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Abstract: In this article, the performance of brass electrode was investigated in a Zn-air (charcoal-
based cathode) rechargeable battery. The construction of the battery was carried out with biodegrad-
able materials, namely a cotton cloth diaphragm and carboxymethyl cellulose sodium salt (CMC-Na)
viscosity modifier, while the battery skeleton was printed by 3D printing technology. The brass acted
as a collector and a preferable surface for the metallic Zn deposition on the brass anode surface. The
electrochemical behavior of the brass anode was investigated by cyclic voltammetry (CV). Cyclic per-
formance tests were carried out, which showed stable cell operation even in the presence or absence of
additives up to more than 100 cycles. Furthermore, high energy (E.¢) and Coulomb (Ceg) efficiencies,
80% (Eetf), 95% (Cegr), 75% (Eefe), and 95% (Cefr) were obtained, respectively. The Shepherd model
was applied to describe the discharging processes of the Zn-air battery containing brass as anode
in the presence of additive-free electrolyte or electrolyte with CMC-Na salt additive. It was found
that the Shepherd equation described only approximately the resulting discharge curves. In order to
attain a more precise mathematical description, stretched exponential function was implemented
into the last term of the Shepherd equation. The need for such a correction shows the complexity of
the electrochemical processes occurring in these systems. In addition, the surface of the brass anode
was also investigated by scanning electron microscopy (SEM) and the composition of the brass alloys
was determined by X-ray fluorescence spectroscopy (XRF). Importantly, the formation of dendritic
deposition was successfully suppressed and a smooth and uniform surface was obtained after the
cycling tests.

Keywords: Zn-air battery; brass anode; rechargeable dendrite-free operation; stretched exponen-
tial function

1. Introduction

In the last decades, batteries (such as metal-air batteries), supercapacitors, and other
hybrid systems (with battery + supercapacitor properties) have taken on new importance
in aspirations of making green and high-performance energy storage and utilization [1,2].
For this reason, several metal-air batteries such as lithium-air [3,4], aluminum-air [5] and
zinc-air [6,7] have been preferred for having a long life, being cheaper, and being more
stable batteries over the conventional lithium-ion batteries, which have insufficient en-
ergy density, low capacity, and safety issues [8,9]. To improve the structural stability and
the electrochemical performance of the batteries, development of the electrode materials
(e.g., based on Ni-Co, graphene, or MXene) [10,11] and modifications of the electrolyte
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composition are the focus of research [12]. Among the metal-air batteries, due to their high
energy densities (up to 1350 Wh/kg) and safety operation [13,14], rechargeable zinc-air
batteries have been in the focus of research interest. However, despite their high energy
densities, the zinc-air batteries have some disadvantages including the lack of the mor-
phology control of zinc deposition during the charging process (minimizing the dendrite
formation) [15-17] and providing suitable catalyst(s) for the oxygen evolution/reduction
reactions (OER/ORR) [18-21]. The inhibition of the dendritic deposition can be promoted
by varying the composition of the electrolyte; this means the application of additives that
can act as a surfactant and/or chelating agent [16,22-24]. The other possibility is to find
an optimal operating condition that usually means the application of an appropriate (not
too high) current density for charging [25,26]. In addition to these solutions, it should be
mentioned the morphology of the surface of the zinc anode that can also affect the dendrite
formation [27].

Recently, we reported our novel zinc-air cell that is heavy metal free with fixed cell
geometry and showed promising cell operation without deposit formation on the zinc
anode. Our cell was tested with some additives (such as carboxyl telechelic poly(ethylene
glycol) and carboxymethyl cellulose sodium salt (CMC-Na)), and fixed geometry was
ensured by a 3D printer [22,28].

For further studies of our prototype cell and to get a deeper insight into the possibilities
of the utilization of our cell, the zinc anode was replaced by copper-zinc alloy (brass). The
brass is widely used as a current collector in the electrochemical cells [29] and several
metal-copper alloys including aluminum-copper [30], silver-copper [31], or tin-copper [32]
were applied as anode in different batteries. However, no metal-air battery was found in
the literature where brass acted as an anode although brass is commercially available and
has very good electrical conductivity.

In this paper, we focused our studies on a modified zinc-air battery using brass as
an anode and graphite/charcoal (immersed in concentrated KOH solution saturated with
K>[(Zn(OH)4)] electrolyte) as a cathode. We will show that this new cell can work as a
zinc-air battery with excellent energy efficiency. Furthermore, the cell is heavy metal free
and printed by a 3D printer using polypropylene filament to ensure the fixed geometry.

2. Experimental
2.1. Materials

Brass foil (CuZn37, thickness: 0.63 mm, EN 1652, DIN17660) was purchased from
TGF Ltd. (Debrecen, Hungary). Graphite rod electrodes originated from Ceramics Praha
(Czech Republic, Prague). All the electrodes were rinsed with n-hexane and then allowed
to air-dry prior to analysis. Charcoal, potassium hydroxide, n-hexane, and zinc oxide were
obtained from VWR (Debrecen, Hungary). The carboxymethyl cellulose (CMC) Na salt
was purchased from Merck (Darmstadt, Germany).

2.2. XRF Characterization of the Brass

In order to create an applicable anode, commercially available, cheap materials are
preferable as the applied brass. The composition of the brass anode was determined by
X-ray fluorescent measurements and the following elements were involved in the analysis:
Fe, Co, Ni, V, Cr, Zr, Nb, Mo, Pd, Ag, Cd, Sn, Sb, Hf, Ta, W, Re, Pb, and Bi. The results
showed the presence of Cu: 63.19%, Zn: 36.48% Fe: 0.07%, Ni: 0.07%, and Sn: 0.06% in
m/m%. The threshold was 0.05 m/m%.

In the brass, low Fe, Ni, and Sn content were determined in addition to the Cu and Zn;
however, Pb was not observed, even though the EN 1652, DIN17660 standards allow its
presence in a small portion.

2.3. Electrodes

The air cathode was constructed from charcoal and a graphite rod. The charcoal was
soaked for 8 h in the electrolyte to obtain the mud before use. The brass anode was cut from
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the brass foil (length 10 cm, width 10 mm) and fixed to the PP skeleton keeping a constant
distance (1.5 mm) between the brass anode and the cotton diaphragm. The detailed cell
geometry was published earlier [28].

2.4. Potentiostat

For the cyclic voltammetry (CV) measurements and cyclic performance tests, a Biologic
SP-150 potentiostat (Seyssinet-Pariset, France) was applied, equipped with the EC-Lab
software package. The CV measurements were recorded in the range of —0.1 V to —1.85V
vs. cell potential with the scan speed of 20 mV/s. In the case of cycling performance tests,
the working potential range was set from 1.0 V to 1.8 V. The charging and discharging
current density was 2 mAcm 2. The energy efficiencies were calculated from the area
under the charge/discharge profiles.

2.5. Scanning Electron Microscopy (SEM)

The surface of the anodes was investigated by a Hitachi S-4300 scanning electron
microscope (Tokyo, Japan). The samples were stored in n-hexane until the analysis.

2.6. The 3D-Printed Battery and the Electrolytes

The skeleton of the battery cell was printed from polypropylene (Fiberlogy) using a
Prusa i3 MK3S 3D printer. (Czech Republic, Prague). The anode was fixed to the battery
skeleton, and the distance between the anode and membrane was 1.5 mm. The size of the
anode was 100 x 10 x 0.8 mm, (length, width, and thickness). The cotton cloth membrane
was soaked in lye for 1 h before filling the charcoal-based cathode. For the preparation
of the cathode, mud was made by mixing 6 M aqueous potassium hydroxide containing
0.25 M K;[(Zn(OH),)] (with or without additive) with charcoal (soaked for 8 h). The
CMC-Na salt additive was applied at a concentration of 2 m/v%. As the last step of the
battery preparation, the graphite rod was placed in the middle of the mud and kept in
position with 3D-printed arms. The exploded-view of the 3D-printed cell is shown in the
Supporting Information (Figure S1).

3. Results and Discussion
3.1. Cyclic Voltammetry

Our aim was to investigate the applicability of the bimetallic Cu-Zn alloy as Zn
anode in a Zn-air battery. The results (Coulomb and energy efficiencies, cycling test,
cyclic voltammetry) obtained for the zinc-air battery using zinc as anode and same cell
geometry can be found in our previous publication [28]. The electrochemical reactions
were investigated by cyclic voltammetry measurements with different electrolytes (with or
without CMC-Na salt additive). One hour prior to analysis, the electrodes were inserted
into the corresponding electrolytes. The potential range was set to be —0.1 Vto —1.85 V. In
this way, the reduction/oxidation of all copper and zinc species was recognized. Figure 1
shows the recorded cyclic voltammograms in the presence or absence of additives.

As seen in Figure 1a,b, the voltammograms with the use of brass anodes are complex
since within the investigated potential range the reduction-oxidation of copper and related
species also takes place. The potential range from —0.3 V up to —1 V corresponds to the
reduction of copper (Cu(Il) to Cu(0), gross) [33,34]. Due to the formed passive layer on
the surface of the brass electrode, both Cu(Il) and Cu(I) are present. At higher potential,
the Cu(II) is reduced to Cu(l) species, while around —1 V Cu(0) is formed. The broad CV
peaks observed are, most likely, due to the overlapping peaks. Interestingly, applying the
CMC-Na salt as an additive a positive shift can be found for the reduction of Cu(l) species.

Decreasing the potential, at —1.1 V, the Zn deposition starts to take place, whereas
the peak maxima are around —1.45 V. Moreover, an increase in the current at higher cell
potential may be the result of further Zn deposition. The electrolysis of water starts only at
a lower cell potential; bubbles were not formed during the analysis. The height of these
peaks is lower than those obtained by the transition of copper-related compounds, which
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may be the result of the higher surface concentration of copper species with respect to those
of Zn. The formation of CuO, Cu(OH);, and Cu,O starts at —0.7 V. Based on the cyclic
voltammograms, the voltage span from —1 V to —1.8 V was selected as a working cell
potential range for the cyclic test of the battery.
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Figure 1. Cyclic voltammograms recorded in the absence (a) or presence of CMC-Na salt additive (b),
applying brass anode. The KOH and K;[(Zn(OH)4)] concentrations in the electrolytes were 6.0 M
and 0.25 M, respectively.

3.2. Cycling Test of the Zn-Air Battery

The cell potential of the Zn-air battery using brass as an anode was found to be around
—0.39 V. This originates from the passivation of the copper under alkaline conditions,
where a double Cu,O/Cu(OH); layer is formed [35]. The cyclic performance test of the
Zn-air secondary battery was run in the absence or presence of CMC-Na salt additives
(Mp: 250 kg/mol, f: 1.2) and 2 mAcm 2 was applied as a charging-discharging current
density. The time limit of the charging and discharging processes was set to be 5-5 min
(one full cycle was 10 min), except for the first step, when the brass surface was precondi-
tioned (a full cycle was 20 min). The potential limits were set to be 1.8 V and 1.0 V as the
maximum and minimum values, respectively.

First, the battery filled with additive-free electrolyte was investigated, which showed
excellent performance (Figure 2). The working potentials varied from 1.0 V to 1.45 V. The
relatively low potential can be explained by the involvement of a two-electron mechanism
(the peroxide pathway) taking place on the charcoal-based cathode as detailed in our
previous work [28]. Every time, the battery reached 1.0 V limit during the discharging
process and stable performance was observed up to more than 100 cycles. In Figure 2a,b,
the cyclic performance test and the zoomed cycles are shown in the time interval of
10.05-10.45 h, respectively. Similar shapes were observed for all the cycles. The shape
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of the curves will be detailed later. It is also clearly seen that the charging potential was
reached at 1.33 V; after that, only a very small increase in the potential was observed within
the cycle. During the discharge, stable cell potential was obtained until 1.15 V. After that
period, a sharp decrease in the cell potential was observed (for instance, in Figure 2b, from
10.25 min shown red frame) indicating the depletion of zinc from the outer layers of the
brass anode. Such a decrease was not seen in the case of the metal Zn anode [28]. The small
difference between the charging and discharging potentials indicates a low overpotential,
which results in high energy efficiency for the battery. The energy efficiency was 80% while
the Coulomb efficiency was higher than 92%. The efficiencies versus cycle numbers are
presented in Figure 3.
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Figure 2. The cyclic performance test (a) of the Zn-air battery filled with additive-free electrolyte,
aqueous KOH (6 M) and K;[(Zn(OH)4)] (0.25 M). The lower figure (b) shows the zoomed charg-
ing/discharging cycles (the sharp decreasing in the cell potential is highlighted by red frame).
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Figure 3. The energy (a) and Coulomb efficiency (b) of the Zn-air battery equipped with brass anode
with additive-free electrolyte, aqueous KOH (6 M) and K;,[(Zn(OH)4)] (0.25 M).
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One of the main shortcomings of KOH electrolytes in batteries is the evaporation of
water, which brings about a change in the concentration of the KOH and K;[(Zn(OH)4)]
during operation. The rate of evaporation may be decreased by the increase in the viscosity
of the electrolyte. Therefore, carboxymethyl cellulose-Na salt (CMC-Na) was used as a
viscosity improver. Recently, we have shown that CMC-Na salt with 250 kg/mol molecular
weight and 1.2 functionality results in a high increase in viscosity (75 mPas vs. 1.5 mPas
additive free) [28], with a small increase in the battery working potential range. Figure 4
shows the cycling performance test of the Zn-air battery filled with an electrolyte containing
CMC-Na salt. Similar to the additive-free electrolyte, excellent performance was also
obtained. The maximum of the working potential range increased up to 1.52 V. High energy
efficiency (Ecf: 75%) and Coulomb efficiency (Ceg: 92%) were determined similar to that of
the additive-free cell (80%). The small decrease in the energy efficiency values may originate
from the increased electric resistance of the electrolyte containing CMC-Na salt. Comparing
our results with energy efficiency values (60-75%) found in the literature [36-38], it can be
surmised that the values obtained for our cells are outstanding. The energy efficiency and
Coulomb efficiency as a function of cycle numbers are shown in Figure 5.
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Figure 4. The cyclic performance test (a) of the Zn-air battery filled with an electrolyte containing
2 m/v% CMC-Na salt. The lower figure (b) shows the zoomed charging/discharging cycles (the
sharp decreasing in the cell potential is highlighted by red frame).

In order to characterize the electrochemical processes taking place in the battery,
it should be taken into account that during the production of a brass sheet, different
defects might form. The presence of these defects on the surface may originate from the
bimetallic crystal lattice and /or the mechanical stress during the fabrication. To explain our
data, i.e., the detected relatively small differences between the charging and discharging
potentials, we should take into account that in the presence of electrolyte of eider type
applied, these defects decrease the Volta potential and thus, reduce the overpotential of
the anodic oxidation of the Zn metal [39]. The lower the overpotential is the higher is the
energy efficiency.
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Figure 5. The energy (a) and Coulomb efficiency (b) of the Zn-air battery equipped with brass anode
with 2 m/v% CMC-Na salt additive, aqueous KOH (6 M), and ZnO (0.25 M).
3.3. Mathematical Modeling of Discharging Processes
As it was shown in Figures 2 and 4, the shapes of the charging-discharging curves are
different from those obtained with Zn anode where the potential decay was uniform [28].
The 10th, 50th, and 100th cycles were selected from both experiments (without or with
additive) for further evaluation. The charge-discharge curves are presented in Figure 6.
The additive-free electrolyte reveals nearly constant charging and discharging potentials
in the range of 20 to 250 s. The charging and discharging potentials are close to each
other, indicating the high energy efficiency of the battery operation. Sharper change was
measured in the cell potentials with the use of CMC-Na salt additive, resulting in lower
energy efficiency; however, the potential difference was still low. It is to be noted that
the current of the charging and discharging steps were the same in all cases. The stable
performance of the batteries is demonstrated in Figure 6 indicating a constant capacity of
our battery up to more than 100 cycles. Furthermore, this finding also demonstrates the
high reversibility of the deposition-dissolution of the Zn on the surface of the brass anode.
At the end of the discharge steps, a fast potential decrease was observed. This latter finding
suggests that there is a large difference between concentrations of the Zn electrolyzed onto
the surface and in the brass lattice.
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Figure 6. The cell potential change during the charging and discharging steps (10th, 50th, 100th) of
the Zn-air batteries equipped with brass anode without (a,c) or with additive (b,d) in the electrolytes.
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In order to get insight into the discharging steps, mathematical modeling has been
carried out. First, the generally applied Shepherd model [40,41] was used. This model is
represented by Equation (1).

_Q
Q—1Ixt

where Ej represents the potential of the battery at full capacity (V), K is the polarization
resistant coefficient (Q2), Q is the battery capacity (Ah), I is current (A), Ry is the internal
resistance (), I * t is the removed charge ( f Idt, Ah), and A and B are empirical constants
(V, A=th~1). The measured and fitted curves are shown in the left panels of Figure 7.

V=Ej— K( >I — Rol + Ae Brlxt 1)
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1.35 (Shepherd model) 1.60 1 (Stretched exponential function model)
1.30 1.50
1.25 * measured _1.40 - ° measured
?;1.20 —fitted 351.30 { —fitted
£1.15 £1.20 -
Y110 w440 4
1.05 1.00 -
1.00 + T T \ 0.90 T T )
0 100 200 300 0 100 200 300
Discharging time (s) Discharging time (s)
1.60 Additive (CMC-Na), discharge 16 Additive (CMC-Na), discharge
150 (Shepherd model) : (Stretched exponential function model)
. 1.5
< 1.40 ¢ measured ;1-4 © measured
£1.30 —fitted —fitted
ur'1.20
®cecs
1.10 cee
1.00 T T ) 0.9 - . . .
0 100 200 300 0 100 200 300
Charging time (s) Charging Time (s)

Figure 7. The measured and calculated discharge curves (50th cycle) for the additive-free and
CMC-Na salt-containing batteries.

As seen in Figure 7, the Shepherd model closely describes the discharge curves for
both the additive-free and CMC-Na-containing batteries. However, the fittings are not
totally convincing, especially in the case of battery with CMC-Na salt-containing electrolyte.
Calculations with the Shepherd model showed that the potential decrease in the middle
part of the discharging step is smaller than those obtained from the experiments. As we
have shown previously [28], the application of stretched exponential function adequately
described the potential change of discharge, since numerous parallel reactions take place
with slightly different activation energies. The lack of excellent fitting may originate from
the more complex electrochemical processes. Therefore, we suggest the modification of the
exponential factor to a stretched exponential one [28] in the Shepherd model (Equation (1)),
by adding a p factor to it. Thus, the modified Shepherd equation can be read as:

_Q
Q—1Ixt

where the u is the stretching exponent, all the other parameters were described above
(Equation (1)).

The results of the fittings with Equation (2) are shown in the right panel of Figure 7.
As seen in Figure 7, excellent fittings were achieved using the modified Shepherd equation

V=Eo - K( )I — Rol + Ae~ (B1:)" @)



Batteries 2022, 8, 212

9of 12

(Equation (2)). The obtained polarization-resistant coefficients (K) are similar, but a slight
decrease was observed with the use of CMC-Na salt. For the fitting, the capacity was
determined by the 50th charging period. The calculated variables of the Shepherd and
the modified Shepherd models for the Zn-air battery equipped with a brass anode are
compiled in Table 1.

Table 1. The calculated parameters determined by fitting the Shepherd and the modified Shep-
herd models.

Additive-Free Additive (CMC-Na)
K () 0.67 + 0.02 K () 0.75 + 0.04
Ro () 7.97 +0.16 Rp () 21.19 + 0.36
Shepherd model Q x 10° (Ah) 1.32 £ 0.02 Q x 103 (Ah) 1.32 £0.02
(Equation (1) A (V) 0.11 + 0.01 A (V) 0.28 £ 0.01
B(A~1h™1) 6330 + 570 B(A~1h™ 1) 10440 + 720
Ep (V) 1.32 +0.02 Ep (V) 1.54 4 0.02
K () 0.60 + 0.01 K () 0.50 + 0.01
Ry (Q) 12.03 = 1.84 Ro () 30.42 4 0.43
Modified Shepherd Q x 10% (Ah) 1.32 £ 0.02 Q x 103 (Ah) 1.32 £0.02
model A (V) 0.19 + 0.03 A V) 0.50 + 0.01
(Equation (2) B(A~1h™1) 1760 + 1160 B(A~1h™1) 3400 + 210
Eo (V) 1.32 4+ 0.02 Ep (V) 1.54 4 0.02
i 0.38 + 0.04 u 0.36 + 0.01

The relevance of the modified Shepherd model to the calculation of the empirical
parameters allows the direct comparison of different batteries. Such a shape for the dis-
charging steps is frequently observed in the case of metal-air batteries, thus our proposed
modification of the Shepherd equation is more suitable for the description and characteri-
zation of the class of metal-air batteries.

3.4. Morphology

In order to get a deeper insight into the morphology of the electrode surface, SEM
measurements were carried out. After finishing the cyclic performance test, the electrodes
were washed with water and acetone, the anodes were stored in n-hexane. The SEM images
and EDS spectra of the electrodes without or with the use of CMC-Na salt additive, after
the cyclic performance test, are shown in Figure 8.

In the absence of additive, the surface of the electrode was changed and mossy-like
deposition was formed, which was not visible to the eyes. The obtained surface was
relatively smooth. At higher magnification, the inhomogeneity of the surface become
visible. On the EDS spectrum, both copper and zinc were identified. In contrast, the
application of CMC-Na salt as an electrolyte modifier results in a smoother surface than
without CMC-Na additive. Uniform surface was obtained, which is similar to that of the
brass before test and dendrite-free operation was observed even at a high magnification rate.
The uniform surface is the result of the positive effect on the regulation of the ion transport;
however, as it was discussed above, the energy efficiency is slightly decreased which might
be caused by the higher electrical resistance of the cell in the presence of CMC-Na in the
electrolyte. Furthermore, the low dendrite formation can be interpreted by the presence
of the copper beside the zinc. Under very similar operational conditions, more significant
dendrite formation was observed in our previous study using pure zinc foil as anode [28].
As it was shown for Zn-5n alloys, the presence of an electrochemically inactive metal can
aid the uniform stripping during the discharging process and uniform deposition of zinc
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No additive
Brass
before test

CMC-Na salt

during the charging process obtaining in this way dendrite-free operation [42]. In addition
to the SEM measurements, EDS spectra were also recorded. The presence of copper and
zinc is clearly visible, while other elements, identified by XRF, were not detected. This
finding may be the result of the cycling performance test since during the test the Zn is
concentrated on the surface of the electrode. Both electrolytes are beneficial to suppress the
formation of undesirable dendritic deposition.

Zn —TH

e T
:Cu
(o] Zn
< Cu_
il
2 6 10
ke
—
Zn
G
Zn
2, Cu,
2 [ 10
ke

Figure 8. The SEM images and the EDS spectra of the brass anode, after the long-term cyclic
performance test in different magnifications, in the absence and presence of CMC-Na salt additive in
the electrolyte.

4. Conclusions

A Cu-Zn alloy (brass) was applied as a Zn anode in our Zn-air battery equipped
with a charcoal-based cathode. To investigate the electrochemical processes on the anode,
cyclic voltammetry (CV) measurements were carried out. Based on the CV data, different
potential ranges for oxidation and reduction of copper and zinc species were identified.
Thus, the proper potential range was determined for the Zn-air battery with the brass
anode. As an electrolyte, the aqueous solution of KOH (6 M) and K»[(Zn(OH)4)] (0.25 M)
was applied with and without additives. CMC-Na salt was applied to increase the viscosity
of the electrolyte and achieve high control over the Zn deposition during the charging of the
battery. The stable performance of the developed battery was proven by cyclic performance
tests up to more than 100 cycles. Narrow and stable working potential ranges were obtained
for both electrolyte systems. Additionally, low charging potentials were detected due to
the two-electron pathway. Thus, outstanding energy efficiencies were calculated for both
electrolyte systems. The energy efficiency of the additive-free battery was 80%, while 75%
was obtained with the CMC-Na salt.

The single exponential term in the Shepherd model was replaced by a stretched
exponential one, which resulted in excellent fitting for both electrolytes. The morphology of
the anode surface was monitored by scanning electron microscopy which showed smooth
surface of the brass electrode after the cyclic performance test. Applying the CMC-Na salt
additive, the dendrite formation was successfully suppressed.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/batteries8110212/s1, Figure S1: The exploded-view of the 3D-
printed battery.
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