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Single-Ion-Functionalized Nanocellulose Membranes 
Enable Lean-Electrolyte and Deeply Cycled Aqueous  
Zinc-Metal Batteries

Xuesong Ge, Weihua Zhang, Fuchen Song, Bin Xie, Jiedong Li, Jinzhi Wang, 
Xiaojun Wang, Jingwen Zhao,* and Guanglei Cui*

Aqueous cells with zinc-metal anodes featuring safety and low cost, are 
beneficial for diversifying energy-storage technologies, while their energy 
density and cyclability have been long limited by side-reactions and dendrite 
issues, especially at the practical device level. Though sustained efforts are 
underway to renovate electrodes and electrolytes, the roles of other indispen-
sable components, such as separators, in the cell operation have been not 
fully unexplored thus far. Here, it is demonstrated that both the reversibility 
and utilization of aqueous zinc anodes can be improved by using a single-ion 
Zn2+-conducting nanocellulose membrane as the separator. Even without any 
treatments to the electrodes and thereof interfaces, this functional membrane 
marked by synergetic optimization on key required properties regarding 
mechanical strength, preferred Zn2+ conduction and hydrophilicity, mitigates 
H2 evolution, corrosion, and dendrite growth on zinc anodes, thus ena-
bling >80% depth-of-discharge stable cycling under practically feasible lean 
electrolyte (electrolyte-to-capacity ratio = 1.0 g Ah−1) and high areal capacity 
(8.0 mAh cm−2) conditions. These findings translate to an excellent capacity 
retention of exceeding 95% after 150 cycles for full cells with practically high-
loading cathodes (17 mg cm−2). This work provides a simple yet practical 
avenue to high-energy, long-cycling aqueous zinc-metal batteries.
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Rechargeable aqueous Zn batteries (ZBs) 
stand out with their safety in nature, low 
cost, element abundance, and potential 
high volumetric energy density (5851 Ah L−1  
for metallic zinc).[1] However, in practice, 
the reversibility of Zn anodes in aqueous 
environments remains poor hitherto, 
stemming from H2 evolution, passivation, 
and accompanying dendrite growth.[2] 
This issue rationalizes the fact that com-
mercially mature batteries with Zn anodes 
(e.g., Zn–MnO2 or Zn–air alkaline bat-
teries) have been mostly adopted for 
single-use applications.[3] The realization 
of practically rechargeable ZBs hinges on 
the discovery of new reliable electrode–
electrolyte chemistries as well as key sup-
porting components.

A variety of strategies have been 
pursued to enhance the reversible Zn 
plating, including modified Zn anodes,[4] 
electrolyte optimization,[5] and innova-
tive cell designs.[6] However, the complex 
fabrication process, low energy density, 
decreased capacity, and high cost make 

these approaches questionable. Notably, most of these inves-
tigations are based on laboratory testing conditions (typically 
flooded electrolyte, low areal capacity, and unlimited Zn excess) 
far from what are required for real devices. For a new recharge-
able battery, the improvement in cycling performance is prac-
tically feasible only when the energy density can be competi-
tive against existing analogous systems.[7] A careful analysis by 
Parker et al., conspicuously demonstrated that ZBs (exemplified 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202200429.

1. Introduction

Today’s battery technology is far from being perfect. Intense 
research made to develop new battery chemistries has aimed 
at addressing the operational risks and cost shortcomings of 
organic lithium-ion batteries (LIBs), motivated by the envi-
sioned booming markets, i.e., electrification of transporta-
tion, electronic wearable systems, and large-scale grid storage.  
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with Zn–air batteries) even with moderate depth-of-discharge 
(DODZn>10%) can surpass Pb-acid batteries in energy density 
and potentially approach the lower end performance of LIBs 
when >40%  DODZn is achievable.[8] Unfortunately, because 
the stability of aqueous Zn anodes against harsh environ-
ments, i.e., lean electrolyte and low zinc inventory coupled with 
rational areal capacity, is still elusive, the incentive induced by 
such energy merits is often marginalized.

All batteries need separators, which assist electrolytes to 
ionically connect and electronically isolate electrodes with oppo-
site polarity. Inspired by the knowledge accumulated on LIBs, 
though the chemical nature of the electrolyte defines the ionic 
transport and redox pathways, interactions of solvents, and ions 
with the separators can be used to regulate ion-conducting pref-
erence and interfacial reactions.[9] Versatile functionalities have 
been enabled by novel separator structures, e.g., supporting 
high-rate charge/discharge and stable plating/stripping of elec-
trodes in diversified battery chemistries, which makes separator 
engineering an indispensable and pragmatic approach to opti-
mizing performance of batteries with fixed electrolyte–electrode 
couples.[10] However, it is unreliable to expect a simple transi-
tion of the design principles accepted on conventional Li+-
separators to aqueous Zn2+-counterparts. In a strict sense, the 
requirements for separators used in Zn anodes are even magni-
fied, since during repeated plating/stripping processes, issues 
regarding cell volume change and dendrite-penetrating risks 
have to be encountered.

In contrast with numerous reports on newly developed elec-
trodes and electrolytes for aqueous ZBs, only limited efforts 
have been devoted to separators that are deceptively simple, but 
equally important for commercial realization. Basically, suitable 
aqueous separators require strong hydrophilicity, uniform pore 
size distribution, mechanical flexibility and toughness, which 
are actually similar to the properties necessary for the polymer 
materials modifying Zn anodes, as elaborated in our previous 
work.[4a] In addition, separators should be able to have superior 
electrolyte uptake and retention capabilities, in the consideration 
of the long-term operation under nonflooded or strict lean-elec-
trolyte conditions.[11] The source of raw materials and manufac-
turing processes must be also considered in view of cost. Given 
the direct physical contact between electrodes and separator, if 
a separator material has additional functionalities of preferred 
Zn2+ conduction and deposition, it promisingly tunes both the 
metal plating and interfacial reactions. Single-ion functionaliza-
tion is an effective strategy to restrict the movement of anions, 
for decreasing the interface polarization and promisingly inhibit 
the dendrite growth on metal electrodes. However, the reality is 
that the presently available aqueous separators often achieve one 
or two of the above multifaceted goals at the expense of com-
promises in the others. Currently, polyolefin, glass-fiber, and 
filter-paper membranes are the most commonly used separators 
in aqueous ZBs.[12] Polyolefin separators have poor wettability 
to aqueous electrolytes due to their strong hydrophobicity in 
chemical nature, resulting in large interfacial contact resistance. 
Given its high price and difficulty in processing on a large scale, 
the glass-fiber separator is mostly used in experimental prac-
tices. Additionally, the glass-fiber products are relatively thick 
and loose, which makes it difficult to achieve a high energy den-
sity for the assembled batteries. The merits of the filter-paper 

separator consist in the strong hydrophilicity and low price, but 
its irregular pore structure and poor mechanical properties may 
exacerbate uneven Zn deposition.

Taking the urgency of optimizing Zn anodes at the device-
level conditions into account, we develop a multifunctional 
aqueous ZB separator based on a single-ion-functionalized 
cellulose nanofiber (CNF) membrane, which combines the 
physical benefits (i.e., mechanical toughness, strong hydro-
philicity, and uniform pore distribution) with the preferen-
tial Zn2+-ion transport (the Zn2+-ion transference number of 
0.70 ± 0.12). Of note, the operation of batteries assembled by 
this separator needs only to be infiltrated with a small amount 
of water (100  wt% of separator or equilibrium at >75%  rela-
tive humidity); no extra zinc salts are required. Even without 
any electrode modification, a synergy from the above sepa-
rator properties improves the Coulombic efficiency (CE) of Zn 
plating/stripping to 99.5% and affords the stable operation of 
aqueous Zn anodes at ≥8 mAh cm−2 and 80% DODZn in a lean 
electrolyte state (electrolyte-to-capacity ratio, E/C = 1.0 g Ah−1). 
This separator has been also demonstrated to be compatible 
with various Zn2+-storage cathodes; especially, more than 95% 
of the original capacity was retained after over 150 cycles for 
high-loading polyaniline cathodes. It should be mentioned that 
our membranes are abundantly available from various biomass 
sources and can be prepared on a large scale based on the 
existing papermaking process, which results in the material’s 
low cost. This work highlights a robust evaluation for practi-
cally reliable ZBs and suggests a new direction for stabilizing 
multivalent-metal batteries via pragmatic separator designs.

2. Results and Discussion

CNFs are abundantly available from various biomass sources, 
such as wood, bamboo, and cotton (Figure  1a), and have 
received extensive attention in recent years as star materials in 
many fields because of their environmental friendliness and 
tunable mechanical properties. The membranes fabricated 
by CNFs have several distinctive advantages, including good 
hydrophilicity, water retention capacity, and uniform nanopo-
rous structure, becoming one of the ideal choices for aqueous 
battery separators.[13] However, previously reported CNFs in 
the battery field only served as routine supporting materials 
for electronically decoupling anode and cathode, while liquid 
electrolytes containing metal salts are needed for applica-
tions.[14] Moreover, their potentials in ion-transport selectivity, 
water activity inhibition, and dendrite suppression are yet to 
be explored in depth, which could partially rationalize the fact 
that the stable cycling of energy-dense metal anodes is rarely 
reported in lean electrolyte and/or low metal inventory condi-
tions.[15] Thus, we embarked on assessing the viability of prac-
tically rechargeable aqueous ZBs by a focus on fabricating 
functionalized CNFs.

2.1. Mechanical and Structural Properties of CNF Membranes

Single-ion conductors have been demonstrated to be able to 
suppress dendrites by reducing the electric field at the metal 
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electrodes.[16] Thus, we tried to modify CNFs with the prefer-
ential Zn2+-conducting pathways.[17] By an ion-exchange process 
(Figure S1, Supporting Information), Na+ ions of the pristine 
cellulose nanofiber sodium sulfonate (CNF-SO3Na) were suc-
cessfully replaced with Zn2+ ions (Figure S2, Supporting Infor-
mation). The Na and Zn contents in CNF-SO3Zn powder were 
measured by inductively coupled plasma optical emission spec-
trometry (ICP-OES) to be 0.01 and 3.80 wt%, respectively. Since 
sulfonate anions are fixed to the cellulose chains, Zn2+ ions 
mainly contribute to the mobile charge in CNF-SO3Zn mem-
brane under the electric field in theory (Figure  1a). As shown 
in transmission electron microscopy (TEM) images (Figure 1a; 
and Figure S3, Supporting Information), the cellulose nanofiber 
zinc sulfonate (CNF-SO3Zn) nanofiber has a high aspect 
ratio with high specific surface area (the diameter of fibers is 
10–20 nm with few micrometers in length), which result in the 
superior mechanical properties of CNF-SO3Zn membranes. 
Figure 1b; and Figures S4 and S5 (Supporting Information) pre-
sent a focused comparison of mechanical properties between  
CNF-SO3Zn and other membranes (filter paper, glass fiber, 
GF/A, Celgard 2340) commonly used in aqueous batteries. 
It is found that the dry strength of CNF-SO3Zn membrane 
reaches 210.3 ± 14.2 MPa, much higher than that of filter paper 
(15.2 ± 3.1 MPa) and GF/A (0.9 ± 0.2 MPa) in the control groups. 
The Celgard 2340 membrane shows an impressive machine 
direction (MD) tensile strength, reaching 163.4 ± 12.6 MPa, yet 
accompanied by a low tensile strength in transverse direction 
(13.6 ± 1.5 MPa). The mechanical strength of membranes, espe-
cially in the state of being infiltrated by electrolyte, is essential 
to withstand battery operation and reduce the risk of internal 
short circuits. Encouragingly, the CNF-SO3Zn membrane 
has a superior wet strength of 21.2 ± 1.8  MPa to those of the 

control groups. To visually demonstrate this, a piece of the wet 
CNF-SO3Zn membrane can lift a 500 g weight (Figure S6b, 
Supporting Information). In addition to excellent mechanical 
strength, a boat folded by the CNF-SO3Zn membrane high-
lights its flexibility (Figure S6b,c, Supporting Information), a 
key characteristic for future applications in wearable devices. 
Importantly, CNF-SO3Zn can be manufactured on a large scale 
using traditional papermaking technologies. A large piece of 
the CNF-SO3Zn membrane with a size of 50 (length) × 20 cm 
(width) is shown in Figure 1c, highlighting its flexibility, trans-
parency, and scalability.

The microstructure of membranes has an important influ-
ence on their electrochemical and mechanical performance.[9,18] 
Small pore size and narrow pore size distribution are gener-
ally requisite properties to an ideal separator. As shown in 
Figure 2a, the surface of CNF-SO3Zn is smooth without obvious 
fiber aggregation and irregular macropores. As comparison, the 
pore structures of fiber paper and GF/A are micrometer-sized 
and unevenly distributed (Figure 2b,c; and Figures S7 and S8, 
Supporting Information). Although the polyolefin membrane 
(e.g., Celgard 2340) is nanoscale in the pore size with the pore 
dimeter of 50–200 nm, but it possesses a broad distribution of 
pore sizes (Figure 2d; and Figure S9, Supporting Information). 
The large pore sizes and broad pore-size distributions of state-
of-the-art separators lead to inhomogeneous current distribu-
tion, further inducing the dendritic growth and poor cycle life 
of aqueous ZBs. The comparison of physical parameters for dif-
ferent membranes is listed in Table 1. Based on a typical paper-
making process, the thickness of the CNF-SO3Zn membrane 
can be effectively controlled within 25 µm (measured by SEM, 
Figure  2e), much thinner than those of filter paper (160  µm) 
and GF/A (180 µm), which is critical to reduce the areal density 

Figure 1. The structure and mechanical properties of the CNF membranes. a) Schematic illustration of the CNF-SO3Zn structure. The raw materials 
can be derived from plants, such as wood, bamboo, and cotton, etc. Sulfonate anions are covalently grafted on the cellulose chains, which makes Zn2+ 
ions the dominant mobile ions under the electric field. The transmission electron microscopy (TEM) image shows the micromorphology of CNFs.  
b) The dry strengths and wet strengths of different membranes. c) A digital photo image of an as-synthesized CNF-SO3Zn film with a size of 50 × 20 cm.

Adv. Funct. Mater. 2022, 32, 2200429
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and the weight ratio of inactive portions in practical batteries. 
The corresponding energy dispersive spectrometer (EDS) ele-
mental mapping results of the CNF-SO3Zn membrane clearly 
show the evenly distributed Zn (Figure  2h). As presented in 
Figure 2f,g, CNF-SO3Zn nanofibers are closely packed parallel 
to the surface of the membrane, resulting in a nacre-like layered 
structure, which contributes to the high mechanical strength.[19]

2.2. Comparison of Key Metrics for Separators

Since the electrolyte can hardly evenly infiltrate the separator in 
practical lean-electrolyte conditions (i.e., E/C < 3.0 g Ah−1)[20] by 
using the traditional dripping method (Figure S10, Supporting 
Information), an alternative strategy was adopted in this work 
to evaluate the effectiveness of our separators. Typically, CNF-
SO3Zn and the control groups were first fully soaked in deion-
ized water and 0.5 m ZnSO4, respectively; then, the excess 
liquid was carefully sucked away by filter papers. The amounts 
of electrolyte uptake were accurately controlled by weighing 
separators before and after electrolyte absorption. As shown 
in Figure  3a, the CNF-SO3Zn membrane exhibits a saturated 
liquid uptake of 200 wt% based on its dry weight (equivalent 
to that of Celgard 2340 but much lower than 975 wt% of GF/A 

and 315 wt% of filter paper). The vast disparities are reason-
ably result from the fact that the CNF-SO3Zn membrane is 
volumetrically dense with a relatively low porosity. The ionic 
conductivities of separators were measured as a function of the 
liquid (water for CNF-SO3Zn and 0.5 m ZnSO4 for the control 
groups) uptake content (Figure 3a; and Figure S9, Supporting 
Information). Unsurprisingly, there is a steady decline in the 
ionic conductivity for all separators as the liquid uptake content 
decreases. Among them, the ionic conductivity of GF/A shows 
a significant turning point when its liquid uptake is less than 
200 wt%, and begins to decline rapidly until the circuit breaks 
below 80 wt%. As for the Celgard separator, the circuit break 
occurred once the surface electrolyte was sucked up by the filter 
paper, indicating its inferior hydropilcity to the other cases. Due 
to the intrinsic hydrophilicity provided by the abundant hydroxyl 
groups, cellulose-based separators, i.e., CNF-SO3Zn and filter 
paper, remain ionically conductive when the liquid uptake is 
less than 100 wt%. More specifically, CNF-SO3Zn exhibits a 
slightly lower ionic conductivity turning points at 60 wt% than 
that of filter paper at 80 wt% due to the higher specific surface 
area. Even at a liquid uptake of 40 wt%, CNF-SO3Zn still offers 
a high conductivity level (≈10−5 S cm−1) instead of being open 
circuit. Reaping the benefits of the excellent hydrophilicity and 
no need of additional salts, CNF-SO3Zn is able to deliver a con-
siderable ionic conductivity of > 5.0 × 10−5 S cm−1 just by being 
equilibrated in the air with relative humidity > 75% (Figure S11, 
Supporting Information), which does not come as a total sur-
prise considering the ongoing interest in the applications of 
special power supplies, such as emergency power supplies, etc. 
The ion-conducting behavior of the CNF-SO3Zn membrane 
once in contact with water indeed goes beyond the sole develop-
ment of aqueous separators.

The apparent ionic conductivity measured by electrochemical 
impedance spectroscopy (EIS) is actually contributed from both 
anions and cations. However, the movement of free anions usu-
ally leads to increased interface polarization, making it more 
easily for dendrite growth during metal-anode cycling.[21] The 

Table 1. Comparison of physical parameters for different membranes.

  CNF-SO3Zn Filter paper GF/A Celgard 2340

Thickness [µm] 25 160 180 38

Areal density [g m−2] 24.0 78.4 53.8 21.3

Equilibrium moisture 
content at 100%RH [%]

21.1  13.0  0  5.4

Dry strength [MPa] 210.3 15.2 0.9 163.4 (MD)
13.6 (TD)

Wet strength [MPa] 21.2 0.6 0.3 160.2 (MD)
13.5 (TD)

Figure 2. The morphology of different membranes. Typical surface scanning electron microscopy (SEM) images of the CNF-SO3Zn a), filter paper b), 
GF/A c), and Celgard 2340 d) membranes. Typical cross-section SEM images e–g) and the corresponding EDS-mapping result h) of the fabricated 
CNF-SO3Zn membrane.

Adv. Funct. Mater. 2022, 32, 2200429
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practically valuable Zn2+-ion conductivity is thus determined 
based on the total ion conductivity and the Zn2+ transference 
number ( +Zn2t ). With a combination of chronoamperometry 
(CA) and EIS tests (Figure S12, Supporting Information), a 
high average +Zn2t  of 0.70 ± 0.12 is obtained for the CNF-SO3Zn 
membrane (with 100 wt% water uptake) in favorable compar-
ison to filter paper (0.24), GF/A (0.15), and Celgard 2340 (0.12) 
(Figure 3e). Apparently, this preferential Zn2+ conduction origi-
nates from the restricted movement of sulfonate anions. Of 
note, another reason for this difference in +Zn2t  comes from the 
observation of the neutral pH value in the CNF-SO3Zn aqueous 
dispersion but the acidic nature of 0.5 m ZnSO4 (pH ≈ 5). Due 

to the inevitable proton contribution in aqueous environments, 
the enhanced +Zn2t  is of particular significance.[16] Zn2+-ion 
conductivities of separators at varying electrolyte uptakes are 
depicted in Figure 3b. As expected, CNF-SO3Zn has the highest 
Zn2+ conductivities among separators at same liquid uptakes, 
respectively.

To simplify comparison, the liquid uptake was fixed at 100 wt% 
for CNF-SO3Zn and filter paper, and at 200 wt% for GF/A and 
Celgard 2340 in the following tests, unless explicitly stated. It 
is clear from Figures S13–S16 (Supporting Information) that 
the temperature-dependent apparent ionic conductivities of all  
tested separators fit the classical Arrhenius law, showing typical 

Figure 3. Ion-conducting behaviors of different separators. Apparent ionic conductivities a) and Zn2+ ion conductivities b) of separators at different 
electrolyte uptakes. The temperature-dependent apparent ionic conductivities c) and Zn2+ ion conductivities d) of different separators. e) The Zn2+ 
transference numbers of different separators. f) A performance comparison of CNF-SO3Zn with other separators.

Adv. Funct. Mater. 2022, 32, 2200429
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ionic conduction characteristics of liquid electrolytes. After 
calibration by +Zn2t , the CNF-SO3Zn separator demonstrates a 
significantly better Zn2+-conducting behavior to those of con-
trol groups in the entire testing temperature range (Figure 3d). 
The activation energies (Ea) of the Zn2+ transport are calculated 
to be 13.1, 13.8, 10.3, and 13.4  kJ mol−1 for CNF-SO3Zn, filter 
paper, GF/A, and Celgard separators, respectively. The relatively 
low Ea indicates that the Zn2+ fixed on CNFs can be well-disso-
ciated, albeit without dissolution of the CNF matrix.

Figure  3f presents a comprehensive comparison between 
CNF-SO3Zn and other separators commonly used in aqueous 
batteries, which is ranked by various metrics necessary for 
practical applications, including strength, hydrophilicity, envi-
ronmental friendliness, cost, and Zn2+-ion conductivity with 
lean electrolyte conditions. Apparently, the CNF-SO3Zn sepa-
rator outperforms its counterparts and diverges on three key 
characteristics. The  abundant  hydroxyl  and sulfonate groups 
result in the strong hydrophilicity. The nanosized fibers with 
high aspect ratios ensure the mechanical strength of resulting 
membranes, while the single-ion functionalization provides the 
possibility for the high Zn2+-ion conductivity. From a more fun-
damental point of view, the CNF-SO3Zn membrane with lim-
ited (100 wt%) water uptake can also be envisioned and even 
applied as an intrinsically tough gel ploymer electrolyte (GPE). 
However, unlike routine GPEs in which plasticizers partially 
dissolve or swell their polymer skeletons, the wet CNF-SO3Zn 

remains mechanically flexible and strong, which is proved by 
XRD and polarized light microscopy (Figure S17, Supporting 
Information). In this regard, the present strategy of “salt fixed 
on insoluble polymeric frameworks” could circumvent the tra-
ditional compromise between mechanical property and ionic 
conductivity caused by the polymer dissolution often-observed 
in GPE systems.

2.3. Dependence Comparison of Water Activity

The most severe challenge to aqueous ZBs concerns the 
severe side reactions caused by electrochemical instabilities 
of water.[22] The electrochemical stability window of the CNF-
SO3Zn separator soaked by water was characterized by linear 
sweep voltammetry (LSV) with different working electrodes 
(Cu, stainless steel, Ti). The anodic limit of water within CNF-
SO3Zn reaches 2.25  V versus Zn/Zn2+ on the Ti electrode 
(Figure 4a; and Figure S18, Supporting Information), whereas 
the control groups basically experienced water oxidation once 
above 1.70 V versus Zn/Zn2+. Two main factors are accountable 
for this disparity. First, given the lean electrolyte state in CNF-
SO3Zn, the water content, especially the free water portion, is 
low. Second, rich hydroxyl and sulfonate groups on the sur-
face of CNF-SO3Zn are sufficiently hydrogen-bonded to water, 
further reducing the reactivity of water. Besides, as compared 

Figure 4. Suppression of water activity. a) The CV curve of the Zn|Ti cell assembled by CNF-SO3Zn as separator (1 mV s−1). b) Online DEMS tests 
of Zn|Zn cells with CNF-SO3Zn (100 wt% water uptake), filter papers with 300 wt% 0.5 m ZnSO4 and 300 wt% water, respectivily (inset: the profile of 
applied current densities). After being connected to DEMS, the cells experienced a prolonged standing of 20 min to check the chemical H2 evolution. 
Then, a current of 0.5 mA cm−2 were applied to monitor the electrochemical H2 evolution. c) FTIR spectra observed in the range of 2600–3850 cm−1 
corresponding to the OH stretching modes of water.

Adv. Funct. Mater. 2022, 32, 2200429
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with filter paper, the CNF matrix provides larger polar surface 
area and thus a suppressed water mobility through bulk sepa-
rators.[23] H2 is one of the main by-products produced by side 
reactions on aqueous Zn anodes. Once cells assembled by filter 
paper with typically flooded electrolyte filling (300 wt% electro-
lyte uptake) were connected to the differential electrochemical 
mass spectrometry (DEMS), a significant signal arising from 
H2 appeared (Figure  4b). A close analysis indicates that the 
gaseous product was already released at the standing (open-
circuit) process even in the case without Zn salt, consistent 
with previous reports showing the water-induced chemical H2 
evolution.[22] By contrast, much less H2 can be detected when 
the cell was assembled by CNF-SO3Zn; importantly, only slight 
signal fluctuations during the subsequent charge/discharge 
process (Figure S19, Supporting Information) demonstrate the 
restricted side reactions.

Attenuated total reflection Fourier transform  infrared  spec-
troscopy (ATR-FTIR) was performed to further understand the 
mechanism for the suppressed H2 evolution (Figure  4c). The 
OH stretch band in pure water can be deconvoluted into five 
subbands: 3009, 3262, 3402, 3517, and 3625 cm−1, which are 
assigned to OH vibrations participated in DAA, DDAA, DA, 
DDA hydrogen-bonding modes (D, donor, A, acceptor), and free 
OH vibrations, respectively.[5a,24] For the CNF-SO3Zn mem-
brane with 200 wt% water uptake, DDAA, DA, and DDA bands 

slightly shift to higher wavenumber as compared to pure water, 
while DAA and free OH vibrations disappear, Combined with 
electrochemical results, this observation evidences that CNF-
SO3Zn stabilizes water molecules from both aspects of activity 
and mobility.[25] As expected, when the water uptake was set to 
100 wt%, the proportion of the DA vibration rises accordingly, 
indicating a considerably reduced amount of water clusters left. 
Recall from Figure 4b that, for cells with filter papers, gassing 
is amplified upon the addition of the Zn salt. It is thus clear 
that the side-reaction suppression is also contributed from the 
neutral environment in CNF-SO3Zn.

2.4. Practically Feasible Reversibility of Aqueous Zn Anodes

To pursue a high energy density and an essential reversibility 
for ZBs, not only the electrolyte but also the active Zn inven-
tory at the anode side should be limited, which undoubt-
edly requires a high Zn plating/stripping CE.[26] At an areal 
capacity of 1 mAh cm−2 based on Zn|Ti coin-type cells, the CE 
of the CNF-SO3Zn separator at first cycle could reach 91.5% 
(Figure  5a) and stabilize at 99.5% after a few initial cycles, 
much higher than that (97.0%) of GF/A with lean electrolyte 
condition (i.e., 200 wt% electrolyte uptake). Even measured 
under a flooded electrolyte condition (i.e., 1000 wt% electrolyte  

Figure 5. Electrochemical reversibility of Zn anodes. a) CE of Zn plating/stripping using Zn|Ti cells with CNF-SO3Zn and GF/A at different water/
electrolyte uptakes at a current density of 0.5 mA cm−2 (1 mAh cm−2, charge cut-off voltage is 0.5 V). b) Galvanostatic cycling of symmetric Zn|Zn cells 
at 1 mA cm−2 for areal capacity of 0.5 mA h cm−2. Cycling performance of symmetric Zn|Zn cells with 50% DODZn c) and 80% DODZn d), respectively. 
The voltage profiles e) and corresponding CE f) at various cycles of Zn plating/stripping on Ti at a high capacity of 8 mAh cm−2 (1 mA cm−2 × 8 h) 
using the CNF-SO3Zn separator (diameter = 16.5 mm). Typical SEM images of Zn anodes after galvanostatic cycling of 2 mAh cm−2 of Zn|Zn cells with 
CNF-SO3Zn g), filter paper h), GF/A i), and Celgard 2340 (j) as separators, respectively.

Adv. Funct. Mater. 2022, 32, 2200429
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uptake), the cell with GF/A shows a CE of only 81.0% at first 
cycle, followed by short-circuit only after two cycles, repre-
senting the irreversibility of routine aqueous Zn anodes. CEs 
of cells with the filter paper and Celgard 2340 are shown in 
Figure  S20 (Supporting Information), both showing short-
circuit in the first cycle.

Another potential function that would be expected of the 
separator is to regulate the metal plating. Only when the dis-
tribution of Zn2+ ions is uniform at the anode surface can the 
growth of dendrites be inhibited.[27] The galvanostatic cycling 
of symmetrical Zn|Zn cells was evaluated systematically. It 
is observed from Figure S21a (Supporting Information) that 
CNF-SO3Zn can support stable Zn plating/stripping at var-
ying current densities from 0.1 to 1  mA cm−2, along with the 
polarization voltage less than 0.1  V, which is superior to the 
most previous works.[13,28] From a typical comparison of sym-
metric Zn|Zn cells cycled at 1  mA  cm−2  for areal capacity 
of  0.5  mAh  cm−2  (Figure  5b; and Figure S21b, Supporting 
Information), CNF-SO3Zn exhibits an ultralong cycling life 
(more than 500 cycles) along with a steady polarization. In con-
trast, the short-circuit occurred at the 5th, 13th, and 3rd cycles 
for filter paper, GF/A and Celgard 2340, respectively. The mor-
phology of plated zinc (2 mAh cm−2) in symmetrical Zn cells 
was characterized using SEM (Figure 5g–j). Since the uniformly 
distributed pore structure of the CNF-SO3Zn membrane can 
effectively guide the homogeneous distribution of the ion-flux, 
the Zn anode that started with CNF-SO3Zn displays a smooth 
surface and dendrite-free morphology. Expectedly, the surfaces 
of Zn anodes collected from the control groups become rough 
with the formation of mussy flake-like dendrites (Figure 5h–j).

It is worth emphasizing that the depth of discharge (DOD), 
defined as the metal utilization percentage per cycle, is a funda-
mental parameter to evaluate the reversibility of a metal anode. 
The arbitrary evaluation utilizing low DOD (< 10%) is always 
disappointing for the ultimate target of making ZBs practi-
cally rechargeable and competitive. We performed DODZn tests 
based on symmetrical Zn|Zn cells assembled by a 10 µm thick 
Zn foil (with a limited capacity of 6 mAh cm−2) and a 130 µm 
thick Zn plate. Cells assembled with CNF-SO3Zn as separator 
can be cycled deeply under 50% DODZn (based on the lim-
iting electrode of the 10 µm Zn foil) for more than 100 h, con-
trasting short circuits in the cases of filter paper and Celgard 
2340 only at 0.2 and 0.8 h during the first discharge, respec-
tively (Figure 5c). Since GF/A is much thicker than filter paper 
and Celgard 2340, the cell with the GF/A separator shows a 
prolonged cycling life of 44 h (Figure S22, Supporting Informa-
tion).[29] When DODZn is increased to 80% (the areal capacity of 
5 mAh cm−2 and the E/C ratio of 1.0 g Ah−1), the CNF-SO3Zn 
separator enables its cell to stably operate for more than 60 h 
(Figure  5d), while, not surprisingly, the control groups failed 
during the first discharge (Figure S23, Supporting Informa-
tion). It is equally important to note that arbitrarily low areal 
capacities cannot be used to certify an enhancement in the Zn-
anode rechargeability.[8] For Zn|Ti cells with CNF-SO3Zn, even 
at 5 (Figure S24, Supporting Information) and 8 mAh cm−2 
(Figure  5e,f), sustained reversible charge–discharge can be 
obtained for more than 50 (500 h) and 30 cycles (480 h), respec-
tively. However, in the control groups, short circuits occurred 
at 2.5, 4.4, and 1.4 mAh cm−2 for cells with filter paper, GF/A, 

and Celgard 2340 as separators, respectively (Figure S25, Sup-
porting Information). This impressive high-capacity stability is 
of practical importance, particularly given the lean-electrolyte 
condition applied. The E/C ratio, which is commonly used to 
quantify the electrolyte efficiency, is calculated to be ≈0.6 g Ah−1 
(based on the electrode area of ≈1.2 cm2 and the areal capacity 
of 8 mAh cm−2) for cells with CNF-SO3Zn as separator, which 
is even lower than the standards of pouch cells (3.0  g Ah−1) 
and 18 650 batteries (1.3  g Ah−1) used in commercial LIBs.[20] 
On basis of previously reported lean-electrolyte Zn battery 
systems,[30] our work provides a promising route for further 
improving the utilization of energy-dense Zn metal electrodes 
(Figure 6).

2.5. Full-Cell Behaviors Configured with the CNF-SO3Zn 
Separators

To prove the practicality of our separators, we fabricated full 
prototype cells with I2, polyaniline (PANI), and Prussian 
blue (KCoFe(CN)6) as the cathodes, respectively. As shown in 
Figure 7a; and Figure S26 (Supporting Information), the Zn|I2 
cell with CNF-SO3Zn as separator can be cycled steadily at a 
current density of 200 mA g−1, with the specific capacity of the 
I2 cathode reaching 150 mAh g−1 and an 80% capacity reten-
tion after 1000 cycles. Moreover, the Zn|I2 battery exhibits high 
average discharge capacities of 179, 137, 88, and 72 mA h g−1 at 
50, 100, 300 and 500  mA g−1, respectively. After cycling back 
to 50  mA g−1, an average discharge capacity of 157  mA h g−1 
is retained, equivalent to 88% of the initial capacity. As a com-
parison, the Zn|I2 cell with filter paper as separator suffered 
from a quick short circuit after only 33 cycles (Figure S27, Sup-
porting Information). The post-mortem SEM images of the 
cycled Zn anodes collected from cells started with CNF-SO3Zn 

Figure 6. A comparative plot for E/C ratios and DODs with previous 
reports, with an indication of a commercial LIB (Panasonic18650, E/C 
at ≈1.3 g Ah−1, depth of discharge at ≈91%). Furthermore, the amount of 
electrolyte added to a coin cell is always flooded (75 µL electrolyte will fully 
fill the 2032 coin-cell space, assuming that the cathode area is 1.2 cm2, the 
areal capacity is 1 mAh cm−2 and the electrolyte density is 1.2 g cm−3),[20] 
resulting in an E/C ratio of 75 g Ah−1.

Adv. Funct. Mater. 2022, 32, 2200429
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(Figure S28, Supporting Information) show a dense and 
smooth morphology, in sharp contrast to the rough surface 
along with flake-like dendrites for Zn anodes cycled with filter 
paper.

Flexibility is essential for the application of ZBs in wear-
able electronics.[31] By virtue of the  flexible  nature of  linear 
polymeric  chains, PANI cathodes exhibit excellent flex-
ibility that makes them suitable for use in wearable electronics  
(Figure  7f).[6b] The Zn|PANI cells assembled with CNF-
SO3Zn can perform stable charge-discharge cycling with a 
capacity retention of 95% after 150 cycles accompanied by 
an obvious discharge plateau around 1.0  V (Figure S29, Sup-
porting Information), even with the mass loading of PANI up 
to 17  mg cm−2. At a low current density of 0.1 A g−1, the dis-
charge capacity of the Zn|PANI cell with a PANI loading up 
to 17  mg cm−2 reaches 100 mAh g−1 (Figure  7d). As the cur-
rent density increases, the capacity only decreased slightly. 
After the current density recovered to 0.1 A g−1, the discharge 
capacity returned to 128 mAh g−1, revealing an excellent rate  
performance.

We further constructed high-capacity (150 mAh) pouch-type 
ZBs (Figure  7g) consisting of commercial PANI as cathodes 
and Zn foil (10  µm in thickness) as anodes. Under commer-
cially plausible testing conditions including a high cathode 
loading of 18 mg cm−2, a 40% DODZn and a high current den-
sity (200  mA g−1), stable cycling with characteristic charge–
discharge plateaus can be achieved via incorporating with 
the CNF-SO3Zn separator (Figure S30a, Supporting Infor-
mation). Limited by the poor dispersibility of commercial-
ized PANI (Figure S30b, Supporting Information), there is 
still much room for improvement in the cycle performance. 
Zn|KCoFe(CN)6 cells also show good cycle and rate performance 
(Figures S31–S33, Supporting Information), demonstrating the 
good compatibility of the CNF-SO3Zn separator with different 
cathodes. Although there are many other available cathode 
materials in ZBs,[32] the representatives with the characteristics 
of high voltage and high capacity are still rare and not sufficient 
to compete with commercial LIBs.[33] Therefore, further work 
is needed to explore new Zn2+-storage cathode materials with 
competitive performances.

Figure 7. The electrochemical performance of ZBs with different cathodes. The cycling and rate performance of Zn|I2 batteries a,b) and Zn|PANI bat-
teries c,d) with CNF-SO3Zn as separators. e) The galvanostatic discharge−charge curve for the Zn|PANI pouch cell, tested at 0.2 A g−1. Digital photos 
of the PANI cathode used in pouch cell f) and the Zn|PANI pouch cell (150 mAh) g).
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3. Conclusion

In summary, a function-oriented separator for aqueous 
rechargeable ZBs was developed based on single-ion-function-
alized CNF membranes. Benefiting from a combination of high 
mechanical strength, single-ion conduction, enhanced hydro-
philicity, and low cost, the CNF-based separator can mitigate 
most irreversible issues occurring on Zn anodes, involving 
H2 evolution, corrosion, and dendrite growth. Even without 
any need to resort electrolyte and electrode optimizations, an 
average CE of 99.5% for Zn plating/stripping can be achieved, 
which further enables an impressive reversibility of aqueous Zn 
anodes with high discharge depth and high-capacity utilization 
under practically feasible lean electrolyte (E/C = 1.0 g Ah−1) con-
ditions. In  the  extreme, a battery assembled by this separator 
is able to work only by absorbing moisture in the air, while 
extra water and metal salts are not necessarily needed, demon-
strating its possibility as a special power supply. From a more 
fundamental point of view, the CNF-SO3Zn membrane with 
limited water uptake is not only a separator, but also acts as a 
macromolecular zinc salt or a GPE. Furthermore, the assem-
bled batteries with high-loading PANI cathodes can retain 
>95% capacity for 150 cycles, advancing practically rechargeable 
ZBs. This work provides a substantial platform to accelerate the 
transformation from cell components research to the real bat-
tery technologies.

4. Experimental Section
Materials: Cellulose nanofiber sodium sulfonate (CNF-SO3Na, degree 

of substitution = 1  mmol g−1) was purchased from Tianjin Mujingling 
Technology Co., Ltd. Zinc sulfate heptahydrate (ZnSO4·7H2O) and zinc 
oxide (ZnO) were purchased from Sigma-Aldrich. I2 and Zn plates 
(130  µm in thickness) were purchased from Sinopharm Chemical 
Reagent Co., Ltd., and the oxide layer on the Zn surface was removed by 
sand paper before use. Zn foils (10 µm in thickness), Ti foils (Ti, 10 µm 
in thickness), Super P, polytetrafluoroethylene (PTFE), polyvinylidene 
fluoride (PVDF), filter paper, Celgard 2340, and glass fiber (Whatman 
GF/A) were all purchased from Qingdao Blue Sea & Delight Empire 
Co., Ltd. I2,[34] PANI,[35] and Prussian blue[36] cathodes used in coin cells 
were prepared according to the methods in previous reports, and the 
detailed experimental procedure is given in the following supplementary 
information. PANI (98%) used for pouch-type cells was purchased from 
Shanghai Macklin Biochemical Co., Ltd.

Synthesis of Iodine cathode (I2@C): To prepare the I2 cathodes, the 
chitosan was calcined in a tube furnace at 950  °C for 3 h in a flowing 
argon atmosphere. The as-prepared chitosan and I2 with a mass ratio of 
6:4 were mixed and kept in a sealed vessel, which was heated to 120 °C 
for 4 h. After stirring for 10  min in 5000 r min−1, the product (named 
I2@C) was subsequently collected by centrifugation and repeatedly 
washed with deionized water three times and dried at 60 °C overnight. 
Thermogravimetric analyses showed that the I2 load was 30 wt% 
(Figure S34, Supporting Information). Besides, compared with the neat 
I2, the thermal stability of I2@C is significantly improved.

Synthesis of Polyaniline (PANI): PANI was synthesized by chemical 
polymerization. 1.0 mL of aniline monomer was dissolved in 10.0 mL of 
1.0 m HCl aqueous solution and stirred magnetically at 25 °C for 0.5 h. 
Then, 10.0 mL of 0.5 m aqueous solution of (NH4)2S2O8 that acts as an 
oxidant was added into the above solution. The mixture was then left to 
react over night at 25  °C. The precipitate was washed with 1.0 m HCl, 
deionized water and ethanol, respectively. Finally, the PANI powder was 
obtained after being dried overnight at 70 °C in a vacuum.

Synthesis of Prussian Blue (KCoFe(CN)6): KCoFe(CN)6 was synthesized 
by a simple aqueous reaction. In detail, 0.168  g K3[Fe(CN)6] and 3.5  g 
sodium lauryl sulfate (SDS) were dissolved in 100  mL deionized water. 
Then, 100 mL 1 × 10−3 m Co(CH3COO)2·4H2O aqueous solution was slowly 
added into above mixture solution. After aging at room temperature for 
24 h without stirring, the resulting yellow precipitates were collected by 
centrifugation and washed several times with deionized water. Finally, the 
products were obtained after being freeze-dried for 48 h.

Preparation of Cellulose Nanofiber Zinc Sulfonate (CNF-SO3Zn) 
Membranes: Typical steps to prepare CNF-SO3Zn membranes are 
shown in Figure S1 (Supporting Information). First, the pH of the CNF-
SO3Na dispersion (100  g, solid content of 1 wt%) was adjusted to 1.5 
by 0.1 m H2SO4. After being mechanically stirred for 2 h, the pH of the 
dispersion was further adjusted to 5.0 by gradually adding ZnO. Then, 
the remaining colloid after centrifugation was redispersed into 100 mL 
of 0.5 m ZnSO4 solution and stirred for 5 h. Finally, the dispersion was 
washed with deionized water until sulfate ions could not be detected 
in the supernatant. The CNF-SO3Zn colloid was collected and further 
redispersed in 100  mL of deionized water. The pH value of the CNF-
SO3Zn aqueous dispersion was around 7.0. Then the CNF-SO3Zn 
dispersion was filtered and CNF-SO3Zn membranes were obtained after 
drying at 40 °C for 24 h.

Electrode Preparation and Cells Assembly: The I2 cathode was prepared 
by mixing I2@C, Super P carbon, and PTFE at a weight ratio of 7: 1: 2. 
The prepared mixture was rolled into a film with total mass loading of 
I2 at ≈1.0–1.5 mg cm−2. For preparing the PANI cathode, PANI, Super P 
carbon, and PTFE were mixed at a weight ratio of 8: 1: 1. Then the mixture 
was rolled into a film and the total mass loadings of PANI cathodes 
used in coin cells and pouch cells were 17 and 18 mg cm−2, respectively. 
Prussian blue powder (KCoFe(CN)6), Super P carbon, and PVDF were 
mixed together with a weight ratio of 7:2:1 and stirred for 6 h to obtain 
a homogeneous slurry with NMP as dispersion agent. The slurry was 
coated on Ti foils (10 µm in thickness) by a blade coating method and 
dried in an oven for 8 h at 80 °C. The total mass loading of Prussian 
blue was about 1.5  mg cm−2. Coin cells (2032) were assembled in an 
open atmosphere by separators soaked with water (for the CNF-SO3Zn 
separators) or electrolytes (for the control separators) between the 
prepared cathodes and Zn anodes. Specifically, the deep of discharge 
(DOD) tests performed on Zn foil|Zn plate cells, and the other tests 
adopted Zn plates with a thickness of 130 µm. Pouch cells were assembled 
in a symmetric configuration of electrodes [Zn foil|CNF|PANI|CNF|Zn foil] 
with semiautomated cell-manufacturing instruments.

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