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(S I N N

Abstract: Aqueous zinc-ion batteries (AZIBs) are increasingly being acknowledged as a promising
candidate to safely power large-scale energy storage systems and portable devices. However, the
development of effective separator materials remains a significant challenge due to issues such as
harmful dendrite growth on zinc (Zn) anodes and parasitic side reactions in aqueous electrolytes. To
address this challenge, we synthesize a manganese-coordinated cellulose nanofibril (Mn-CNF)-based
separator for high-performance AZIBs. This separator affords enhanced ion transport channel, a
large number of hydroxyl groups, and exceptional mechanical properties, with a tensile strength
of 2.8 MPa and superior ionic conductivity of 5.14 mS-cm~!. These attributes collectively enhance
Zn-ion transport, minimize nucleation overpotential for Zn, and accelerate the Zn deposition kinetics,
thus significantly outperforming the untreated CNF separators. Consequently, the Zn | | MnO; battery
with the Mn-CNF separator shows a marked improvement in the galvanostatic rate performance and
cycling stability by effectively accelerating and optimizing Zn-ion transport. This study offers valu-
able insights into the development of efficient and reliable separators for advanced electrochemical
energy storage technologies.

Keywords: aqueous zinc-ion batteries; cellulose nanofibril; functional separator; facilitated ion
transport; Zn dendrites

1. Introduction

Lithium-ion batteries (LIBs) are the most commonly used energy storage systems for
powering mobile electronics and electric vehicles because they have an exceptional electro-
chemical performance [1,2]. However, the high demand for lithium with the widespread
use of large-scale electronic devices and portable gadgets could cause its shortage and min-
ing lithium also requires time [3,4]. Thus, there is a need to explore other high-performing
electrochemical energy storage options to supplement LIBs and meet the increasing need
for energy storage in different contexts [5,6]. Among the emerging alternatives, aqueous
zinc-ion batteries (AZIBs) have been touted as a potential candidate because they are very
safe to use, there is an abundance of raw materials used to produce them, and they are
cost-efficient [7]. Unlike LIBs, AZIBs use aqueous electrolytes which do not require a dry en-
vironment during the manufacturing process so there are no added costs to designing and
operating a dry room. AZIBs also enhance ionic conductivity which improves their overall
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performance [8]. This environmentally sustainable option should be the best candidate
to meet the demands for flexible energy storage devices that can be seamlessly integrated
with wearable technology. Nevertheless, the zinc (Zn) anodes in AZIBs are susceptible
to dendrite formation due to irregular electric fields and the accumulation of charge on
the Zn tips, thus increasing parasitic reactions, by-product accumulation, and electrode
impedance [9,10]. The proliferation of dendrites can perforate separators, thus resulting in
short circuits, rapid capacity degradation, and impaired cycling stability. As such, AZIBs
are not often used for practical applications.

In battery configurations, separators play a crucial role in the different electrochemical
functions and ensure operational safety [11,12]. However, the current use of glass fiber-
based separators is not only expensive but also has several limitations which include
irregular and large pore sizes that prevent the selective regulation of ion transport in the
electrolyte, leading to the irregular flux of Zn ions and increasing dendrite growth on the
surface of the Zn anode.

Cellulose, a fundamental structural component of wood and plant cell walls, is widely
recognized as one of the most abundant natural materials on Earth [13,14]. Cellulose is
a sustainable material with versatile properties; therefore it is a promising candidate for
applications in ionic devices [15]. Cellulose can form organized fibers and nanofibers and
has one-dimensional molecular chains. Utilizing cellulose nanofibers, which are structured
from primary fibers approximately 2 nanometers in size, creates smaller ion transport
pathways at an ultra-microscopic angstrom scale, thus providing a compelling approach for
engineering applications [16]. Through the targeted manipulation of the linear molecular
chains of cellulose which are composed of polysaccharides with numerous interconnected
anhydroglucose units (AGUs), the properties of cellulose can be tailored for different
scientific and industrial applications [17]. Each cellulose disaccharide unit contains two
primary and four secondary alcohol groups, which result in cellulose colloids that are
very hydrophilic and swell when exposed to water. The linear configuration and swelling
properties of cellulose facilitate the formation of intricately entangled three-dimensional
network structures that promote rapid and selective ion transport [18].

Recent progress in the development of cellulose-based separators for AZIBs has been
remarkable [19,20]. These innovative separators play a crucial role in enhancing the perfor-
mance and efficiency of such batteries. For example, Huang et al. designed a composite
separator consisting of ceramics and cellulose [21]. This material is intended to facilitate
uniform Zn deposition, improve the movement of Zn?* ions, and repel anions. These
characteristics jointly contribute to the stabilization of the zinc anode and effectively pre-
vent passivation reactions that could hamper battery performance. Additionally, Qin et al.
fabricated a tungsten carbide (WC)—cellulose nanofiber (WCCNF) composite separator by
using a straightforward solution-casting method [22]. The WCCNEF separator is particularly
efficient in achieving a dendrite-free zinc anode, a feature that is essential for battery safety
and durability. Nevertheless, there is a significant demand for the development of high-
performance cellulose-based separators that can be produced through more cost-efficient
and simplified manufacturing processes.

In this study, we investigate a novel engineering approach which increases the in-
termolecular polymer structure and improves Zn?* transport kinetics with exceptionally
high ionic conductivity. We explore this approach by using cellulose nanofibrils (CNFs),
which have an aligned hierarchical structure that is usually found in oxygen-containing
polar functional groups (e.g., hydroxyl) within repeating AGUs that constitute the cellulose
molecular chains. These polar functionalities are capable of solvating Zn?* ions, thus facili-
tating their rapid movement. Through the Mn?* coordination of the CNF-based separator
(Mn-CNF) via a scalable solvent exchange process, we demonstrate the increase in spacing
between polymer chains to create molecular channels, which enables the acceleration of
Zn?* transport. Within these designed conduction passages, the functional groups of cellu-
lose, which have an abundance of oxygen, along with the bound water, contribute to Zn?*
movement independently of polymeric segmental relaxation.
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2. Materials and Methods
2.1. Materials

Sodium hydroxide and manganous sulfate were purchased from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China. CNF membranes were purchased from Taizhou Aoke
Filter Paper Factory (201), Taizhou, China.

2.2. Preparation of Mn-CNF Separator

To prepare the Mn-CNFs, a 20 wt.% solution of sodium hydroxide was prepared
by dissolving 10 g of sodium hydroxide in 40 g of deionized water. The solution was
magnetically stirred until a homogeneous solution was obtained. After the solution cooled
down, 0.68 g of manganous sulfate in the powder form was gradually added to the solution.
The mixture was again magnetically stirred at 25 °C until the transparent colorless solution
became a translucent flesh color. Subsequently, the CNF was immersed in this solution for
24 h. Afterwards, the CNF was removed, thoroughly washed with deionized water, and
vacuum-dried at 60 °C for 9 h to produce the Mn-CNF separator.

2.3. Material Characterization

The phase composition of the separators was investigated by using X-ray diffraction
(XRD) with a D8 Advance instrument (Bruker, Billerica, MA, USA) and a Cu K« radiation
source (A = 1.5406 A), which was operated at 40.0 kV and 40.0 mA, respectively. Scanning
electron microscopy (SEM) imaging and energy-dispersive X-ray spectroscopy analyses
were performed with an FEI Tecnai G2 F20 transmission electron microscope (Hitachi,
Tokyo, Japan). The Raman spectra were recorded by using a LabRam HR-800 spectrome-
ter (Renishaw, London, UK) with a laser wavelength of 514 nm. The contact angles of a
100 pL electrolyte droplet on the Zn foil were measured with a contact angle goniometer
(JC2000DM, Zhongchen Co., Ltd., Suzhou, China). The microstructural features of the
surface of the Zn electrode were examined with an ultra-depth three-dimensional micro-
scope (VHX-1000C, Keyence, Osaka, Japan). Fourier transform infrared spectroscopy (FTIR)
was conducted by using a Nicolet iS50 FTIR microspectrometer (Thermofisher, Waltham,
MA, USA). The tensile properties of Mn-CNF separators were evaluated by Daojin EZ-LC
universal testing machine (Tokyo, Japan).

2.4. Electrochemical Measurements

Electrochemical characterization was conducted by using CR2032 coin cells (Tianjin
EVS Chemical Technology Co., Ltd., Tianjin, China) with 2 M ZnSO4 under standard
conditions. To determine the durability of the Zn foil anodes (Tianjin EVS Chemical
Technology Co., Ltd.) with a thickness of 0.1 mm, symmetric Zn| | Zn configurations were
used for the extended galvanostatic cycling tests. Electrochemical impedance spectroscopy
(EIS) measurement frequency ranged from 0.1 Hz to 1 MHz and cyclic voltammetric (CV)
curves were tested on a VersaSTAT 3F workstation. The Coulombic efficiency (CE) of
the Zn deposition and dissolution processes was determined at a potential threshold of
0.5 V versus Zn/Zn%* on carbon cloth (CC, plain weave fabric, China Phychemi Co., Ltd.,
Hong Kong, China) with a thickness of 0.5 mm, as a working electrode. To fabricate the
conductivity test cells, stainless steel electrodes (Tianjin EVS chemical technology Co.,
Ltd.), with thicknesses of 0.01 mm, were separated by using a standard separator in a coin
cell housing.

For the assembly of the Zn | | MnO, batteries, MnO, was prepared following estab-
lished protocols [23]. This was then combined with acetylene black (Tianjin EVS Chemical
Technology Co., Ltd.) and polyvinylidene fluoride (PVDF, Arkema Co., Ltd., Colombes,
France) at a weight ratio of 7:2:1, with N-methylpyrrolidone (NMP, Aladdin Co., Ltd.,
Shanghai, China) serving as the dispersion medium. The composite was uniformly coated
onto titanium foil substrates (0.01 mm in thickness, Tianjin EVS Chemical Technology Co.,
Ltd.) to achieve a final electrode with a thickness of around 0.02 mm. Comprehensive
electrochemical assessments were performed by using a CHI660e workstation, AMETEK
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Versa STAT 3F, and LAND CT3001A battery tester. The calculated specific capacities for the
full batteries were normalized to the mass of the MnO, cathode material.

3. Results and Discussion

Mn-CNF separators were prepared by using a simple immersion process from the
natural wood resources as shown in Figure 1a; the substrates were immersed into an alka-
line Mn ion solution and induced the formation of ionic coordination structures between
Mn ion and cellulose chains. Figure 1b shows the cellulose separator before and after the
Mn coordination treatment. After the coordination treatment with the Mn ion solution,
the cellulose separator changes from a white to darker pink color. The color is also more
uniform, thus indicating that Mn-CNFs have effectively incorporated the Mn ions. To fur-
ther characterize the Mn-coordinated separator, SEM and EDS tests were conducted on the
Mn-CNFs. Figure 1c shows the SEM image of an Mn-CNF and the distribution of C, O, and
Mn on the sample. The elemental mapping images show that Mn is uniformly dispersed
on the separator and accounting 17.5% weight percentage of the total separator (Table 1).

Cellulosic fiber

Mn

&8 = 5
Cellulose chain
Ma

s %

01 2 3 456 7 8 910

Wavenumber (cm™) Strain (%)

Figure 1. (a) Schematic of the fabrication process of Mn-CNF separator, (b) digital photos of CNF and
Mn-CNE, (c) SEM images with EDS mapping of Mn-CNF, (d) contact angles, (e) FTIR spectra, and
(f) stress—strain curves of CNF vs. Mn-CNF.

Table 1. Weight percentage of different elements in Mn-CNF separator.

Element Weight (%)
C 52.4
O 30.1
Mn 17.5

To investigate whether Mn coordination affects the wettability of a cellulose separator
and its feasibility as a separator for AZIBs, contact angle tests with a Zn sulfate solution
were performed on both Mn-CNFs and CNFs. As shown in Figure 1d, the contact angle
of the CNF is 43.9°, while that of the Mn-CNF is slightly larger at 51.1°, thus indicating
that the wettability of the CNF-based separator to the Zn sulfate electrolyte is somewhat
reduced after Mn coordination [24]. However, a contact angle smaller than 90° is gener-
ally considered wettable, so the Mn-CNF is still considered to exhibit good wettability.
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Additionally, infrared spectroscopy and Zeta potential tests were conducted on the CNFs
and Mn-CNFs to explore the impact of Mn coordination on their internal structure and
the surface charge of the cellulose fibers. Figure le presents the results of the infrared
spectroscopy tests for Mn-CNF and CNEF. Both samples show a strong OH- vibration peak
at 3300 cm !, thus indicating that they both have good hydrophilicity [25]. The absorption
intensity of Mn-CNF at this vibration peak is slightly lower than that of CNF, which is in
agreement with the contact angle results and further explains the difference in wettability
to the electrolyte between the CNFs and Mn-CNFs. As illustrated in Figure S1, the large
number of hydroxyl functional groups in the cellulose contributes to high electronegativity,
which results in a Zeta potential of —35.35 mV for the CNFs. The coordination of the Mn?*
ions in the cellulose structure leads to a reduction in the surface electronegativity, thus
causing the Zeta potential of the Mn-CNFs to increase to —25.43 mV. Moreover, AZIB
separators need to have good mechanical properties. High strength effectively limits the
growth of Zn dendrites, whereas poor mechanical properties render Mn-CNFs vulnerable
to penetration by the Zn dendrites. As shown in Figure 1f, the Mn-CNF shows a higher
tensile strength of 2.85 MPa compared to the CNF which has a tensile strength of 2.61 MPa.

Ionic conductivity is another critical parameter of separators, which directly influences
the power density of batteries [26]. As shown in Figure 2a, EIS is used to measure the
stainless steel (SS) | |SS battery with CNFs and Mn-CNFs as the separator. The ionic
conductivity of the electrolyte-soaked Mn-CNFs is 5.148 mS-cm ™, which is higher than
that of the CNFs (0.507 mS-cm™!). Figure 2b shows the CE of the Zn | | CC cells, which
use both Mn-CNFs and CNFs. The former shows a slightly higher average CE of 98.19%,
compared to 96.12% of the latter. Additionally, the former shows greater cycling stability
and can last over 50 galvanostatic cycles, whereas the latter only lasts 16 cycles. EIS
tests were further conducted on symmetric Zn | | Zn cells by using Mn-CNFs and CNFs
at temperatures from 30 °C to 70 °C. The results revealed that Mn-CNFs have a lower
charge transfer resistance (R.) compared to the CNFs (Figure S2). This suggests that the
incorporation of Mn ions effectively changes the solvation structure of the Zn ions, thereby
enhancing the interfacial kinetics. To further analyze this phenomenon, an Arrhenius
equation was used to determine the desolvation activation energy (E,) of the Mn-CNFs and
CNFs [27]. As presented in Figure 2c, the E; of Mn-CNF is 11.91 kJ-mol~1, which is lower
than that of CNF, which is 13.47 kJ-mol~!. This difference can be attributed to the effect of
sieving for the desolvation process resulting in the modified channels within the Mn-CNF
network [28].
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Figure 2. (a) Ionic conductivity of Mn-CNF and CNF; (b) Zn plating/stripping CEs with different
separators at 1 mA-cm~2 and 1 mAh-cm~2; (c) Arrhenius curves and corresponding Ea values of
Zn| | Zn cells with Mn-CNF and CNF; (d) voltage-time curves of Zn plating processes with CNF and
Mn-CNF separators at 0.2 mAh-cm~2; (e) galvanostatic cycling stability of symmetric Zn| | Zn cells
with Mn-CNFs and CNFs at 0.2 mAh-cm 2.



Batteries 2024, 10, 416

6 of 10

The voltage profiles of the galvanostatic plating conditions in the symmetric Zn| | Zn
cells that use Mn-CNFs and CNFs are illustrated in Figure 2d. The nucleation overpotential
can be determined by the difference between the tip potential and the subsequent stable
potential [29]. Notably, Mn-CNFs show a lower nucleation overpotential of 25.4 mV
compared to the 39.9 mV of CNFs. This can be interpreted as a reduction in resistance
during both the nucleation and growth phases for Mn-CNF, thereby significantly enhancing
the quality of the Zn electroplating. Subsequently, the galvanostatic cycling stability of the
symmetric Zn | | Zn cells that use Mn-CNFs and CNFs is evaluated at a current density of
0.2 mA-cm~2 and a capacity limit of 0.2 mAh-cm ™2, as depicted in Figure 2e. The cell that
is integrated with Mn-CNFs as the separator shows the lowest overpotential of 50 mV and
sustains a stable voltage profile over a duration of 500 h, after a brief initialization period of
several galvanostatic cycles. Conversely, the cells that contain CNFs as the separator show
a higher overpotential of approximately 80 mV and a substantially reduced operational
lifespan, and cease to function effectively after only 70 h. The effectiveness of Mn-CNFs
in moderating Zn nucleation and growth is the reason for the formation of a uniform and
compact layer of Zn [30].

To gain further mechanistic insights, an XRD analysis was conducted on Zn anodes
subjected to 20 galvanostatic cycles from the different batteries. Figure 3a shows the
presence of ZnySO4(OH)s-4H,O byproducts on the surface of the Zn electrode in the
symmetric Zn | | Zn cells that use CNFs with a corresponding large sheet-like byproducts
observed via SEM [31]. The formation and detachment of the Zn dendrites are evident
when using CNFs, which severely compromise cell performance (Figure 3b). In contrast,
no discernible byproducts were detected on the Zn anode with Mn-CNFs as the separator,
thus indicating a significant reduction in side effects. Additionally, the surface of the
Zn anode is smooth without substantial Zn particles, which is attributed to the orderly
regulation of the Zn-ion deposition facilitated by the Mn-CNFs (Figure 3c). The ultra-
depth microscope images presented in Figure 3d further show that the Zn electrode with
Mn-CNFs as the separator exhibits markedly less surface roughness compared to that
with CNFs which confirms that Mn-CNFs can homogenize Zn deposited morphology by
effectively regulating the Zn deposition behavior. Based on the aforementioned research,
it is evident that the incorporation of Mn ions into the cellulose matrix effectively forms
Mn-coordinated structures, thereby enhancing both the stability and ion conductivity
(Figure 3e). This enhancement subsequently boosts the transport rate of the Zn ions [32,33].
Furthermore, the presence of Mn ions leads to a reduction in the nucleation overpotential
for Zn, facilitating the uniform deposition of Zn ions and significantly reducing the risk
of dendrite formation. Additionally, the abundant hydroxyl groups enhance both the
solubility and diffusivity of Zn ions, thereby optimizing the cycling stability and rate in
battery applications. It is also worth noting that the modified cellulose-based separator can
achieve comparable electrochemical performance with other previously reported separators,
especially in terms of cycle stability and ion conduction rates [34-36].

Zn| IMnO, batteries were assembled to investigate the effectiveness of Mn-CNFs
in enhancing the overall performance of the full batteries. For clarity, the Zn| | MnO,
batteries are referred to as the CNF and Mn-CNF batteries depending on whether the
CNFs or Mn-CNFs are used. CV curves for the Zn | | MnO, batteries with either CNFs or
Mn-CNFs were plotted at a scan rate of 1 mV-s~! (Figure 4a). The oxidation and reduction
peak potentials of the Zn | | MnO, batteries with CNFs were found to be 1.69 V and 1.34 V,
respectively, which resulted in a potential difference of 0.35 V. The introduction of Mn-CNFs
significantly increased the reduction potential, thus indicating a higher discharge voltage.
Remarkably, the redox peak potential difference for the Zn | | MnO, battery with Mn-CNFs
was measured to be 0.35 V, which shows improved reversibility and rapid electrochemical
reaction kinetics. In addition, the Mn-CNF battery showed exceptional cycling stability
after over 1000 cycles at a current density of 1 A-g~!, which is a notable improvement
compared to the CNF battery (Figure 4b). As shown in Figure 4c, the Mn-CNF battery
shows significantly enhanced rate capabilities and retains a high discharge capacity of
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95 mAh-g~! at 2 A-g~!. Most importantly, when the current density is reduced back
to 0.2 A-g~!, there is almost no decline in specific capacity, which shows its excellent
recoverability. This enhanced rate performance can be attributed to the Mn-CNFs, which
facilitate and homogenize Zn-ion transfer through the modified ion transport channels.
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Figure 3. (a) XRD patterns of Zn anode in symmetric Zn | | Zn cells which use Mn-CNFs and CNFs
after 20 galvanostatic cycles. SEM images of Zn anode after being subjected to 20 galvanostatic
cycles in symmetric Zn | | Zn cells that use (b) CNFs and (c) Mn-CNFs, (d) three-dimensional depth
distribution images of Zn anode in symmetric Zn| | Zn cells that use Mn-CNFs and CNFs, and
(e) proposed mechanism of Zn plating behavior in Mn-CNFs.
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Furthermore, the Mn-CNF battery shows superior self-discharge resistance over the
CNF battery as shown in Figure 4d,e. Compared to the CNF battery, the Mn-CNF battery
maintains a CE of 86.05% after resting for 24 h, a slight improvement of 6.41% over the
CNF battery. This enhanced self-discharge resistance indicates a reduction in side reactions,
which positively contributes to the reversible capacity and energy density of AZIBs. Such
improvements underscore the potential of Mn-CNFs as an effective separator that enhances
the overall performance of AZIBs. To evaluate the practicality of Mn-CNFs, we assembled
Zn| IMnO; pouch cells that incorporate an Mn-CNF separator. Two of these pouch cells
connected in a series can illuminate 35 LEDs that form the letters JDTC even when folded,
which indicates that they have excellent flexibility for wearable applications (Figure 4f).

4. Conclusions

We have proposed a strategy to design a functional separator that is capable of high
ionic conductivity through the structural expansion of interpolymer complexes and decou-
pling of Zn-ion transport from polymer chain relaxation. The Zn | | MnO, battery, which
uses Mn-CNFs as the separator, shows a significantly enhanced galvanostatic rate perfor-
mance and cycling stability due to its ability to facilitate and optimize Zn-ion transport.
This research highlights the effective modification of the crystalline structure of cellulose
through Mn?* coordination with CNFs, which reinforces the inner ion transfer channel
and increases Zn-ion movement. The presence of a large number of oxygen functional
groups in cellulose further contributes to this process, thus allowing for Zn-ion transport
that is independent of polymer chain motion. The findings provide valuable insights for
the development of efficient and reliable separators for advanced electrochemical energy
storage systems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries10120416/s1. Figure S1: Zeta potentials of Mn-CNF and
CNF separators; Figure S2: Nyquist plots of the symmetric Zn | | Zn cells utilizing (a) Mn-CNF and
(b) CNF separators at different temperatures.
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