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SUMMARY

Aqueous zinc-ion batteries (AZIBs) have garnered considerable interest as potential solutions for large-
scale energy storage systems, owing to their cost-effectiveness and high safety. Nonetheless, the devel-
opment of AZIBs is hindered by significant challenges associated with dendrite growth and side reactions
on Zn anodes. Here, a bio-based separator derived from cellulose was developed for the dendrite-free
anode in AZIBs. In addition, the separator is notable for its ultra-low cost and biodegradability in contrast
to the commonly used commercial glass fiber (GF) separators. The mechanical strength of the separator is
enhanced by the cross-linking of hydrogen bonds, effectively inhibiting dendrite growth. The zinc-philic
groups facilitate better binding to Zn?*, resulting in uniform nucleation and deposition. The hydrophilic
groups aid in trapping water molecules, thereby preventing side reactions of the electrolyte. The Zn||
Zn symmetric cell with this separator can sustain a long cycle life for over 800 h, indicating stable Zn**
plating and stripping with suppressed dendrite growth. Concurrently, the assembled Zn||VO, full batte-
ries exhibited a capacity retention rate of 61.87% after 1,000 cycles at 1 A g~ ' with an initial capacity
of 140 mAh g~ . This work highlights a stable, economical, and eco-friendly approach to the design of
bio-based separators in AZIBs for sustainable energy storage systems.

INTRODUCTION

Aqueous zinc-ion batteries (AZIBs) have attracted significant attention as a promising alternative to lithium-ion batteries (LIBs) for large-scale
energy storage systems due to their high theoretical capacity, low redox potential, high safety, and eco-friendliness.’ Despite the enormous
potential of AZIBs for developing novel battery systems, several unresolved issues persist.” The application of AZIBs is mainly impeded by two
concerns associated with the Zn anode: dendrite growth and water-related side reactions.” On one hand, the irregular deposition of Zn?*
exacerbates uneven electric field distribution and eventually leads to severe dendrite growth.” Zn dendrites in large quantities can easily
puncture the separator and cause battery failure. On the other hand, the use of aqueous electrolytes leads to hydrogen evolution reaction
(HER) and the formation of zinc hydroxide sulfate (ZHS), inducing the consumption of electrolytes and battery expansion.”

To address the aforementioned problems, many solutions have been proposed, including electrolyte additives,® collector modification,’
separator modification,® and functional separator design.” As carriers for aqueous electrolytes, separators require toughness, flexibility, hydro-
philicity, and uniform pore size distribution, which can regulate Zn* flux and electric field distribution on Zn anodes.” Apart from electrochemical
performances, the cost and environmental compatibility must also be taken into account.'® Currently, glass fiber (GF) separators are the most
commonly used separator in AZIBs. Although GF separators offer high porosity and excellent liquid absorption, some flaws remain."" First, non-
uniform large-scale pores in GF may result in irregular Zn®* deposition and lead to severe dendrite growth.'? Second, their thickness and loose-
ness make it challenging to achieve high energy density in battery assembly.'® After all, commercial GF separators are expensive and cannot
naturally degrade after disposal. Hence, there is a practical trend to develop multifunctional alternative separators suitable for AZIBs.

Considering the cost and biodegradability of the potential alternative separator, cellulose, the most abundant biopolymer material in na-
ture,"* emerges as a suitable choice.'"” Cellulose-based materials have many advantages such as sustainability, renewability, biocompat-
ibility, biodegradability, and non-toxicity.''? By extracting 1D nanomaterials with a diameter of less than 100 nm from microcrystalline cel-
lulose, cellulose nanofibers (CNFs) can be obtained.'® Compared to 2D and 3D cellulose, CNFs exhibit a larger surface area and higher
porosity and the nano lines contribute significant strength and directional stability.”” Therefore, cellulose-based separators have shown
more comprehensive performance among various materials of many separators.”’ > Recently, a number of novel cellulose-based separators
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Figure 1. Synthesis and characterization of separators

(A) Schematic illustration of CNFs and CRC separators.

(B) Binding energy calculations based on DFT between Zn** and different components of CNFs and CRC.
(C) TEM images of CNFs and CRC.

have been developed for AZIBs.”**° For example, Wang et al. generated a cotton-derived cellulose separator, effectively inhibiting dendrites
and side reactions on Zn anodes.”® Herein, a low-cost and degradable separator derived from cellulose was proposed for dendrite-free an-
odes in AZIBs. In this work, the CNFs were used as the matrix and carboxymethyl cellulose (CMC) was used as the optimized component. The
additive of CMC will further enhance the mechanical properties of cellulose-based separators®' and demonstrate better Zn?* binding and
water trapping ability compared to CNFs.* Finally, CMC-reinforced CNFs (CRC) separators were obtained. The Zn||Zn symmetric cell with
this separator can sustain a long cycle life for over 800 h. The Zn|[VO, full cell exhibited a capacity retention rate of 61.87% after 1,000 cycles
at 1 A g~ with an initial capacity of 140 mAh g~". Moreover, considering adequate cycling performance, we introduce the crucial aspects of
cost and degradability to the development of multifunctional alternative separators.

RESULTS AND DISCUSSION

Synthesis and characterization

CRC separators were prepared by a simple sol-gel method, and the detailed preparation and methods are shown in Figure S1. As shown in
Figure 1A, CMC is rich in carboxyl and hydroxyl groups, which can interact with CNFs in the liquid phase. Chemical copolymerization neces-
sitates cross-linking agents, which can restrict material biodegradability and raise processing costs.*” In contrast to the approach taken in this
study, the actual preparation process excluded cross-linking agents. In such conditions, cellulose chains aggregate by forming longitudinal
networks through intermolecular hydrogen bonding.'>'® Thus, the cost and degradability of the separator had improved. The composition of
the two cellulose-based components of CRC can be observed by transmission electron microscope (TEM) images (Figure 1C). According to
the structure of each component, hydroxyl and carboxyl groups contribute to hydrogen bonding in CMC, CNFs, and water, while carboxyl
groups can interact with Zn?* in the electrolyte. Figures 1B and S2 show the binding energy calculations based on density functional theory
(DFT). Compared to water, groups of cellulose derivatives, especially the carboxyl groups, act as strong zinc-philic sites. This facilitates a more
efficient and uniform migration of Zn®* during the deposition, as evidenced by a binding energy of —33.25 eV between the Zn?* and carboxyl
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Figure 2. Physical characterization of separators
(A) Porosity and thickness.

(B) FTIR spectra.

(C) Raman spectra.

(D) Contact angle with 1 M ZnSQO, electrolyte and SEM images of GF and CRC separators.
(E) lonic conductivities and Nyquist curves of separators with 1 M ZnSOj electrolyte.

(F) Stress-strain curves of tensile characterization.

groups. Also, the high binding energy of CMC to water (Figure S3) indicates the potent hydrophilic groups in CRC separators, which
contribute to limiting the reaction activity of free water molecules, thereby suppressing interfacial side reactions on the Zn anode.

The interweaving of chain segments fixes the relative position of cellulose polymers and enhances the strength and flexibility of the cellulose
separator. As shown in Figure 54, CRC separators were unharmed after folding. To ensure mechanical strength while minimizing thickness for
higher energy density, we need to precisely control the feeding amount during separator preparation. Ultimately, the thickness was reduced to a
minimum of 134 um, and the porosity was measured at 23.2% (Figure 2A). By adding CMC, the mechanical strength of the separator matrix can
be improved due to the hydrogen bonds cross-linking and reflects on some other physical properties,® like the electrolyte absorption ability
(Figure S5). Figure 2B reveals the chemical bonds of GF, CNFs, and CRC separators by Fourier transform infrared spectroscopy (FTIR spectros-
copy). For cellulose-based separators, the characteristic peaks belong to O-H stretching and C-O stretching, proving the existence of hydrophilic
hydroxyl and carboxyl groups. Figure 2C shows laser confocal Raman spectra of CNFs and CRC separators. The peaks of C-O-C and glycosidic
bonds stretching vibration indicate the characteristics of separator components and the chemical connection of cellulose units. To evaluate the
wettability of the separator, the contact angle measurements between 1 MZnSO, electrolyte and different separators were adopted, as shown in
Figure 2D. The drop on the GF surface is immediately absorbed for its large porosity and loose stacking. CRC separator also shows enhanced
wettability with a contact angle of 23°, better than the pure CNFs separator with 30° (Figure Sé). This can be attributed to more and stronger
hydrophilic carboxyl groups. Enhanced wettability of the interface correlates with a decrease in the free energy of nucleation, thereby facilitating
a more uniform deposition of zinc ions. The morphology of GF and CRC separators can be observed by scanning electron microscope (SEM)
image, as shown in Figures 2D and S7. The loose GF filaments can create uneven surfaces that promote the nucleation of dendrites. Some de-
tached GF filaments may migrate to the deposition layer and lead to severe dendrite growth and subsequent battery failure. In contrast, the CRC
separator has a smooth surface and even pore distribution, which can lead to a uniform Zn?* flux across the separator.

The ionic conductivities were measured according to the bulk resistances obtained from the Nyquist curve and the thickness of separators,
calculated and shown in Figure 2E. Although the thinner thickness of the CRC separator reduces the ion transmission distance, the long-chain
and stacked cellulose fibers further enhance the interaction, resulting in slower Zn?* transmission in separators. The superposition of multiple
factors eventually makes the ionic conductivity of all separators very close. The tensile properties of GF, CNFs, and CRC separators were
measured by electro-mechanical universal testing machines as shown in Figure 2F. The results show that the tensile strength of CRC separator
increased by 733% (5.08 MPa) than that of the GF separator (0.61 MPa). This can be attributed to the cross-linking of hydrogen bonds between
CNFs and CMC. It also can be found that the maximum elongation of the CRC separator is greatly improved, reaching 18%, much more than
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Figure 3. Analyses of electrochemical performances of symmetric cells and half cells

(A) Cycling performances of Zn|[Zn cells with GF and CRC separators.

(B) Rate performances of Zn||Zn cells with GF and CRC separators.

(C) Column efficiency of Zn||Cu cells with GF and CRC separators.

(D and E) GCD profiles for selected cycles of Zn||Cu cells with (D) GF and (E) CRC separators.

the elongation of CNFs (3%) and GF separators (2.5%). The increasing mechanical strength of the CRC separator will resist the puncture of Zn
dendrites and inhibit further dendrite growth.

Electrochemical performance of symmetric cells and half cells

The electrochemical performances of Zn anodes can be evaluated by Zn|[Zn symmetric cells with GF and CRC separators. Initially, the prop-
erties of separators were optimized by the cycling performances of Zn||Zn cells (Figures S8 and S9). The cycling lifespan of zinc anodes was
improved with the incorporation of CMC for the strong zinc-philic groups, which will lead to a more uniform deposition of Zn?*. After the
determination of optimal ratio and thickness, assembled Zn||Zn symmetric cells were tested at a current density of 0.5 mA cm™2 and an areal
capacity of 0.5 mAh cm™2 (Figure 3A). The cell assembled with GF separator short-circuited after 50 h, while the cell with CRC separator cycled
stably for more than 800 h, which is superb compared to previously reported works (Table S1). In addition, the cell with CRC separator can be
cycled stably for a long time under larger current density and higher capacity, as shown in Figure S10. The results can be explained by the
greatly enhanced mechanical properties, resisting the puncture of dendrites. Meanwhile, DFT calculation results prove that the polyanionic
structure of CRC separators can interact with Zn?* and enable uniform Zn?* deposition, thus exhibiting a stable Zn anode. The rate perfor-
mances of Zn||Zn cells were tested at various current densities ranging from 0.2 mA cm =2 and 0.2 mAh cm 2 to 2 mA cm™2 and 2 mAh cm 2, as
shown in Figure 3B. The cell with GF separator short-circuited after 80 h for the increase of current density, while the cell with CRC separator
maintained excellent cycle reversibility. Before and after the stable 140 h cycling, the corresponding polarization voltage of the cell did not
differ much, indicating that the CRC separator exhibits excellent rate capability and cycle stability.

To further study the influence of separators on plating/stripping reversibility, Zn||Cu half cells with GF and CRC separators were assembled
and tested at a current density of 1 mA cm ™2 and a capacity of 1 mAh cm ™2, As shown in Figure 3C, the coulombic efficiency of the cell with the
GF separator fluctuated sharply and decreased rapidly after 20 cycles. Such violent fluctuation means battery failure. In contrast, the CRC
separator maintained a high average coulombic efficiency of 98.04% after 120 cycles, showing improved reversibility of the plating/stripping
behavior of Zn?*. Meanwhile, the nucleation overpotential can be analyzed from galvanostatic charge/discharge (GCD) profiles, as shown in
Figures 3D and 3E. The nucleation overpotential of the cell with the CRC separator had a slight increase during the cycling process and re-
mained at 103 mV after 50 cycles, while the nucleation overpotential of the GF separator stayed at 51 mV. The increase of nucleation over-
potential of CRC separator can also be analyzed from the cyclic voltammetry (CV) curves of Zn||SS half cells (Figure S11). Both qualitative an-
alyses reflect better Zn%* deposition behavior. Furthermore, a large nucleation overpotential will decrease the radius of nuclei, increase the
number of active sites, and ultimately lead to a more uniform Zn?* deposition.
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Figure 4. Characterization of Zn?* deposition behavior with GF and CRC separators
(A) SEM, CLSM, and COMSOL simulations images of Zn anode after 25 cycles.

(B) CA curves under an overpotential of —150 mV.

(C) Schematic illustration of Zn?* deposition behaviors.

Improvement of Zn2* deposition and side reaction inhibition

The surface morphology of the Zn anode of the Zn||Zn cells with GF and CRC separators was observed by SEM and confocal laser scanning
microscope (CLSM) images, as shown in Figure 4A. After 25 cycles, the Zn anode of the cell with the GF separator has obvious dendrite on the
Zn deposited surface, while the cell with the CRC separator has homogeneous deposition with a unique pyramidal morphology. The results
signify the total importance of the CRC separator for promoting even Zn deposition. Meanwhile, the uniform deposition of cycled anodes and
the integrity of cycled separators (Figures 512 and S13) show nearly no dead Zn, indicating reversible and uniform Zn?* distribution. In
contrast, the GF filaments detached from the separator can be monitored in the deposition layer, which will cause much more uneven electric
field distribution on the Zn anode. The relationship between the deposition planeness and the electric field distribution can be simulated by
COMSOL Multiphysics software, as shown in Figure 4A. The simulation results indicate that uneven Zn?* deposition will lead to uneven
electric field distribution on the Zn anode with a GF separator. Simultaneously, Zn?* are guided by the electric field to deposit at the lowest
potential position. For uneven electric field area, the lowest potential position is the tip of the dendrites. The deposition phenomenon is the
so-called “tip effect.” Conversely, uniform Zn?* distribution and abundant zinc-philic groups of CRC separator will guide regular electric field
configuration and regular deposition. The results of SEM, SLSM, and COMSOL simulation jointly suggest that CRC separators can inhibit the
"tip effect,” resulting in dendrites-free Zn anodes and stable cycling performances.

The nucleation process has an important significance for the morphology evolution of Zn deposition in the later stage, which can be veri-
fied by the chronoamperometry (CA) test. The increase of effective surface area will lead to the increase of current. Zn?* tends to diffuse later-
ally along the Zn surface, and the aggregation of Zn atoms to form large particles is a favorable way to minimize the surface energy. As shown
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Figure 5. Regulation of side reactions on Zn anode

(A and B) LSV curves with GF and CRC separators.

(C) Tafel curves with GF and CRC separators.

(D and E) (D) Full view and (E) magnified view from XRD patterns of Zn anodes after 25 cycles.
(F) Optical photos of cells after large current cycling.

in Figure 4B, under an overpotential of —150 mV, the increase of current density in the initial stage represents the nucleation process of Zn?*.
The cell with GF separator has a continuous increase of current density, indicating the effective anode area increases. The cell with CRC sepa-
rator only increases for 50 s until reaching the stable current density, indicating that the 3D diffusion dominates the deposition behavior. To
investigate the ion transport regulation of separators, the Zn?* transfer number measurements are tested and calculated (tz,2" = 0.32) in Zn
symmetric cells (Figure S14). Figure 4C shows the schematic illustration of Zn deposition behavior with different separators. Compared with
the GF separator with large and uneven pore size, the CRC separator relies on the cellulose chain segments to guide the uniform deposition of
Zn?*, which can avoid the formation of dendrites. In summary, the morphology images, COMSOL simulation, and CA test results jointly illus-
trate this outcome-oriented function, inhibiting the growth of Zn dendrites and resulting in stable and reversible Zn anodes.

The side reactions on the Zn anode during cycling were further studied by linear sweep voltammetry (LSV) and Tafel test results. As shown in
Figures 5A and 5B, in sweep processes, the electrochemical stability window of the cell with CRC separator (—0.126 V-2.255 V) is much broader
than that of the cell with GF separator (—0.095 V-1.614 V), proving that CRC separator can suppress the hydrogen and oxygen evolution side re-
actions on the Zn anode. As shown in Figure 5F, if the gas generation during long-time cycling (50 cycles under 5mA cm =2 and 5 mAh cm =) is not
suppressed, the cell will crack due to the increase in pressure. Otherwise, the cell with CRC separator sustained a long cycling life. The results of the
Tafel test are shown in Figure 5C. The Tafel plots further confirm the inhibitory effect of the CRC separator on Zn anode corrosion. The corrosion
current density (jo) of the Zn anode with the CRC separator (0.060 mA cm~?) is much lower than that with the GF separator (0.805 mA cm).
Figures 5D and 5E show the X-ray diffraction (XRD) patterns of the Zn anode after 25 cycles. The boxed area is the diffraction angle region of passiv-
ation products. The XRD pattern of the Zn anode with the CRC separator shows no characteristic peaks of ZHS. Therefore, it confirms that the CRC
separator can effectively inhibit the formation of passivation products. It may, due to the abundant hydrophilic groups in CRC separators, firmly
trap water molecules by hydrogen bonds, reducing the reaction activity of water molecules on the Zn anode. The results indicate a reversible Zn
anode contributed by CRC separators, which can alleviate the issues of passivation, corrosion, and other side reactions in AZIBs.

Electrochemical performance of full cells

Vanadium dioxide (VO,) has a typical tunnel structure, which exhibits fast cation diffusion, higher capacity, and superior rate capability than
other vanadium oxides, making it a suitable energy storage cathode material. Figure 6A shows the SEM image of pure-phase VO, prepared
by a hydrothermal method. The prepared VO, has a typical 2D nanobelt structure, which facilitates the contact between the cathode and the
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Figure 6. Analyses of cathode and electrochemical performance of full cells

A) SEM images of synthesized VO,.
B) XRD patterns of synthesized VO,.
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Cycling performance of Zn|[VO, cells at 1 A g™".
E and F) Charge/discharge profiles of Zn||VO, cells with (E) GF and (F) CRC separators.

C) CV profiles at the second cycle of Zn||VO, cells with GF, CNFs, and CRC separators.

H and 1) Charge/discharge profiles of Zn||AC cells with (H) GF and (I) CRC separators.

Specific capacity (mAh g™)

electrolyte. Meanwhile, XRD analysis of the prepared VO, was performed (Figure 6B) to confirm that its crystal structure matches expectations.
Zn||VO;, cells were assembled with GF and CRC separators, respectively. The CV profiles of Zn||VO, cells are shown in Figure 6C. The scanning
window range is from 0.4 V to 1.35 V (vs. Zn?*/Zn), at a scan rate of 0.1 mV s". Multiple reduction and oxidation peaks appear in the sweep
process, indicating reversible multi-step insertion and extraction of Zn?* in the cathode. The CV curve of the cell with CRC separator
is broader, suggesting great electrochemical performance. The cycling performances of Zn||VO, cells with GF and CRC separators at
1 A g~ are shown in Figure 6D. The specific discharge capacity with the GF separator rapidly decayed to 50% after 200 cycles, and the
coulombic efficiency fluctuated heavily, indicating that the battery had failed. By contrast, the cell with CRC separator maintained a capacity
retention rate of 61.87% after 1,000 cycles with an initial capacity of 140 mAh g~', and the coulombic efficiency remained at almost 100%,
showing the excellent cycle stability of CRC separators. The charge/discharge profiles of Zn||VO, cells are shown in Figures 6E and 6F.
The rapid capacity decrease observed with GF separators suggests a swift failure of the cathode material, often attributed to the degradation
or dissolution of VO,. In contrast, the cell with CRC separators maintains a high capacity after long cycling, thus suggesting that CRC sepa-
rators exhibit the ability to inhibit the degradation or dissolution of VO,.
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Activated carbon (AC) as a cathode material is commonly used in aqueous zinc-ion capacitors (AZICs) for high conductivity, low cost, and
greenness. To explore the potential of CRC separators in AZICs, Zn||AC capacitors were assembled with commercial AC products. The cycling
performances were tested at a current density of 1 A g~', as shown in Figure 6G. The discharge capacity of the Zn||AC cell assembled with the
GF separator tended to zero after 1,100 cycles for short circuit. In comparison, the Zn||AC cell with the CRC separator reached an initial ca-
pacity of 58 mAh g™, a final capacity retention rate of 65.52%, and a coulombic efficiency at almost 100% after 10,000 cycles. Figures 6H and 6l
show the charge/discharge profiles of Zn||AC capacitors. The results indicate that the CRC separator achieves superior reversibility of Zn an-
odes. The rate capacities of Zn|[VO, and of Zn||AC cells were tested and shown in Figure S15. All results show the excellent cycle stability of
CRC separators in AZIBs and the ability to match multiple cathode materials.

Discussion of practical advantages

As an alternative energy storage solution, the practical implementation of AZIBs necessitates cost-effectiveness and environmental friendli-
ness.'®'” Considering adequate cycling performance, this work introduces the crucial aspects of cost and degradability. In practical applications,
CRC separators are highlighted as markedly economical, and eco-friendly, especially compared with the most commonly used commercial GF
and other separators.'®'?***> Tables 52 and S3 list the comparison of related works containing the discussion of cost and degradability. As
shown in Figure 7, the bulk pricing of commercial GF separators approaches almost 550 $ m™. In contrast, the area cost of CRC separators
is at a very low price about 9.1 $ m~2 accounting for all source materials. The significant cost advantage provides a viable option for practical
applications of battery separators. Furthermore, Figure 7 shows the nature-degradable properties of CRC separators. After being exposed
to earth, the bio-based CRC separator gradually degraded after 35 days, confirming the impressive environmental benignity of the construct.

Conclusions

In summary, the CRC separators were obtained all from cellulose derivatives. The significantly improved mechanical properties of the separator
inhibit the Zn anode from dendrite growth. The zinc-philic groups facilitate better binding to Zn*, resulting in uniform nucleation and deposition.
Also, abundant hydrophilic groups can trap water molecules to inhibit the occurrence of side reactions. A stable cycle of Zn||Zn cell exceeded
800 h under 0.5 mA cm ™2 and 0.5 mAh cm ™2, and the average coulomb efficiency of Zn||Cu cell reached 98.04% after 120 cycles. Assembled full
cells with CRC separators also show excellent electrochemical performances. Zn|[VO, full cells exhibited an initial capacity of 140 mAh g~" at
1 A g " and a capacity retention rate of 61.87% after 1,000 cycles. The Zn||AC capacitors exhibited an initial capacity of 58 mAh g~' at
1 A g~ and a capacity retention rate of 65.52% after 10,000 cycles. The coulombic efficiency maintained at almost 100%. This work paves a novel
path for exploring economical and eco-friendly battery separators to achieve stable Zn anode and high-performance AZIBs.

Limitations of the study

After the determination of the optimal ratio, the thickness of CRC separators is at a level of about 100 um. This is due to the simple sol-gel
methods with tap casting and dehydration processes, which cost very little but still have potential to reduce the thickness. For further in-depth
study, more advanced techniques, such as roll-to-roll coating and single-screw extrusion, should be introduced to the craft of modified CNFs
sheets for the control of thickness parameters. In addition, the performance of the CRC separators should be studied using assembled pouch
cells as opposed to coin cells.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Cellulose nanofibers NanoFC CAS: 9004-34-6
Carboxymethyl cellulose Macklin CAS: 9004-32-4
Zinc sulfate heptahydrate Aladdin CAS: 7446-20-0
Vanadium pentoxide Aladdin CAS: 1314-62-1
Activated carbon XFNANO CAS: 7440-44-0

Deposited data

Cost statistics of commercial separators https://doi.org/10.1016/j.xcrp.2022.100824 N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bo Wang
(wangbo19880804@163.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Preparation of separators

The CRC separator was synthesized via a sol-gel method with tap casting and dehydration processes. Briefly, 0.05 g of sodium carboxymethyl
cellulose (CMC) and 7 g of deionized water were mixed and stirred for uniform dispersion. Then add 8 g of 2.5 wt% cellulose nanofibers (CNFs)
dispersion and 0.3 g of glycerol into it, and seal it immediately. The solution will be stirred for 9 h at room temperature, and then homogenized
by ultrasonic homogenizer. Vacuum the gel-like solution for 5 min to remove the air bubbles, and pour it into a round plastic dish with a diam-
eter of 60 mm. Then, the mixed solution was dried at 50°C for 8 h in the oven. Finally, the CRC separator was obtained. For comparison, the
pure CNFs separator and CRC separators with various CMC addition was prepared under the same condition, respectively.

Preparation of cathodes

The VO, cathode was prepared via a hydrothermal reaction. Typically, 182 mg of commercial V,0s powder was dispersed into the solution
containing 198 mg of glucose and 70 mL of deionized water with stirring. The mixed solution was transferred into a 100 mL stainless steel
autoclave and maintained at 180°C for 10 h. After cooling to room temperature naturally, the products were collected and washed with de-
ionized water, then dried in a vacuum at 80°C for 12 h. The VO, powder was obtained by grinding the dried VO, lump. VO, cathodes were
prepared by mixing the VO,, Super P, and PVDF in a mass ratio of 7:2:1, dispersed in NMP to form a uniform mud. The VO, slurry was coated
onto the surface of Ti foil, and the electrodes were dried at 60°C under vacuum for 12 h. Active carbon (AC) cathodes were prepared in the

same manner in a mass ratio of 8:1:1. The mass loading of both cathodes was about 1.5-2.5 mg cm™2.

Characterizations

The morphologies of Zn anodes and cathode materials were collected by scanning electron microscopy (SEM) on ZEISS-SUPRAS5. The mor-
phologies of separator components were collected by transmission electron microscopy (TEM) on FEI Talos F200X. Confocal laser scanning
microscope (CLSM) images were obtained by Olympus-OLS3000. The crystallographic data of samples were recorded by X-ray diffraction
(XRD) on Bruker-D2 Advance. Fourier transform infrared (FT-IR) were gathered by Thermo Fisher Scientific-Nicolet is50. Raman spectroscopy
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was obtained by Renishaw-in Via-Reflex using a 785 nm diode-pumped solid-state laser. The porosity of different separators was measured by
n-butanol immersion method, and calculated according to the below equation:

Porosity (%) = (Am/p)/Vo x 100% (Equation 1)

where Am is the difference of weight after and before adsorbing, p is the density of n-butanol, and V; is the volume of the separator.

Electrochemical measurements

CR2025-type coin cells were assembled in an open-air environment using Zn foil (thickness: 80 pum and diameter: 14 mm) as anode, the pre-
pared electrodes as cathode, and 80 pL of 1 M ZnSQ, as the electrolyte. The cyclic performances of all cells were collected by the Neware
battery test system (CT-4008-5V20mA-164, Shenzhen, China). The other electrochemical performances were collected by the electrochemical
workstation (chi7é0e, Shanghai, China). The electrochemical potential window were recorded using the linear sweep voltammetry (LSV)
method with a scan rate of 1 mV s~". Tafel plots were measured by scanning between —0.3 and 0.3V at 1 mV s~". The chronoamperometry
(CA) curves were tested at an overpotential of —150 mV. The cyclic voltammetry (CV) curves were tested from 0.4 to 1.35V at 0.1 mV s The
ionic conductivities of the electrolytes were measured by electrochemical impedance spectroscopy (EIS) tests with a frequency range from
0.01 Hz to 10° Hz, and calculated through the equation:

_ L
“RA

where L is the thickness, A is electrode contact area, and R is bulk resistance.

4 (Equation 2)

The transference number of Zn?* was obtained according to the typical Evans method, which should be described as the following
formula:

_ Is(AV — hRo)

7n2t = m (Equatlon 3)

where lo/ls and Ro/Rs represent the initial/final current density and charge transfer resistance before and after the chronoamperometry test, AV
(20 mV) is the constant polarization potential for the chronoamperometry test.

Calculation method

The geometry optimizations and binding energy calculations based on density functional theory (DFT) were carried out using generalized
gradient approximation (GGA) and Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional® in Dmol3 module®*® of Materials
Studio of Accelrys Inc. Grimme’s DFD-D3 method® was used to represent the dispersion interactions. The convergence tolerance was set
to 107> eV per atom for energy, 3.0x1072 eV A" for maximum force, and 10~° A for maximum displacement. The binding energy (Ey)
between Zn?* and different construction was calculated according to the following equations:

Eo = Eiotal — B2 — Eo (Equation 4)

where Ei, represents the total energy of the specific construction combined with Zn?*, E, and E, represent the energy of Zn?* and the
energy of combined construction (water or molecular of separator components).

Simulation method

The simulation of the electric field distribution at the surface of the Zn anode was established in COMSOL software via a simplified 2D model.
The Butler-Volmer equation without concentration polarization was used to analyze the relationship between interfacial current and potential:

=1 (exp (%) — exp (%)) (Equation 5)

where jis the local current density, jo is the exchange current density, 7 is the overpotential, 8 is the anodic transfer coefficient, and 1—4 is the
cathodic transfer coefficient.
Ohm formula is used to analyze the relationship between current and potential in electrolyte region:

i= — oV (Equation 6)

where iis the current of the electrolyte, ¢ is the ionic conductivity of the electrolyte, and ¢ is the potential of the electrolyte.

The size of the defined Zn anode model and electrolyte model is 50 pm x 20 pm and 50 pm X 30 um, respectively. According to SEM
images, the Zn dendrites model is constructed into round triangles with the diameter of 5 pm and 1 pm. According to experimental
data, the ionic conductivities of the ZnSO, electrolyte were set to 0.398 S m~' and 0.134 S m~". The jo of ZnSO, electrolyte was set to
0.805 mA cm~2 and 0.060 mA cm~2 The electrical conductivity of Zn was set to 1.66 x 107 Sm™".
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