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As the interest in alternative Li-based energy storage technolo-
gies increased during the last years, zinc emerged as a
promising candidate. Despite several advantages over Li, Zn
cycling stability is still a major issue. In this article, the use of
near-neutral electrolytes (non-expensive 2 M ZnSO4) with the
addition of different additives (dimethylsulfoxide and tetrate-
thylammonium chloride) is proposed as a solution. The Zn
deposition/dissolution electrochemistry has been evaluated and
the cycling stability was determined in Zn//Zn symmetric coin-
cells. Hybrid supercapacitors were also assembled and tested in
a range of 0.2 V–1.8 V for 2000 cycles, using activated carbon
electrodes as cathode and Zn foil as anode. The results show

that dimethylsulfoxide strongly inhibits the Zn deposition
process, evidenced by a decrease in the cathodic current
density, as well as in the dissolution peak. DMSO affects the
deposition mechanism, whereas tetratethylammonium chloride
reduces the exchange current density, consistent with the
adsorption of tetraethylammonium ions on the Zn surface. A
synergy between both additives leading to further inhibition of
Zn2+ reduction is observed allowing cycling up to 250 hours for
Zn//Zn devices. In addition, the performance of hybrid super-
capacitors has also improved showing better capacity and
extended cycle life.

Introduction

Over a decade has passed since governments around the world
and the society in general have become aware that an in-depth
modification of our production system is needed to stop and,
ideally, mitigate climate change.[1] However, both the proper
integration of intermittent (renewable) energy sources into
electricity grids and the widespread adoption of EVs largely rely
on the use of efficient electrically rechargeable energy storage
devices. For several years, Li-ion batteries (LIBs) have dominated
the market due to their relatively high energy density, accept-
able power density, and good cycle life,[2] becoming the leading
technology when it comes to portable electronics and current
EVs. However, the intercalation chemistry in LIBs limits their
energy density (<350 Whkg� 1) making them unsuitable for
large scale applications or long range EVs.[3,4] There are also
several concerns regarding their high cost and inherent safety
hazards.[5] On top of this, the scarcity of raw materials (such as

Li and cathode components) and questionable mining practices
taking place in third world countries, together with the
expected increase in demand from the battery sector, indicate
that LIBs are currently not a sustainable option.[6] All these
issues have triggered the search for alternative energy storage
technologies that can not only provide the required perform-
ance but also be produced in a sustainable way, i. e. without
comprising the needs of future generations.

Many post-Li chemistries have been proposed, among
which aqueous metal batteries have attracted a lot of attention
since they avoid the use of typically flammable, unsafe, and
toxic organic solvents. Furthermore, significant cost reductions
can be achieved since device assembly can be done under
atmospheric conditions.[7] Alkali and multivalent metal-ion
aqueous batteries have been designed,[8] but Zn-based energy
storage devices are currently the most attractive ones.[9] Metallic
zinc can be directly used as an anode due to low redox
potential which makes it stable in water and air. Moreover, this
is a low-cost[10] material which also presents both high
theoretical specific and volumetric capacities (820 mAhg� 1 and
5854 mAhcm� 3). In terms of sustainability, Zn is 300 times more
abundant than Li[12] and can be easily recycled[13], which could
boost the development of a circular battery economy. All these
features make rechargeable Zn-based devices promising and
attractive candidates to take over the market of next-generation
energy storage technologies. Despite all the positive properties
and regardless of the cathode chemistry (e.g. Zn-ion,[9,11,12] Zn-
air,[1,13,14] Zn-hybrid[15–17]), they suffer from severe anode degra-
dation upon cycling, which has prevented it widespread
commercialization. Several factors affect the performance of Zn
as anode, which include H2 evolution (causing self-discharge),
surface passivation and shape changes and/or dendritic growth
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due to non-uniform current distributions.[1,18] In an attempt to
minimize these phenomena, near-neutral or mildly acidic
electrolytes have been tested instead of the highly alkaline 6 M
KOH, commonly used in non-rechargeable Zn-air batteries. At
these mild conditions Zn/Zn2+ kinetics are more sluggish than
at extreme pH values, which decreases the possibilities of
dendrite formation, while Zn inhomogeneous dissolution is
significantly reduced. This translates into improved cycle life
and higher stability of Zn anodes.[19] Unfortunately, this is
usually not enough to meet the demanding requirements of
current and future applications and other actions need to be
implemented.

The addition of organic compounds to the electrolyte to
control the deposit quality and morphology has been used in
the electroplating industry for almost a century,[20–23] and has
already proved to be a successful approach to improve the
cycle life of Zn anodes. These additives can be classified either
as leveling agents, brighteners, or complexing agents[20], and
usually a combination of two or more kinds of additives is
needed. Leveling agents adsorb at high current density points,
blocking them and favoring deposition on low current density
spots. The working principle of brighteners is still under
discussion, but it is mostly believed that they have specific
interactions with certain crystallographic planes affecting the
preferred crystal growth direction, which leads to smoother and
brighter (in terms of light reflectance) coatings. Finally,
complexing agents affect the reaction mechanism (equilibrium
potential, overpotential and kinetics), due to the change in the
chemistry of the main active species in the electrolyte.
Synergies between additives have been largely reported both
in electrodeposition[21,22] or battery[23,24] focused articles.

In recent years dimethylsulfoxide (DMSO), a low toxicity
solvent,[25] has been tested as an additive in many types of Zn-
based energy storage technologies, yielding important im-
provements in cycle life and stability. This organic solvent can
act as a complexing agent, replacing water molecules from
Zn2+ solvation sphere, and form strong bonds with H2O
reducing its activity towards reduction.[26,27] Both effects hinder
dendrite formation thus increasing the cycling stability of Zn
anodes. On the other hand, quaternary ammonium compounds
(QAC) have been known to have a positive effect on the
morphology of Zn deposits for decades and are now being
considered in the formulation of electrolytes for Zn based
devices.[28–30] These cationic surfactants adsorb on the surface of
Zn forming a barrier that controls the reaction rate,[31–33]

mitigating common issues of Zn anode such as dendritic
growth and H2 evolution. Even though there are several reports
on the use of either DMSO or QAC as additives in neutral
electrolytes, the combination of both types of organic sub-
stances has not been considered yet, which could bring about
further improvements in Zn-devices cycle life.

Based on the lack of this kind of studies, the present work
explores the synergic effect between DMSO (complexing agent)
and tetratethylammonium chloride (TEACl) as QAC in the Zn
deposition/dissolution processes and its subsequent impact on
the cycling stability of Zn anodes. The experimental approach
used involves both three and two-electrode cells (coin cells)

measurements. The former provided valuable (qualitative and
quantitative) information on the inhibitory effect of these
additives on the electrochemistry of Zn. This was then
correlated with the traditional, time-consuming, cycling experi-
ments currently performed in the field of battery research. The
results show that the combination of DMSO and a QAC can
lead a considerable improvement in the cycling stability of Zn
anodes in a ZnSO4 electrolyte, which was validated in lab scale
Zn-hybrid devices, using commercial activated carbon as
capacitive cathodes. The proposed methodology is not only
effective but serves as a starting point for future research
considering that the list of QAC is vast and diverse.

Experimental section
This work was conducted using 2 M ZnSO4 electrolyte to which
either 20 wt.% DMSO, 0.25 M TEACl or both were added to assess
the effect of these additives in the electrochemistry of Zn
deposition and dissolution. The electrolytes were prepared by
dissolution of the proper amounts of ZnSO4·7 H2O (Sigma Aldrich,
99 wt.%) and TEACl (Sigma Aldrich, 98 wt.%) in either ultrapure
water or a water/DMSO (Sigma Aldrich, 99.7 wt.%) mixture with a
4 :1 mass ratio (20 wt.% of DMSO). All the chemicals were used as
received. The electrolyte conductivity was measured by EIS
applying a 5 mV perturbation at the EOCP in the frequency range 10–
100 kHz. These experiments were carried out in a homemade
rectangular cell with two parallel stainless-steel electrodes and a
cell constant of 0.4875 cm� 1.

Cyclic (CV) and linear sweep (LSV) voltammetry were recorded in a
three-electrode cell configuration using a Pt wire and a Ag/AgCl
(3.5 M NaCl, Eref=0.195 V vs SHE) electrode as counter and
reference electrodes, respectively. For CV, measurements were
performed on a glassy carbon electrode (d=3 mm) at 50 mVs� 1 to
do a qualitative characterization of the different formulations
proposed. On the other hand, LSV were conducted on a high purity
Zn electrode (99.97%, Goodfellow 100 μm foil), previously polished
to remove any oxide film on the surface, at low scan rates
(0.016 mVs� 1) typically used for Tafel plots acquisition, to determine
Zn2+ reduction kinetic parameters. Galvanostatic deposition experi-
ments were performed on 1 cm2 Cu (99.95%. Goodfellow) sub-
strates to evaluate the effect of additives on Zn morphology and
microstructure. A two-electrode cell was used, and deposits were
obtained at 0.5 mAcm� 2 up to a charge of 2 mAhcm� 2 (~3 μm
thickness). Prior to deposition, Cu substrates were first cleaned with
ethanol, then pickled in 1 :10 HCl (37%) dilution for 30 s. After this,
substrates were rinsed with water and immediately immersed in
the plating solution. The morphology of the obtained deposits was
characterized by SEM using a Quanta 650 FEG microscope
equipped with EDS Inca X-Max 20 detector (Oxford instruments).
XRD patterns were acquired using a Malvern Panalytical X’pert Pro
Materials Powder Diffractometer with CuKα radiation (λ= 1.54 Å)
and a nickel filter. The detector was swept between 5° – 80° with a
step size of 0.05° and 3.5 s per step.

Zn platting/stripping Coulombic efficiency (CE) was determined in a
2-electrode coin cell (CR2032) configuration using Cu (pretreated as
described before) as substrate and Zn foil as counter electrode.
Deposition and dissolution were carried out for 50 cycles at 0.5 and
2 mAcm� 2. For this experiment, a charge of 0.5 mAhcm� 2 was set
for the deposition period, while a cut-off voltage of 0.8 V was used
as a limit in the dissolution step. Cycling stability of Zn in the
different electrolytes was assessed using Zn//Zn symmetric CR2032
cells, which were cycled at 0.5 mAcm� 2 and 0.5 mAhcm� 2 until
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failure was detected. These values were selected to match those
traditionally used in ZIB literature. However, it should be noted that
this depth of discharge is lower than those for practical battery
operation.[34] Finally, hybrid Zn//Activated carbon (AC) supercapaci-
tor devices were assembled to test the electrolytes in operating
devices. AC electrodes (Kurakay YP-80F) were prepared by slurry
casting, after mixing this material with PVDF at a weight ratio of
90 :10. The solid mixture was then dispersed in 1-methyl-2-
pyrrolidone solvent, coated on top of 10 μm stainless steel foil and
vacuum dried at 100 °C overnight. The AC electrodes were then cut
(10 mm) and characterized by CV in a 3 electrode Swagelok cell
using heavily AC loaded carbon cloth and Ag/AgCl as counter and
reference electrodes, respectively. For coin-cell configuration
(CR2032) tests, electrodes were cut to 14 mm and glass fiber
(Whatmann 1825, 0.42 mm thick) was used as separator. They were
cycled at 0.5 A g� 1 (based on the cathode active material) in the
range 0.2 V–1.8 V for 2000 cycles. To evaluate the effect of cycling
on the Zn morphology and microstructure, anodes were removed
from the cells and characterized by SEM and XRD.

Results and Discussion

The CVs of the different electrolytes tested in this work are
shown in Figure 1 and Figure S1. Regardless of the composition,
the curves present a typical shape for Zn deposition/dissolution
generally observed in acid electrolytes.[35] A single reduction
process is detected in the cathodic branch corresponding to
the two-electron reduction of Zn2+ [36] and just one dissolution
peak appears during the anodic scan. The latter suggests that
no oxides/hydroxides form on the surface of Zn during

oxidation as opposed to what has been reported for alkaline
electrolytes.[37,38] The addition of DMSO, TEACl or both clearly
inhibits the electrochemical process reducing the cathodic
current density, which translates into a decrease of the anodic
peak area. However, the results also show that DMSO inhibitory
effect is more significant than that of TEACl, and that there is a
synergy between both additives leading to a further decrease
of current density. While both substances have a similar impact
on the CV, some features already suggest that they alter Zn
electrochemistry through different mechanisms. First, the slope
of the cathodic branch is lower when DMSO is present in the
electrolyte formulation, while it remains virtually unchanged
when TEACl is added (no DMSO). Furthermore, the anodic
peak’s potential shifts towards higher E values only after
addition of DMSO. The change in the slope caused by the latter
on the cathodic part of the CV, is likely related to its complexing
ability of Zn2+ ions as has been previously reported for other
aqueous.[26,27,39] On the other hand, the peak’s potential is
usually linked to the composition and microstructure of the
dissolving phase.[40] Therefore, DMSO might be either inducing
the formation of a secondary phase or affecting the preferential
growth direction of the deposit. The inset in Figure 1 shows
that the Zn discharge potential at which the reduction starts,
moves in the cathodic direction in the electrolytes containing
additives. This further confirms the DMSO-Zn2+ interactions. As
regards TEACl, it is known that QAC cations can adsorb on the
surface of either Zn or the glassy carbon electrode, limiting the
reaction rate and polarizing the deposition process.[32,33] The
coulombic efficiency estimated from the CVs (Table 1), indicates
that both additives also inhibit H2 evolution to some extent.

The qualitative analysis done with the data from CV was
further confirmed by determination of the reduction kinetic
parameters (Table 1) from slow scan rates LSV (Figure 2). The
results support the effect of both additives described in the
previous paragraphs. DMSO changes the cathodic charge trans-
fer coefficient αc from �1.5 to values close to 1. Since Zn2+

reduction takes place through a multistep (electrochemical and
chemical) reaction mechanism,[41–43] the variation of αc could be
due to either changes in the symmetry factor (β) or the rate
determining step (see Eq. 1).[44,45] In contrast, TEACl has no
significant impact on the Tafel slope value, but greatly reduces
the exchange current density (j0) as a result of the adsorption of
this additive on the surface of Zn. The results also confirm the
interaction between both additives, showing that in a DMSO
containing electrolyte, the reduction in j0 caused by TEACl is
somewhat smaller. However, based on the CV in Figure 1, it can

Figure 1. CVs recorded at 50 mVs� 1 on a still glassy carbon electrode

Table 1. Electrolyte conductivity and Ζn kinetic parameters determined from Tafel plots in Figure 2.

Electrolyte σ (mScm� 1) Qan/QCat*100
[a] EOCP (V) bC (mVdec� 1) αC j0×10

1 (mAcm� 2)

2 M ZnSO4 52.16 95 � 0.985 38.43 1.54 8.91

2 M ZnSO4+DMSO 22.70 98 � 0.986 65.79 0.90 2.62

2 M ZnSO4+TEACl 49.95 98 � 0.989 41.27 1.43 1.19

2 M ZnSO4+DMSO+TEACl 20.14 98 � 0.983 55.43 1.07 2.09

[a] Current efficiency calculated from CV in Figure 1.
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be concluded that overall the combination of DMSO and TEACl
limits and controls the Zn deposition rate through both a
change in the reduction mechanism and an electrode-blocking
adsorption.

ac ¼ np þ nrdsb (1)

One final and comment on the effect of additives is related
to the decrease in the specific conductivity cause by DMSO.
While this is not unexpected it should be taken into account on
the design of energy storage devices.

The morphology of Zn deposits obtained in the different
electrolytes is shown in Figure 3 and Figure S2. In the absence

of additives (Figure 3-a), a mossy (or sponge-like) deposit
develops, typical of Zn deposition at low overpotentials. This
morphology is usually observed for metals that fall within
Winand’s ‘normal’ definition,[46] due to their large j0 values which
lead to diffusion or mixed control deposition without the need
of applying large overpotentials.[47,48] It is worth noting that
apart from these rounded clusters, there are large Zn hexagonal
crystals in the flat surface of the coating. At these spots, current
density would be lower than at the upper part of the mossy
structures, therefore allowing for an activation-controlled depo-
sition. However, most of these platelets are facing upwards and
thus can act as dendrite initiators.[49] The change in the
electrochemistry induced by DMSO (Figure 3-b), reflects on the
morphology of the deposits. The reduction in j0 translates into a
refinement of the Zn grains (flat part of the electrode), which
could retard the formation of dendrites upon cycling. Never-
theless, high current density points are not avoided, and
spongy deposits still develop, but their size is considerably
smaller. On the other hand, TEACl (Figure 3-c) has a strong
leveling and grain refinement effect, as expected in the case of
adsorbing organic additives.[50] When both compounds are
present in the solution (Figure 3-d), a relatively flat morphology
is obtained, known as ridge[51], in which Zn crystals are tilted
with their pyramidal planes pointing up. A larger grain size is
observed when compared to the solution only containing
TEACl. This again suggests that there is an interaction between
both substances as previously inferred from electrochemical
data.

The XRD patterns displayed in Figure 4 show that in all
cases metallic Zn (JCPDS-ICDD 00-004-0831) is the only depos-
ited phase, without the presence of sulfur containing com-
pounds present in the surface, except for the additive free
electrolyte which shows a small amount of hydrated ZnSO4

precipitate. Considering the highly porous structure of this film,
this probably arises from dried electrolyte that could not be
removed during the washing step. Copper substrate diffraction
peaks are also visible in the pattern together with some other
which can be assigned to a CuZn5 intermetallic phase,[28] which
can form during the initial stages of deposition due to the

Figure 2. Tafel plots for different electrolytes measured at 0.016 mVs� 1 on a
Zn electrode.

Figure 3. SEM images of Zn deposits obtained on Cu substrates at 0.5 mA/
cm2 in different electrolytes: (a) 2 M ZnSO4, (b) 2 M ZnSO4 + DMSO
(20 wt.%), (c) 2 M ZnSO4 + 0.25 M TEACl and (d) 2 M ZnSO4 + DMSO
(20 wt.%) + 0.25 M TEACl. Figure 4. XRD patterns of Zn deposits.
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underpotential deposition (UPD) and insertion of Zn into the Cu
lattice.[52,53]

The effect of additives on the CE for Zn plating/stripping
was studied in Cu//Zn coin cells for 2 different current densities.
Figures 5-a and 5-b show the evolution of this parameter with
the cycle number, showing that after an initial period, the CE
reaches a stable value between 95–98% for all the experimental
conditions. Such a behavior has been reported before,[27] and
could be related to an alloying effect.[54] Based on XRD results,
the lower values during the first cycles may stem from the
formation of CuZn5 phase that is not dissolved in the anodic

step. Being a different phase than pure Zn, its dissolution
potential could be higher and hence the 1 V limit set for the
experiment might not be high enough. However, after a few
cycles, the Cu lattice would saturate of Zn and further formation
of this intermetallic might be strongly inhibited, leading to a
higher and stable CE. The latter could also explain the higher
CE observed at higher current densities. Zn diffusion into the
Cu matrix is likely a slow process that happens when UPD leads
to the formation of a monolayer (complete or partial). Under
these conditions, the metal-substrate interaction dominates,
and diffusion of Cu� Zn alloying can occur.[55,56] However, at

Figure 5. Zn plating/stripping coulombic efficiency determined in Cu//Zn coin-cells at (a) 0.5 mAcm� 2 and (b) 2 mAcm� 2 for a total charge of 0.5 mAhcm� 2. (c)
Cycling stability tests of Zn//Zn symmetrical cells at 0.5 mAcm� 2 and 0.5 mAhcm� 2. The inset shows the deposition/dissolution profiles for all electrolytes. SEM
images of Zn electrode after 20 cycles in Zn//Zn symmetric cells (electrode shown was subjected to a deposition step during the last cycle): (a) 2 M ZnSO4, (b)
2 M ZnSO4 + DMSO (20 wt.%), (c) 2 M ZnSO4 + 0.25 M TEACl and (d) 2 M ZnSO4 + DMSO (20 wt.%) + 0.25 M TEACl.
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higher current densities Zn islands will form at a higher rate
providing a stronger metal-metal interaction that might limit
the penetration of Zn into the Cu lattice. In addition to this,
another factor affecting the CE is H2 evolution, a common side
reaction at deposition conditions. The way in which this
parasitic reaction affects the CE values is complex since H2

kinetics are strongly dependent on the surface composition.
Therefore, the amount of H2 will be different during the first
cycles when deposition takes place on “pure” copper, than after
the previously described alloying process. The latter will affect
the kinetical parameters of H+ reduction. Moreover, once a
complete layer of Zn forms on top of the substrate, these
parameters will change again. Regardless of these different
stages in the deposition step, H2 can not be neglected and will
have a negative impact on the plating/stripping efficiency. The
incremental loss of Zn mass for these experiments is repre-
sented in Figures S3 a and b. This parameter represents the
excess of Zn that would be necessary to place in a battery to
compensate the loss of material due to coulombic efficiency
issues.[57] The results show that even though the CE reaches a
similar stable value for all the electrolytes, the lower initial
values mean that a higher excess of Zn is needed to achieve
good cycle life of Zn devices.

However, it should be noted that no significant differences
between electrolytes can be seen in terms of CE, in agreement
with data estimated from the CVs in Fig.1. On the other hand,
the addition of either DMSO or TEACl extends the cycle life of a
Zn//Zn symmetrical cell (Figure 5-c), suggesting that the
inhibition effect observed in electrochemical data and the
morphology changes, translate into higher cycling stability.
Similar improvements have been reported after the addition of
DMSO by different authors, who have ascribed this effect to the
modification of the solvation sheath (hindering side reactions)
and the changes in the preferred crystal orientation (smooth
deposits with a 002 texture) .[26,27] Likewise, several studies have
demonstrated the beneficial effect of some QAC, with TBA
showing the best results so far.[28,29] The mechanism through
which these cationic substances affect the electrochemical
process is clear and related to the adsorption on the surface of
the electrode, creating a barrier that controls the reaction rate.
An exhaustive study of QAC with different chemical structure
was conducted by Bozzini et al.,[29] showing that inhibition of
the cathodic reaction is the main factor leading to the improve-
ment in cycling stability. The synergetic effect between a
complexing agent as DMSO together with an adsorbing
additive, allows cycling for almost 250 h in comparison with the
120 h achieved in the absence of additives. The further
improvement in Zn stability obtained with both additives may
be ascribed to the stronger inhibitory effect evidenced in the
CV. The inset in Figure 5-c also shows that after some cycles the
overvoltage for the electrolyte containing only DMSO is the
highest one, which may be a consequence of the formation of a
passivation layer. It is also interesting to note that in all the
electrolytes, the failure occurs through a passivation mechanism
and no short-circuiting is detected.

[29] The morphology of Zn
electrodes after 20 cycles in Zn//Zn symmetrical cells is shown
in Figs. 5 d-g and Figure S4. The effect of additives described

before (Fig.3 deposition experiments), can also be observed in
these SEM images. In a 2 M ZnSO4 electrolyte, large Zn islands
grow perpendicular to the surface. At higher magnifications
(Figure S4) the presence of hexagonal platelets randomly
oriented can be detected in agreement with previous reports.[58]

Addition of DMSO leads to a rather smoother deposit, with Zn
crystals exposing the pyramidal planes towards the electrolyte.
However, isolated protruding deposits can be observed along
the electrode surface (Figure S4-c), which correlates with results
from deposition experiments (Figure 3 and Figure S2-b), where
an improvement in Zn morphology was detected but spongy-
like areas are still present. Likewise, after cycling, TEACl yields
the best surface morphology with some large Zn hexagonal
platelets parallel to the surface. When both DMSO and TEACl
are present in the electrolyte, the morphology is mostly similar
to that obtained when only DMSO was added. Nevertheless, in
this case no large Zn protuberances form, which could explain
the better cycling stability in the ZnSO4+DMSO+TEACl
electrolyte.

Comparison between previous studies and the cycling
performance obtained in this work is not easy and straightfor-
ward. For example, Cao et al.[30] used a trimethylammonium salt
as additive in a highly concentrated zinc triflouromethanesulfo-
nate (Zn(OTf)2) water-in-salt electrolyte. This type of formulation
reduces significantly the water activity, increasing not only Zn
cycle life, but also, the stability potential window of aqueous
electrolytes. However, this Zn2+ salt is 34 times more expensive
than ZnSO4, so this could be a reason to use the sulphate salt
instead. On the other hand, Bayaguud et. Al[28] achieved great
cycling stability by combination of QAC and a 3D copper
current collector, thus the improved performance cannot be
attributed solely to the additive but to a synergy between both
factors. B. Bozzini et al.[29] reported relatively poor cyclability
(below 100 h) at low current densities and areal capacities
(1 mAcm2 and 0.5 mAhcm2) after addition of several QACs to a
2 M ZnSO4 electrolyte. These authors also provided a detailed
explanation, based on the Zn deposition morphology, of the
positive effect that higher current densities can have on the
cyclability of Zn//Zn symmetric cells previously observed by
Glatz et al. .[58] This also puts in evidence the need for stand-
ardization of this test for electrolyte formulations since both
current density and capacity can affect the stability of the Zn
anode. Qiu et al.[59] also studied the effect of different QACs in a
2 M ZnSO4, reaching a cycling time of 3000 h with addition of
just 10 mM of TEABr. This surprisingly better performance could
be the result of different cycling conditions (1 mAcm� 2 and
1 mAhcm� 2) and a beneficial impact of relatively low concen-
trations of QACs (shown in the supplementary information of
this manuscript, though no explanation is provided). Finally, it is
worth mentioning that Cao et al.[26] also reached higher cycling
times in a ZnCl2 � H2O � DMSO (20 wt%). The effect of the anion
on Zn cycling stability has been previously investigated by Wu
et al.,[60] showing that Cl� provides a better cyclability than
SO4

2� ion. Nevertheless, in chloride-based electrolytes, Cl2 could
be generated at high voltages in the cathode limiting the
potential enhancement that could be obtained by addition of
DMSO. Based on this, even though the performance obtained in
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the 2 M ZnSO4 containing DMSO and TEACl is not the best at
the moment, the results proved that combining these two types
of additives can lead to improvement in the cyclability of Zn
anodes. Moreover, addition of TEACl decreases the overpoten-
tial when of the DMSO containing electrolyte. Thus, by
optimizing the concentration of both compounds or testing
other QAC, it might be possible to further improve the cycling
stability of Zn anodes using this approach. Future efforts will be
devoted to achieving this.

To test the electrolyte formulations in a full-cell config-
uration, AC//Zn hybrid supercapacitors devices were assembled
and tested. Moreover, three-electrode CVs were recorded to
determine the effect of DMSO and TEACl on the electrochemical
response of AC electrodes (Fig 6-a). The results indicate that
these additives have little effect on the capacitive behavior of
the AC electrodes under study. The only noteworthy feature is
the small peak on the anodic scan that appears in the TEACl
containing electrolyte and could be due to the specific
adsorption of Cl� ions on the positively charged carbon
electrode. This translates into a somewhat higher capacity as
seen in Figure 6-b, reaching an initial value of 42 mAhg� . In the
other electrolytes, the capacity is not affected considerably by
the changes in electrolyte composition (31–35 mAhg� ), though
slightly higher initial values are recorded when both TEACl and
DMSO are present. The capacity values are in the range of
previously reported Zn-hybrid devices using AC as positive
electrode,[61] with a charge-discharge behavior largely domi-
nated by the capacitive electrode (Figure 6-c). In contrast, a

clear improvement in cycling stability can be obtained after the
addition of DMSO and TEACl, individually or combined. The cell
assembled with just 2 M ZnSO4 started showing signs of
degradation after 1500 cycles, failing completely at 1700. Post-
mortem SEM (Figs. 6-d and 6-e) shows the presence of a
localized large cluster of Zn that seems to have penetrated the
separator, suggesting that a short circuit of the cell was the
reason for the failure. Figure 6-e shows the hexagonal Zn
crystals aligned perpendicular to the electrode surface, in
agreement with the results obtained from deposition experi-
ments. XRD analysis of the electrodes of the four cells after
cycling did not show the presence of other phases apart from
Zn and hydrated ZnSO4 probably arising from the electrolyte.
As regards capacity retention, DMSO alone provides the best
results with a value of 89% (considering the maximum capacity
attained after the first cycles). In the case of TEACl and DMSO+

TEACl, the retention is close to 85% and 62%, respectively.
While a mechanistic study of the interaction between additives
and the positive electrode is out of the scope of this work,
these results remark the importance of optimizing the electro-
lyte formulation considering its final application. Therefore, for
a set of additives, the best one in terms of Zn stability might
not bring about the best improvements in terms of device
performance.

Figure 6. (a) CV of AC electrodes at 50 mVs� . (b) Specific capacity and coulombic efficiency of Zn//AC hybrid supercapacitors (c) Typical galvanostatic charge-
discharge profile of the Zn//AC devices, showing a clear capacitive behavior. SEM images of Zn anode after failure of the cell with 2 M ZnSO4 electrolyte at (d)
250 X and (e) 1500X magnification.
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Conclusions

The present work makes evident the advantages of performing
simple and fast three-electrode measurements when assessing
the potential of different additives for the formulation of more
efficient electrolytes for Zn energy storage devices. This
approach has been extensively used in the field of electro-
plating, which has led to a clear understanding and classifica-
tion of additives and their action mechanism. The use of this
configuration, gives information about the Zn electrode electro-
chemistry allowing for a proper characterization, avoiding the
unwanted limitations that counter electrode may cause in
commonly used coin-cells setups. The results reported in this
study also show that combination of a complexing agent,
DMSO, and a leveling one, like TEACl, can bring about great
improvements in the cycle life and stability of Zn anodes. Once
again, these formulations have proved to be successful in
producing smooth and homogenous deposits in the plating
industry. It is clear that the battery sector can greatly benefit
from the knowledge gathered for more than a century.
Furthermore, determination of kinetic parameters and evalua-
tion of morphological and microstructural changes caused by
different components of the electrolyte could also help predict
the effect of these on the final performance of Zn anodes,
especially detect the possibility of dendritic growth, main cause
of short-circuit in Zn-based devices.

Although this approach is well-known, the only report on
additives for Zn devices using it is that by Bozzini et al. Most
articles just focus on the use of time-consuming cycling
experiments without performing traditional electrochemical
and deposition experiments. While at the time, both are still
necessary, creating a database where a clear correlation
between kinetic parameters, morphology changes and Zn
cycling stability is established, might allow researchers to do a
first screen of additives before doing long cycling tests in the
future. Moreover, taking advantages of machine learning it may
be possible to predict cycle life by just feeding the CV of a
certain additive. Therefore, we hope this manuscript will serve
as a starting point to encourage the battery community to
employ this methodology to accelerate the development of
more efficient energy storage devices.
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