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Abstract: Aqueous zinc-based rechargeable batteries, such as Zn-Ni and Zn-Air, have been increas-
ingly re-investigated over the last decade due to the abundant and inexpensive nature of zinc, the
high solubility of zinc ions, and rapid kinetics and most negative standard potential of the Zn(II)/Zn
redox couple in aqueous media. However, the overwhelming challenge that has prevented the im-
plementation of next-generation Zn batteries lies in their poor rechargeability—flowing electrolytes
have proven to be of benefit to zinc deposition and dissolution cycling, but the rapid zinc deposition–
dissolution at practical current densities of 100 mA cm2 or over is still questionable. Herein, we
demonstrated that applying an optimal concentration of quaternary ammonium electrolyte addi-
tives with carefully selected cations’ alkyl groups can effectively improve the high-rate zinc cycling
performance at 100 mA cm2/20 mAh cm2. The resultant additives significantly reduced the initial
coulombic efficiency loss to only 1.11% with coulombic efficiency decay rate of 0.79% per cycle, which
is less than a quarter of the benchmark of 6.25% and 3.75% per cycle for no additives.

Keywords: zinc deposition–dissolution cycling; quaternary ammonium salts; electrolyte additives;
aqueous rechargeable batteries; high charge-discharge rates

1. Introduction

The past several years have witnessed the resurgence of aqueous zinc-based rechargeable
batteries as potentially safer and lower-cost alternatives to non-aqueous lithium-ion batteries
without much compromise on energy and power density [1,2]. A wide variety of battery
chemistries have been considered such as zinc–nickel [2,3], zinc–air [4,5], zinc–nickel/air
hybrid [6,7], zinc–polyiodide [8,9], zinc–iron [10], zinc–cobalt oxide [11], zinc–polymer [12],
and more recently even zinc–ion [13–18]. However, a long-standing challenge to be solved is
the poor long-term cycling performance of zinc deposition and dissolution, particularly at
a high charge and discharge rate of at least 100 mA cm2, considering that recent advances
which have demonstrated durable cycling may be realized at current densities lower than
20 mA cm2 (with/without the assistance of flowing electrolytes) [19,20].

Fundamentally, the limited charge–discharge cycle life of zinc electrodes, or rapid
decrease in their round-trip efficiency, is likely to be caused by one or more of the following
reasons [21]: (1) zinc electrode shape change, (2) formation of dendritic and/or mossy
structural zinc deposits, (3) hydrogen evolution side reactions, and (4) formation of zinc
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passivation layers and (5) self-discharge. Common solutions that have been proposed pre-
viously to improve zinc deposition and dissolution cycling [22] include: (1) modification of
electrodes, (2) modification of electrolytes, and (3) other techniques such as pulse charging
and flowing electrolytes.

Herein, the focus of this work was to identify suitable electrolyte additives for en-
hanced deposition–dissolution cycling at 100 mA cm2 through a systematic study of their
influence on zinc deposition and dissolution. In fact, apart from the screening of a few
modified zinc electrodes [23,24], little research has been conducted to standardize the
assessment protocols for examining the influence of electrolyte additives on prolonged
cycling. According to the previously reported results on electrolyte additives [25–29], most
of the improvement strategies focused on the suppression of dendrite formation in order to
achieve a smoother zinc deposit and thus more stable long-term cycling. Nevertheless, the
effect of electrolyte additives on zinc deposition is a complicated issue and has never been
fully understood at the atomic or molecular levels; this is related to the constantly changing
interfaces between electrode substrates and electrolytes, which are heavily affected by oper-
ating conditions [30,31]. Hence, in this work, we focus on quaternary ammonium additives
(QAAs), which have shown promise as potential leveling agents for zinc deposition [32,33].

Simultaneously, we replace the conventional zinc electrodes with carbon composite
electrodes, which have been used previously in lead-acid single-flow batteries [34,35].
The new electrodes have three advantages: (1) the complete removal of zinc deposit
becomes theoretically possible with no change of electrode structure after discharge, which
is essential for durable long-term cycling; (2) medium-to-high overpotentials for hydrogen
evolution side reactions are still required, compared with nickel or other metallic electrodes,
ensuring high deposition coulombic efficiency (CE); and (3) the proposed planar carbon
electrodes can also directly be used as bipolar plates in, e.g., zinc–nickel flow batteries. As
a result, the operation of the resulting zinc-based batteries needs to start with a charging
process (zinc deposition), suggesting it is imperative to design and form suitable zinc
deposits for enhancing cycling performance.

A suitable blank electrolyte (stirred 0.5 M zinc oxide in 6 M potassium hydroxide
solution) was first used for high-rate zinc deposition and dissolution cycling. A total of
ten QAAs of three different concentrations were then examined to further enhance the
zinc deposition and dissolution cycling performance. It was found in this work that the
deposition overpotentials caused by QAAs were mainly determined by the types and
concentrations of the alkyl groups of the cations. They had a critical impact on zinc deposit
crystallinity/morphology and zinc deposition–dissolution cycling performance. More
specifically, optimal cycling activities were achieved by those QAAs exhibiting deposition
overpotentials of 20–60 mV. The most promising QAAs can reduce the cyclic voltammetry
charge capacity losses, the first cycle coulombic efficiency losses, and the cycling coulombic
efficiency decay rates down to only a quarter of the values for the no-additive benchmark.

2. Experimental Section
2.1. Chemicals

All of the following chemicals were used as received, without further treatment: zinc
oxide (ZnO, ≥99.5%, Fisher Scientific, Loughborough, UK), potassium hydroxide (KOH,
ca. 85%, pellets, ACROS Organics, Waltham, MA, USA), tetramethyl ammonium bromide
(TMAB, 98%, Sigma-Aldrich, Burlington, MA, USA), tetraethyl-ammonium bromide (TEAB,
98%, Sigma-Aldrich, Burlington, MA, USA), tetrapropyl ammonium bromide (TPAB, 98%,
Sigma-Aldrich, Burlington, MA, USA), benzyl trimethyl ammonium bromide (BTMAB,
97%, Sigma-Aldrich, Burlington, MA, USA), (1-hexadecyl) trimethyl ammonium bromide
(HDTMAB, 98%, Alfa Aesar, Heysham, UK), tetramethyl ammonium hydroxide (TMAH,
25 wt.% in H2O, Alfa Aesar, Heysham, UK), tetraethyl ammonium hydroxide (TEAH,
20 wt.% in H2O, Sigma-Aldrich, Burlington, MA, USA), tetrapropyl ammonium hydroxide
(TPAH, 1 M in H2O, Alfa Aesar, Heysham, UK), benzyltrimethyl ammonium hydroxide
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(BTMAH, 40 wt.% in H2O, Alfa Aesar, Heysham, UK), and hexadecyltrimethyl ammonium
hydroxide (HDTMAH, 10 wt.% in H2O, Tokyo Chemical Industry, Tokyo, Japan).

2.2. Preparation of Baseline Electrolytes and Working Electrodes

The blank electrolyte was composed of a 16 mL 0.5 M ZnO in a 6 M KOH aqueous
solution and was kept stirred at 1500 rpm during the electrochemical measurements using
a magnetic stirrer (Camlab MS-H280-Pro, Cambridge, UK) with a PTFE coated stir bar.
For comparison, 0.3 M ZnO in 6 M KOH was also prepared to demonstrate the effect
of ZnO concentration, and static electrolytes were tested to elucidate the influence of a
flowing electrolyte. For the working electrodes, carbon composite plates (6 cm × 1.5 cm,
BMA 5, Eisenhuth GmbH & Co., Osterode am Harz, Germany) were covered by polyimide
tapes (MJS Technologies, London, UK) with punched holes forming an effective electrode
geometrical surface area of 0.159 cm2 (diameter = 0.45 cm).

2.3. Electrochemical Measurement

The performance of the baseline electrolyte with and without 5 mM electrolytic addi-
tives was first examined. Two further concentrations, either 1.5 or 15 mM, were evaluated
for each additive, depending on the results of the original 5 mM experiment (more detailed
explanations are given in Section 3.2). More specifically, cyclic voltammetry (CV) was con-
ducted between −1 V and −1.5 V vs. Hg/HgO with a scan rate of 10 mV s−1 to investigate
the influence of additives on deposition–dissolution overpotentials and the effect of hy-
drogen evolution side reactions on the deposition charge efficiency. Chronopotentiometry
at 100 mA cm2 was used for zinc deposition–dissolution cycling with an areal capacity
of 20 mAh cm2 (discharge cut-off potential at −0.8 V vs. Hg/HgO). Zinc deposits for
further physical characterizations were also prepared by means of chronopotentiometry at
100 mA cm2/20 mAh cm2. Electrochemical impedance spectroscopy (EIS) was conducted
before and after the CV and chronopotentiometry, and the uncompensated internal resis-
tance (IR) loss was corrected to 3 Ω for most measurements, except for the fully IR-corrected
Tafel plots.

2.4. Physical Characterizations

The crystallinity of zinc deposits was measured by X-ray diffraction (Bruker D8), with
2θ values ranging from 30 to 60◦. The morphology of zinc deposits was imaged using a
bench scanning electron microscope (Phenom-World ProX, Eindhoven, The Netherlands)
with a back scattering detector.

3. Results and Discussion
3.1. Determination of Blank Alkaline Electrolytes for Zinc Deposition and Dissolution

Four different blank aqueous alkaline solutions were first compared, including the
static and stirred electrolytes of 0.3 or 0.5 M ZnO in 6 M KOH (the stirred electrolytes have
a suffix of “_S” in the notation). It is shown in the deposition polarizations (Figure 1a) that
zinc deposition overpotentials can be reduced as the concentrations of ZnO increase or as
the electrolytes are stirred, suggesting faster zinc nucleation under those circumstances.
Furthermore, for the same ZnO concentrations, stirred electrolytes can lead to higher current
densities than the static ones under reasonably small overpotentials (ca. <200 mV) since
the diffusion-limited current “plateaus” are shifted towards more negative potentials. Note
that the targeted deposition current densities of 100 mA cm2 can only be reached by stirred
electrolytes, which is indicative of the essential role of forced convection in achieving high
charge rates. The deposition columbic efficiency loss due to hydrogen evolution reactions
(HER) is significantly lower than 1% for both 0.3 M and 0.5 M ZnO + 6 M KOH_S when
the respective deposition current densities reach 100 mA cm2. This supports the proposed
advantage of inert carbon electrodes to suppress HER.
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Figure 1. Zinc deposition and dissolution performance of the blank electrolytes without QAAs
and the crystallinity/morphology of the zinc deposits derived from no additive. (a) Deposition
polarizations for both static and stirred 0.3/0.5 M ZnO + 6 M KOH electrolytes and 6 M KOH only;
(b) the 1st zinc deposition–dissolution cycle chronopotentiograms of stirred 0.3/0.5 M ZnO + 6 M
KOH at 100 mA cm−2 and 20 mAh cm−2; (c) the 1st zinc deposition–dissolution cycle chronopoten-
tiograms of stirred 0.5 M ZnO + 6 M KOH at 20/50/100 mA cm−2 and 20 mAh cm−2; (d) XRD pattern
between 2θ of 35 to 45◦ for zinc deposit obtained from no additive, compared with the reference
pattern of hexagonal close-packed metallic zinc (JCPDS 03-65-5973); SEM images of zinc deposits
obtained from no additive at (e) high (10,000×) and (f) low magnification (1000×). Arrows in (f)
point to the mossy structures at boundaries between boulders and base layers.
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The chronopotentiograms of 0.3/0.5 M ZnO + 6 M KOH_S were further examined
at a zinc deposition–dissolution rate of 100 mA cm2 and areal capacity of 20 mAh cm2

(Figure 1b). It is noticeable that in the initial deposition stage of 0.3 M ZnO + 6 M KOH_S
(before 4 mAh cm2) a very large deposition overpotential is established (i.e., initial deposi-
tion potential <−1.75 V vs. Hg/HgO) accompanied by strong oscillations in the current
densities until the deposition potential returns to >−1.5 V vs. Hg/HgO. This is likely to
be a consequence of a diffusion-limited zinc deposition reaction in the initial stage at a
high current density of 100 mA cm2 in the low-concentration of 0.3 M ZnO + 6 M KOH_S
solution. A high number of zinc dendrites are formed during this initial deposition stage,
alongside a rapid increase in the active electrochemical surface area (i.e., surface roughness)
and enhanced HER rate, leading to a very low coulombic efficiency (CE) of only 65% for
0.3 M ZnO + 6 M KOH_S even in the first cycle. In contrast, the deposition chronopoten-
tiogram of 0.5 M ZnO + 6 M KOH_S is relatively smooth, and the CE of the first cycle is
93.75%. Moreover, Figure 1c shows that the first cycle CE at 100 mA cm2/20 mAh cm2 is
higher than those at 50 or 20 mA cm2 with the same areal capacity, demonstrating that for
inert substrates (zinc nucleation is inhibited) such as carbon [34], a high cycling CE can be
achieved when electrodeposition is conducted in combination with charge-transfer and
diffusion-controlled potentials. On the other hand, a complete charge-transfer controlled
deposition tends to form mossy structures (e.g., the sample deposited at 20 mA cm2 as
shown in Figure 1c) [36–38], and diffusion-controlled deposition promotes the formation of
dendritic structures [31], both of which lead to reduced CE. In this regard, 0.5 M ZnO + 6 M
KOH_S has been chosen as the blank electrolyte for the screening of additives and is
referred to as “no additive” in the following discussions.

The crystallinity and morphology of the zinc deposits can obviously affect the cycling
performance. Hence, the zinc deposits obtained from no additive through chronopoten-
tiometry of 100 mA cm2 and 20 mAh cm2 were further studied by X-ray Diffraction (XRD,
Figure 1d) and Scanning Electron Microscopy (SEM, Figure 1e,f). Three doublet peaks at
2θ = 36.3, 39.0, and 43.3◦ are observed in the XRD pattern, Figure 1d, which correspond
to the (002), (100), and (101) planes of hexagonal close-packed (hcp) metallic zinc, respec-
tively [39,40]. The existence of Cu Kα1 and Kα2 doublets indicates that the crystallite
size of the zinc deposit for no additive must be relatively large [41]. According to the
Scherrer equation, it is ca. 170 nm. Two additional broad peaks centered at 2θ = 42.4 and
44.6◦ are also observed, which can be assigned to the (101) and (102) planes of graphite
in the substrate. The high-magnification SEM image of no additive, Figure 1e, exhibits
well-crystallized hexagonal structures, in good agreement with the XRD results; in the
low-magnification image, Figure 1f, a few such crystallized boulders of various particle
sizes (ca. 20–100 µm) are randomly distributed on “compact” base layers. We also observe
mossy structures, particularly at the boundaries between the boulders and base layers,
where the local current densities are much smaller due to the increased surface area result-
ing from charge-transfer controlled zinc deposition. Such mossy structures are expected to
contribute to the reduction in CE observed in Figure 1b,c.

3.2. Screening of Quaternary Ammonium Additives towards High-Rate Cycling

To examine the influence of quaternary ammonium additives (QAAs) on high-rate
zinc deposition and dissolution cycling, ten different QAAs at three concentrations (1.5,
5, and 15 mM) were added to the blank electrolyte. Five different cations (tetra-methyl-
/tetra-ethyl-/tetra-propyl-/benzyl-tri-methyl-/hexa-decyl-tri-methyl-) and two anions
(bromide/hydroxide) were assessed, as shown in Table 1. The effect of the QAAs on two
main causes of cycling coulombic efficiency (CE) losses, namely incomplete zinc dissolution
and the HER, was evaluated through both cyclic voltammetry and chronopotentiometry.
Three key performance indicators were proposed to evaluate the cycling performance of
zinc deposition–dissolution which are derived from cyclic voltammetry (CV) and galvano-
static during zinc deposition–dissolution, including (i) CV charge capacity loss, (ii) the
first zinc deposition–dissolution cycling coulombic efficiency loss, and (iii) the cycling
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coulombic efficiency decay rate (as shown in Table 2 and Table S1 in the Supplementary
Materials). CV charge capacity loss (in %) equals half of the relative residual capacity after
CV and is calculated based on the second cycle of measurement. The first zinc deposition–
dissolution cycling coulombic efficiency loss (in %) is measured through the first cycle of
chronopotentiograms at 100 mA cm2 and 20 mAh cm2 and the zinc dissolution cut-off po-
tential of −1 V vs. Hg/HgO. The cycling coulombic efficiency decay rate (in % per cycle) is
estimated from the coulombic efficiency of the 1st–5th cycles of zinc deposition–dissolution.

Table 1. Summary of the names, cations molecular formula, and structures for the ten QAAs examined
in this work. Blue balls in the molecular structures are nitrogen atoms and the grey ones are carbon.
Hydrogen atoms and anions are not shown.

Additive Name Short Name Cation Molecular Formula Cation Structure

Tetramethylammonium bromide TMAB
[CH3]N+[CH3]3
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Table 2. Summary of zinc deposition–dissolution cycling performance indicators derived from cyclic
voltammetry and galvanostatic deposition–dissolution of zinc. The cycling performance indicators of
QAAs better than that of no additive are highlighted by underlining.

CV Capacity Loss (%)/1st Cycle CE Loss (%)/Cycling CE Decay Rate
(% per Cycle)

No Additive 10.0/6.3/3.8

Additives 1.5 mM 5 mM 15 mM

TMAB NA 16.2/10.8/22.8 10.1/11.4/13.5
TMAH NA 11.3/11.4/21.3 16.9/17.1/13.8

TEAB NA 7.0/4.0/1.3 1.6/7.9/0.9
TEAH NA 12.5/3.8/1.1 2.2/6.4/1.7

TPAB 0.9/8.8/0.8 1.1/3.9/2.8 0.4/4.9/5.3
TPAH 0.7/2.5/1.7 1.2/2.5/4.4 0.6/1.4/3.6

BTMAB 8.4/6.5/2.0 4.0/3.2/1.5 0.7/2.6/2.7
BTMAH 3.5/3.6/0.8 4.6/2.4/1.5 1.0/2.6/1.8

HDTMAB 4.8/2.6/1.9 2.5/1.1/0.8 NA
HDTMAH 5.4/1.4/1.0 9.44/1.3/1.9 NA

It can be seen from Figure 2a and Figure S1a that the zinc deposition overpotentials in
the 5 mM bromide QAAs are ordered in terms of the alkyl groups of the specific cations as
follows: tetra-methyl- < tetra-ethyl- < benzyl-tri-methyl- < hexa-decyl-tri-methyl- < tetra-
propyl-. The linear scanning voltammograms (LSVs) of hydroxide and bromide QAAs
with different concentrations (Figure S1b–f) further demonstrate that the corresponding
zinc deposition overpotentials increase with increasing concentration of the additive in the
blank electrolyte and that the bromide and hydroxide anions of the QAAs have an almost
identical influence on the zinc deposition overpotentials. Since the loops observed in the
CVs (Figure 2a) are caused by the inhibited zinc nucleation on inert carbon substrates,
the enlarged zinc deposition overpotentials suggest stronger inhibition of nucleation due
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to QAA adsorption on the electrode surfaces. It is noted that 5 mM TMAB/TMAH and
TEAB/TEAH exhibit an almost negligible effect on the zinc deposition overpotentials;
therefore, solutions with 1.5 mM of these four additives are not considered in further
cycling tests. A total of 15 mM HDTMAB/HDTMAH is also not included due to the limited
solubility of HDTMAB/HDTMAH in concentrated alkaline aqueous solutions.
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Figure 2. (a) Cyclic voltammograms (CVs), (b) plots of relative CV charge capacity against time and
(c) Tafel plots for 5 mM TMAB/TEAB/TPAB/BTMAB/HDTMAB and no additive. The latter two
plots are both derived from the CVs in (a). Insert in (c) is the corresponding electrical impedance
spectroscopy (EIS) Nyquist plots.
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It is also noted in Figure 2a that QAAs have a significantly weaker effect on the zinc dis-
solution overpotentials than that on the zinc deposition overpotentials. The peak dissolution
current density of 5 mM TMAB is lower than those of no additive and 5 mM TEAB despite
their similar deposition overpotentials, while the dissolution capacities (areas between the
curves of zero and dissolution currents) of 5 mM BTMAB/HDTMAB/TPAB decrease as the
respective deposition overpotentials increase. As a result, the relative residual charge capaci-
ties (100% × [deposition capacity − dissolution capacity]/deposition capacity) of most 5 mM
bromide QAAs after one CV cycle are lower than that of no additive (ca. 20.08%) (Figure 2b),
ranging from ca. 13.96, 7.92, 5.02 to 2.12% for 5 mM TEAB/BTMAB/HDTMAB/TPAB. The
exception is for 5 mM TMAB, which yields ca. 32.40%.

As mentioned above, inert carbon substrates can largely inhibit the HER, and thus the
CV capacity loss observed (ca. half the value of residual CV relative capacity in Figure 2b
and Figure S2a–e, in %) should be mainly indicative of the mass of zinc deposit residuals
after dissolution. It is seen in Figure S2f that there are sharp decreases in the CV capacity
loss as the zinc deposition overpotentials increase up to 40 mV, beyond which there are
only minor changes in the CV capacity loss. The lowest CV capacity loss achieved in this
work is below 1% (Table 2), which is less than 10% of the value for no additive (ca. 10.0%).

The zinc corrosion inhibition effect of the QAAs was assessed through Tafel plots derived
from the CVs. It is seen in Figure 2c that the corrosion potentials (Ucorrosion) when using
5 mM bromide QAAs are shifted slightly towards more negative values (<10 mV) in the order:
(NA =) TM- = TE- < HDTM- < BTM- < TP-. The anodic (βa) and cathodic (βc) Tafel slopes
both increased in the order: (NA<) TM- < TE- < BTM- < HDTM- < TP-, although changes in βc
are more significant. It is further shown in Table S1 that the QAAs may not necessarily lead to
a reduction in corrosion currents (Jcorrosion), but the corresponding polarization resistance (Rp)
calculated via the Stern–Geary equation [42] can be enhanced by up to 40%, and surprisingly
doubled/tripled in 15 mM TEAB/TEAH and 1.5/5 mM HDTMAB/HDTMAH. The enhanced
resistance to corrosion with the 5 mM QAAs is further demonstrated by electric impedance
spectroscopy (EIS) Nyquist plots (insert in Figure 2c), which are measured at open-circuit
potentials after zinc deposition. The rise of impedance in 5 mM TEAB/BTMAB/HDTMAB
and drop in 5 mM TPAB are consistent with the calculated Rp values.

A further selection of suitable QAAs for high-rate zinc deposition and dissolution
cycling was based on chronopotentiomograms (CPs) at 100 mA cm2 and 20 mAh cm2. From
Figure 3a, it is found that the 5 mM TEAB solution possesses similar initial zinc deposition
overpotentials to the no additive and 5 mM TMAB cases, but under prolonged deposition,
the former exhibits a better leveling effect (a smaller reduction in zinc deposition over-
potential indicates a smaller increase in the electrochemical surface area). An even better
leveling performance is achieved by 5 mM BTMAB and HDTMAD as the respective zinc
deposition overpotentials further increase. Interestingly, although 5 mM TPAB (yielding
the largest deposition overpotential) displays almost zero change in its initial deposition
overpotential, it does not demonstrate a better leveling effect than 5 mM HDTMAD over
the long run. This phenomenon may partially explain the losses of Coulombic Efficiency
(CE) in the first cycle of deposition–dissolution (Figure 3a), which are affected by both the
HER and zinc deposition residuals after dissolution. It is seen that a smaller first cycle CE
loss compared to no additive (6.3%) can be accomplished by most 5 mM bromide QAAs,
ranging from 1.1% for HDTMAB to 3.2–4.0% for BTMAB, TPAB, and TEAB; the exception
is 10.8% for TMAB. Moreover, it is shown in Figure S4f that, in contrast to the trend of CV
charge capacity losses against the respective deposition overpotentials caused by QAAs,
the first cycle CE losses initially decrease as deposition overpotentials increase up to 20 mV,
then are relatively constant for deposition overpotentials between 20–60 mV, and finally
increase again as deposition overpotentials further go above 60 mV.
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Figure 3. (a) The 1st zinc deposition–dissolution cycle at 100 mA cm−2/20 mAh cm−2, (b) changes
of cycling CEs in the 1st–5th cycles, and (c) summary of CV charge capacity losses, the 1st cycle
CE losses and cycling CE decay rates for 5 mM TMAB/TEAB/TPAB/BTMAB/HDTMAB and no
additive. The values of areal capacity and coulombic efficiency in (a) are directly calculated based on
charge/discharge time.

The cycling CE decay rates (in % per cycle) for QAAs are further calculated based on
the CPs of the first five zinc deposition–dissolution cycles. It is seen in Figure 3b that the
corresponding values for most 5 mM bromide QAAs can be smaller than that of no additive
(3.8% per cycle), from 0.8 to 1.3–1.5 and to 2.8% per cycle for 5 mM HDTMAB, TEAB,
BTMAB, and TPAB. The CE of 5 mM TMAB/TMAH drops below 80% after the second
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cycle and thus no further cycling is conducted (Figure S5a). Given that cycling CE decay
rates are also determined by both the mass of zinc deposit residuals after dissolution and
the rate of hydrogen evolution, their patterns against deposition overpotentials are very
similar to those of the first cycle CE losses. As seen in Figure S5f, cycling CE decay rates
first decrease as the respective deposition overpotentials increase up to 20 mV, are relatively
unchanged for deposition overpotentials between 20–60 mV, and further increase when the
deposition overpotentials exceed 60 mV. As summarized in Figure 3c, with the exception
of TMAB, the 5 mM bromide QAAs enhance cycling performance, and the smallest CV
charge capacity loss is achieved with 5 mM TPAB while the smallest first cycle CE loss and
cycling CE decay rate is obtained with 5 mM HDTMAB.

Overlaying the patterns of CV charge capacity losses, the first cycle CE losses, and
cycling CE decay rates against deposition overpotentials (Figure 4), it is seen that the
deposition overpotentials caused by the QAAs (depending on the cations alkyl groups and
the QAAs concentrations) are critical to enhanced zinc deposition and dissolution cycling
activity. Three targeted values of 6%, 4%, and 2% per cycle, were set for the respective
performance indicators of promising QAAs (highlighted as red, green, and blue dashed
lines), which correspond to ca. 60% of the values for no additives. It was found that QAAs
may only be able to meet all of the above three performance indicators simultaneously
when deposition overpotentials are within 20–60 mV. On the other hand, when deposition
overpotentials are lower than 20 mV, CV charge capacity losses and/or first cycle CE losses
are generally too large, indicating that significant amounts of zinc deposits remain after
the dissolution phase for the QAAs TMAB/TMAH. When deposition overpotentials are
greater than 60 mV, the cycling CE decay rates are unacceptably high, despite the CV charge
capacity losses reaching their minimum values, suggesting that even though QAAs such as
TPAB/TPAH may lead to smooth initial deposits, their susceptibility to hydrogen evolution
can lower the overall cycling performance.
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Figure 4. Correlations of three key performance indicators against deposition overpotentials including
CV charge capacity loss (in red), the 1st cycle coulombic efficiency loss (in green), and cycling
coulombic efficiency decay rate (in blue). The colored dash lines highlight the target values for the
respective performance indicators.
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As a result, five of the ten QAAs measured in this work (or in total eight of the twenty-
four samples considering specific concentrations for different additives) can reach the
cycling performance objectives: 1.5/5/15 mM BTMAH, 5 mM BTMAB, 1.5 mM HDTMAH,
1.5/5 mM HDTMAB, and 1.5 mM TPAH. It is also worth noting that the optimal cycling
activity for bromide additives is achieved at 5 mM for all cation alkyl groups (e.g., 5 mM
BTMAB/HDTMAB) while the optimal activity for hydroxides is achieved at 1.5 mM
(e.g., 1.5 mM TPAH/BTMAH/HDTMAH). This suggests that different physicochemical
properties of the bromide and hydroxide anions (e.g., the ionic radius) play a critical role in
zinc deposition and dissolution, which will be investigated in future work.

3.3. Influence of QAAs on Crystallinity and Morphology of Zinc Deposits

In order to understand the fundamental reasons behind the proposed correlations
between the zinc deposition overpotentials and zinc deposition–dissolution cycling per-
formance, the crystallinity and morphology of the zinc deposits obtained through CPs at
100 mA cm2 and 20 mAh cm2 with the addition of QAAs were examined by X-ray diffrac-
tion (XRD) and scanning electron microscopy (SEM). The background subtracted XRD
patterns of zinc deposits for 5 mM bromide QAAs are compared with that of no additive
so as to understand how the zinc deposition overpotentials affect deposit crystallinity. It
is seen in Figure 5a that the (002), (100), and (101) doublet peaks in the respective zinc
deposits become broader from 5 mM TMAB, 5 mM TEAB to 5 mM BTMAB, and finally
turn into a singlet for 5 mM HDTMAB and 5 mM TPAB, which indicates that the crystallite
sizes of the zinc deposits may reduce as the deposition overpotentials increase. In fact, as
shown in Figure 5b, the crystallite sizes of the zinc deposits continue to decrease when the
deposition overpotentials increase up to 40 mV and then remain in the range of 45–55 nm as
the deposition overpotentials increase further. Note that the pattern of XRD crystallite sizes
against deposition overpotentials follows the same trend as the CV charge capacity losses,
suggesting that zinc deposits with smaller crystallite sizes can be more uniformly removed
during dissolution. Moreover, the relative ratios of the (002) and (100) peaks to the (101)
peaks are quite different for 1.5/5 mM HDTMAB/HDTMAH, and 15 mM TEAB/TEAH
compared with other QAAs (Figure S6), which may explain the excellent anti-corrosion
performance of these six additives. Table 3 reports crystallite sizes of the zinc deposits
which are estimated by Scherrer equation according to the peaks of the (101) lattice plane
at 2θ of 43.3◦ in the respective X-ray diffraction patterns.

Table 3. Summary of XRD crystallite sizes (in nm) estimated by Scherrer equation according to the
peaks of (101) lattice plane at 2θ of 43.3◦ in the respective X-ray diffraction patterns.

XRD Crystallite Size/nm

No Additive 169

Additives 1.5 mM 5 mM 15 mM

TMAB NA 160 162
TMAH NA 165 153

TEAB NA 138 81
TEAH NA 133 91

TPAB 54 47 48
TPAH 50 46 46

BTMAB 138 100 70
BTMAH 136 101 67

HDTMAB 69 50 NA
HDTMAH 66 51 NA
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Figure 5. (a) XRD patterns of 5 mM TMAB/TEAB/TPAB/BTMAB/HDTMAB and no additive, and
(b) plot of XRD crystallite size against deposition overpotentials. The solid or hollow symbols in
(b) indicate bromides or hydroxides, and the inverted triangles, squares, or triangles mean 1.5, 5, or
15 mM of QAAs, respectively.

SEM images of eight typical zinc deposits using 5 mM TMAB, 1.5 mM BTMAH, 5 mM
BTMAB, 1.5 mM HDTMAH, 1.5 mM TPAB, 5 mM HDTMAB, 5 mM TPAB, and 15 mM
TPAH are given in Figure 6 to reveal the trend of zinc deposit morphology with increasing
deposition overpotentials. The following points are apparent from the high magnification
images (top two rows).

(1) When zinc deposition overpotentials increase up to 20 mV, e.g., 5 mM TMAB (Figure 6a)
and 1.5 mM BTMAH (Figure 6b), the zinc deposits exhibit a crystallized hexagonal struc-
ture very similar to the case of no additive (Figure 1e), but of decreasing crystallite sizes.

(2) When zinc deposition overpotentials further increase within a range of 20–60 mV, the
zinc deposits turn from small crystallized prismatic structures embedded in layered-
like agglomerates for 5 mM BTMAB (Figure 6c) to well-distributed agglomerates only
for 1.5 mM HDTMAH (Figure 6d), then to long conjunct flakes on top of uniformly
distributed small agglomerates for 5 mM HDTMAB (Figure 6e), and eventually to
long conjunct flakes only for 1.5 mM TPAB (Figure 6f).

(3) When zinc deposition overpotentials increase above 60 mV, 5 mM TPAB (Figure 6g),
and 15 mM TPAH (Figure 6h), the zinc deposits only consist of flake islands of
increasing sizes.
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5 mM TMAB, (b,j) 1.5 mM BTMAH, (c,k) 5 mM BTMAB, (d,l) 1.5 mM HDTMAH, (e,m) 5 mM
HDTMAB, (f,n) 1.5 mM TPAB, (g,o) 5 mM TPAB, and (h,p) 15 mM TPAH.

It is noticeable from the low magnification images (bottom two rows) that the 5 mM
TMAB case (Figure 6i) possesses an almost identical morphology to that of no additive
(Figure 1f). Crystallized boulders are randomly embedded on base layers with mossy
structures at the boundaries as the respective deposition overpotentials increase from
1.5 mM BTMAH, 5 mM BTMAB, 1.5 mM HDTMAB, to 5 mM HDTMAB (Figure 6j–m).
Such boulder structures start to disappear, and the deposits become more uniform with no
mossy structures observed. When the deposition overpotentials further increase to 1.5 mM
TPAB and 5 mM TPAB (Figure 6n,o), the zinc deposits tend to consist of boulder-type
structures of decreasing sizes from over 50 to less than 20 µm, and eventually form thick
and uniform layers but with holes for 15 mM TPAH (Figure 6p). The morphology evolution
characteristics of the zinc deposits against deposition overpotentials are consistent with
the patterns of the first cycle CE losses and cycling CE decay rates. On one hand, the
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more uniform deposit morphology is clearly beneficial to enhanced cycling activity, which
explains the superior activity of 1.5 mM HDTMAH and 5 mM HDTMAB to 5 mM TMAB
as the deposition overpotentials increase up to 60 mV. On the other hand, as the deposition
overpotentials further increase to 15 mM TPAH, despite its morphology appearing to
be uniform, the giant holes caused by the escape of accumulated hydrogen bubbles [43]
contribute to its large cycling CE decay rate.

The above observations demonstrate the dependence of the crystallinity and mor-
phology of the zinc deposits on the deposition overpotentials, as well as the relationships
between crystallinity/morphology and zinc deposition and dissolution cycling activities.
The result suggests that the deposition overpotentials of suitable QAAs for enhanced
cycling of zinc deposition and dissolution need to be within 20–60 mV.

4. Conclusions

To summarize, in total ten quaternary ammonium additives (QAAs) of three different
concentrations were for the first time systematically examined in this work to improve the
high-rate cycling performance of zinc deposition and dissolution and to elucidate the influ-
ence of cations alkyl groups/anions and additives concentrations of QAAs on zinc deposi-
tion polarization, deposit crystallinity and morphology, and zinc deposition–dissolution
cycling as well. The proposed screening methods in search of suitable electrolyte additives,
as detailed below, are critical for the development of high-rate zinc-based rechargeable
batteries that enable rapid zinc deposition and dissolution at current densities of or above
100 mA cm2.

The blank electrolyte, a stirred 0.5 M zinc oxide in 6 M potassium hydroxide solu-
tion, was first determined for galvanostatic zinc deposition and dissolution cycling at
100 mA cm2 and 20 mAh cm2. The morphology of zinc deposits with no additive consisted
of well-crystallized boulders of various particle sizes (ca. 20–100 µm) randomly distributed
on “compact” base layers, as well as mossy structures at the boundaries between boulders
and base layers. In addition, three performance indicators were defined in this work to
evaluate high-rate zinc deposition and dissolution cycling activities, namely CV charge
capacity loss, first cycle CE loss, and cycling CE decay rate, and the values for no additive
were 10.04%, 6.25% and 3.75% per cycle, respectively.

As for the impact of QAAs on zinc deposition, it was first noted that polarization
overpotentials were mostly affected by the alkyl functional groups on quaternary ammo-
nium cations rather than the bromide/hydroxide anions. The influence of specific alkyl
groups towards larger overpotentials (i.e., stronger suppression of zinc nucleation) was in
the order of TM- < TE- < BTM- < HDTM- < TP-. It was also noticed that if a larger number
of additives were used in the baseline electrolytes, the deposition overpotentials would
increase as well, but not necessarily in proportion.

Most of the additives tested in this work showed improvement in either one or more
of the cycling performance indicators, except TMAB/TMAH. It was found that it was
possible for QAAs to realize significantly improved cycling activities compared with no
additives only if the respective zinc deposition overpotentials were within 20–60 mV. For
example, to achieve CV charge capacity loss of 6%, the first cycle CE loss of 4%, and cycling
CE decay rate of 2% per cycle simultaneously. Five out of ten additives (or in total eight
out of twenty-four samples) were able to reach the above cycling performance targets,
including 1.5/5/15 mM BTMAH, 5 mM BTMAB, 1.5 mM HDTMAH, 1.5/5 mM HDTMAB,
and 1.5 mM TPAH. Among them, the most promising one, 5 mM HDTMAB, can even reach
as low as 2.51%, 1.11%, and 0.79% per cycle for those three key performance indicators, less
than a quarter of the values for the no additive benchmark.

It was found that the XRD crystallite sizes of zinc deposits decreased as their deposition
overpotentials increased up to 60 mV and were kept within 45–55 nm when deposition
overpotentials further increased, in accordance with the pattern of CV charge capacity losses
against deposition overpotentials. A clear trend of zinc deposit morphology evolution
(i.e., from non-uniform, to uniform, and finally to holey, under low-magnification SEM
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images) with respect to increasing deposition overpotentials was observed and the most
uniform zinc deposits were achieved by 5 mM HDTMAB, which was consistent with the
patterns of first cycle CE losses and cycling CE decay rates. Last but not least, it was noted
that the optimal performance for each bromide additive was achieved at the concentration
of 5 mM while the optimal result for hydroxide additives was achieved at 1.5 mM. Such
a phenomenon suggests that although bromide and hydroxide anions may exhibit non-
distinguishable influence on deposition overpotentials, variations in other physicochemical
properties (e.g., ionic radius) could still affect zinc deposition and dissolution cycling,
which will be further studied in our next work.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/batteries8090106/s1, Figure S1: Linear sweep voltammograms of zinc deposi-
tion in (a) 5 mM QAAs, (b) TMAB/TMAH, (c) TEAB/TEAH, (d) TPAB/TPAH,
(e) BTMAB/BTMAH and (f) HDTMAB/HDTMAH, compared with no additive; Figure S2: Plots
of relative CV charge capacity against time for (a) TMAB/TMAH, (b) TEAB/TEAH, (c) TPAB/TPAH,
(d) BTMAB/BTMAH, (e) HDTMAB/HDTMAH, compared with no additive, and (f) plot of CV charge
capacity loss against zinc deposition overpotentials. The solid or hollow symbols in Figure S2f indicate
bromides or hydroxides, and the inverted triangles, squares or triangles mean 1.5, 5 or 15 mM of QAAs, re-
spectively; Figure S3: Tafel plots for (a) TMAB/TMAH, (b) TEAB/TEAH,
(c) BTMAB/BTMAH, (d) HDTMAB/HDTMAH, (e) TPAB/TPAH, compared with no additive, and
(f) plot of Polarization Resistance against deposition overpotentials. The solid or hollow symbols in
Figure S3f indicate bromides or hydroxides, and the inverted triangles, squares or triangles mean 1.5, 5
or 15 mM of QAAs, respectively; Figure S4: Chronopotentiograms at 100 mA cm−2 and 20 mAh cm−2 of
the first cycle for zinc deposition and dissolution in (a) TMAB/TMAH, (b) TEAB/TEAH,
(c) TPAB/TPAH, (d) BTMAB/BTMAH, (e) HDTMAB/ HDTMAH, compared with no additive, and (f)
plot of 1st Cycle CE Loss against deposition overpotentials. The solid or hollow symbols in Figure S4f
indicate bromides or hydroxides, and the inverted triangles, squares or triangles mean 1.5, 5 or 15 mM
of QAAs, respectively; Figure S5: Cycling coulombic efficiency in the first five cycles of zinc deposi-
tion and dissolution in (a) TMAB/TMAH, (b) TEAB/TEAH, (c) TPAB/TPAH, (d) BTMAB/BTMAH,
(e) HDTMAB/HDTMAH, compared with no additive, and (f) plot of cycling CE decay rate against
deposition overpotentials. The solid or hollow symbols in Figure S5f indicate bromides or hydrox-
ides, and the inverted triangles, squares or triangles mean 1.5, 5 or 15 mM of QAAs, respectively;
Figure S6: XRD patterns of zinc deposits in (a) TMAB/TMAH, (b) TEAB/TEAH, (c) BTMAB/BTMAH,
(d) HDTMAB/HDTMAH, and (e) TPAB/TPAH, compared with no additive; Figure S7: SEM images
of zinc deposits in various QAAs with zinc deposition overpotentials smaller than 20 mV; Figure S8:
SEM images of zinc deposits in various QAAs with zinc deposition overpotentials between 20 and
60 mV; Figure S9: SEM images of zinc deposits in various QAAs with zinc deposition overpotentials
greater than 60 mV; Table S1: Summary of open circuit potentials (Ucorrosion), corrosion current densities
(Jcorrosion), cathodic (βc) and anodic (βa) Tafel slopes and polarization resistance (Rp) for zinc deposition
and dissolution in various QAAs and no additive.
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