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Towards Higher Energy Density Redox-Flow Batteries:
Imidazolium Ionic Liquid for Zn Electrochemistry in Flow
Environment
Kalani Periyapperuma,[a] Yafei Zhang,[a] Douglas R. MacFarlane,[b] Maria Forsyth,[a]

Cristina Pozo-Gonzalo,[a] and Patrick C. Howlett*[a]

We present the first demonstration of an ionic liquid electrolyte

under a realistic flow environment for applications in redox-flow

batteries based on the Zn2 +/Zn0 redox couple. An electrolyte

mixture containing Zn(dca)2 and 3 wt % H2O in 1-ethyl-3-

methylimidazolium dicyanamide, [Emim][dca], ionic liquid was

used to study the effects of Zn2 + concentration and flow rate

on the Zn2 +/Zn0 electrochemical performance as well as its

impact on the morphology of the Zn deposit. An optimized

Zn2 + concentration and flow rate were determined by using an

in-house-designed 3D-printed flow-cell prototype. Surface char-

acterization through SEM revealed that both the concentration

and flow rate directly impact Zn morphology under flow

conditions. The electrolyte mixture with a higher Zn(dca)2

concentration (18 mol %) showed favourable results; voltamme-

try showed higher peak current densities (100 mA/cm2 dis-

charge current density) and more positive Zn electrodeposition

potentials (�1.33 V vs Ag/AgOTf) coupled with higher cycling

efficiency (45�3 %) compared to those obtained with the lower

Zn concentration system (9 mol %, �1.44 V vs Ag/AgOTf,

48 mA/cm2 discharge current density and 33�3 % cycling

efficiency).

1. Introduction

With continuous increase in global energy demand, developing

efficient and cost-effective rechargeable energy-storage devices

has become crucial. In the quest for next-generation recharge-

able battery technologies, redox flow batteries (RFBs) have

been extensively investigated for medium- to large-scale

energy storage applications because of their cost effectiveness,

mobility, flexibility in terms of independent control of power

output and energy capacity and safety advantages over current

state-of-the-art Li-ion batteries.[1–4]

Zinc is an attractive anode material for RFBs owing to its

high negative potential, high theoretical energy density, low

material cost, abundant supply and environmental friend-

liness.[5] In the past, rechargeable RFBs based on Zn coupled

with different electropositive redox species including nickel,

manganese dioxide, chlorine, bromine, cerium and ferricyanide

have been investigated to achieve high energy density.[6–9]

Among these, Zn�Br is one of the most developed Zn RFB

owing to its high theoretical energy density (440 Wh Kg�1),

theoretical cell potential of 1.82 V, good reversibility and

relatively cheap materials.[1,3] This system has been reported to

have a cycling efficiency of 75–80 %.[10] However, Zn�Br RFBs

are limited by material corrosion and Zn dendrite formation.[3]

The Zn�Ce RFB is also promising, with a high cell potential

of 2.4 V and high discharge current densities of 400–500 mA/

cm2. However, these cells require high concentrations of

corrosive supporting electrolyte, methanesulfonic acid, to

increase the solubility of Ce salt; this has a negative impact on

the Zn electrode and increases parasitic H2 gas evolution

resulting in relatively low cycle life (<25 cycles).[1,5,11] These

issues involving safety and the corrosive nature of the electro-

lyte are not limited to Zn-based RFBs but also occur with other

redox flow chemistries, including all-vanadium RFBs, which use

highly corrosive sulfuric acid as the supporting electrolyte. Ionic

liquids (ILs) are promising safer and less corrosive solvents

because of their high thermal and electrochemical stability,

wide electrochemical windows and negligible vapour pressures.

Recent studies have shown reversible Zn electrodeposition

and dissolution in IL-based electrolytes.[12,13] Among ILs, those

containing dca� anions exhibit low viscosities at room temper-

ature, implying efficient mass transport and higher conductivity

for electrochemical applications.[14] Previously, our group has

investigated the role of added Zn2 + salt and the effects of

water content on Zn electrochemical performance and deposi-

tion morphology in [Emim][dca] in IL electrolyte under static

(i.e., ‘no flow’) conditions.[15] It was concluded that electrolyte

system based on Zn(dca)2 salt is most appropriate due to its

lower onset potential of �1.8 V vs Fc0/ + for Zn deposition,

which is the result of weaker metal anion interactions, and

higher current densities for Zn deposition/dissolution (70/
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40 mA/cm2) compared to Cl�, SO4
2� and acetate based Zn

salts.[12] Adding 3 wt % H2O to the [Emim][dca] IL electrolyte

containing Zn(dca)2 has facilitated smoother deposition of Zn

with closely-packed needle-like morphology and good adhe-

sion to the GC electrode. Although Zn(dca)2 in [Emim][dca] IL

with 3 wt % H2O has shown great promise in regard to Zn

rechargeable batteries, their application under flow configura-

tion is yet to be reported.

Furthermore, it has been reported that the morphologies of

Zn deposits are directly correlated with operating conditions

such as the additives used, cycling temperatures, applied

current densities and flow velocities.[16–19] Since most of these

studies were performed either under static conditions and/or

using aqueous electrolyte systems, a knowledge gap exists in

understanding how ILs can affect the morphology of Zn

deposited under flow conditions. Because the morphology can

affect the cycling performance and ultimately the coulombic

efficiency of the battery, it is important to understand this

effect.[18]

To the best of our knowledge, although there are multiple

reports of Zn electrochemistry in ionic liquids, it has not yet

been evaluated under flow conditions. In our current work, we

assess the effects of Zn2 + concentration and flow rate of

electrolyte on electrochemical performance and morphology of

Zn deposited using the previously mentioned electrolyte

system containing various concentrations of Zn(dca)2 in [Emim]

[dca] IL and 3 wt % water. Unlike most previous studies on flow

batteries,[20–22] here we were able to reduce the volume of

electrolyte required per test to 4 mL. The electrochemical

performance under flow conditions was measured in a 3D-

printed flow half-cell prototype designed in-house.

2. Results and Discussion

In this study we investigated the electrochemistry and

morphology of Zn focused on two main aspects: (1) effect of

Zn2 + concentration on Zn electrochemistry and morphology

under static, stirring and flow conditions, (2) effect of flow rate

on Zn electrochemistry and morphology. The cycling efficien-

cies obtained under static, stirring and flow environments are

summarized in Table 1, and will be discussed in detail later in

this section.

2.1 Effect of Salt Concentration on Zn2 +/Zn0

Electrochemistry and Morphology under Stirring Conditions

Figure 1 shows the cycling performance of 9 mol % and

18 mol % Zn(dca)2 electrolyte mixtures cycled in a standard cell

vial, while stirring the electrolyte at 320 rpm. Stirring creates a

flow environment around the electrodes similar to that in the

flow-cell setup used in our study. The initial 1 hour excess

plated charge deposition of Zn on GC electrode surface at a

constant current density of �3 mA/cm2 creates an initial

deposit suitable for subsequent ‘cycling’. The cell was then

cycled at 10 minute step times until cell failure. This is a well-

established method to measure the average cycling efficiency

of energy-storage electrodes.[23,24] The 9 mol % Zn(dca)2 mixture

shows an initial charging potential, which gradually increases

up to �1.13 V while 18 mol % Zn(dca)2 maintains a fairly stable

potential under the same conditions. In both electrolyte

mixtures, Zn is electrodeposited at a potential of �1.08 V. As

shown in Figure 1(b), the higher overpotential observed with

18 mol % Zn(dca)2 could be a result of increased viscosity of the

Table 1. Summary of cycling efficiencies obtained with 9 mol % and
18 mol % Zn(dca)2 + [Emim][dca] + 3 wt % H2O under static, stirring and
flow conditions at �3 mA/cm2

Electrolyte Static in a
standard cell vial
[%]

Stirring in a
standard cell vial[a]

[%]

Flow in flow cell
setup[b] [%]

9 mol % 82�3 67�3 33�3
18 mol % 84�3 68�3 45�3

[a] At 320 rpm. [b] 11 mL/min.

Figure 1. Chronopotentiograms of [Emim][dca] + 3 wt % H2O + a) 9 mol %
Zn(dca)2 and b) 18 mol % Zn(dca)2 stirring at 320 rpm in a standard cell vial
at an applied current density of �3 mA/cm2.
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solution at high Zn2 + salt concentration.[25] Both electrolyte

mixtures yielded similar cycling efficiencies of 68�3 %. The

average cycling efficiencies were calculated using Equation (1),

where N is the number of cycles, Qex is excess plated charge

and Qps is cycled charge.

CE ¼ 100*NQps=ðNQps þ QexÞ ð1Þ

where N is the number of cycles, Qex is excess plated charge

and Qps is cycled charge.

The sharp increase in voltage at the end of the final cycle is

caused by complete consumption of the initial excess Zn

deposit. This experiment demonstrates that the electrolyte

mixture comprising [Emim][dca] with Zn(dca)2 and 3 wt % H2O

can support continual Zn electrodeposition and dissolution

under stirring.

To study the effects of Zn concentration on electro-

deposited Zn morphology under stirring conditions, Zn was

plated onto a GC electrode surface from 9 mol % and 18 mol %

Zn(dca)2 electrolyte mixtures for 1 hour at a constant current

density of �3 mA/cm2 at 320 rpm, and micrographs of the Zn

deposits obtained are shown in Figures 2(a) and (b), respec-

tively. As shown in Figure 2(a), the less concentrated electrolyte

resulted in a non-uniform, porous deposit with cubic grains.

The more concentrated system yielded a smoother Zn deposit

with closely-packed needle-like morphology.

The morphologies of Zn deposited under static conditions

from [Emim][dca] containing 9 mol % (Figure 3a) and 18 mol %

(Figure 3b) Zn(dca)2 at �3 mA/cm2 were also compared. Similar

to the results obtained under stirring, different Zn2 + concen-

trations resulted in distinct Zn morphologies. The deposit from

the 9 mol % electrolyte mixture was mostly small grains, along

with horizontally-grown feather-like Zn structures. Previously,

our group has studied the morphology of Zn using a similar

electrolyte mixture with 9 mol % Zn(dca)2 under static con-

dition, but at different current densities and deposition

potentials under an inert gas environment.[12,15] Under these

conditions, spherical nuclei were observed consisting of Zn

needles fused together to form a smooth deposit. As shown in

Figure 3(b), the 18 mol % electrolyte mixture yielded a Zn

deposit comprising aggregates of small spheres with needle-

like morphology, along with 5 mm or bigger spheres displaying

a different morphology. In contrast to the stirring experiment,

here the Zn deposit is porous and non-uniform with the

18 mol % electrolyte mixture compared to 9 mol %.

This indicates that the flow environment has facilitated

formation of a uniform Zn deposit at higher redox active

species concentration. A uniform Zn deposit is critical in

obtaining a less dendritic surface, one of the key challenges yet

to be overcome in Zn-based RFBs with aqueous electrolytes.[18]

As described in the literature, operating conditions such as

current density, electrode surface and experimental environ-

ment have significant effects on Zn morphology.[19] The uniform

deposit obtained with the [Emim][dca] IL-based electrolyte

mixture containing 18 mol % Zn(dca)2 is a promising step

towards this goal. In summary, the more concentrated electro-

lyte showed favourable results under stirring, resulting in a

more uniform deposit compared to that obtained under static

conditions. To further investigate the effect of concentration on

Zn electrochemical performance and morphology under flow

conditions, these electrolyte systems were then tested in our

in-house designed flow half-cell.

2.2 Effect of Concentration on Zn Electrochemistry and
Morphology under Flow Conditions

With continuous development in research tools, 3D printing

has become an approachable and affordable method for rapid

manufacturing of cell prototypes and cell components, even

those with a high degree of complexity.[22] This has been

particularly advantageous for our early stages of small-scale

redox flow-battery development work, which often demands

flexibility in cell design. Figure 4 shows a schematic cross

section of the 3D-printed flow half-cell prototype used in this

study (the cell body is 20 � 45 mm). The electrolyte is pumped

through the channel in the printed cell body by a peristaltic

pump, and undergoes electron-transfer reactions at the WE and

CE during charging and discharging processes. The surfaces of

the RE, WE and CE, placed in the corresponding sleeves, sit

parallel to the electrolyte flow to avoid possible turbulence

around the electrodes. This cell setup was used to study the Zn

electrochemistry and morphology under flow conditions at

different Zn2 + concentrations and flow rates.

Figure 2. SEM images of Zn deposits after 1 h of electrodeposition from
either a) 9 mol % Zn(dca)2 or b) 18 mol % Zn(dca)2 + [Emim][dca] + 3 wt % H2

O stirring at 320 rpm at an applied current density of �3 mA/cm2. (insets: 1
mm scale, others 100 mm scale).

Figure 3. SEM images of Zn deposits after 1 h at an applied current density
of �3 mA/cm2 in static [Emim][dca] + 3 wt % H2O containing either a)
9 mol % Zn(dca)2 or (b) 18 mol % Zn(dca)2.
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Figure 5 presents the cyclic voltammograms obtained for

the 9 mol % and 18 mol % Zn(dca)2 electrolyte mixtures at

22 mL/min flow rate. The first reduction peak obtained with

9 mol % Zn(dca)2 at an onset potential of �1.44 V corresponds

to Zn electrodeposition, with a peak current density of ca.

48 mA/cm2 at �1.58 V. When the concentration of Zn2 + is

increased to 18 mol %, the onset of Zn reduction occurs at a

less negative potential, �1.33 V, possibly because of a different

speciation mechanism at higher concentrations. The signifi-

cantly higher peak current density of ca.100 mA/cm2 obtained

at �1.46 V with 18 mol % Zn(dca)2 is generated by the higher

Zn2 + concentration that facilitates the reaction at the electrode

interface. These current densities obtained under flow are

higher than those recorded in the literature under static

condition with similar electrolyte mixtures containing 10 and

20 mol % Zn(dca)2.[26] Although the 20 mol % system gave

greater current densities than the 10 mol % system for Zn

plating and stripping under static conditions, the Zn electro-

deposition potential was more negative. In contrast, under

flow, the more concentrated electrolyte mixture containing

18 mol % Zn(dca)2 gives both superior peak current densities

and a less negative Zn electrodeposition potential than the

9 mol % system. The deposition overpotential is clearly depend-

ent upon the Zn2 + concentration, but the origin of the different

behaviour under flow is less obvious. Notably, our recent

surface studies have shown the dominant role of ion arrange-

ments at the electrode surface in dictating the Zn deposition

potential in these Zn-IL-H2O systems.[27]

For both concentrations, a second reduction peak occurs

when the reduction is extended to �2.1 V. As mentioned in the

literature,[26] two reduction peaks might result from two distinct

morphologies or structures of Zn being deposited onto the GC

electrode surface. It is also possible for the second reduction

peak to be associated with the reduction of the imidazolium

cation or water, as the negative scan is approaching the

reduction limit of the IL with 3 wt % water (�2.25 V in

Figure 7a).[12] Nevertheless, no change in colour or bubble

formation was detected in the electrolyte solution during or

after the experiment. At both concentrations, the oxidation of

reduced Zn begins at �1.14 V. The oxidation peak current

densities also increase with increasing redox couple concen-

tration following the same trend during the negative scan,

suggesting that the Zn deposits readily oxidise into the

solution.

The morphologies of the Zn electrodeposits were compared

using optical profilometry and SEM, as shown in Figure 6. The

uniformity of Zn deposits were determined by optical micro-

scopy by measuring the deposit thickness indicated by different

colours within the circular GC electrode as shown in Figure 8(a–

b). A monochromatic colour similar to Figure 8b represents a

uniform surface with even deposit thickness. Zn deposited from

9 mol % Zn(dca)2 is non-uniform and porous, similar to that

Figure 4. Schematic cross section of the flow half-cell design used in this
study.

Figure 5. Cyclic voltammograms for [Emim][dca] + 3 wt % H2O with different
concentrations of Zn(dca)2. Scan rate 100 mV/s, flow rate 22 mL/min, 2nd

scan.

Figure 6. Profilometric images of Zn deposits after 1 h in [Emim][dca] +
3 wt % H2O + a) 9 mol % Zn(dca)2, and b) 18 mol % Zn(dca)2, at 22 mL/min
flow rate and �3 mA/cm2 current density; (c, d) corresponding SEM images.
The black spots in (b) are out-of-scale Zn deposits.
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obtained from the same mixture under stirring. In contrast, a

closely packed, uniform Zn deposit was obtained in the

electrolyte with 18 mol % Zn(dca)2 under flow. This improved

uniformity with higher Zn(dca)2 concentration was also seen

under stirring. This is important to help obtain less dendritic

electrodeposits, and avoid short circuits and safety issues in

RFBs. The electrolyte mixture containing 18 mol % Zn(dca)2 was

chosen for further studies because of its superior Zn plating/

stripping current densities, less negative Zn electrodeposition

potential and the uniform Zn deposit obtained in the above

experiment.

2.3 Effect of Flow Rate on Zn Electrochemistry and
Morphology under Flow Conditions

To study the effect of flow rate on Zn electrodeposition/

dissolution potentials and resulting current densities, cyclic

voltammetry was performed on the electrochemical system at

different flow rates. Figure 7 shows the cyclic voltammograms

for [Emim][dca] containing 18 mol % Zn(dca)2 and 3 wt % H2O at

6, 13, 22 and 40 mL/min flow rates. The stability of the IL with

3 wt % H2O (i.e., without Zn salt) was measured under flow

condition at 6 mL/min flow rate as a control experiment

(Figure 7a); the neat IL was reductively stable until �2.25 V. In

Figure 7b–e the peak current density for Zn electrodeposition

and dissolution increases with increasing flow rate. This is

attributed to the increase in mass transfer with increasing flow

rate.[28]

The onset of Zn electrodeposition in this system occurs at

�1.3 V, is independent of the flow rate. In addition, a second

reduction peak was observed at �2.1 V at all flow rates. This

resembles the peak which occurs under static condition in a

similar electrolyte mixture, close to the reduction limit of the

solvent.[26] As mentioned before, this peak might be a result of

either another distinct morphology of Zn being deposited onto

the GC electrode surface, or possibly the reduction of

imidazolium cation or water, as the negative scan is approach-

ing the reduction limit of IL with 3 wt % water (�2.25 V in

Figure 7a). As in the previous experiment (Figure 5), neither

change in colour, nor bubble formation was detected in the

electrolyte solution during or after the experiment. The peak

potential for the oxidation process corresponding to Zn

dissolution was observed at �0.9 V at all flow rates.

The effect of flow rate on Zn morphology was investigated

at 6, 13 and 22 mL/min flow rates by depositing Zn on GC

electrode surface for 1 hour at a constant current density of

�3 mA cm�2 using chronopotentiometry. At 6 mL/min (Fig-

ure 8a) the Zn deposit shows a highly crystalline needle-like

structure, whereas 13 mL/min flow rate (Figure 8b) led to a

deposit of thin plates arranged perpendicular to the electrode

surface. The morphology of Zn deposited at 13 mL/min is quite

similar to that obtained at 22 mL/min (Figure 5d), except the

latter was a more compact deposit. These results indicate that

the lower and higher flow rates significantly alters the

morphology of Zn deposit. Flow rates above 22 mL/min were

not examined due to limitations of the apparatus. Since similar

Zn morphologies were obtained for 11 (Figure S1-d), 13 and

22 mL/min flow rates, 11 mL/min was chosen for further experi-

ments.

Figure 7. Cyclic voltammograms for a) neat [Emim][dca] + 3 wt % H2O at
6 mL/min; [Emim][dca] with 3 wt % H2O and 18 mol % Zn(dca)2 at b) 6 mL/
min, c) 13 mL/min, d) 22 mL/min, and e) 40 mL/min flow rates (scan rate 100
mV/s).
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2.4 Effect of Concentration on Cycling Performance under
Flow Conditions

The cycling performance of electrolyte systems containing

9 mol % or 18 mol % Zn(dca)2 was measured at 11 mL/min flow

rate at an applied current density of �3 mA/cm2, as shown in

Figure 9(a) and (b). The increase in Zn electrodeposition

potential with increased cycling at both concentrations is

attributed to modification of the working electrode surface

caused by Zn plating and stripping. Irrespective of the higher

overpotential, 18 % Zn(dca)2 resulted in better cycling efficiency

(46�3 % compared to 33�3 % for 9 % Zn(dca)2). This difference

may be a result of increased flux of Zn2 + ions to the GC

electrode surface at higher concentration as well as the

distinctive Zn morphologies obtained at the different concen-

trations, as shown in Figure S1.

The effect of concentration on Zn morphology at 11 mL/

min flow rate as well as the change in morphology during

cycling at each concentration was also studied. In Figure S1 (a-

f) we show the morphologies of Zn deposits obtained from

9 mol % and 18 mol % Zn(dca)2 electrolyte mixtures after plating

Zn for 1 hour, after the 2nd charge and discharge cycles

(indicated by arrows in Figure 9). With 9 mol % Zn(dca)2, a non-

uniform, porous Zn deposit was obtained after depositing Zn

for 1 hour. As shown in Figure S1(a) inset, the deposit has a

platelet-like morphology similar to that reported in the

literature,[12] and with cycling, the grain size becomes smaller.

With 18 mol % Zn(dca)2, a more uniform deposit was obtained

after plating Zn for 1 hour. No significant change in morphol-

ogy was detected after cycling, except the grain size was

smaller after the 2nd discharge cycle (Figure S1-f). Furthermore,

patches of GC electrode surface appeared after the 2nd

discharge where Zn had been completely removed. The EDX

analysis of the electrodeposit at a low accelerating voltage,

5 kV, revealed that the surface of the Zn deposit is completely

oxidized as a consequence of cycling in air (atomic percentages:

26.76 % O and 25.68 % Zn), but at a higher accelerating voltage

of 10 kV, which has a larger interaction volume and probes

deeper into the sample, an increased atomic percentage of Zn

was noted compared to oxygen (atomic percentages: 20.17 % O

and 32.73 % Zn).

Surprisingly, the cycling efficiency (CE) values obtained from

Equation (1) with 9 mol % and 18 mol % Zn(dca)2 in the flow cell

setup are lower than those obtained under stirring at 320 rpm

in a standard cell vial, as summarised in Table 1.

As shownin Table 1, stirring in a standard cell vial has

reduced the CE compared to the values obtained under static

conditions at both concentrations. Whilst different cell config-

urations might be a possible contributor for this difference, the

exact reason is not yet clear. A more significant difference in

efficiency was noted in the experiments performed in the flow

cell setup compared to the stirring condition at 320 rpm. When

the cycle performance of 18 mol % Zn(dca)2 electrolyte mixture

was measured under static condition in our flow cell setup, the

efficiency obtained was also only 45�3 % (not shown), whereas

in the standard cell vial 84�3 % efficiency was obtained. This

indicates that the flow cell geometry used here limits the

maximum efficiency to 45�3 %. This disparity in the perform-

ance suggests that further improvement in cycling can be

achieved with optimized cell configuration.

Figure 8. SEM images of Zn deposits after plating Zn for 1 h from 18 mol %
Zn(dca)2 + [Emim][dca] + 3 wt % H2O flowing at a) 6 mL/min and b) 13 mL/
min rates and �3 mA/cm2 current density. (inset: 1 mm scale, others 5 mm
scale).

Figure 9. Chronopotentiograms in [Emim][dca] with 3 wt % H2O with a)
9 mol % Zn(dca)2 or b) 18 mol % Zn(dca)2 at an applied current density of
�3 mA/cm2. Arrows indicate sampling points for SEM imaging presented in
Figure S1.
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3. Conclusions

We have investigated [Emim][dca] IL with added Zn(dca)2 as a

potential electrolyte for Zn-based redox flow batteries. When

the Zn2 + concentration increased to 18 mol %, the Zn electro-

deposition and dissolution peak current densities increased,

while the Zn deposition potential shifted to more positive

values under flow. The increase in current density was

attributed to the increased redox couple concentration avail-

able for reduction at the working electrode surface. The shift in

Zn electrodeposition overpotential might be due to speciation

mechanisms at different concentrations under flow conditions

or the presence of ionic layers at the electrode surface as

recently reported,[27] and further studies are required to

investigate this phenomena. The effect of flow rate on Zn

electrochemistry was also investigated in this study. Increasing

flow rate increased the Zn plating and stripping current

densities by increasing the mass transfer rate. Finally, surface

characterization revealed that the Zn morphology can be

controlled via the concentration of Zn2 + in the electrolyte

mixture and the applied flow rate. The electrolyte mixture

containing 18 mol % Zn(dca)2 in [Emim][dca] IL showed promis-

ing results including superior Zn oxidation/reduction current

densities, low overpotentials for Zn electrodeposition, and

uniform Zn morphologies under flow conditions. Further

optimization of the flow cell configuration is needed to improve

cycling performance for redox flow batteries. Therefore, further

modifications to the present 3D printed cell design including

increasing CE surface area, reducing active species diffusion

distance between electrodes are underway.

Experimental Section

[Emim][dca] IL (>98 %, Ionic Liquid Technologies) was purified by
dissolving in dichloromethane and filtering the resultant cloudy
solution through a 0.2 mm Teflon syringe filter.[12] The IL was then
dried under vacuum and the water content was measured using a
Model 756/831 Karl Fischer Coulometer (MEP Instruments, Austral-
ia). The water content of the dried IL was <400 ppm. Zn(dca)2 was
synthesized by reacting zinc nitrate hexahydrate (98 %, Sigma-
Aldrich) and sodium dicyanamide (96 %, Sigma-Aldrich) in water at
a 1 : 2 mole ratio at room temperature.[29] The reaction mixture was
stirred overnight. The resulting white precipitate was filtered and
washed several times with distilled water to remove remaining
nitrates and finally dried under high vacuum for 3 days. The purity
of Zn(dca)2 solid was tested by both microanalysis (Campbell
Microanalytical Laboratory, University of Otago, New Zealand) and
EDTA titration. Both the techniques provided compatible results.

Voltammetric experiments were performed on a Biologic VMP3/Z
multi-channel potentiostat using a 3-electrode set-up consisting of
a 1 mm diameter GC (ALS Co. Ltd, Japan) WE, 0.5 mm diameter Pt
(for cyclic voltammetry) or Zn wire (for chronopotentiometry)
counter electrode (CE) and Ag/Ag+ reference electrode (RE) made
up of an Ag wire immersed in a 5 mM silver triflate (AgOTf) in
[Emim][dca] solution separated from the bulk solution by a porous
frit. The redox potential of ferrocene/ferrocenium was + 0.44 V vs
the Ag/AgOTf reference electrode. All of the potentials in this study
are given against this reference electrode unless otherwise stated.
The cyclic voltammetry experiments were performed under flow
condition within a potential range from 0 V to �2.1 V at 100 mV/s

scan rate. The chronopotentiometric measurements were taken at
a current density of�3 mA/cm2 under static, stirring and flow
conditions. The experiments under flow condition were performed
in a flow half-cell setup designed in house. This was 3D printed
using a UV-cured acrylic material, which is chemically stable
towards the IL electrolyte. The electrolyte solutions were pumped
into the flow half-cell setup using a peristaltic pump.

The electrolyte solutions were prepared by adding 9 or 18 mol % of
Zn(dca)2 salt to [Emim][dca] IL. After taking into account the water
content in the IL and Zn2 + salt mixture, the total water content was
adjusted to 3�0.03 wt % by adding deionised water. All the above
experiments were performed at room temperature in open
atmosphere. The average cycling efficiencies of the above systems
were calculated using Equation (1), where N is the number of
cycles, Qex is excess plated charge and Qps is cycled charge.

Scanning Electron Microscopy (SEM, JSM IT 300 Series) and Energy
Dispersive X-ray Spectroscopy (EDX, Oxford X-Max 50 mm2 EDX
detector) were used to characterize the surface morphology and
the composition of Zn deposits. The deposits were gently rinsed
with deionised water to remove residual ionic liquid and dried
under a stream of N2 gas prior to insertion in the SEM. Profilometric
measurements were taken using a Bruker Contour GT�K1 model
profilometer.
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