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Abstract: Despite their inherently lower energy density than lithium-ion batteries (LIBs),
aqueous zinc metal batteries (AZMBs) have recently attracted interest as rechargeable
energy storage devices due to their low cost and high operational and environmental safety.
They are composed of metallic zinc as the anode, an aqueous zinc salt electrolyte and a
cathode capable of (de)intercalating Zn2+ ions upon its (oxidation) reduction reaction. In
this work, we studied a hybrid AZMB in which a dual-ion electrolyte containing both Zn2+

and Li+ ions was used in conjunction with a Li+ ion intercalation cathode, i.e., LiFePO4
(LFP), one of the most common, reliable, and cheap cathodes for LIBs. In this study, we
present evidence that, thanks to its insolubility in water, ethyl cellulose (EC) can be effec-
tively utilized as a binder for cathode membranes in AZMBs. Furthermore, its solubility in
alcohol provides a significant advantage in avoiding the use of toxic solvents, contributing
to a safer and more environmentally friendly approach to the formulation process.

Keywords: aqueous zinc metal battery; lithium iron phosphate; ethyl cellulose; binder

1. Introduction

The development of energy storage systems for stationary applications is crucial
for integrating renewable energy sources (solar, wind, etc.) into power grids. Batteries
are recognized as a key element in the evolution of future electricity grids, enabling the
decoupling of energy generation from consumption. Specifically, they are essential for
integrating the inherently intermittent renewable energy sources into grids, providing
grid support, frequency regulation, peak shaving, and enhancing the overall autonomy,
reliability, stability, and cost-effectiveness of grids [1–6]. In this context, zinc ion batteries
(ZIBs) are emerging as a promising alternative for next-generation energy storage devices,
owing to their safety and low cost [7,8]. A typical aqueous zinc metal battery (AZMB)
consists of metallic zinc as the anode, an aqueous electrolyte containing a zinc salt, and a
cathode whose active material is typically a transition metal oxide that, similar to lithium-
ion batteries (LIBs), can intercalate/deintercalate ions upon reduction/oxidation. The
relatively low redox potential (→0.76 V vs. standard hydrogen electrode) enables the
obtainment of devices with variable cell voltages from 0.8 to 2 V depending on the selected
cathode material [9–11].

Common cathode materials in AZMBs include vanadium or manganese-based ox-
ides [12–17], Prussian blue analogs (PBAs) [18–21], and organic-based materials [22–24]
that can reversibly host Zn2+ ions within their crystalline structure. These materials often
exhibit high specific capacity, in some cases approaching 300 mAhg→1, combined with the
high theorical capacity of the zinc metal anode (820 mAhg→1), resulting in quite significant
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specific energy values, close to 200 Wh Kg→1, despite the low voltage associated with
aqueous electrolytes [25,26].

A different approach is taken in hybrid AZMBs, where cathode materials typically
used in LIBs, such as, e.g., LiFePO4 (LFP) or LiMn2O4 (LMO), replace the aforementioned
Zn-ion intercalation compounds. In this case, dual-ion electrolytes containing both Zn2+

and Li+ ions are employed [27–29].
The cathode membrane is commonly prepared using the selected active material, a

conductive additive (e.g., carbon black), and a polymeric binder. In LIBs, polyvinylidene
fluoride (PVDF) is widely used as the binder of choice due to its electrochemical stability
and strong adhesion to current collectors. However, the use of N-methyl-2-pyrrolidone
(NMP), a hazardous and volatile organic solvent posing serious problems of safety and pol-
lution [30,31], is necessary for the preparation of PVDF-based membranes. To address these
issues, researchers have proposed the use of alternative nonfluorinated organic binders,
such as carboxymethyl cellulose (CMC), cellulose acetate (CA), and sodium alginate (SA),
which have lower environmental impact and costs [32–34].

Ethyl cellulose (EC) is a different cellulose derivative in which the cellulose hydroxyl
-OH groups are partially replaced by ethoxy -OCH2CH3 groups, resulting in a decreased sol-
ubility in water with respect to CMC and CA, whose substituting groups are carboxymethyl
-CH2COOH and acetoxy -OC(=O)CH3 groups, respectively. On the other hand, EC is read-
ily soluble in alcohol and has the qualities of being tasteless, colorless, and nontoxic [35].
Due to these properties, EC is utilized in protective coatings for pharmaceuticals and as
additive for moisture protection and taste masking [36,37]. In the field of LIBs, EC has been
successfully employed as a binder in non-aqueous systems [38,39].

In this work, we focused on the use of EC as the binder for the realization of cathode
membranes based on LFP for aqueous ZMB batteries. The Zn||LFP system was evaluated
using two different current collectors, i.e., AISI316 stainless steel (SS) and aluminum, and
two different combinations of lithium sulfate (Li2SO4) and zinc sulfate (ZnSO4) in dual-ion
aqueous electrolyte. The results demonstrate that EC can be successfully used as a binder
in hybrid zinc-ion aqueous battery systems.

2. Materials and Methods

2.1. Materials

Zn foil (purity > 99.9%, thickness 100 µm), AISI 316 stainless steel (10 µm), Al foil
(>99.6%, 15 µm), LiFePO4 (>99.99%), Super P carbon black and polyvinylidenefluoride
(PVDF Solef 5130/1001) were purchased from MTI Corporation (Richmond, CA, USA).
Ethyl cellulose (48.0–49.5% w/w ethoxyl basis) was purchased from Sigma-Aldrich (Saint
Louis, MO, USA). Glass Microfiber Filters Whatman GF/A, lithium sulfate monohydrate
(Li2SO4·H2O, ↑99%), lithium acetate dihydrate (LiAc·2H2O, ↑99.5%), zinc sulfate hep-
tahydrate (ZnSO4·7H2O, ↑99%), zinc acetate dihydrate (Zn(Ac)2, ↑99.5%), 2-propanol
(↑99.8%), and N-Methyl-2-pyrrolidone (NMP, 99%) were purchased from Carlo Erba
(Cornaredo, Italy).

The electrolyte solutions were prepared by two different combinations of Li2SO4 and
ZnSO4 salts into Milli-Q H2O (resistivity 18 MΩ·cm). The first one (1.5Li1.5Zn) was composed
of Li2SO4 1.5 M + ZnSO4 1.5 M, the second one (3Li1.5Zn) of Li2SO4 3 M + ZnSO4 1.5 M.

The cathode membranes were prepared by mixing 200 mg of powder consisting of
LFP (80 wt.%) as the active material, Super P (10 wt.%) as a conductive additive, and
either EC or PVDF (10 wt.%) as the binder. The mixture was ground using a mortar for
approximately 20 min. The resulting powder was then transferred to a small glass container,
followed by the addition of 1 mL of isopropanol (for EC) or 1 mL of NMP (for PVDF) as
the solvent. After stirring for 1 h at room temperature, the slurry was cast and evenly
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distributed onto aluminum or stainless steel (SS) current collector foils using the doctor
blade technique, with blade height set to 200 µm. Subsequently, the membranes were dried
in an oven overnight at 70 ↓C or 110 ↓C (for EC and PVDF, respectively), cut into 10 mm
diameter discs, and accurately weighed before use to determine the active material mass
loading. On average, the active material mass loading of the electrodes used in this work
was (1.3 ± 0.3) mg·cm→2.

2.2. Methods

2.2.1. Electrochemical Characterization

Full Zn||LFP cells were assembled in Swagelok-type T-cells using a Whatman GF/A
glass fiber separator soaked with the electrolyte. Galvanostatic charge–discharge (GCD)
tests were performed at 0.1 Ag→1 (i.e., j~0.13 mAcm→2).

SS (or Al) foil was used in asymmetric Zn||SS (or Zn||Al) cells as the working
electrode in cyclic voltammetry (CV) tests for the initial study of the plating–stripping
process (deposition–dissolution) of zinc and for the study of the electrochemical anodic
stability window of the electrolyte.

GCD and CV tests were conducted using a multichannel battery cycler (Neware BTS-
4000, Hong Kong, China) and a potentiostat/galvanostat (Metrohm Autolab PGSTAT302N,
Herisau, Switzerland), respectively.

2.2.2. Morphological Characterization

The cathode membranes surface morphology was investigated using a scanning electron
microscopy (SEM)–energy-dispersive X-ray spectroscopy (EDS) instrument (Thermo Fisher
Scientific Phenom ProX Desktop, Waltham, MA, USA) at different magnification levels.

3. Results and Discussion

Two different EC-based membranes cast on Al and SS current collectors were initially
tested in Zn||LFP full cells using two different electrolyte formulations, namely, 1.5Li1.5Zn
and 3Li1.5Zn. GCD cycles performed at 0.1 Ag→1 between 0.7 and 1.7 V are reported in
Figure 1, showing in all cases specific capacity values after 50 cycles ranging between
about 110 and 130 mAhg→1, with slightly better results observed when using the 3Li1.5Zn
electrolyte (solid lines in Figure 1a).
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Figure 1. Cycling performance of Zn||LFP hybrid cells using LFP membranes with Al (green) or
SS (black) current collectors and different aqueous electrolytes (3Li1.5Zn or 1.5Li1.5Zn). (a) Gal-
vanostatic charge–discharge voltage profiles at the 50th cycle; (b) discharge’s specific capacity and
Coulombic efficiency.

Despite the higher specific capacity obtained by the 3Li1.5Zn electrolyte with Al
current collectors, the better performance in terms of capacity retention and Coulombic
efficiency was obtained by the membranes with SS current collectors (black symbols in
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Figure 1b), which, after a few initial cycles, rapidly approached and maintained values
close to 100% efficiency. On the contrary, the cycling performance of cells using Al as a
current collector showed Coulombic efficiency values significantly below 100%.

This was an expected result since it is known that Al current collectors are prone to
corrosion in neutral aqueous electrolyte solutions [40]. This was also confirmed by the
clearly higher overpotential between the charge and discharge curves observed in Figure 1a
when Al was used (green lines) rather than SS (black lines), due to the increased electrical
resistance of the current collector caused by its corrosion.

CV tests were subsequently performed using two asymmetric cells: Zn||SS and
Zn||Al to study the early stages of zinc deposition–dissolution (plating–stripping) and
determine the electrochemical stability window of the 3Li1.5Zn electrolyte. The experi-
ment consisted of three zinc plating–stripping cycles, followed by an anodic sweep until
electrolyte decomposition was detected, as shown in Figure 2.
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in two-electrode cells with a 0.1 Ag−1 current density. Despite the higher specific capacity 
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that acetate mitigated the oxidation process of aluminum. 

Figure 2. Electrochemical stability window of the 3Li1.5Zn electrolyte using SS (gray lines) and
Al (green lines) foils as working electrode and Zn as the reference and counter electrodes: (a) CV
(scan rate: 0.5 mVs→1) consisting of three zinc plating–stripping cycles followed by an anodic sweep;
(b) enlarged plot of the first 3 cycles of the Zn plating–stripping process in (a); (c) CVs of the first
3 cycles of a Zn||LFP cell highlighting the LFP activity window. The CVs are also reported as dotted
lines in (a).

When SS was used as the current collector, the electrolyte demonstrated an anodic
stability up to approximately 2.2 V, with current values very close to zero in the 0.7–1.7 V
operating range of LFP (as evidenced by the CV curves of the electrode material in Figure 2c
and superimposed in Figure 2a). Conversely, during the anodic sweep in the Zn||Al cell,
the current already started to increase at very low voltage values, as shown by the quite
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noisy green line. This evidence is ascribed to aluminum oxidation, which already starts to
occur before 1 V, while electrolyte decomposition occurs near 2.2 V like for SS.

The leftmost region of the CV in Figure 2a is reported enlarged in the graph in
Figure 2b, showing almost overlapping CV curves and similar anodic and cathodic peak
areas during the first cycles, except for the first plating process occurring as expected at
lower voltage, indicating the good reversibility of the plating–stripping process in both
Zn-SS and Zn-Al cells.

Figure 2c reports the first three CV cycles of full cells assembled using a Zn anode,
an LFP cathode coated on SS foil or Al foil, and the 3Li1.5Zn electrolyte. The anodic
and cathodic peaks relative to the Li+ ion deintercalation and intercalation in LFP were
clearly observed to occur in the electrolyte stability window when SS was used as the
current collector.

Before discarding the possibility to use the cheaper and lighter aluminum current
collector, we verified the possible effect of the electrolyte anion on the aluminum corrosion
by replacing the sulfate anion with the acetate anion.

Zn||LFP cells were assembled using a Zn foil as the anode and LFP membranes cast
on aluminum as the cathode in 3Li1.5Zn electrolytes incorporating two different anions:
sulfate and acetate. Figure 3a presents the GCD voltage profiles at the 50th cycle obtained
in two-electrode cells with a 0.1 Ag→1 current density. Despite the higher specific capacity
values recorded using the sulfate-based electrolyte, a lower Coulombic efficiency was
clearly noted when comparing the charge and discharge’s specific capacity values (132 and
141 mAhg→1 for sulfate). On the other hand, the same value of 84 mAhg→1 was obtained in
both charge and discharge for the acetate-based electrolyte. This result was confirmed by
the Coulombic efficiency data recorded upon cycling and reported in Figure 3b, showing an
almost constant 94% value for sulfate and nearly 100% for acetate, suggesting that acetate
mitigated the oxidation process of aluminum.
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Despite the better results in terms of specific capacity (see Figure 1), the performance of
the cathode membranes with an aluminum current collector remained below expectations
in terms of Coulombic efficiency. For this reason, we decided to proceed by using a standard
SS current collector. To evaluate the quality of EC as a binder, we compared its properties
with those of the conventional PVDF binder, producing LFP–Super-P–EC and LFP–Super-
P–PVDF membranes in 8:1:1 weight ratio onto SS current collectors. We first compared
the mechanical stability and morphology of the two types of membranes before their use.
The results, reported in Figure 4, confirmed a similar resistance to membrane bending and
twisting and comparable morphology in SEM images.
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Figure 4. Image of bent membranes and SEM images at different magnifications of (a–c) EC-based
and (d–f) PVDF-based membranes.

After verifying the mechanical stability and morphology, the two kinds of membranes
were also compared for their electrochemical performance in full Zn||LFP cells using a
3Li1.5Zn sulfate electrolyte. In Figure 5, we report the results of 400-cycle GCD tests of EC-
and PVDF-based LFP membranes performed at 0.2 Ag→1 in two-electrode cells.
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Figure 5. Cycling performance of Zn||LFP hybrid cells with EC (red) or PVDF (blue) binder using
3Li1.5Zn with sulfate anion. (a) GCD voltage profiles after 50, 200, and 400 cycles; (b) discharge’s
specific capacity and Coulombic efficiency.

The results showed that comparable performance was obtained with the two types of
binders, as discussed below.

First of all, it must be noted that the small difference in specific capacity observed
between the two curves in Figure 5b (approximately 10 mAhg→1, <10%) was not significant,
as it was smaller than the error associated with the active material mass obtained from the
electrode weight procedure. Secondly, slightly better capacity retention was obtained using
EC instead of PVDF (64% vs. 58% after 400 cycles), probably due to the lower overvoltage
of EC-based electrodes at high cycle numbers; see Figure 5a.

This could be ascribed to the better wettability of cellulose-based binders with respect
to PVDF [30]. To confirm this hypothesis, we performed static contact angle measurement
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placing a 3Li1.5Zn electrolyte drop on both the EC- and the PVDF-based membranes and
measuring the contact angle after 1 min. The results, reported in Figure 6, showed a
lower contact angle for the EC-based membrane (115↓ vs. 133↓), confirming the enhanced
hydrophilicity of EC with respect to PVDF.
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Figure 6. Static contact angle measurements of (a) the EC-based and (b) the PVDF-based membranes
in contact with a drop of the 3Li1.5Zn electrolyte.

Interestingly, an increment in specific capacity values is observed in Figure 5b during
the first cycles, reaching maximum values of about 140 mAhg→1 and 160 mAhg→1 after
approximately 10 cycles using EC and PVDF as binder, respectively. This activation
process was accompanied by Coulombic efficiency values higher than 100%, suggesting
that partially irreversible phenomena occurred, using both kinds of electrodes, during the
cell discharge process in the first cycles. This unexpected behavior, deserving a deeper
study to be clearly understood, was similarly observed in a previous work [28] and could be
tentatively attributed to the presence of both Zn2+ and Li+ ions in the dual-ion electrolyte,
which could induce a partial, irreversible co-intercalation of Zn2+ ions in the LFP structure.

Figure 7 presents SEM images of the EC-based and PVDF-based LFP electrodes,
measured before cycling and after 400 cycles. Negligible differences were observed between
the pristine electrodes and the ones measured after 400 cycles in both electrodes. Higher
magnification images revealed a possible small degree of LFP particle fracture, suggesting
that cathode particle fragmentation could partly contribute to the observed capacity fade
due to the reduced electrical connectivity of the active material particles.
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An elemental analysis was also performed using energy-dispersive spectroscopy
(EDS) mapping. The results, presented in Figure 8a (EC) and Figure 8b (PVDF), showed
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a uniformly distributed mapping of the main elements (C, O, Fe, and P for EC and C, O,
Fe, P, and F for PVDF) in both cases before cycling. The main elements’ distribution of the
two types of membranes after 400 GCD cycles in Figure 5 remained equally uniform and
showed the additional presence of Zn and S elements due to residual electrolyte and/or
electrolyte decomposition products.
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4. Conclusions

In this study, we explored the potential use of ethyl cellulose as a binder for the
fabrication of cathode membranes for use in aqueous zinc metal batteries. We tested EC-
based membranes using LFP as the active material in hybrid Zn||LFP batteries, utilizing
different dual-ion electrolyte formulations with zinc–lithium sulfate–acetate salts, and
different current collectors, Al and SS. The results indicated better results using dual-ion
sulfate-based electrolytes and an SS current collector.
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The mechanical properties, composition, and electrochemical performance of the EC-
based membranes were compared to analogous PVDF-based membranes, demonstrating
that similar results could be achieved using EC instead of PVDF as a binder, eliminat-
ing the need for the toxic and costly NMP solvent. This approach further enhances the
already high sustainability of aqueous zinc metal batteries in terms of cost, safety, and
environmental impact.
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