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Abstract 

This work aims to identify a suitable electrolyte composition for the operation of a 

zinc-nickel flow cell at ambient temperature. The effect of varying electrolyte composition 

containing KOH, ZnO, tetraethylammonium hydroxide (TEAH) or tetrabutylammonium 

bromide (TEAB) electrolyte additives are investigated. A 15 mM concentration of TEAH is 

found to provide smooth and compact zinc depositions. Increasing concentrations of KOH 

are found to be detrimental to voltaic efficiency, with coulombic efficiency peaking in 6 M 

KOH. The coulombic efficiencies of both zinc and nickel electrodes improve with ZnO 

concentration. Galvanostatic zinc-nickel flow cell cycling yields the highest efficiencies in an 

electrolyte of 6 M KOH with 0.5 M ZnO and 15 mM TEAH, with coulombic, voltaic and 

energy efficiencies of 98 %, 88 % and 86 % respectively over 70 stable charge/discharge 

cycles. 
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1. Introduction 

Redox flow batteries (RFB) represent one class of electrochemical energy storage 

system and have a number of advantages over other types of energy storage systems 

including mobility, flexibility, deep discharge, rapid response times, safe operation and large 

scale with power ratings from 10kW to 10MW. RFB technologies therefore constitute a 

promising solution for energy storage applications including grid services, such as load 

levelling, peak shaving and frequency regulation, and are also capable of facilitating 

implementation of renewable energy technologies by mitigating associated issues of 

intermittency and unpredictability [1–3].  

Within the RFB family, the zinc-nickel redox flow battery (Zn-Ni RFB) possesses 

impressive key features over other RFB systems. For instance, the rapid kinetics of the redox 

couple provides a fast charge/discharge capability. The energy density of the system is large 

due to the relatively high standard thermodynamic cell potential of 1.73 V [4]. The Zn-Ni 

RFB system is seen to be cost competitive as it utilises inexpensive and abundant metals as 

active materials, and can employ only a single electrolyte with no requirement for membrane 

separators. This reduces the cost and design complexity of the system significantly [4–6]. For 

example, Turney et al. reported on a 25 kWh battery in 2014 with an estimated cost of just 

over 400 $ kWh-1 [5]. Additionally, the Zn-Ni system is environmentally friendly due to the 

use of low-toxicity zinc and nickel active materials.  Despite this, challenges to 

implementation of the zinc-nickel RFB remain. On the one hand, system capacity is restricted 

by the amount of active material at the nickel positive electrode. To increase capacity, it 

needs to increase loading of active material of the electrode. On the other hand, the 

morphology of the zinc deposition at the negative electrode can be problematic. Dendritic or 

boulder morphologies can occur due to the inconsistent distribution of zinc deposition over 
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the surface area of the electrode, while H2 and O2 gas can evolve during charging at the zinc 

and nickel electrodes, respectively. This limits the system efficiency and durability [2,4,6,7].    

There are a number of factors that can impact on the performance of the Zn-Ni RFB, in 

which, influential factors including electrode substrate materials [8–15], temperature [16,17], 

current density [17–22], electrolyte flow rate [21,22] are well reported. The use of additives 

to control zinc morphology has been extensively studied in zinc-based batteries and zinc 

electroplating [23–34]. However, literature concerning the effect of additives on Zn-Ni flow 

cells are less common [35,36]. Building on our previous work in which a total of 16 inorganic 

and organic additives have been systematically screened and discussed [36], in this work we 

examine the effect of two promising quaternary alkyl ammonium (QAA) additives, 

tetraethylammonium hydroxide (TEAH) and tetraethylammonium bromide (TEAB), on the 

performance of Zn-Ni RFB system.  

Selection of electrolyte composition has significant impact on Zn-Ni RFB’s 

performance. KOH or NaOH can be utilised as supporting electrolytes, but KOH is preferred 

due to its higher specific conductivity [37,38]. Previous studies of the effect of electrolyte 

composition (KOH and ZnO) on the rate of  the parasitic hydrogen evolution reaction (HER), 

during zinc reduction, report that increasing KOH concentrations accelerate HER while 

increasing concentrations of Zn2+ supress it [18,39]. Vaidyanathan et al. have observed that 

increasing concentrations of KOH lead to improved nickel electrode discharge capacities 

[40]. In addition, Chen et al. report that both discharge capacities and potentials of the nickel 

electrode increase with Zn2+ content, attributing this to the stabilising effect of the 

intercalation of Zn2+ ions to the nickel hydroxide lattice [41]. 

This research work focuses on the identification of a suitable electrolyte composition in 

terms of KOH, Zn2+ and additive concentration for use in the Zn-Ni RFB at ambient 

temperature (293 K). The QAA electrolyte additives TEAH and TEAB are assessed across a 
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range of concentrations in terms of their effect on zinc morphology and zinc electrode 

performance. Thereafter, a range of electrolyte compositions (KOH and ZnO) is investigated 

in relation to their effect on both the zinc and nickel electrodes individually and the full cell 

performance. 

 

2. Experimental 

2.1 Electrolyte chemicals 

The base electrolyte consisted of KOH (Acros Organics, analytical grade, 85 %) and 

ZnO (Fisher Chemical, AR grade, 99.5+ %). The electrolyte additives were 

tetraethylammonium bromide (Sigma-Aldrich, reagent grade, 98%) and tetraethylammonium 

hydroxide (Sigma-Aldrich, 20 % wt. in H2O). All chemicals were used as received. 

2.2 Electrode materials and preparation 

The nickel electrode material consisted of a commercial sintered nickel plate (Jiansu 

Highstar Battery Manufacturing Co. Ltd.). For utilisation in the zinc-nickel flow cell, this was 

prepared by cutting into segments of 2 cm × 2 cm which were washed with deionised water 

and allowed to dry prior to use. For cyclic voltammetry, this was cut into segments of 1.5 cm 

× 5 cm and masked to expose an area of 0.25 cm2 (0.5 cm × 0.5 cm) using polypropylene 

tape with an acrylic adhesive (Avon tapes, AVN9811060K, 25 µm thickness) before a final 

rinse with deionised water prior to use. The zinc electrode substrate was a graphite polymer 

composite (Eisenhuth, BMA5 graphite/polyvinylidenefluoride). This was prepared in the 

same manner as the sintered nickel, with the addition of a polishing phase using emery paper 

(Simply Brands, Wet and Dry Paper, 3000 grit) prior to masking and rinsing the electrode. 

The Hg/HgO reference electrode was prepared in a 6 M KOH solution using the following 

chemicals; mercury (Acros Organics, 99.999 % metals basis), mercury (II) oxide (Acros 
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Organics, 99+ %). For three electrode half-cell experimentation a platinum mesh counter 

electrode (Alfa Aesar, 99.9 % metals basis) was employed. 

2.3 Electrolyte properties 

Conductivity, viscosity and density measurements of electrolytes with different KOH 

and ZnO concentrations were taken at 293 K. Conductivities were obtained using a Jenway 

4330 conductivity meter. Kinematic viscosities were measured using an SI analytics 516 13 

micro-Ostwald viscometer, with five measurements made for each electrolyte and the average 

taken. Measurement error was found to be within +/- 2%. Densities were obtained by 

weighing 1 mL of solution on a mass balance, and dynamic viscosities calculated using the 

measured densities and obtained values for kinematic viscosity. 

2.4 Electrochemical methods 

Electrochemical measurements were taken using a BioLogic SP-300 potentiostat and 

EC-Lab software at room temperature (293 K). Cyclic voltammetry and chronoamperometry 

were carried out in a 20 mL three electrode half-cell utilising a commercial sintered nickel 

electrode or graphite/PVDF composite as the zinc electrode substrate, prepared as described 

in section 2.2. Cyclic voltammograms were obtained at potential scan rates of 10 or 20 mV s-1 

over 25 cycles. For chronoamperometry in the zinc half-cell the working electrode potential 

was held at -1.6 V vs. Hg/HgO for a period of 1 hour. 

Zinc-nickel flow cell cycling tests were conducted using a C-Flow laboratory cell (C-

Tech Innovation, 1 cm × 1 cm working electrode area, 1.2 cm electrode gap). A peristaltic 

pump (Watson-Marlow 323S) and Marprene tubing (Watson Marlow, 3.2 mm I.D., 6.4 mm 

O.D.) were employed to pump 100 ml of the electrolyte solutions through the cell at a 

volumetric flow rate of 360 mL min-1, providing an average linear velocity in the cell of 5 cm 

s-1. Galvanostatic cycling tests were carried out at charge current densities of 20 mA cm-2 to a 

capacity of 3 mA h and discharged at the same current density to a cut off cell potential of 0.8 
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V. Electrodepositions of zinc were obtained from the flow cell at the end of galvanostatic 

cycling tests by application of a final charge phase at 20 mA cm-2 to 3 mA h capacity. The 

surface morphology of these samples was characterised using a FEI Quanta FEG 650 SEM, 

operated at an accelerating voltage of 5 kV and a working distance of 5 mm. 

3. Results and discussion 

3.1 Effect of TEAH and TEAB additives 

3.1.1   Cyclic voltammetry 

Fig. 1a and 1b present the cyclic voltammograms of zinc deposition and dissolution 

recorded in electrolyte solutions containing additives at various concentrations ((a) TEAH, 

(b) TEAB). The resultant zinc deposition (reduction) onset potentials, ER, anodic/cathodic 

peak separations, ΔEp, and anodic/cathodic charge ratios are provided in Table 1. It can be 

seen that ER shifted negatively with increasing concentrations of both TEAH and TEAB 

additives. While the inclusion of 1 mM of either additive has little effect, the inclusion of 20 

mM causes negative shifts in ER of 30 mV for TEAH and 48 mV for TEAB respectively. 

This trend can be explained by adsorption mechanism of the additives previously reported 

[26,29,36]. Increased concentrations of the additives lead to higher adsorption of the additive 

to the electrode, producing an inhibition effect and thus larger zinc reduction overpotentials. 

On the other hand, zinc oxidation is also inhibited by increasing additions of both TEAH and 

TEAB, with concentrations of 5 mM and above producing a positive shift in anodic peaks as 

shown in Fig. 1a and 1b. The anodic/cathodic peak separation increases with additive 

concentration, from 205 mV with no additive to 267 mV with 20 mM in the case of both 

TEAH and TEAB. This polarisation of zinc reduction and oxidation potentials with 

increasing additive concentrations results in reduced voltaic efficiency during full cell 

charge/discharge cycling, as reported in section 3.1.3. 
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As shown in Table 1, the value of anodic/cathodic charge ratios increase with additive 

concentration. With no additive the charge ratio is 0.82, and this increases considerably to 

0.96 with 15 mM inclusions of both TEAH and TEAB additives. However, further increasing 

the additive concentration to 20 mM does not cause a significant change in charge ratios. This 

indicates that improvements to full cell charge/discharge cycling coulombic efficiency may 

be achieved with either additive at concentrations up to 15 mM, but no further gains beyond 

this concentration are likely. 

3.1.2   Chronoamperometry and Chronocoulometry 

Fig. 2a and 2b provide the results of chronoamperometry obtained during zinc 

reduction. A potential of -1.6 V vs. Hg/HgO was applied for 1 hour with TEAH and TEAB 

additives at varying concentrations with the resultant current ranges displayed in Table 1. As 

shown, the current range becomes smaller with increasing additive concentrations. With no 

additive the current range is 201 mA, and this reduces with increasing additions of both 

TEAH and TEAB additives. The responses are very similar at 15 mM concentrations of both 

additives, providing current ranges of 62 mA. The smallest current range of 43 mA results 

from the addition of 20 mM TEAH. This is in a good agreement with previous studies by 

Wilcox and Mitchell [26] and Lan et al. [29]. They reported that increasing additive 

concentrations increase the efficacy of zinc dendrite suppression, consequently reducing the 

surface area of electrodeposited zinc, resulting in lower current ranges.   

In order to provide estimates of the active surface area of zinc deposits obtained by 

chronoamperometry in the presence of varying additive concentrations, Anson plots are 

applied for a period of 10 seconds on zinc depositions obtained at a constant potential of -1.6 

V vs. Hg/HgO until the charge passed reached 36 C (10 mA h) as illustrated in Fig. 2c and 

2d. The Anson equation (1) is provided below, where Q is charge passed, n is the number of 
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electrons involved in the reaction, F is the Faraday constant (96486 C mol-1), C0 is the initial 

concentration of Zn(OH)42- in mol cm-3, t is the time in seconds, A is the electrochemically 

active surface area of the electrode in cm2 and D is the diffusion coefficient of Zn(OH)42- in 6 

M KOH at room temperature [42]. D has been determined experimentally as 2.25 x 10-6 cm2 

s-1 as detailed in the supplementary information. 

𝑄𝑄 =  
2𝑛𝑛𝑛𝑛𝑛𝑛𝐶𝐶0𝐷𝐷0.5𝑡𝑡0.5

𝜋𝜋0.5       (1) 

 By application of the Anson equation to the plots of Q vs. t0.5 as shown in Fig. 2c and 

2d, the active surface areas of the zinc deposits have been calculated and are presented in 

Table 1 along with the coefficients of determination in each case. Coefficients of 

determination between 0.983 and 0.993 have been obtained and the estimated active surface 

areas demonstrate the expected trend. With no additive, the estimated surface area of the zinc 

sample is 25.7 cm2. This reduces as the concentration of either TEAH or TEAB additive 

increases, to a minimum of 15.9 cm2 with 15 mM of additive in both cases. With TEAH and 

TEAB in 20 mM concentrations, however, the estimated active surface areas rise marginally 

to 16.7 cm2 and 16.3 cm2 respectively, indicating a possible deterioration of the additives’ 

ability to control zinc morphology at this concentration. This is corroborated by the results of 

SEM in section 3.1.3. 

3.1.3   Zinc-nickel flow cell cycling 

Fig. 3 reports the coulombic efficiencies for a zinc-nickel flow cell with TEAH and 

TEAB additives. Average efficiencies and electrode potentials are given in Table 2. In many 

cases the performance of the cell rapidly becomes erratic with fluctuating coulombic 

efficiencies. 80 charge/discharge cycles were completed in all cases. In Fig. 3, however, 

coulombic efficiencies are reported only to the point that erratic performance commences in 

order to maintain clarity of the figure. Fig. 4 provides the individual electrode potential 
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responses for the first 30 charge/discharge cycles in the case of no additive, demonstrating 

the cause of the observed deterioration in coulombic efficiency. Over the initial 10 cycles, the 

poor coulombic efficiency of the cell (the black curve in Fig. 3) is due to limited discharge 

capacity of the nickel electrode (Fig. 4a). During subsequent cycles, as the discharge capacity 

of the nickel electrode increases, the coulombic efficiency of the cell becomes dependent on 

the discharge capacity of the zinc electrode, as shown in Fig. 4b, the erratic nature of this 

being caused by boulder type zinc morphologies, as evidenced by the results of SEM 

discussed below. 

Table 2 shows that the voltaic efficiency of the zinc-nickel flow cell is attenuated as the 

concentration of either TEAH or TEAB increases. With no additive, the average voltaic 

efficiency approaches 90 %, but this decreases to under 89 % with the inclusion of either 

additive at 5 mM concentration. At additive concentrations of 10 mM and 15 mM, voltaic 

efficiencies are around 88 %. The lowest voltaic efficiencies are observed with the highest 

additive concentration of 20 mM, at 87.3 % with TEAH and 87.6 % with TEAB.  

As shown in Table 2, the average electrode potentials demonstrate that the attenuation 

of voltaic efficiency is caused by the increase of zinc electrode polarisation with increasing 

additive concentrations, as expected following the results of cyclic voltammetry discussed in 

section 3.1.1. For example, with no additive the average zinc reduction/oxidation polarisation 

is 50 mV, increasing to 65 mV in the presence of 5 mM of either additive, around 80 mV 

with 10 mM concentrations, 90 mV with 15 mM, and 100 mV at 20 mM, respectively. This 

trend is due firstly to the inhibition effect of the additives observed in section 3.1.1 

[26,29,36], and secondly the reduced electrochemically active surface area of zinc electrode 

modified by the additives. On the other hand, the average potential of nickel electrode 

remains unaffected by TEAH or TEAB additives with the average charge/discharge 

polarisation varying by no more than 4 mV. 
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Fig. 5 illustrates the SEM images of zinc morphology, which is directly linked to cell 

performance. As shown in Fig. 5a, with no additive present, zinc morphology is irregular and 

consists of clusters of small boulder type structures. Corresponding coulombic efficiency is 

low, at 95.2 %, and becomes erratic after only 20 cycles. The addition of 5 mM TEAH 

improves coulombic efficiency to 96 % and the zinc deposit is largely smooth and compact 

with some remaining areas of porous morphology (Fig. 5b). At 10 mM predominantly 

smooth and compact zinc depositions are obtained (Fig. 5c), and coulombic efficiencies 

approach 97 %. Stable performance is achieved over longer period but degrades after around 

50 cycles. The highest coulombic efficiency of 97.8 % is achieved with a 15 mM 

concentration of TEAH, and performance is stable over 80 charge/discharge cycles. The 

corresponding zinc morphology is almost completely compact, as shown in Fig. 5d. When 

additive concentrations reach 20 mM the quality of zinc morphology diminishes, with large 

boulder structures occurring in a few locations on the electrode (Fig. 5e). In this case the cell 

fails after 15 cycles, continued cycling producing inconsistent performance and a 

significantly reduced average coulombic efficiency of 89.2 %. This is thought to be due to 

excessive adsorption of the additives to the electrode at this concentration, as represented in 

Fig. 6. TEAH and TEAB electrolyte additives function by specific adsorption of the cationic 

tetraethyl alkyl groups to zinc protrusions during electrodeposition, suppressing or preventing 

further zinc deposition in these locations. This promotes zinc reduction on other areas of the 

electrode resulting in a levelling effect and producing smoother and more compact zinc 

morphology[29,43]. In the case of an effective or moderate concentration (Fig. 6a) the 

growth of protrusions of zinc at the electrode are effectively suppressed, leading to a levelling 

effect and compact zinc depositions, as shown in Fig. 5d. However, in the presence of an 

excessive concentration of additive (Fig. 6b) adsorption occurs not only at zinc protrusions 

but also at other areas of the electrode leaving a significantly reduced area available for 
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further zinc deposition. The remaining areas are therefore exposed to increased current 

densities and increased diffusion limitations to zinc reduction, resulting in the formation of 

boulder type morphologies as observed in Fig. 5e. 

In summary, 15 mM TEAH has been selected as the optimal additive concentration for 

further study as this displays the highest average coulombic efficiency of 97.8 %, high 

average energy efficiency of 86 % and the most stable performance over 80 charge/discharge 

cycles. SEM characterisation of zinc deposits at the end of cycling tests also show that the 

most improved morphology occurs with TEAH at a 15 mM concentration. 

 

3.2  Effect of Electrolyte concentration 

3.2.1   Properties of electrolyte solutions 

The viscosity and conductivity of solutions, containing KOH in concentrations between 

4 M and 8 M and ZnO concentrations between 0.3M and 0.7 M, have been obtained and are 

provided in Table 3. The highest conductivity of 501 mS cm-1 is obtained in 6 M KOH 

solution containing 0.3 M ZnO and 15 mM TEAH in agreement with previous work 

confirming that KOH conductivity peaks at around 6 M at 293 K [37,44,45]. A 6 M KOH 

solution containing no ZnO demonstrated a conductivity of 561 mS cm-1, in close agreement 

with previously reported values [44]. As shown in Table 3, the addition of ZnO decreases the 

conductivity of the solution, which is attributed to K+ and Zn(OH)42- forming neutral 

associated ion pairs [46]. The relationship between conductivity and ZnO concentration has 

been shown to be a linear relationship as shown by equation (2) where κ is the conductivity, a 

is the solution conductivity with no ZnO addition, b is the slope of the regression line and Co 

is the ZnO concentration [46,47].  

𝜅𝜅 = 𝑎𝑎 − 𝑏𝑏 ∙ 𝐶𝐶𝑜𝑜         (2) 
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Analysis of the results in Table 3 yields values of b of -73 and -197 mS mol-1 L-1 ZnO for 6 M 

and 8M KOH respectively. Table 3 shows that the dynamic viscosity of the solutions increases 

with KOH concentration, from 1.782 mPa s-1 in 4 M KOH/0.3 M ZnO to 3.231 mPa s-1 in 8 M 

KOH/0.3 M ZnO. The addition of ZnO also increases viscosity, as previously reported by Siu 

and Evans [48]. 

 

3.2.2   Potassium hydroxide concentration 

Fig. 7 provides cyclic voltammograms at zinc and nickel electrodes in electrolytes 

containing 0.3 M ZnO and KOH in concentrations between 4 M and 8 M. For the 

deposition/dissolution of metals, the point at which the voltammogram intersects the potential 

axis on the positive scan, (Ej=0), provides a reliable estimate of the equilibrium potential of 

the redox couple [49]. For the nickel electrode, the potential at which current density is zero 

on the positive scan, Ej=0, has been used to demonstrate the potential shift in differing KOH 

concentrations, and the results provided in Table 3. 

For both electrodes, a negative shift is observed with increasing KOH concentration. In 

solutions containing 0.3 M ZnO, Ej=0 for the zinc electrode is -1.354 V vs. Hg/HgO in 4 M 

KOH and is shifted by -44 mV in 6 M KOH and a further -13 mV in 8 M KOH to -1.411 V 

vs. Hg/HgO (Fig. 7a, Table 3). This trend is in agreement with the equilibrium potentials 

observed by Bockris et al. and Hendrikx et al [50,51]. For the nickel electrode the same 

negative shift is observed, with an Ej=0 of 0.307 V vs. Hg/HgO in 4 M KOH being shifted to 

0.284 V vs. Hg/HgO in 6 M KOH and 0.251 V vs. Hg/HgO in 8 M KOH, a total change of -

56 mV (Fig. 7b, Table 3). 

At the zinc electrode, reduction overpotentials increase significantly with KOH 

concentration. Overpotentials at -30 mA cm-2, taken from the cyclic voltammograms shown 
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in Fig. 7a and Table 3, increase from -58 mV in 4 M KOH to -92 mV in 6 M KOH and -129 

mV in 8 M KOH. This is due to two factors; firstly, the increasing electrolyte viscosity with 

KOH concentration restricts the mass transport of Zn2+ species to the electrode, resulting in 

larger concentration polarisation and, secondly, the enlargement of nucleation loops with 

KOH concentration observed in Fig. 7a due to nuclei with low volume and high surface area 

being readily oxidised [52]. In the case of zinc, the initial rate of oxidation has been shown to 

increase with KOH concentration [53]. It is therefore to be expected that formed zinc nuclei 

are more easily dissolved in electrolytes containing higher concentrations of KOH, resulting 

in the requirement for larger nucleation overpotentials to form stable nuclei and coherent zinc 

deposits [54].  

Zinc oxidation overpotentials at 30 mA cm-2 have been taken as the difference between 

the potential at which current density reaches 30 mA cm-2 on the positive scan of 

voltammograms reported as shown in Fig. 7a and the corresponding values of Ej=0 in Table 3. 

These are relatively unaffected by KOH concentration, but do diminish from 44 mV in 4 M 

KOH to 39 mV in 6 M KOH and 36 mV in 8 M KOH due to the increased availability of OH- 

at the electrode. Typical charge/discharge potential plots for the zinc electrode during zinc-

nickel flow cell cycling given in Fig. 7c also demonstrate this trend. The charge/discharge 

polarisation increases from 76 mV in 4 M KOH to 103 mV and 145 mV in 6 M and 8 M 

KOH respectively, this being predominantly caused by increasingly negative zinc reduction 

potentials. In terms of the zinc electrode, increasing KOH concentrations therefore have a 

negative effect on voltaic efficiency. 

At the nickel electrode the inverse is true, as shown in Fig. 7b. Oxidation overpotentials 

at 100 mA cm-2 decrease from 259 mV to 191 mV and 168 mV in 4 M, 6 M and 8 M KOH 

respectively, due to the increased availability of OH- at the electrode. Reduction 

overpotentials also diminish as KOH concentration increases, although to a lesser extent, 
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resulting in nickel electrode polarisations of 415 mV, 328 mV and 302 mV at +/- 100 mA 

cm-2 in 4 M, 6 M and 8 M KOH respectively. This trend is again observed during zinc-nickel 

flow cell cycling, as shown in Fig. 7d, with the nickel electrode charge/discharge polarisation 

of 199 mV in 4 M KOH decreasing to 186 mV in 8 M KOH. While this may be expected to 

have a positive effect on voltaic efficiency, it is insufficient to offset the negative effect on 

the zinc electrode. Increasing KOH concentrations are therefore detrimental to voltaic 

efficiency during zinc-nickel flow cell cycling, which reduces from 85.3 % in 4 M KOH to 

85.1 % in 6 M KOH and 83.3 % in 8 M KOH. During zinc-nickel flow cell cycling, the 

coulombic efficiency is limited by the discharge potential of the nickel electrode in all cases, 

as shown in Fig. 7d, and follows the same trend observed from Qc/Qa during cyclic 

voltammetry. The highest coulombic efficiency of 97.5 % is achieved in 6 M KOH, reducing 

to around 93% in 4 M and 8 M KOH (Table 3). The improvement between 4 M and 6 M 

KOH is attributed to increased conductivity and availability of OH- at the electrode, while the 

higher viscosity and lower conductivity of 8 M KOH accounts for the subsequent 

deterioration of performance.  

 

3.2.3   Zinc oxide concentration 

Cyclic voltammograms for the zinc electrode obtained in electrolytes containing 

varying concentrations of ZnO are displayed in Fig. 8a. As the rate of zinc reduction is 

proportional to the concentration of Zn2+ at the electrode [50,51] it is to be expected that 

higher ZnO electrolyte concentrations will result in increased reduction rates. This can be 

observed by the overpotentials at -30 mA cm-2. The overpotential with 0.3 M ZnO is -129 

mV, reducing to -126 mV and -122 mV in 0.5 M and 0.7 M ZnO, respectively. Zinc 

oxidation overpotentials are relatively unaffected by ZnO concentration since the rate of zinc 
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oxidation is independent of Zn(OH)42- concentration at the electrode. The resultant zinc 

electrode charge/discharge polarisation reduces as ZnO concentration increases. At +/- 30 

mA cm-2 during cyclic voltammetry this is 165 mV in 0.3 M ZnO, 161 mV in 0.5 M ZnO and 

153 mV in 0.7 M ZnO, while during galvanostatic zinc-nickel flow cell cycling at +/- 20 mA 

cm-2 average zinc electrode polarisations are 145 mV, 135 mV and 131 mV across the same 

ZnO concentration range. Increasing ZnO content in the electrolyte may therefore be 

expected to be beneficial for voltaic efficiency in the zinc-nickel flow cell. 

However, as shown in Fig. 8b, the polarisation of the nickel electrode increases with 

ZnO concentration. During cyclic voltammetry at +/- 100 mA cm-2 these are 302 mV, 325 

mV and 357 mV in 0.3 M, 0.5 M and 0.7 M ZnO, respectively. This translates to average 

nickel electrode charge/discharge polarisations of 186 mV, 194 mV and 197 mV during zinc-

nickel flow cell cycling (Fig 7d), which offsets the reduction in zinc electrode polarisation 

across the same ZnO concentration range. The resultant voltaic efficiencies therefore remain 

largely constant at around 83 %. 

Coulombic efficiency of both electrodes is improved by increasing ZnO concentrations 

in the electrolyte. Zinc electrode charge ratios, Qa/Qc, taken from Fig. 8a increase from 0.91 

in 0.3 M ZnO, 0.97 in 0.5 M ZnO and 0.98 in 0.7 M ZnO (Table 3). The lower charge ratio 

in 0.3 M ZnO can be attributed to increased parasitic HER. Increasing ZnO concentrations 

have been shown to reduce HER by Ravindran and Muralidharan [39] by decreasing water 

activity. Higher ZnO concentrations also facilitate more rapid zinc reduction and thus the 

competing HER is suppressed.  

Nickel electrode charge ratios (Qc/Qa) also increase with ZnO concentration, from 0.95 

in 0.3 M, 0.96 in 0.5 M, to 0.98 in 0.7 M ZnO. Cheng et al. [41] observed increased nickel 

electrode discharge capacities with the addition of ZnO to the electrolyte, attributing this to 

the intercalation of Zn2+ ions into the nickel hydroxide lattice, which acts as an additive to the 
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nickel electrode, preventing the conversion of β-NiO(OH) to γ-NiO(OH) and associated 

OER, improving coulombic efficiency and cycling stability. As shown in Fig. 8c and 8d, 

coulombic efficiency in the zinc-nickel flow cell is limited by the discharge capacity of the 

nickel electrode, and demonstrates the same trend observed in charge ratios during cyclic 

voltammetry. Average coulombic efficiencies of 93.0 %, 94.7 % and 96.6 % are achieved in 

0.3 M, 0.5 M and 0.7 M ZnO respectively.  

 

4. Conclusions 

TEAH and TEAB electrolyte additives have been examined in terms of their effect on 

zinc electrodeposition morphology and zinc-nickel flow cell performance. The best cycling 

performance is achieved with 15 mM TEAH, providing average coulombic and energy 

efficiencies of 98 % and 86 % respectively over 70 stable charge/discharge cycles. A smooth 

and compact zinc morphology is observed upon a final charge phase at the end of 80 cycles.  

The results have shown that high concentrations of KOH inhibit zinc reduction by 

limiting the transport of Zn2+ to the electrode, while nickel electrode overpotentials are found 

to be reduced with increasing KOH concentrations due to the availability of OH- for the 

nickel oxidation reaction. A 6 M concentration of KOH is preferred as it provides the highest 

coulombic efficiency during zinc-nickel flow cell cycling, displaying the highest conductivity 

at 293 K and maintaining reasonably low viscosity. Increasing ZnO electrolyte concentrations 

have been shown to be beneficial to coulombic efficiency at both the zinc and nickel 

electrodes and a zinc-nickel flow cell. Improved cycling performance is achieved in a 6 M 

KOH/0.5 M ZnO electrolyte and provided the highest average coulombic and voltaic 

efficiencies of 97.9 % and 87.8 % respectively and the consequent energy efficiency 86 %. 
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In order to obtain the optimum battery performance, it is essential to examine other 

influential factors, such as electrode substrate material, electrolyte flow rate, and current 

density, on Zn-Ni RFB system. We have been undertaking these related research and the 

findings will be communicated in later papers.  
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Table 1: Zinc reduction onset potentials, anodic/cathodic peak separation, anodic/cathodic charge ratio data taken from cyclic voltammograms 

(Fig. 1a and b). Anodic/cathodic charge ratios are averaged over 5 stable cycles from 2 CV tests. Current ranges taken from results of 

chronoamperometry (Fig. 2a and b). Estimated surface area of zinc deposits calculated from Anson plots (Fig. 2c and d). 

Additive 

Zinc reduction 
onset potential, 

ER, V vs. 
Hg/HgO 

Anodic/cathodic 
peak 

separation, ΔEp, 
mV 

Anodic/cathodic 
charge ratio, 

Qa/Qc 

Current range 
during 60 

minute 
deposition,  

mA 

 
Estimated 

Surface Area 
of Zinc 

Deposited, 
cm2 

Coefficients of 
Determination, 

R2 

No Additive -1.390 205 0.82 201 25.7 0.988 

1 mM TEAH -1.391 216 0.86 127 23.4 0.983 

5 mM TEAH -1.402 226 0.90 100 20.7 0.988 

10 mM TEAH -1.403 240 0.94 63 16.7 0.989 

15 mM TEAH -1.417 255 0.96 62 15.9 0.988 

20 mM TEAH -1.428 267 0.96 43 16.7 0.990 

1 mM TEAB -1.397 207 0.86 210 22.5 0.984 

5 mM TEAB -1.416 250 0.91 86 19.5 0.988 

10 mM TEAB -1.430 260 0.94 78 18.8 0.986 

15 mM TEAB -1.431 261 0.96 62 15.9 0.983 

20 mM TEAB -1.438 267 0.96 53 16.3 0.993 
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Table 2:  Average electrode potentials, coulombic, voltaic and energy efficiencies over 70 charge/discharge cycles in an electrolyte solution of 6 

M KOH + 0.5 M ZnO with no additive and with TEAH and TEAB additives at varying concentrations. 

 

Additive 

Average Electrode Potential vs. Hg/HgO, V 
Average Efficiencies, % 

Charge Discharge 

Zinc Nickel Zinc Nickel Coulombic Voltaic Energy 

No Additive -1.410 0.486 -1.360 0.338 95.2 89.6 85.2 

5 mM TEAH -1.423 0.485 -1.358 0.337 95.9 88.8 85.2 

10 mM TEAH -1.428 0.484 -1.345 0.340 96.7 88.2 85.3 

15 mM TEAH -1.437 0.484 -1.350 0.339 97.8 87.9 86.0 

20 mM TEAH -1.446 0.485 -1.346 0.339 89.3 87.3 78.0 

5 mM TEAB -1.424 0.483 -1.359 0.338 96.2 88.9 85.5 

10 mM TEAB -1.427 0.486 -1.348 0.338 96.8 88.1 85.3 

15 mM TEAB -1.437 0.483 -1.347 0.339 97.3 87.8 85.4 

20 mM TEAB -1.437 0.487 -1.343 0.342 92.0 87.6 80.6 



24 
 

Table 3: Results of cyclic voltammetry and zinc-nickel flow cell cycling. Properties of electrolytes under investigation. Measurements made at 293 K 

Concentration, 
mol L-1 

Cyclic voltammetry - 
zinc electrode 

Cyclic voltammetry - 
nickel electrode Zinc-nickel flow cell cycling 

Conductivity, 
mS cm-2 

Kinematic 
viscosity, 
mm2 s-1 

Density, 
g mL-1 

Dynamic 
Viscosity, 
mPa s-1 KOH ZnO 

Charge 
balance, 
Qa/Qc 

Ec, V vs. 
Hg/HgO 

Charge 
balance, 
Qc/Qa 

Ej=0, V vs. 
Hg/HgO 

Voltaic 
efficiency, 
% 

Coulombic 
efficiency, 
% 

Energy 
efficiency, 
% 

4 0.3 0.88 -1.354 0.95 0.307 85.3 92.8 79.2 423 1.462 1.219 1.782 

6 0.3 0.91 -1.398 0.97 0.284 85.4 97.5 83.3 501 1.831 1.297 2.375 

8 0.3 0.91 -1.411 0.95 0.251 83.0 93.0 77.2 464 2.361 1.368 3.231 

8 0.5 0.97 -1.409 0.96 0.255 83.0 94.7 78.6 450 2.421 1.382 3.345 

8 0.7 0.98 -1.406 0.98 0.252 83.1 96.6 80.3 435 2.608 1.405 3.664 
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Figure Captions 

Fig. 1 Cyclic voltammograms obtained from electrolyte solutions containing: (a) TEAH 

and (b) TEAB additives in a base electrolyte of 6 M KOH/0.6 M ZnO. Potential sweep 

rate 20 mV s-1.  

Fig. 2 Current responses obtained at -1.6 V vs. Hg/HgO in electrolyte solutions containing: 

(a) TEAH and (b) TEAB in a 6 M KOH/0.5 M ZnO base electrolyte. Anson plots obtained 

at a potential of -1.6 V vs. Hg/HgO on zinc depositions until the charge passed reached 

36 C/10 mA h, (c) TEAH, (d) TEAB. 

Fig. 3 Coulombic efficiencies as a function of cycle number for a zinc-nickel flow cell 

during 80 charge/discharge cycles in an electrolyte solution of 6 M KOH + 0.5 M ZnO 

with no additive and with (a) TEAH and (b) TEAB additives. 

Fig. 4 Potential responses for a zinc-nickel flow cell during 30 charge/discharge cycles 

in an electrolyte solution of 6 M KOH + 0.5 M ZnO with no additive: (a) nickel electrode. 

(b) zinc electrode. 

Fig. 5 SEM images of zinc deposits obtained after 80 charge/discharge cycles from 

electrolyte solutions containing 6 M KOH + 0.5 M ZnO with varying concentrations of 

TEAH: (a) No additive, (b) 5 mM TEAH, (c) 10 mM TEAH, (d) 15 mM TEAH, (e) 20 

mM TEAH. SEM magnifications: 100 (inset magnifications: 25 k). 

Fig. 6 Visualisation of zinc electrodeposition in the presence of: (a) a moderate additive 

concentration and (b) an excessive additive concentration. 

Fig. 7 Cyclic voltammograms obtained in electrolyte solutions containing 0.3 M ZnO, 15 

mM TEAH and varying KOH concentrations: (a) at zinc electrode (BMA5 substrate); (b) 

at sintered nickel electrode. Potential sweep rate 10 mV s-1. Charge/discharge curves for 

the 50th cycle in electrolyte solutions containing 0.3 M ZnO, 15 mM TEAH and varying 

KOH concentrations: (a) at zinc electrode, (b) at nickel electrode. 
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Fig. 8 Cyclic voltammograms obtained in electrolyte solutions containing 8 M KOH, 15 

mM TEAH and varying ZnO concentrations: (a) at zinc electrode (BMA5 substrate); (b) 

at sintered nickel electrode. Potential sweep rate 10 mV s-1. Charge/discharge curves for 

the 50th cycle in electrolyte solutions containing 8 M KOH, 15 mM TEAH and varying 

ZnO concentrations: (a) at zinc electrode, (b) at nickel electrode.
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Fig. 2 
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