A. S. Popovic et al.

The influence of the tartarate on the deposition-dissolution of zinc ...

Aleksandra S. Popovi¢”* Dusan Vujosevié!, Milan Milivojevic!,
Tomislav Trisovi¢?,Lazar Rakocevic®, Branimir N. Grgur?

'Department of Physical Chemistry and Electrochemistry, University of
Belgrade Faculty of Technology and Metallurgy, Belgrade, Serbia,
?Institute of Technical Sciences of SASA, Belgrade, Serbia, ’INS Vinca,
Department of Atomic Physics, University of Belgrade, Belgrade, Serbia

Scientific paper
ISSN 0351-9465, E-ISSN 2466-2585
https://doi.org/10.62638/ZasMat1328

Zastita Materijala 66 (4)
880 - 886 (2025)

The influence of thetartarate on the deposition-dissolution
of zinc for the application in aqueous battery

ABSTRACT

Zinc-ion batteries (ZIBs) have recently gained significant attention as a sustainable energy storage
solution due to their cost-effectiveness and safety. Despite offering high theoretical capacity and low
redox potential, ZIBs face challenges such as dendrite growth and low zinc utilization rates, which
hinder their performance. The objective of this study was to optimize the electrolyte composition to
enhance the performance of a zinc electrode electrochemically deposited on a copper substrate
within the zinc(ll)-NH4ClI system. The influence of Zn®** and NH4* ion concentrations, current density,
and the addition of sodium tartrate on the morphology and behavior of the anode material during
charge and discharge cycles was examined. Results demonstrated that the addition of sodium
tartrate significantly improves the electrochemical performance of the anode material and reduces
corrosion in the electrolyte. The findings from this study suggest that electrolyte engineering could
potentially provide a solution for better performance and extended longevity of ZIBs.

Keywords: Zinc-ion batteries, sodium tartrate, additive, anode, corrosion.

1. INTRODUCTION

The two-electron redox capability of zinc,
offering a notable energy density of 820 mAhg™ and
5851 mAh cm=3, combined with the cost-
effectiveness and widespread availability of zinc
metal, establishes zinc-ion batteries (ZIB’s) as
promising candidates for large-scale energy storage
applications [1-3]. The zinc anode offers low toxicity
and remarkable stability across diverse aqueous
electrolytes, largely attributed to a significant
overpotential for hydrogen evolution despite its
relatively low redox potential of -0.76 V vs. SHE
[2,4,5]. This compatibility with a broad array of
cathode materials has intensified research interest
in ZIB’s as highly suitable for grid-scale energy
storage [1,3,4,6].Among, vanadium-based
compounds,Prussian blue analogs, MXene and its
composites, and different organic materials, the
manganese dioxide, MnO2, with different structures
is most widely investigated and shows very good
electrochemical characteristics for zinc intercala-
tion/deintercalation in near-neutral aqueous elec-
trolytes including chloride based [7, 8].
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Manganese is abundant, readily available, low
cost, environmentally friendly, and MnO2 can be
easily synthesized. Additionally, manganese has a
high voltage plateau (1.2-1.4V) revealing a high
energy density and exists variety of oxidation states
including Mn2*, Mn3*, Mn**, and Mn7*[7].

Aqueous electrolytes  are increasingly
recognized as optimal for ZIB’s due to their safety,
affordability, and environmental advantages [4].
Utilizing zinc anodes and water-based electrolytes,
ZIB’s offer high ionic conductivity, enabling rapid
charge and discharge [6-9]. However, these
systems face persistent challenges, such as
dendrite formation, corrosion, and suboptimal
electrode-electrolyte interfaces, all of which affect
their durability and efficiency [10-13]. Zinc’s charge
storage mechanism involves a reversible Zn
plating/stripping cycle in aqueous electrolytes,
where, upon charging, Zn?* ions are reduced and
deposited onto the Zn anode. Conversely, during
discharge, zinc is oxidizing into Zn2* ions. Dendrite
formation is primarily driven by irregular Zn ion flux
and an uneven electric field during reversible
cycling, which can lead to larger dendrites that
penetrate the separator, potentially causing short
circuits [2,10,12,13]. Additionally, these structures
increase the surface area of the Zn anode,
intensifying side reactions such as corrosion and
hydrogen evolution [6,14].
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To address these limitations, a range of
strategies has been explored, including protective
coatings for the zinc anode, modification of zinc
deposition’s  crystallographic orientation, three-
dimensional Zn architectures, alloying with inert
metals, and electrolyte optimization [2,10-12]. A
holistic approach appears to lie in electrolyte
engineering, focusing on high-concentration
electrolytes and additive incorporation to fine-tune
the solvation structure of Zn?* ions [11,12,16—19].
This technique substantially impacts nucleation
processes, inhibiting dendrite growth and reducing
unwanted side reactions. Specifically, various
additives such as polyethylene oxide (PEO),
polyethylene glycol (PEG), polyacrylamide (PAM),
methanol, and dimethyl sulfoxide (DMSO)
effectively modulate the Zn?* solvation shell [1,11].
These additives limit 2D zinc ion diffusion, enabling
even current distribution and fostering uniform zinc
deposition [1,12].

The obijective of this study was to enhance the
performance of a zinc electrode electrochemically
deposited on a copper substrate within the zinc(Il)—
NH4Cl system. The influence of Zn2* and NH4* ion
concentrations, current density, and the addition of
Na-tartarate on the morphology and behavior of the
anode material during charge and discharge cycles
was examined. Results demonstrated that the
addition of Na-tartrate improved capacity retention
during cycling and reduced charge/discharge
overpotentials. Furthermore, corrosion testing
revealed that the corrosion rate in the solution with
the additive was decreased.

2. EXPERIMENTAL

Zinc plating/stripping behavior was investigated
in the electrolyte consisting of zinc chloride, which
concentration was kipping constant, 0.5 M, and
varying the ammonium chloride electrolytes in the
range of 0 to 2 M, along with the addition of 20 mM
Na-tartarate additive. Solutions were prepared from
p.a. grade chemicals (Merck). The concentration of
Na-tartarate was selected based on literature data
suggesting a suspensive nature and recrystalli-
zation of the solute (Zn-tartarate) [16]. In order to
investigatethekinetics of the deposition/dissolution
reaction, and determine the optimal electrolyte, the
behavior ofpure zinc plates(Alfa Aesar) was
examined in the investigated solutions by recording
galvanodynamic curves from 5 yA cm-2to 80 mA cm-
2 in both anodic and cathodic directions. The open
circuit potential (OCP) was measured before the
scan, scanning began with OCP in the more
negative direction, swept back to near the OCP
potential.

The influence of NH4Cl concentration on zinc
deposition/dissolution was investigated on the pure
copper plate (10 mm x 10 mm x 0.5 mm, S = 2 cm?).

Before use, copper plates were treated by dipping
into an 8MHNO3 solution for 10 seconds, washed
with deionized water, and dried in the air. Zinc
deposition/dissolutionwas investigated by cyclic
voltammetry curves using a scan rate of 5 mVs-'.
Theinfluence of theammonium chloride
concentration on cathodic and anodic overpoten-
tialas was investigated by recording galvanostatic
curves at the constant current density ofj = 50 mA
cm=2 and constant deposition charge ofqg = 10 mAh
cm2.The optimal electrolyte was found to be, 0.5 M
ZnCl2 and 1 M NH4Cl, in which the influence of
deposition/dissolution current densities, in the range
of 20 mA cm=2to 50 mA cm=2, on the current
efficiency was investigated, without and with the
addition of 20 mM Na-tartarate.

The morphology of the deposits was
investigated from the optimal electrolyte, 0.5 M
ZnClz, and 1 M NH4CI, without and with the addition
of 20 mM Na-tartarate, by applyingacurrent density
ofi=60 mA cm2over1h.Cyclic behavior was
investigated with a current density of 50 mA cm-2
over 100 cycles.

All the experiments were performed in a three-
compartment glass cell with 100 mL of electrolyte
solution, using the zinc plate as a counter electrode,
and saturated calomel electrode as a reference
electrode.

To evaluate self-discharge impact, the corrosion
behavior of zinc deposits electrochemically
synthesized on copper plates (=50 mA cm=2, 1h)
was examined by immersing them in the solution
0of0.5 M ZnCl2 and 1 M NH4Cl, 100 mL, with and
without Na-tartrate for 7 days. The corrosion current
density was determined by measuring the masses
of the plates before and after immersion in the
solutions and applying Faraday's law. The
morphology of the deposits, before and after the
corrosion test, was examined by optical microscopy.
All measurements were performed using a
potentiostat/galvanostatGamry1010E, while
micrographs were obtained using the optical
microscope Olympus CX41 connected to the PC.

3. RESULTS AND DISCUSSION

Figure 1.showsgalvanodynamic polarization
curves of the zinc chloride, ZnCl2 with the addition of
different concentrations of ammonium chloride,
NH4Cl on the solid zinc electrode. Because Tafel
behavior is not observed, the slope is below 10 mV
dec, it could be concluded that reactions of the zinc
deposition and dissolution are under mixed
diffusion-activation control, as also suggested by
Cao et al. [20]. From the inset in Fig. 1, it can be
clearly seen that diffusion is dominant even near the
reversible potential because the mixing of the
solutions influences the polarization curve. For such
a case the dependence of current on potential can
be expressed by the following equation [21]:
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where jo is exchange current density, ja limiting
diffusion current density, E:r reversible electrode
potential, E actual potential, and, y is an integer
curvature-defining  constant,  controlling  the
sharpness of the curve in the transition from the
activation-controlled to the diffusion-controlled
currents, and can have the value of 2 to 4.

From Fig. 1 can be seen that at constant
potential, current increases with the addition of
ammonium chloride. This could be explained by the
formation ofazinc chloride complex that hasahigher
value of the diffusion coefficient. Namely, at low
chloride concentrations the dominant species is
hydrated Zn2*, while with the addition of chloride the
dominant species become ZnCls?[22]. The
formation of zinc chloride ammonium complexes is
favored at higher pH [23].
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Figure 1.Galvanodynamic polarization curves (v =
100 uA s) of zinc deposition and dissolution on
solid zinc electrode (S = 2 cm?) with different
ammonium chloride concentrations (marked in the
figure). Inset: polarization curves without and with
the mixing of the solution

A similar observation can be seen from the
cyclic voltammetry experiments shown in Fig. 2.
Without ammonium chloride in the solution, for
cathodic potential limits of —1.25 V current is ~ 50
mA, while with the addition of ammonium chloride
current increase. Also, the anodic zinc stripping
peak is shifted to more negative potentials with an
increase in chloride concentrations, and the charge
associated with zinc is much higher than in a pure
ZnCl2 solution. This confirms that ZnCls?*can be
much more easilyreduced than hydrated Zn?* ionsin
the form of [Zn(H20)e]?*which is very stable [24].
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Asimilar effect is observed by the addition of the N-
Methylmethanesulfonamide (NMS) to optimize the
transfer, dehydration, and reduction of Zn2* [25].
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Figure 2. Cyclic voltammograms (v =5 mV s) of
zinc deposition and dissolution on the solid copper
electrode (S = 2 cm?) with different ammonium
chloride concentrations (marked in the figure)

To determine the influence of the chloride
concentration on the overpotentials for the
deposition/dissolution reaction of zinc, Fig. 3, the
zinc is deposited for 1800 s, and dissolute with a
current density of 50 mA cm=2,
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Figure 3.The influence of the ammonium chloride
concentration on the overpotentials for
deposition/dissolution reaction of zinc on copper
electrode (S = 2 cm?). Inset: The dependence of
overpotentials for zinc deposition/dissolution for
different ammonium chloride concentrations
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From the inset in Fig. 3, it can be seen that with
increasing chloride concentration, both deposition
and dissolutionoverpotentials significantly decrease,
up to the ammonium chloride concentration of 1 M,
when it is stabilized. Therefore, the excess of
chloride concentrations is necessary to reduce
deposition and dissolution overpotentials.
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Figure 4.Galvanodynamic polarization curve (v =
100 uA s') on solid zinc electrode without and with
the addition of 20 mM Na-tartarate

Based on the above given results, for the
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following investigations electrolyte based on 0.5 M
ZnClz and 1.0 M NH4Cl is chosen. Also, the
influence of tartarate addition is investigated. Figure
4 shows the galvanodynamic polarization curve on
a solid zinc electrode without and with the addition
of 20 mM Na-tartarate. Some slight increase in
current density is observed with the addition of
tartarate.

In order to investigate the influence of tartarate
additon on the current efficiency the
deposition/dissolution is investigated by applying
different current densities on the copper electrode,
in the range from 20 to 50 mA cm=2 using
thefollowing equation:

t
n=t—dx1oo

c

Where: tq is discharge time, and fis charge time.

From the insets of Figs. 5a and 5b, it can be
seen that in the electrolyte without the addition of
tartarate, at lower current densities, e.g. 20mA cm
current efficiency is 85% and gradually increases
with applied currents up to 97%. On the contrary,
with the addition of tartarate, at low current density,
efficiency is significantly higher, 95%, and
increasesto 100% for higher current densities.
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Figure. 5. Galvanostatic curve for deposition and dissolution of the zinc on the copper electrode
a) without tartarate, and b) with the addition of 20 mM Na-tartarate. Insets: Current efficiency of zinc
electrodeposition

Such behavior could be explained based on
Figs. 6a and 6b where optical micrographs of the
electrodeposited zinc without and with tartarate for a
deposition charge of 50 mAh cm are shown. It is
obvious that without tartarate in the solution
throwing poweris much lower than with tartarate,
and some uncovered copper can be seen. Hence,
initially, without tartarate on the copper electrode
much more hydrogen is evolved decreasing current

efficiency. It could be postulated that tartaratesare
adsorbed on the energetically more active sites and
partially block hydrogen evolution reaction. Also,
from Fig. 6. it can be seen that with tartarate in the
solution, more homogeneous deposits are obtained
which can be explained by the same postulation, by
the blocking effects of the active sites on which
inhomogeneous deposition can occur.
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with the addition of Na-tartarate, charge/discharge is
much more uniform, than without tartarate. From the
inset in Fig.7, whereCoulombic efficiency (C.l.) of
zinc deposition/dissolution is shown, it can be
concluded that both systems have high current
efficiency, but without tartarate C.I. is more
scattered.

To evaluate the corrosion behavior of zinc
deposits electrochemically synthesized on the
copper plates,j=50 mA cm2 during1h,is examined
by immersing them in two investigated solutions,
without and with 20 mMNa-tartrate for 7 days, and
results are shown in Table 1.The corrosion current
density is calculated using the following equation:

AmM (Zn)
Jeorr = T StnF
HereAm is mass change, S surface area of

2cm?, t =168 h, and F = 26.8 Ah mol.

Table 1.Copper mass before and after zinc
corrosion test in the investigated solutions
and calculated corrosion current density

- Jeord
c(Na-tar.))mM m4lg malg Amig JuA cm?
0 0.3677 | 0.3584 | 0.0103 37.4

20 0.3710 | 0.3682 | 0.0028 10.2

Figure6. The optical micrographs of the zinc
deposits on copper electrode a) without and b) with
20 mM Na-tartrate,wereobtained at a deposition
current density of 50 mA cm during 1 h.

8.5 T T T T T

80F 5S0mAcm” -

600/600 s 100 |-

C.1./100%

0.5 M ZnCl2 +1M Nll{(l]
© Charge
® Discharge 99 -
+ 20 mM Na-tartaratc I R S PR
75F A Charge 0 20 40 60 80 100 -
4 Discharge Cycle No.

¢/ mAh em”

0 20 40 60 80 100
Cycle No.

Figure 7. Cyclization behavior of Zn on the copper
plate during 100 cycles, 600 s charge, and 600 s
discharge in the solution of 0.5 M ZnCl> and 1 M
NH,Clwithouttartarate,and with the addition of 20

mM Na-tartarate. Inset: Coulombic efficiency of

zinc deposition/dissolution \ gy ] 500 um
Figure 7 shows the cyclization behavior of Zn on , . . X )
the copper plate during 100 cycles, with 600 s Flgure. 8.The optical micrographs of the zinc
charge, and 600 s discharge in the solution of 0.5 M deposits on copper electrode after 7 days of

ZnClz and 1 M NH.ClI, without tartarate and with the ~ exposure to the corrosion solution. a) without and
addition of 20 mM Na-tartarate, by applying the  b) with 20 mM Na-tartrate, obtained at a deposition
current density of 50 mA cm2. It can be seen that current density of 50 mA cm2 during 1 h
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From the calculated corrosion current density, it
is obvious that in the presence of tartarate corrosion
is almostfour times smaller than in the solution with
tartarate. From Figs. 8a) and 8b) it is obvious that
without tartarate in the solution, a high area of
copper is visible. This could be explained that
tartarate is adsorbed on active sites for hydrogen
evolution, acting as corrosion inhibitor.

4. CONCLUSIONS

The paper analyzes the influence of electrolyte
composition on the electrochemical behavior of the
zinc anode electrochemically deposited on a copper
substrate in the Zn(ll)-NH,CI system. The results
demonstrate a significant effect of electrolyte
composition on the performance of the zinc-ion
battery anode. Galvanodynamic polarization studies
reveal that zinc deposition and dissolution in the
NH,CI-ZnCl, system occur under mixed diffusion-
activation control. The addition of ammonium
chloride enhances current density, which is
attributed to the formation of ZnCl,?~ complexes with
higher diffusion coefficient. Increasing chloride
concentrations leads to a reduction in both
deposition and dissolution overpotentials, with
stabilization observed at 1 M ammonium chloride.
Furthermore, the incorporation of sodium tartrate
significantly improves deposition uniformity, likely by
adsorbing onto active sites and inhibiting hydrogen
evolution, which results in reduced corrosion and
improved current efficiency. These findings
underscore the critical role of additives in optimizing
the performance of zinc-ion battery anodes.

The future work will be focused on synthesis of
MnO: positive active materials, and investigation of
his electrochemical behavior, as a single electrode
and in combination with zinc negative electrode in
the optimal electrolyte.
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UTICAJ TARTARATA NA TALOZENJE-RASTVARANJE CINKA
ZA PRIMENU U BATERIJAMA NA BAZI VODENIH RASTVORA

Cink-jonske baterije (ZIB) su nedavno dobile znacajnu paznju kao odrzivo reSenje za skladistenje
energije zbog svoje isplativosti i sigurnosti. Uprkos tome $to nude visok teoretski kapacitet i nizak
redoks potencijal, ZIB se suocCavaju sa izazovima kao $to su rast dendrita i niske stope iskori§¢enja
cinka, Sto ometa njihov ucinak. Cilj ove studije je bio da se optimizuje sastav elektrolita kako bi se
poboljsale performanse cink elektrode elektrohemijski deponovane na bakarnoj podlozi u sistemu
cink(l)-NHA4ClI. Ispitivan je uticaj koncentracija jona Zn2+ i NH4+, gustine struje i dodatka natrijum-
tartarata na morfologiju i ponaSanje anodnog materijala tokom ciklusa punjenja i praZnjenja.
Rezultati su pokazali da dodatak natrijum tartarata znacajno poboljSava elektrohemijske
performanse anodnog materijala i smanjuje koroziju u elektrolitu. Nalazi ove studije sugerisu da bi
inZenjering elektrolita potencijalno mogao da pruzi reSenje za bolje performanse i produzeni vek

ZIB-a.

Kljuéne reci: Cink-jonske baterije, natrijum tartarat, aditiv, anoda, korozija.
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