure S2B, Sup-
porting Information) into the dispersion to produce samples
with different CMC contents (2, 5, and 8 wt.%). After thorough
mixing, the resulting dispersions were vacuum-filtered through
a Biichner funnel, collecting the pristine cellulose-CMC mix-
ture on a filter membrane. Next, we immersed the membranes
in NaOH solution (20 wt.%) overnight to improve their ten-
sile strength.”l We then rinsed the treated membranes with
water until the pH of the washing solution reached 7 Finally,
the membranes were immersed in a solution of 2 M ZnSO, to
infiltrate the material with Zn?" ions and were then squeezed
between Kimwipes at a pressure of 0.5 MPa before cell
assembly. The resulting cellulose-CMC electrolyte membranes
were highly flexible (Figure 2A) and featured good hydrophi-
licity (Figure S4, Supporting Information). As a control, a pure
cellulose membrane was prepared using the same procedure
but without the addition of CMC solution (0 wt.% CMC).

We used scanning electron microscopy (SEM) and found
the cellulose-CMC membranes featured a dense structure. For
example, prior to NaOH treatment, the cellulose-5 wt.% CMC
membrane featured no visible pores at the micrometer scale
(Figure S5, Supporting Information) and remained intact after
the NaOH treatment (Figure 2B; Figure S6, Supporting Infor-
mation). We also note the electrochemical window of the cel-
lulose-5 wt.% CMC electrolyte did not show significant change
after the treatment (Figure S7, Supporting Information), indi-
cating all remaining NaOH had been thoroughly rinsed away.
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However, the NaOH treatment did significantly improve the
wet-state mechanical strength of the cellulose-based mem-
brane, which is crucial for resisting perforation by Zn den-
drites. As shown in Figure S8 (Supporting Information), the
NaOH-treated cellulose-5 wt.% CMC membranes displayed
tensile strengths of 72 + 5 MPa in their wet state, which is
much higher than that of the cellulose-5 wt.% CMC membrane
before NaOH treatment (16 £ 4 MPa) and the commonly used
glass fiber separator (0.12 £ 0.02 MPa), reaching higher or sim-
ilar values as other hydrogel electrolytes.?*-I The increase in
strength is a result of the transformation of cellulose’s mole-
cular structure under NaOH treatment,*? as we confirmed by
X-ray diffraction (XRD). Prior to treatment, the pristine cellu-
lose (Figure S9, Supporting Information) and cellulose-5 wt.%
CMC membrane (Figure 2C) exhibit the XRD pattern of the
cellulose T structure, which changes to match that of cellulose
II after the NaOH treatment.[*l Previous studies have shown
that membranes with cellulose II structure have higher ten-
sile strength compared to those with cellulose 1*2#4] as more
intermolecular hydrogen bonds can be formed. Therefore,
the NaOH treatment helps improve the mechanical strength
of the cellulose membrane, allowing it to serve as a strong
background matrix for the CMC molecules without changing
the functional groups of the biopolymers, as indicated by Fou-
rier transform infrared (FTIR) spectroscopy (Figure S10, Sup-
porting Information).

To determine an optimal amount of CMC added to the cel-
lulose, we compared the tensile strength of the cellulose mem-
branes featuring 0-8 wt.% CMC in their wet state (Figure 2D).
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The tensile strengths of the membranes fabricated with 0, 2,
and 5 wt.% CMC were 72 £ 5, 67 £ 3, and 70 £ 5 MPa, respec-
tively, while the tensile strength of the 8 wt.% CMC mem-
brane decreased significantly to 5.4 £ 0.6 MPa. This decrease
in strength is likely due to the increasingly-sparse distribution
of the cellulose molecular chains. As a result, a cellulose-CMC
membrane with a CMC content of 8 wt.% or higher would
be very unlikely to prevent short circuits by dendritic growth,
making it unsuitable as an electrolyte for ZIBs.

We then compared the Zn?" conductivities of the 0-5 wt.%
cellulose-CMC samples under different wet states using electro-
chemical impedance spectroscopy (EIS, Figure S11, Supporting
Information) and plotted the calculated ionic conductivities
in Figure 2E. When all three membranes were in a wet state,
the ionic conductivity was 78, 15, and 26 mS cm™ for the 0,
2, and 5 wt% CMC samples, respectively. This trend indi-
cates the enhancement of the conductivity by the addition of
CMC. Moreover, after the three membranes were squeezed
between Kimwipe tissues with an applied pressure of 0.5 MPa
to remove some free water (squeeze-dry), the 5 wt.% CMC
membrane retained a relatively high ionic conductivity of
11 mS cm™, while the 0 and 2 wt.% CMC membranes dropped
to 0.3 and 3 mS cm™, respectively. Finally, in the extreme
case, the squeeze-dried membranes were placed in a vacuum
chamber for 30 s (vacuum-dry) to remove more water. After
vacuum treatment, the cellulose-only membrane (0 wt.% CMC)
had a negligible conductivity of 0.05 mS cm™, the 2 wt.% CMC
sample featured a conductivity of 0.4 mS cm™, while the 5 wt.%
CMC membrane retained a conductivity of 1.1 mS cm™.

We attribute the difference in the observed ionic conduc-
tivities to the varying ability of the membranes to retain water
depending on their CMC content. Table S1 (Supporting Infor-
mation) summarizes the water content of the samples, which
we measured by monitoring the change in mass after the dif-
ferent drying conditions. In all three cases, the cellulose-5 wt.%
CMC membrane retained more water than the other two
samples, which is likely why it displayed better Zn?" conduc-
tivity overall. The improved ability to retain water by adding
CMC was also confirmed by both water retention (Figure S12,
Supporting Information) and water uptake measurements
(Table S2, Supporting Information). When no CMC was pre-
sent, the membrane lost 50 wt.% of its water content within
10 min, while this time increased to =50 min for the 5 wt.%
CMC sample. As a result, 5 wt.% was chosen as the optimal
CMC percentage for further tests, attaining a balance between
high mechanical strength and high ionic conductivity/ability to
bond water molecules. However, further optimization may be
possible for even better performance.

To better understand the Zn ion transport, we measured the
transference numbers of both a glass fiber separator with 2 m
ZnSOy, solution and the cellulose-5 wt.% CMC electrolyte after
squeezing it dry (Figure S13 and Table S3, Supporting Informa-
tion). The transference number of the cellulose-5 wt.% CMC
(0.39) was only slightly higher than that of the glass fiber sep-
arator using aqueous electrolyte (0.33), implying that the dis-
sociation of Zn?' in the cellulose-CMC electrolyte occurs in a
similar way as in aqueous solution. Based on this result, we
hypothesize that Zn?* ions experience a similar environment
in the cellulose-CMC sample as in bulk water, suggesting the
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Zn ions are fully solvated in the membrane. We hypothesize
ion conduction may take place along channels formed by water
molecules coordinated to the CMC molecules. However, addi-
tional studies are necessary to confirm this structure.

2.2. Electrodeposition and Stripping of Zn

Using Zn||Zn symmetric cells fabricated with cellulose-5 wt.%
CMC electrolyte, we tested the electrodeposition and stripping
performance of Zn and compared it to a cell fabricated using
a glass fiber separator and aqueous electrolyte (2 M ZnSO, in
deionized water). Both samples were cycled at a current den-
sity of 10 mA ecm™ and a capacity density of 5 mAh cm™ for
50 cycles. After cycling, the Zn foils were removed from the
cell for post-mortem SEM analysis. When Zn was plated using
the aqueous electrolyte and glass fiber separator, we found
Zn platelets grew perpendicular to the surface of the Zn foil
(Figure 3A). In contrast, using the cellulose-5 wt.% CMC elec-
trolyte, we observed the formation of hexagonal Zn platelets
oriented parallel to the Zn electrode surface (Figure 3B). These
results suggest the ability of the cellulose-5 wt.% CMC electro-
lyte to reduce Zn dendrite formation. We also performed XRD
measurements on both samples, as well as pristine Zn foil for
comparison. As shown in Figure 3C, after cycling using the cel-
lulose-5 wt.% CMC electrolyte, we observe an increase in the
relative intensity of the XRD peak corresponding to the (002)
planes (26 = 36°) of Zn (Table S4, Supporting Information),
which previous studies have shown is preferred for Zn growth
parallel to the electrode surface.’*°! These results further dem-
onstrate the preferred parallel growth of Zn platelets during
electrodeposition.

The electrodeposition and stripping of Zn in the battery are
likely impacted by multiple effects. For example, when using
the aqueous electrolyte and glass separator, the Zn growth does
not face much mechanical resistance, thus enabling the per-
pendicular orientation of the Zn platelets (Figure 3D), which
could promote dendritic growth. In contrast, the high mechan-
ical strength and dense structure of the cellulose-5 wt.% CMC
membrane inhibits the perpendicular growth of Zn, mechani-
cally constraining the deposition within the narrow gap between
the membrane surface and Zn foil such that parallel growth
is preferred (Figure 3E). Additionally, Zn?" can migrate freely
within the aqueous electrolyte (Figure 3D). As a result, Zn ions
will accumulate at regions of the electrode where the surface
is rougher, creating “hot-spots” of deposition due to the higher
concentrated electric field. This positive feedback will accelerate
the perpendicular growth of Zn, which is the cause of dendrite
formation in many other electrodeposition systems, such as
Li-metal batteries.’?l In contrast, the CMC chains within the
cellulose-5 wt.% CMC electrolyte may help bond water mole-
cules within the electrolyte, which could promote the migra-
tion of Zn ions along the CMC chains. Consequently, the Zn
ions may distribute more evenly on the surface of the Zn foil
rather than accumulate around potential “hot-spots.” Finally, as
illustrated by the XRD pattern (Figure 3C), Zn,SO,(OH);-xH,0
forms after cycling in aqueous electrolyte (peaks labeled by
green squares). Due to the large free water content in the
aqueous electrolyte, a Zn,SO,(OH)s-xH,0 passivation layer
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Figure 3. Reduction of the dendritic growth of Zn by the cellulose-5 wt.% CMC membrane. A,B) The morphology of Zn plating on the Zn anode after
cycling at 10 mA cm2 and 5 mAh cm™2 for 50 cycles in Zn||Zn cells fabricated with A) 2 M ZnSO, aqueous electrolyte with a glass fiber separator and
B) cellulose-5 wt.% CMC electrolyte. C) XRD patterns of the Zn foils after cycling with the 2 M ZnSO, aqueous electrolyte (with glass fiber separator)
and the cellulose-5 wt.% CMC electrolyte, as well as a pristine Zn foil without cycling. Schematic diagrams of Zn plating on the Zn anode using the

D) aqueous electrolyte and E) cellulose-5 wt.% CMC electrolyte.

forms on the surface of the Zn foil. The Zn,SO,(OH)s-xH,0
byproduct is electrochemically inert and will prevent further Zn
deposition.>3] However, thanks to the strong bonding between
CMC and water molecules’! within the cellulose-5 wt.% CMC
electrolyte, there is reduced formation of Zn,SO,(OH),-xH,0
(Figure 3C), allowing Zn to deposit over the entire Zn foil sur-
face throughout cycling. All combined, these advantages of the
cellulose-5 wt.% CMC electrolyte help suppress the dendritic,
perpendicular growth of Zn, enabling stable and reversible Zn
plating/stripping.

As shown in Figure 4, excellent Zn||Zn cycling performance
is achieved using the cellulose-5 wt.% CMC electrolyte. With a
current density of 10 mA cm™ and capacity of 5 mAh cm™, a
symmetric cell with cellulose-5 wt.% CMC electrolyte showed
a polarization voltage of 50 mV (Figure 4A, red), remaining
approximately constant throughout 350 cycles. In contrast,
using aqueous electrolyte with the glass fiber separator, the ini-
tial polarization is as large as 100 mV and quickly approaches
an irreversible and dramatic increase after 30 cycles (Figure 4A,
grey). This comparison indicates that the Zn anode interface
using the cellulose-5 wt.% CMC electrolyte has much greater
durability. In addition to the stark difference in the polariza-
tion voltage behavior, the cell made with the aqueous electrolyte
visibly swells after 160 cycles at 10 mA cm™? and 5 mAh cm™
(Figure S14A, Supporting Information). The inflation of the
coin cell is likely caused by the hydrogen evolution reaction with
free water molecules, which occurs on the Zn anode.’ Con-
versely, the cell with the cellulose-5 wt.% CMC electrolyte has
no observable volumetric swelling after 350 cycles (Figure S14B,
Supporting Information). The cellulose-CMC electrolyte bonds
to water molecules strongly, and thus it appears to mitigate
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the long-standing issue of hydrogen evolution in aqueous Zn
batteries.

With the cellulose-5 wt.% CMC electrolyte, we successfully
cycled Zn symmetric cells at 80 mA cm™2 (4 mAh cm™2, 3500
cycles, Figure 4B) and 40 mA cm™ (8 mAh cm™, 2200 cycles,
Figure S15, Supporting Information), with a cumulative plating
capacity of 14 and 176 Ah cm™2, respectively. These results out-
perform previously reported Zn symmetric cells in terms of
current density as well as cumulative plating capacity, including
cells using hydrogel electrolytes and Zn salt with different
additives (Figure 4C), demonstrating the excellent potential of
the cellulose-5 wt.% CMC electrolyte for ultra-fast charging-
discharging of Zn-metal anodes. Additionally, we note the tensile
strength did not change significantly after cycling (Figure S16,
Supporting Information), demonstrating the mechanical dura-
bility of the electrolyte. However, during cycling we observed
the polarization first decreased and then increased (Figure 4B).
To understand this behavior, we performed EIS measure-
ments at the beginning and after 1700 and 3400 cycles, where
we found that the interfacial resistance first decreased, then
increased (Figure S17, Supporting Information). This evolu-
tion of the interfacial resistance could possibly be ascribed to
the fact that during the initial cycles some interfacial activation
occurred, which later improves the interfacial contact between
the electrolyte and Zn foil. Then during further cycles, although
significantly reduced, some surface passivation species (e.g.,
Z1n,SO4(OH)4-xH,0) still form on the surface of the Zn foil,
as can be seen in the XRD results shown in Figure 3C. This
passivation layer may have resulted in the increasing polari-
zation in the later stage of cycling. In addition, by comparing
the x-intercept of the EIS spectra (Figure S17B, Supporting
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Zn||Zn symmetric cell at 80 mA cm and 4 mAh cm2 using the cellulose-5 wt.% CMC electrolyte. C) Performance comparison of the Zn||Zn symmetric
cell in terms of the current density and cumulative capacity cycled using the cellulose-5 wt.% CMC electrolyte and other reported electrolytes.?231:55-¢7]
D) The Zn plating/stripping of a Zn||Cu asymmetric cell at 10 mA cm~2 and 2 mAh cm™2,

Information), it was found that the bulk resistivity increased
=25% after cycling, indicating that the bulk ionic conductivity
decreases 20%. This could be due to the consumption of bound
water during cycling.

Using the cellulose-5 wt.% CMC electrolyte, we also tested the
electrodeposition of Zn on Cu foil using a Zn||Cu asymmetric
cell at 10 mA cm™ with a capacity of 2 mAh cm™ and a cutoff
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voltage of 0.8 V (Figure 4D). The cell showed a high average
Coulombic efficiency of 99.5% over 500 cycles (Figure S18,
Supporting Information) with a smaller voltage hysteresis of
105 mV. Both the Zn||Zn and Zn||Cu cells demonstrate the high
stability, cyclability, and capability of the cellulose-5 wt.% CMC
electrolyte to withstand a high current density, all of which is
crucial for high power density aqueous ZIBs.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Electrochemical performance of Zn||MnO, full cells using the cell
profiles of the Zn||[MnO, cell using cellulose-5 wt.% CMC electrolyte at 8 C.

ulose-5 wt.% CMC electrolyte. A) Galvanostatic charge-discharge potential
B) Capacity and coulombic efficiency of the Zn||MnO, cell using cellulose-5

wt.% CMC electrolyte at 8 C. C) Galvanostatic charge-discharge potential profiles of the Zn||[MnO, cell using cellulose-5 wt.% CMC electrolyte at various
rates. D) Rate performance of the Zn||[MnO, cell using cellulose-5 wt.% CMC electrolyte ranging from 1 Cto 16 C.

2.3. Zn||MnO, Full Cell Performance

We used the conventional Zn||[MnO, chemistry®] to evaluate
the performance of the cellulose-5 wt.% CMC electrolyte in full
cells. MnO, nanorods were synthesized using a hydrothermal
method®! (Figure S19, Supporting Information) and cast onto
carbon paper as the cathode. The mass loading of MnO, was
=6 mg cm2 As shown in Figure 5A, the Zn||MnO, full cell
exhibits a high discharge/charge capacity of =200 mAh g
at an ultra-high rate of 8C (1C = 250 mA g™). Additionally, a
high-capacity retention of 95% was achieved after 500 cycles
(Figure 5B). The battery experienced no short-circuit during
this high-rate cycling, suggesting the inhibition of dendritic
growth by the cellulose-5 wt.% CMC electrolyte.

The Zn||MnO, battery also demonstrates outstanding rate
performance both in terms of discharge profile (Figure 5C) and
cycling performance (Figure 5D), delivering discharge capaci-
ties of 284, 258, 230, and 201 mAh g'at1C,2C,4C,and 8 C,
respectively. Even at a high rate of 16 C, a discharge capacity
of 170 mAh g™ was achieved. We also compared the cycling
performance of the cellulose-5 wt.% CMC electrolyte to the cel-
lulose-only electrolyte (0% CMC), as well as the aqueous elec-
trolyte/glass fiber separator, where the cellulose-5 wt.% CMC
electrolyte demonstrated the best performance (Figure S20,
Supporting Information). Moreover, the capacity retention of
the cellulose-5 wt.% CMC cell is high compared to other previ-
ously reported bio-based electrolytes for ZIBs (Table S5, Sup-
porting Information). These results clearly demonstrate the
strong performance and compatibility of the cellulose-CMC
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electrolyte with the most commonly studied and low-cost
Zn||MnO, chemistry.

3. Conclusion

In this work, we demonstrate the excellent performance of a
cellulose-CMC electrolyte for aqueous ZIBs. The cellulose-CMC
electrolyte is derived from easily-accessible, low-cost natural
materials, with no synthetic additives from fossil fuels, and was
fabricated via a facile mixing and vacuum filtration method, fol-
lowed by a simple NaOH treatment. The cellulose-CMC electro-
lyte with 5 wt.% CMC exhibits a high mechanical strength of
up to 70 MPa and excellent ability to bond water molecules, !
resulting in not only high ionic conductivity but also fewer side
reactions. These properties enable the ultra-fast electroplating/
stripping of Zn, largely free of the formation of dendrites and
side reactions, at a current density up to 80 mA cm™ for more
than 3500 cycles. Zn||[MnO, full cells fabricated with the cellu-
lose-CMC electrolyte show excellent cyclability (95% capacity
retention after 500 cycles at 8C) and rate performance with
a rate of up to 16 C. Considering the low cost, sustainability,
inherent safety (compared to flammable organic-based sys-
tems, with low risk of thermal runaway, Figure S21, Supporting
Information), facile fabrication, and the extraordinary electro-
chemical performance and compatibility with simple Zn|[MnO,
chemistry, the cellulose-CMC electrolyte has great potential
for Zn ion batteries, paving the way toward grid-scale energy
storage for renewable energy sources.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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4. Experimental Section

Materials: Cellulose nanofiber gel (3 wt.%) was purchased from SAPPI.
Carboxymethyl cellulose (CMC) powder (400000 g mol™), polyvinylidene
fluoride (PVDF) powder (>99.5%), and zinc foil (100 um in thickness,
99.9%) were purchased from MTI corporation. Sodium hydroxide
(NaOH, 97%), Zinc sulfate heptahydrate (99%), N-methyl-2-pyrrolidone
(NMP, 99.5%), ammonium persulfate (98%), and Manganese(ll)
sulfate monohydrate (>98%) were purchased from Millipore Sigma. All
materials were used directly without any treatment.

Preparation of the Cellulose-CMC Membrane: CMC was first dissolved
in DI water by stirring overnight at room temperature to produce a
0.5 wt.% CMC solution. Then 1.33 g of 3 wt.% cellulose nanofiber gel was
added to 40 mL DI water. After that, 0, 16, 42, or 69 mg of 0.5 wt.% CMC
solution was slowly pipetted into the dispersion to produce samples with
0 wt.%, 2 wt.%, 5 wt.%, and 8 wt.% CMC contents. The dispersion was
mixed using a vortex mixer for 10 min, then bath sonicated for 30 min,
which yielded a uniform dispersion with no visible aggregation. The
dispersion was then vacuum filtrated through a PVDF filter membrane
(Durapore, 0.65 im pore size), which yielded a wet cellulose-CMC film
that could be easily peeled off from the filter. The film was immediately
immersed in 20 wt.% NaOH solution for 12 h, then rinsed with DI water
until the rinsing solution reached pH 7. The membrane was stored in DI
water for further treatment.

Preparation of the Cellulose-CMC Electrolyte: The cellulose-CMC
membrane was immersed in 2 M ZnSO, aqueous solution overnight
for Zn plating/stripping tests, or immersed in 2 M ZnSO,/0.1 ™
MnSO, aqueous solution overnight for Zn|[MnO, full cell tests. The
cellulose-CMC electrolyte was obtained after squeezing between
Kimwipes with a pressure of 0.5 MPa (squeeze-dry).

Water Uptake and Water Retention Measurements: To measure the
water uptake, the membranes were first dried in a vacuum oven at 100 °C
for 12 h to remove all water, and then soaked in deionized water for 1 h.
The water uptake was defined by the ratio between the mass of the dry
membrane and the mass of the soaked membranes. For water retention
tests, the soaked membranes were placed in an ambient environment
of 25 °C and 1% relative humidity. Then the masses of the membranes
were measured every 20 min and recorded.

EIS Tests: EIS tests were performed with stainless steel plates as
blocking electrodes. The cellulose-CMC electrolyte was sandwiched
between two stainless steel plates and then assembled within a CR2032
coin cell for EIS measurements. The cellulose-CMC electrolyte had a
thickness of 80 um. The EIS data was measured using a Biologic VMP3
electrochemical workstation at an amplitude of 10 mV at an open circuit
voltage.

Transference Number Measurement: The Zn?* transference numbers
were measured using the Bruce-Vincent method. DC polarization
measurements were conducted with a potential of AV =10 mV in the
Zn||Zn cells until the current reached a steady state, and corresponding
EIS measurements were collected before and after the DC polarization.
The Zn?* transference number (tz,) was calculated according to:

= Iss (AV —IoRo) )
" 1o (AV ~IssRss)

where AV is the applied potential, Iy is the initial current, Ry is the initial
resistance, I is the steady-state current, and Ry is the steady-state
resistance.

Electrochemical Tests for Zn Plating/Stripping: Zn symmetric cells
were assembled using Zn foils for both the cathode and anode, and
either the cellulose-CMC electrolyte or aqueous electrolyte (100 puL 2 m
ZnSQ,) with a glass fiber separator. The asymmetric Cul|[Zn cells were
assembled using Cu foil and Zn foil as the cathode and anode. All cells
were assembled in ambient environment using CR2032 coin cells and
tested at room temperature. The galvanostatic plating/stripping profiles
were measured by a NEWARE battery testing system.

Electrochemical Tests for Zn||MnO, Full Cell: MnO, nanorods were
synthesized by a hydrothermal method reported in the literature.l®% To
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prepare composite electrodes, MnO,, Ketjenblack EC-600JD, and PVDF
were mixed at a mass ratio of 8:1:1 within NMP. The resulting slurry
was then cast onto carbon paper and dried at 100 °C under vacuum
for 12 h before cell assembly. The areal loading of the active material
was =6 mg cm~2. The electrochemical performances of the composite
electrodes were evaluated in a CR2032 coin cell with a zinc foil anode
and cellulose-CMC electrolyte (ZnSO,/MnSQ,4). The galvanostatic
charging/discharging profiles were measured by a NEWARE battery
testing system. All electrochemical tests were run at room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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