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Abstract 

This work aims to identify a suitable material for use as a zinc electrode substrate 

material in alkaline media, then employ this to study the effect of electrolyte flow rate 

and current density on zinc-nickel flow cell performance. Three metallic and four 

graphite composite materials are investigated, with the coulombic efficiency of zinc 

electrode charge / discharge cycling found to increase as hydrogen evolution onset 

potentials become more negative. A graphite / PVDF composite substrate demonstrates 

the highest coulombic efficiency at 96.7 % and the most negative hydrogen evolution 

onset potential at -1.595 V vs. Hg/HgO. Using this material, the effect of electrolyte 

flow rate and current density on a zinc-nickel flow cell is investigated. Zinc morphology 

and flow cell performance is related to the ratio of applied current density to limiting 

current density. At values between 0.47 and 1, boulder type zinc morphologies have 

been shown to occur, with smooth and compact zinc deposits resulting from current 

density ratios of 0.39 and below. Stable zinc-nickel flow cell performance is achieved 

over 200 cycles with coulombic, voltaic and energy efficiencies of 98.3, 88.1 and 

86.6 % respectively, at a current density of 20 mA cm-2. 

 

Keywords: Electrolyte additive; Redox flow battery; Zinc electrode; Zinc 

electrodeposition;  
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1. Introduction 

Redox flow batteries (RFBs) are seen as a promising energy storage technology 

for grid-scale applications, possessing advantages such as flexibility, long lifetime, fast 

response, safe operation, independence of geographical factors, potentially enabling the 

integration of intermittent but growing fast renewable energy sources into power grids 

[1]. Within the RFB family, the zinc–nickel redox flow battery (Zn–Ni RFB) has 

attracted research attention from the beginning of the 21st century due to (i) the rapid 

kinetics of its redox couples allowing both charging and discharging with minimal 

overpotentials, (ii) a high theoretical cell potential of 1.73 V leading to enhanced power 

density, (iii) cost-competitiveness and environmentally benign nature and, (iv) 

capability for membrane free operation, reducing the cost and design complexity of the 

battery significantly. So far, published results have largely been restricted to small flow 

cells but the results are promising. It has been reported in several studies [2–6] that Zn–

Ni RFB systems in general display cell voltages > 1.6 V on discharge, coulombic 

efficiencies > 95%, and energy efficiencies over 80%. There are, however, challenges 

associated with the Zn-Ni RFB system. Zinc morphology and the parasitic hydrogen 

evolution reaction (HER) at the negative electrode must need to be controlled, and the 

amount of the active material at the positive electrode needs to be increased in order to 

improve capacity and develop a durable and efficient system. 

Zn-Ni RFB performance is affected by complex interactions between a number of 

operational parameters including electrolyte composition, additives to the electrolyte, 

pH, temperature, electrode substrate material, operating current density, cell geometry, 

and electrolyte flow rate, etc. For example, the influence of electrolyte composition has 

been studied previously [7–10]. It was found that zinc morphology improves with 

increasing zincate content while the parasitic HER is suppressed [8,9]. We have recently 



4 
 

reported 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 [11]. For electrolyte additives, substantial research efforts have 

been made on the use of metals and their oxides/hydroxides as additives (e.g. Hg, Pb, 

Bi, Sn) [11–15] as well as organic additives such as polyvinyl alcohol (PVA) , 

polyethylenimine (PEI), polyethylene glycol (PEG) [11,16–20] and quaternary alkyl 

ammonium (QAA) salts [11,21–26]. The benefits and drawbacks of these additives have 

been reported in detail [11,22,24]. Cheng et al. reported the effect of electrolyte 

temperature on Zn-Ni RFB performance, finding that the system can operate between 

273 k and 313 K [27] and both coulombic and energy efficiencies improve with 

temperature, from 81 % and 53 % at 273 K to 96 % and 79 % at 313 K respectively.  

In this paper, we examine the effect of zinc electrode substrate material, 

electrolyte flow rate, and current density on Zn-Ni RFB performance. It has been shown 

that zinc electrode substrate material influences both zinc morphology and hydrogen 

evolution [3,28,29]. Metallic substrates are commonly studied including silver, 

cadmium, bismuth, copper, tin and nickel. Compact zinc morphologies and high 

hydrogen evolution overpotentials have been reported using tin, copper, bismuth and 

cadmium substrates [3,29–31] while nickel substrates have been shown to produce 

porous zinc morphologies due to significant hydrogen evolution [29]. The alloying of 

zinc with metallic substrates has also been reported in the cases of copper [3,29,31,32], 

gold [31] and thallium [33], which can modify hydrogen evolution overpotentials and 

coulombic efficiency after extended cycling. While carbon-based materials have been 

widely used in RFB technologies [1], previous research into these as zinc electrode 

substrates in alkaline systems is relatively sparse. The use of carbon and carbon 

composite materials in the acidic zinc-cerium and zinc-bromine RFB systems has been 
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studied by Nikiforidis et al., with graphite composite materials containing 

polyvinylidene fluoride (PVDF) and polyvinyl ester (PVE) demonstrating mechanical 

stability over extended cycling, and coulombic efficiencies in excess of 95 % [34,35]. 

Electrolyte flow rate is a significant factor in controlling zinc morphology due to 

its influence on the mass transport of zincate [36–38]. Previous work has demonstrated 

that increasing electrolyte flow rates improve zinc morphology by enhancing mass 

transport of zincate, thus facilitating charge transfer limited zinc reduction [36,39]. 

Hydrogen evolution is also inhibited by maintaining the concentration of zincate at the 

electrode surface by forced convection, as reported by Ito et al. [40].  

The influence of current density on the morphology of zinc has been studied by 

several researchers [8,9,36,41]. The quality of zinc deposition is reported to deteriorate 

with increasing current density due to higher mass transport requirements, resulting in 

diffusion controlled zinc reduction. For example, Cheng et al. applied current densities 

up to 300 mA cm-2 to a zinc-nickel flow cell, reporting compact zinc depositions at 40 

mA cm-2, transitioning to dendritic morphologies at 300 mA cm-2 [41]. The resultant 

energy efficiencies demonstrated significant deterioration, from 82.6 % at 40 mA cm-2 

to 50.7 % at 300 mA cm-2.  

Specifically in this research, three metallic electrode substrate materials (copper, 

tin, and nickel) [2,6,29,42] and four graphite / polymer composite materials are selected 

and investigated in terms of their effect on hydrogen evolution and coulombic efficiency 

at the zinc electrode. Though there are some studies reporting these substrate materails 

for zinc electrode but often in the static battery system, the published papers on the 

effect of substrate materials on zinc electrode in flowing electrolyte environments has 

been rare. Then based on experimental data,  the best performing substrate is utilised in 

a zinc-nickel flow cell under varying electrolyte flow rates and current densities, 
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employing our preceding findings on electrolyte composition and concentration [11,43], 

with an aim of demonstrating stable and highly efficient operation of Zn-Ni RFB 

system.  

2. Experimental 

2.1 Electrolyte chemicals  

The base electrolyte used for cyclic voltammetry (CV), chronoamperometry, 

chronopotentiometry and galvanostatic flow cell cycling is a 6 M KOH (Acros 

Organics, analytical grade, 85 %) and 0.5 M ZnO (Fisher Chemical, AR grade, 

99.5+ %) solution. Tetraethylammonium hydroxide (TEAH, Sigma-Aldrich, 20 % wt. 

in H2O) is utilised as an electrolyte additive where stated. For linear sweep voltammetry 

(LSV), a 6 M KOH solution is employed with no addition of ZnO in order to examine 

the effect of substrate materials on hydrogen evolution. All chemicals are used as 

received. 

 

2.2  Electrode materials and preparation 

The zinc electrode substrate materials under investigation are listed in Table 1. 

For use in the zinc-half cell, the materials are cut into segments of 1.5 cm × 5 cm, 

washed with deionised water, then masked to expose an area of 0.25 cm2 (0.5 cm × 0.5 

cm) using polypropylene tape with acrylic adhesive (Avon tapes, AVN9811060K, 25 

µm thickness) before a final rinse prior to use. The Hg/HgO reference electrode is 

prepared in a 6 M KOH solution using the following chemicals; mercury (Acros 

Organics, 99.999 % metals basis) and mercury (II) oxide (Acros Organics, 99+ %). The 

counter electrode is platinum mesh (Alfa Aesar, 99.9 % metals basis, 0.1 mm dia. wire, 

52 mesh) of 2 cm2 area (1 cm × 2 cm). Zinc–nickel flow cell cycling is conducted using 
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the BMA5 graphite / PVDF composite as the zinc electrode substrate material, cut into 

2 cm × 2 cm pieces, polished as above and washed with de-ionised water, then masked 

to expose an area of 1 cm2 (1 cm × 1 cm) using polypropylene tape with acrylic 

adhesive before use. The nickel electrode consists of a commercial sintered nickel 

(Jiansu Highstar Battery Manufacturing Co. Ltd.) cut into 2 cm × 2 cm sections then 

masked to expose an area of 1 cm2 (1 cm × 1 cm) using polypropylene tape with acrylic 

adhesive before use. An Hg/HgO reference electrode is utilised in 6 M KOH. 

 

2.3 Electrochemical methods 

All electrochemical measurements are taken at room temperature (293 K) using a 

BioLogic SP-300 potentiostat and EC-Lab software. CV, LSV and zinc half-cell cycling 

tests are carried out in a 20 mL glass cell using a three-electrode half-cell configuration. 

CV is conducted at 10 mV s-1 across the potential range of -0.8 to -1.6 V vs. Hg/HgO. 

LSV is conducted at 1 mV s-1 from -1.0 V vs. Hg/HgO until the cathodic hydrogen 

evolution current density reaches 100 mA cm-2. 

Zinc half-cell cycling tests are carried out over 10 cycles using 

chronopotentiometry to facilitate zinc reduction at -20 mA cm-2 for 30 minutes and zinc 

oxidation at 20 mA cm-2 to a cut-off potential of -1.0 V vs. Hg/HgO. For these 

experiments, the electrolyte is stirred at 600 rpm throughout to minimise diffusion 

limitations, using a Camlab MS-H280-Pro magnetic stirrer and a PTFE stir bar. 

Full zinc-nickel flow cell cycling tests are conducted using a C-Flow laboratory cell (C-

Tech Innovation, 1 cm × 1 cm 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.) are employed to pump 100 mL of the electrolyte solution containing 6 M KOH + 

0.5 M ZnO, with or without 15 mM TEAH additive, through the cell. Volumetric flow 
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rates of 70 to 840 ml min-1 are employed, providing average linear velocities between 1 

and 12 cm s-1. Galvanostatic cycling tests are carried out at charge current densities 

between 20 and 80 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 V. Electrodepositions of zinc are obtained from 

the flow cell at the end of galvanostatic cycling tests by applying a final charge phase to 

3 mA h capacity.  

The surface morphology of the samples is characterised with an FEI Quanta FEG 

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

A Bruker D8 Advance X-ray Diffractometer with Cu tube source (ʎ = 1.5418 Å) and 

Bruker Diffraction Suite EVA software is employed for XRD. The kinematic viscosity 

of the electrolyte is measured utilising an SI analytics 516 13 micro-Ostwald 

viscometer, with five measurements made at 293 K and the average taken. Measurement 

error is found to be within +/- 2%. 

 

3. Results and discussion 

3.1  Effect of zinc electrode substrate material 

3.1.1 Hydrogen evolution reaction 

During zinc reduction in alkaline media, hydrogen evolution can take place as a 

competing reaction via reaction (1) below [9,44]. This parasitic HER attenuates the 

coulombic efficiency of the zinc electrode and can cause porosity in the deposited zinc. 

The activity of the electrode substrate material for HER can therefore influence the 

performance of the zinc electrode. 

2𝐻𝐻2𝑂𝑂 + 2𝑒𝑒−  →  𝐻𝐻2 + 2𝑂𝑂𝐻𝐻−          − 0.828 𝑉𝑉 𝑣𝑣𝑣𝑣. 𝑆𝑆𝐻𝐻𝑆𝑆        (1) 
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Here, the effect of substrate material on hydrogen evolution onset potentials has been 

assessed by linear sweep voltammetry in 6 M KOH electrolyte with no ZnO. As such, 

any observed cathodic current response can be attributed to hydrogen evolution. The 

resultant HER polarisation curves and Tafel slopes are given in Fig. 1, with the HER 

onset potentials (EHER) displayed in Table 2. As shown in Fig. 1, the influence of 

metallic substrate materials on HER potentials is significant, and can be attributed to the 

relative hydrogen binding energies of the substrate material. Reaction (1) involves the 

formation and cleavage of M-H bonds, with intermediate bond strengths resulting in the 

highest HER activity. If the binding energy is weak, the formation of M-H bonds will be 

insufficient to facilitate significant HER, whereas for strong binding energies the 

cleavage of M-H bonds will be retarded [45,46].  

Of the materials studied here, nickel demonstrates the highest HER activity, with 

an HER onset potential, EHER of  -1.126 V vs. Hg/HgO (Fig. 1a) and a Tafel slope of 

154 mV dec-1 (Fig. 1c), this being in close agreement with previously reported values of 

160 mV dec-1 on polycrystalline nickel under similar conditions [47]. In alkaline media 

nickel has been shown to possess hydrogen binding energies favourable to HER [45] 

and significant research efforts have focused on nickel based alkaline HER catalysts 

[48]. Fig. 1a displays an EHER 206 mV more negative on copper than on nickel, at -

1.332 V vs. Hg/HgO, and a Tafel slope of 190 mV dec-1 (Fig 1c). This is lower than the 

value of 226 mV dec-1 reported by Sheng et al., in that case however, an electrolyte 

containing 0.1 M KOH was employed [45]. Copper has been shown to have weaker 

hydrogen binding energies than nickel [45,49,50], and the reduction of HER activity 

compared to nickel can therefore be attributed to reduced proton adsorption at the 

substrate. The hydrogen bond strength on tin is further reduced [46], resulting in a much 

higher Tafel slope of 252 mV dec-1 and EHER values 245 mV and 451 mV more negative 

than on copper and nickel, respectively, at -1.577 V vs. Hg/HgO (Fig. 1a).  
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With the exception of tin, all the graphite composite materials demonstrate 

significantly more negative EHER values than the metallic substrates, as shown in Fig. 

1b. The TF6, FR10 and PV15 substrates have EHER values of -1.501, -1.532 and -1.550 

V vs. Hg/HgO, respectively, which are more negative than that of copper or nickel. 

However, the corresponding Tafel slopes are lower, at 121 mV dec-1 on TF6, 126 mV 

dec-1 on FR10 and 133 mV dec-1 on PV15. The BMA5 substrate provides the most 

negative EHER of all, at -1.595 V vs. Hg/HgO, the Tafel slope is at 216 mV dec-1, a 

similar observation of the value of 208 mV dec-1 was reported by Zheng et al. [51]. 

Despite the more negative hydrogen evolution onset potentials of the graphite 

composite materials, the rate of HER varies more strongly with overpotential at E < 

EHER, compared to the metallic substrates. The hydrogen binding energy on graphite has 

been shown be highly dependent on crystallographic orientation and adsorption location 

[52,53]. Of the materials tested here, the TF6, FR10 and PV15 substrates consist 

predominantly of graphite in the (004�) and (006�) basal planes, as shown in Fig. S1 of 

the supplementary data, while the BMA substrate shows additional peaks in the (1�00), 

(1�01�), (1�03), (2�10) and (2�12�) planes. Previously, it has been shown that hydrogen 

binding energy is significantly higher on non-basal planes [52] and this is believed to be 

the cause of the lower activity for HER on BMA5, compared to the other graphite 

composite substrates. The relatively small differences between the TF6, FR10 and PV15 

materials are due to their differing polymer contents and conductivities (Table 1). 

As shown in Table 2 the zinc reduction onset potentials on each substrate (ER) are 

taken from the results of cyclic voltammetry in Fig. 2 and the HER onset potentials 

(EHER) are taken from the results of LSV in Fig. 1. The EHER – ER values represent the 

difference between HER onset potential and zinc reduction potential on a given 

substrate and are used as an indicator of the likely HER contribution during zinc 

deposition. Clearly, increasingly negative EHER – ER values represent larger differences 
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between the HER and zinc reduction potentials and are favourable to the suppression of 

hydrogen evolution during zinc deposition. The positive values of EHER – ER on copper 

and nickel indicate that HER may commence at more positive potentials than zinc 

reduction on these substrates, resulting in significant HER occurring during zinc 

deposition. In all other cases EHER – ER is negative, with the largest differences 

occurring on BMA5 and tin, at -209 and -216 mV. These also display the highest Tafel 

slopes of 216 and 252 mV dec-1, respectively. In terms of hydrogen evolution 

suppression, this makes tin and BMA5 the most promising materials for use as zinc 

electrode substrates. 

 

3.1.2 Cyclic voltammetry 

Cyclic voltammetry has been carried out between -0.8 and -1.6 V vs. Hg/HgO, 

and the resultant voltammograms are given in Fig. 2. In all cases the cathodic peaks at 

around -1.44 V vs. Hg/HgO and anodic peaks at -1.24 V vs. Hg/HgO are due to bulk 

zinc reduction and oxidation, respectively. Fig. 2b displays a clear shoulder on the 

anodic peak and this appears to be caused by a secondary anodic peak at -1.08 V vs. 

Hg/HgO. This is indicative of the presence of zinc-copper alloying, with similar peaks 

in previous reports being attributed to zinc-copper alloy dissolution [3,31]. A similar 

shoulder is observed in the case of nickel (Fig. 2a) which may imply zinc-nickel 

alloying, although this has not previous been reported despite widespread use of nickel 

substrates for the alkaline zinc electrode [2,6,42]. No additional anodic peaks are 

observed for nickel (Fig. 2a) or copper substrates (Fig. 2b), indicating that these 

materials are stable within the applied potential range. Oxidation peaks for these metals 

have previously been observed by Wei et al. by extending the positive limit of cyclic 

voltammetry to 0.2 V vs. Hg/HgO [29].  
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For tin (Fig. 2c),  an additional anodic response is observed commencing at -1.04 

V vs. Hg/HgO with a peak at -0.854 V vs. Hg/HgO, and the corresponding cathodic 

peak at -1.03 V vs. Hg/HgO due to the oxidation and reduction of tin. This is in 

agreement with the previously reported voltammogram of Wei et al. [29]. Due to the 

presence of this reaction, the tin substrate may be prone to oxidation during zinc 

electrode cycling. While the zinc reduction peak is clear on tin (Fig. 2c), it is not well 

defined on nickel or copper (Fig. 2a-b) due to the onset of HER during zinc deposition, 

with further increases in cathodic current observed at increasingly negative potentials.  

For the graphite composite substrates the voltammograms are very similar, as 

shown in Fig. 2d. In each case a nucleation loop is observed due to the additional 

overpotential required on the cathodic scan to form stable zinc nuclei on foreign 

substrates, such as graphite. For the deposition of zinc on metallic substrates no 

discernible nucleation overpotential is required, thus no nucleation loops are observed 

in Fig. 2a-c. The magnitude of zinc nucleation overpotential on each of the graphite 

composite materials is around 23 mV, as reflected by the zinc reduction onset potentials 

of between -1.382 and -1.384 V vs. Hg/HgO for these substrates, compared to -1.358 to 

-1.361 V vs. Hg/HgO on the metallic substrates, as shown in Table 2. 

Anodic to cathodic charge ratios, Qa / Qc, for the voltammograms in Fig. 2 are 

displayed in Table 2 as a preliminary indicator of the coulombic efficiency of the zinc 

oxidation / reduction process on each substrate. For both the metallic and graphite 

composite materials, there is a clear increase in charge ratio as EHER - ER becomes more 

negative and the contribution of HER decreases. For the graphite composite substrates, 

Qa / Qc improves with increasingly negative EHER-ER in the order TF6 (0.845) → FR10 

(0.871) → PV15 (0.878) → BMA5 (0.911), while for the metallic substrates Qa / Qc 

increases in the order; nickel (0.860) → copper (0.908) → tin (1.409). In the case of tin, 

the charge ratio exceeds unity due to the contribution of tin oxidation and reduction 
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(Fig. 2c). The result indicates that the most suitable substrates in terms of anodic to 

cathodic charge ratios are copper and BMA5 while tin is excluded for use as a zinc 

electrode substrate. 

 

3.1.3 Zinc half-cell cycling 

Example potential responses of the zinc electrode during half-cell cycling are 

provided in Fig. 3. For all seven substrates investigated, Table 2 includes the mean 

coulombic efficiency, the mean zinc reduction (ZnR) and oxidation (ZnO) potentials, plus 

the ratio of ZnO to ZnR as an indicator of the potential effect of substrate material on full 

cell voltaic efficiency. While the potential responses are visually similar, initial 

potential spikes can be seen for the graphite composite substrates (Fig. 3) due to the 

nucleation overpotential of zinc on carbon. This is not observed for the metallic 

substrates, as expected from the results of cyclic voltammetry. The effect of nucleation 

overpotentials on mean zinc reduction potentials is not significant, as indicated by the 

fact that both ZnR and ZnO only differ by 15 mV (Table 2). As a result, the ZnO / ZnR 

values also show little variation, being 0.903 for copper and nickel, 0.912 for tin, and 

0.919 for PV15 and BMA5. 

The results of cyclic voltammetry indicate that tin oxidation commences at -1.04 

V vs. Hg/HgO (Fig. 2c) and this may therefore occur during zinc electrode cycling to a 

cut off potential of -1.0 V vs. Hg/HgO. However, Fig. 3 provides no evidence of a 

secondary oxidation plateau during cycling on the tin substrate or any clear 

augmentation of coulombic efficiency as a result of the oxidation of tin. The tin 

substrate therefore appears to be stable during these experiments. In this test, it has not 

been observed secondary discharge plateaus attributable to the dissolution of zinc alloys 

which previously had been observed for zinc-copper alloying by Bae [32]. |But in that 
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case the charged zinc electrodes were aged to facilitate alloy formation. It is possible 

that extended cycling in this test may cause gradual alloying of zinc with the substrates 

and produce similar results. We will examine this in the future work. 

The effect of substrate material on coulombic efficiency is clearer. For the 

metallic substrates, the coulombic efficiency increases from 91.5 % on nickel to 92.4 % 

on copper and 96.1 % on tin. This is in agreement with the results of Wei et al. who 

observed the same trend in coulombic efficiency for these three substrates during zinc 

deposition / dissolution cycling on a rotational disc electrode [29]. In the case of 

graphite composite substrates, the coulombic efficiency increases from 94.4 % on TF6 

to 94.7 % on FR10, 95.9 % on PV15 and 96.7 % on BMA5. For all the substrate 

materials studied, the trend in coulombic efficiency directly relates to the trend in EHER 

observed during linear sweep voltammetry and the EHER-ER values reported in Table 2. 

Substrates demonstrating increasingly negative EHER and EHER-ER result in higher 

coulombic efficiencies in the order; nickel → copper → TF6 → FR10 → PV15 → tin → 

BMA5. Based on these results the BMA5 substrate is selected for zinc-nickel flow cell 

cycling tests as this displays the highest HER overpotential and zinc electrode 

coulombic efficiency (Table 2). 

 

3.2  Zinc-nickel flow cell cycling 

3.2.1 Effect of electrolyte flow rate  

Coulombic efficiency - coulombic efficiencies per cycle obtained from 

galvanostatic cycling of a zinc nickel flow cell with electrolyte linear velocities of 1 to 

12 cm s-1 are provided in Fig. 4a. In many cases the performance of the cell rapidly 

becomes erratic, demonstrating poor and fluctuating coulombic efficiencies. This 

behaviour was reported in our previous work [11,43], the low coulombic efficiency 
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during the initial cycles is due to the limited discharge capacity of the nickel electrode. 

When this occurs, the cell is allowed to continue cycling in order to obtain zinc 

depositions for subsequent characterisation and report the average coulombic 

efficiencies over a consistent number of cycles (Table 3). However, in order to maintain 

clarity, only a limited number of cycles are reported in Fig. 4a. This demonstrates that 

at an electrolyte velocity of 1 cm s-1 no stable charge-discharge cycles are achieved, the 

average coulombic efficiency resulting from continued cycling being just 91.7 %. At 3 

cm s-1, the coulombic efficiency improves to 93.0 % and a few stable cycles are 

observed before becoming erratic. At an average linear velocity of 5 cm s-1 stable 

performance over 80 charge / discharge cycles is achieved, with a significantly 

improved coulombic efficiency of 97.8 %. This is incrementally increased at an 

electrolyte velocity of 7 cm s-1 with the highest coulombic efficiency of 98.2 % obtained 

over 80 stable cycles. The trend for improved coulombic efficiency with increasing flow 

rates is due to enhanced zinc electrode discharge capacities (Fig. 4b) and can be directly 

related to the modification of zinc morphology, as discussed in section 3.2.2. 

At linear electrolyte velocities of 10 and 12 cm s-1 coulombic efficiency once 

again diminishes, being around 94 % in both cases. Fig. 4a shows that performance in 

these cases is not erratic, but rather low in the early stages with a gradual improvement 

towards the level achieved at 7 cm s-1. Fig. 5a displays this trend in coulombic 

efficiency with flow rate and demonstrates that this also applies when no electrolyte 

additive is present. The coulombic efficiencies are consistently lower in the case of no 

additive, however, indicating the benefit of the addition of 15 mM TEAH electrolyte 

additive previously reported [11,43]. 

Fig. 4b illustrates that the discharge behaviour of both zinc and nickel electrodes 

at the 50th cycle at all of the six flow rates. In all the cases, the cell was charged at 20 

mA cm-2 to 3 mA h capacity and discharged at -20 mA cm-2 to a cut off potential of 0.8 
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V. It can be seen that, at the lower flow rates (e.g. 1 cm s-1, 3 cm s-1, and 5 cm s-1), the 

decease of coulombic efficiency were cause by the zinc electrode indicating no 

sufficient deposited zinc to match the discharge capacity of nickel electrode. On the 

other hand, at the higher flow rates (e.g. 7 cm s-1, 10 cm s-1, and 12 cm s-1),  the 

discharge capacity becomes entirely limited by the nickel electrode. In this experiment, 

the coulombic efficiency has reached a maximum at 7 cm s-1 velocity due to a further 

improvement in the performance of the zinc electrode. At 10 and 12 cm s-1, the 

discharge capacity of the nickel electrode continues to diminish, this consistently being 

the limiting factor to coulombic efficiency.  

Thus, the improvement in coulombic efficiency at electrolyte velocities up to 7 

cm s-1 is due to increased zinc electrode discharge capacities while the subsequent 

decrease in coulombic efficiency at higher flow rates is caused by degradation of nickel 

electrode discharge capacities. This behaviour presented here has not been reported by 

previous literature and we will continue to examine into detail of the effect of flow rates 

on both electrode behaviours.  

Voltaic and energy efficiencies – Fig. 5a indicates that the result of the 

polarisation effect of additive adsorption is a decrease in voltaic efficiencies with 15 

mM TEAH. This largely offsets the improvement in coulombic efficiency provided by 

the additive. It also demonstrates small increases in voltaic efficiencies with electrolyte 

velocities up to 7 cm s-1 both with no additive and with 15 mM TEAH. This is due 

predominantly to a reduction in zinc electrode charge / discharge polarisation (ZnO – 

ZnR) with increasing flow rates, as shown in Fig. 5b,  deceased by 35 and 29 mV in the 

case of no additive and 15 mM TEAH, respectively.  As shown in Table 3, the nickel 

electrode polarisation remains relatively consistent, changing by less than 15 mV across 

the whole range of flow rates employed. The decrease in ZnO – ZnR along with 

increasing flow rates is associated with improved mass transport of zincate species. This 
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reduces concentration polarisation and electrode overpotentials, resulting in improved 

voltaic efficiencies.  

The coulombic and voltaic efficiencies all peak at 7 cm s-1, being 96.5 % and 

90 % in the case of no additive and 98.2 % and 88.2 % with the addition of 15 mM 

TEAH. The resultant energy efficiencies are almost identical at around 87 %. This 

performance is similar to that of Cheng et al. [2]. However, they employed a lower 

current density of 10 mA cm-2 alongside a very high electrolyte velocity of 19.5 cm s-1. 

Here, an electrolyte velocity of 7 cm s-1 achieves stable performance with a similar 

average energy efficiency, even at the higher current density of 20 mA cm-2. 

 

3.2.2 Characterisation of zinc morphology 

Fig. 6 shows SEM images of surface morphology of zinc electrodepositions 

obtained after 80 charge / discharge cycles in a zinc-nickel flow cell at varying flow 

rates. Under low magnification of 100, at lower flow rates of 1 cm s-1 and 3 cm s-1, as 

shown in Fig. 6a and 6b, the zinc electrode surfaces were finished with boulder type 

deposits consisting of large spheroidal structures, while at higher flow rates of 5-12 cm 

s-1 (Fig. 6c - 6f) the electrode surfaces have kept in a mode of relatively smooth and 

compact deposit. If examining closely in Fig. 6a and 6b, these obvious boulder 

structures are appeared, leading to relatively low coulombic efficiency of 91.7 % at 1 

cm s-1 and 93 % at 3 cm s-1. It is assumed due to the reduced diffusion limitations to 

zinc deposition, evidenced by the attenuation of ZnO – ZnR to 95 mV at the flow rate of 

3 cm s-1 for example.  

An electrolyte velocity of 5 cm s-1 clearly marks a transition, with the zinc 

morphology shown in Fig. 6c being largely smooth and compact. The corresponding 

zinc electrode polarisation is further reduced to 87 mV and flow cell cycling becomes 
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stable with a significantly improved coulombic efficiency of 97.8 %. At this point 

diffusion limitations to zinc reduction can be assumed to be minimal, with further 

increases to electrolyte velocity producing no significant change in concentration 

polarisation, as indicated by consistent ZnO – ZnR values (Table 3). Fig. 6d shows a 

smooth and compact deposition of zinc obtained at an electrolyte velocity of 7 cm s-1, 

which is indicative of charge transfer limited zinc reduction [41], as demonstrated by 

the ZnO – ZnR value reaching a minimum of 85 mV. Coulombic efficiency in the flow 

cell reaches a peak value of 98.2 % at this electrolyte velocity. However, increased 

electrolyte velocities of 10 and 12 cm s-1 show no further improvement in zinc 

morphology, as shown in Fig. 6e and Fig. 6f, respectively, which are also reflected by 

decreased coulombic efficiencies of 94.2 % at 10 cm s-1 and 94.6 % at 12 cm s-1. As 

discussed in section 3.2.1, this is caused by the capacity limitation at the nickel 

electrode.  

XRD patterns of zinc deposit samples obtained at the end of 80 charge / discharge 

cycles under varying flow rates are given in Fig. S2. In all cases, the deposits consist of 

hexagonal closed packed (hcp) crystallites predominantly in the (101) plane at 43.2o, 

with a secondary peak at 36.3o in the (002) plane and tertiary (100) peaks at 39.0o. 

Further minor peaks are observed at 70.1o, 70.6o, 77.1o, 82.1o and 86.6o relating to the 

(103), (210), (004), (212) and (201) planes respectively. The small peaks at 42.3o and 

44.5o are due to the presence of hcp graphite in the (100) and (101) planes, caused by 

the graphite / PVDF electrode substrate. Across the range of flow rates, there is no 

significant variation in the relative magnitude of zinc peaks, indicating that the 

orientation of crystallites within the zinc deposits remains quite unaffected by flow rate. 

However, the crystallite size, estimated by Scherrer’s equation with a shape factor of 0.9 

(Table S1), is reduced from 78 nm at 1 cm s-1 to 37 nm at 7 cm s-1, before increasing a 

little at higher electrolyte velocities, being 58 nm at 12 cm s-1. This refinement of 
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crystallite size with increasing flow rates is due to a larger number of nucleation sites 

occurring as mass transport of Zn(OH)42- to the electrode improves, an effect previously 

observed by Youssef et al. [54].  

This is elucidated by Fig. 6a, which shows areas at which little zinc deposition 

has occurred in an electrolyte flowing at 1 cm s-1. At 3 cm s-1, while the zinc 

morphology remains bulbous, the distribution of these structures on the electrode is 

more consistent, indicating an increased number of nucleation sites (Fig. 6b). This 

results in a refinement of grain size from 78 to 62 nm. Once zinc reduction occurs under 

predominantly charge transfer controlled conditions, at velocities of 5 cm s-1 and above, 

the active species are readily available and nucleation takes place at a larger number of 

evenly distributed locations, resulting in the smooth zinc morphologies observed in Fig. 

6c-d. Subsequently, crystallite size is further reduced to 43 nm at 5 cm s-1 and 37 nm at 

7 cm s-1.  

 

3.2.3 Current density ratio and zinc morphology 

The ratio of applied current density to limiting current density j / jlim has 

previously been proposed as an indicator of zinc morphology [55,56]. The limiting 

current density, jlim, in the flow cell employed here may be found by equation (2) 

[55,57]: 

𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙 =
𝑛𝑛𝑛𝑛𝑛𝑛𝐶𝐶𝑜𝑜𝑆𝑆ℎ

𝑑𝑑𝑒𝑒
            (2) 

Where n is the number of electrons involved in the reaction, F is Faradays constant, Co 

is the concentration of Zn(OH)42- in mol L-1, de is the hydraulic diameter of the cell, D is 

the diffusion coefficient of Zn(OH)42- and Sh is the Sherwood number in the cell, found 

by equation (3) [55,57]: 
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𝑆𝑆ℎ = 1.85 �
𝑅𝑅𝑒𝑒𝑆𝑆𝑅𝑅𝑑𝑑𝑒𝑒

𝐿𝐿 �
1
3�

         (3) 

Where L is the length of the electrode in the streamwise direction and Sc is the Schmidt 

number. A diffusion coefficient of 2.25 x 10-6 cm2 s-1 has been employed, as determined 

through RDE experimentation reported in our previous work [43]. 

Table 4 displays the resultant values of jlim and j / jlim, along with mean coulombic 

efficiencies for the range of zinc-nickel flow cell cycling tests completed. Values of j / 

jlim ≥ 1 signify diffusion limited zinc reduction and can be expected to result in dendritic 

morphologies. Boulder type morphologies can be expected at j / jlim values close to but 

less than 1 due to mixed control conditions. At some lower value of j / jlim, a transition 

from mixed control to charge transfer control should then occur, resulting in compact 

zinc depositions. By relating the j / jlim values at 20 mA cm-2 (Table 4) to the zinc 

morphologies shown in Fig. 6 this transition can be observed. 

The boulder type morphologies in Fig. 6a-b are a result of j / jlim ≥ 0.47, while the 

compact zinc depositions in Fig. 6c-f are obtained with j / jlim ≤ 0.39. The transition 

from mixed to charge transfer controlled zinc reduction can therefore be concluded to 

occur in the region of 0.47 > j / jlim > 0.39. The region of 1 > j / jlim > 0.39 represents an 

area of diminishing diffusion limitations with increasing flow rates and jlim values 

resulting in decreasing j / jlim ratios. The improvement in coulombic efficiencies during 

flow cell cycling observed across this range, both at 20 and 50 mA cm-2 (Table 4) seem 

to support this, with decreasing j / jlim ratios resulting in increases to coulombic 

efficiency. This can be assumed to be due to the improving quality of zinc depositions 

with reduced diffusion limitations discussed in section 3.2.2. 

At 80 mA cm-2 j / jlim is consistently in excess of 1, signifying that zinc reduction 

occurs under diffusion limited conditions at all flow rates employed. Dendritic zinc 

morphologies are therefore expected to occur, as previously shown by Banerjee et al. 
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[56]. Variation of j / jlim at values over 1 may be expected to be inconsequential to zinc 

morphology, with zinc reduction being diffusion limited in any case. Coulombic 

efficiency at 80 mA cm-2 decreases with increasing j / jlim, however, from 82.5 % at j / 

jlim = 1.17 to 78.3 % at j / jlim = 1.25 and 78.7 % at j / jlim = 1.40. This is attributed to the 

occurrence of parasitic HER, as the applied current exceeds the limiting current for zinc 

reduction at j / jlim > 1. The transport of Zn(OH)42- to the electrode is therefore 

inadequate to facilitate sufficient zinc reduction, resulting in increasing contributions 

from HER as j / jlim increases. 

The result indicates that j / jlim values of 0.39 or less result in compact zinc 

depositions due to charge transfer limited zinc reduction. Values of j / jlim between 0.39 

and 1 yield boulder type morphologies under mixed control conditions, decreasing in 

quality as j / jlim increases. While not observed, it is assumed that dendritic zinc will 

occur at jlim ≥ 1 under purely diffusion limited control. This is in general agreement with 

the work of many previous researchers [7,8,36–38,56].  

 

3.2.4 Zinc-nickel flow cell stability testing 

In order to validate the cell performance reported in section 3.2.1, the zinc-nickel 

flow cell has been operated over an extended number of charge / discharge cycles 

applying the best performing parameters previously identified. The graphite / PVDF 

composite (BMA5) selected in section 3.1 is employed as the zinc electrode substrate 

material, and an electrolyte velocity of 7 cm s-1 selected following the results in section 

3.2.1. A current density of 20 mA cm-2 and a 15 mM concentration of TEAH additive is 

utilised in a 6 M KOH / 0.5 M ZnO electrolyte, this being identified as a promising 

addition to the electrolyte in our previous work [11,43]. 
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In this case, 200 charge / discharge cycles were completed using the conditions 

outlined above prior to the data reported here. This is to minimise the effect of the 

development of nickel electrode performance observed in preceding results and may be 

considered as a conditioning phase for the zinc-nickel flow cell. Fig. 7a reports the 

obtained efficiencies per cycle. Example charge / discharge curves at both zinc and 

nickel electrodes are provided in Fig. 7b, demonstrating highly consistent electrode 

performance over 200 charge / discharge cycles. 

The average coulombic, voltaic and energy efficiencies are 98.3, 88.1 and 86.6 %, 

respectively. This performance represents only a small improvement to that achieved by 

Cheng et al. [2]. However, the current density applied here is 20 mA cm-2 compared to 

10 mA cm-2 in that work. In addition, the electrolyte velocity of 7 cm s-1 employed here 

is 64 % lower than the 19.5 cm s-1 employed by Cheng et al. This improvement is due 

to two factors. Firstly, the employment of the BMA5 graphite / PVDF zinc electrode 

substrate material reduces the contribution of parasitic HER during zinc reduction. 

Secondly, the inclusion of TEAH facilitates favourable zinc morphologies at reduced 

electrolyte flow rates. 

 

4. Conclusions 

Three metallic and four graphite composite materials as zinc electrode substrates 

have been assessed in terms of their hydrogen evolution overpotentials and effect on 

coulombic efficiency of the zinc electrode. It is found that the charge / discharge 

coulombic efficiency of the zinc electrode increases as hydrogen evolution onset 

potentials become more negative in the order: nickel → copper → TF6 → FR10 → 

PV15 → tin → BMA5. The BMA5 graphite / PVDF composite substrate demonstrates 
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the highest coulombic efficiency at 96.7 % and most negative hydrogen evolution onset 

potential at -1.595 V vs. Hg/HgO.  

Utilising the BMA5 graphite composite as a zinc electrode substrate, electrolyte 

velocities from 1 to 12 cm s-1 have been applied to the zinc-nickel flow cell and the 

effect on cell performance and zinc morphology studied. Zinc morphology undergoes a 

transition from spongy boulder like structures under mixed control zinc reduction at 

electrolyte velocities under 5 cm s-1 to smooth and compact morphologies under charge 

transfer control at higher velocities. This transition is related to the ratio of applied 

current density to limiting current density j / jlim. At current density ratios between 0.47 

and 1 boulder type zinc morphologies have been shown to occur, while smooth and 

compact zinc depositions are obtained at current density ratios of 0.39 and below. 

Current density ratio may be used to inform design and operation of alkaline zinc 

electrode flow batteries, ensuring that zinc reduction occurs under charge transfer 

limited conditions to achieve stable and highly efficient performance. 

The best performance during galvanostatic cycling is achieved at a current density 

of 20 mA cm-2 with an electrolyte velocity of 7 cm s-1 and 15 mM TEAH as an 

electrolyte additive. Coulombic, voltaic and energy efficiencies over 80 stable charge / 

discharge cycles are 98.2, 88.2, and 86.7%, respectively. The same conditions are 

applied over a larger number of cycles, with an average energy efficiency of nearly 

87 % achieved over 200 cycles with virtually no sign of degradation. 
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Table 1: Zinc electrode substrate materials under investigation. 

Material Supplier Conductivity / 
S cm-1 

Details 

BMA5 Graphite / PVDF 
composite 

Eisenhuth 1.6 × 102 5 % PVDF content 

PV15 Graphite / fluoropolymer 
composite 

SGL Carbon 1.7 × 102  15 % polymer content 

TF6 Graphite / fluoropolymer 
composite 

SGL Carbon 1.3 × 102 6 % polymer content 

FR10 Graphite / thermoset resin 
composite 

SGL Carbon 2.9 × 102 10 % polymer content 

Copper foil Goodfellow 6.0 × 105 [58] 99.99 % purity, 0.5 mm thickness 

Tin foil Goodfellow 9.7 × 104 [58] 99.99 % purity, 0.5 mm thickness 

Nickel foil Goodfellow 1.44 × 105 [58] 99.99 % purity, 0.5 mm thickness 
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Table 2: Results of linear sweep voltammetry, cyclic voltammetry and zinc half-cell cycling. Data taken from Figures 1 to 3. 

Substrate HER onset 
potential, 

EHER / V vs. 
Hg/HgO 

Zinc reduction 
onset potential, 

ER / V vs. 
Hg/HgO 

EHER - 
ER / mV 

Anodic/cathodic 
charge ratio, 

Qa/Qc, -0.8 to -1.6 
/ V vs. Hg/HgO 

Mean 
reduction 

potential, ZnR / 

V vs. Hg/HgO 

Mean oxidation 
potential, ZnO / 
V vs. Hg/HgO 

ZnO / ZnR Average 
coulombic 
efficiency 

/ % 

Nickel -1.126 -1.360 234 0.860 -1.429 -1.290 0.903 91.5 

Copper -1.332 -1.358 26 0.908 -1.429 -1.291 0.903 92.4 

Tin -1.577 -1.361 -216 1.409 -1.418 -1.293 0.912 96.1 

TF6 -1.501 -1.383 -118 0.845 -1.424 -1.290 0.906 94.4 

FR10 -1.532 -1.382 -150 0.871 -1.416 -1.300 0.918 94.7 

PV15 -1.550 -1.382 -168 0.878 -1.414 -1.299 0.919 95.9 

BMA5 -1.595 -1.384 -209 0.911 -1.414 -1.299 0.919 96.7 
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Table 3:  Average zinc electrode potentials, coulombic, voltaic and energy efficiencies over 80 
charge / discharge cycles in an electrolyte solution of 6 M KOH + 0.5 M ZnO with and without 

addition of 15 mM TEAH at varying electrolyte flow rates. 

Electrolyte 
linear 

velocity, u / 
cm s-1 

Mean zinc 
reduction 
potential, 
ZnR, vs. 

Hg/HgO / V 

Mean zinc 
oxidation 
potential, 
ZnO, vs. 

Hg/HgO / V 

Average 
zinc 

electrode 
polarisation, 
ZnO - ZnR / 

mV 

Coulombic 
efficiency 

/ % 

Voltaic 
efficiency 

/ % 

Energy 
efficiency 

/ % 

No additive: - 

1 -1.417 -1.342 75 87.7 89.2 78.2 

3 -1.411 -1.354 57 90.0 89.8 80.8 

5 -1.410 -1.360 50 95.2 89.6 85.2 

7 -1.396 -1.356 40 96.5 90.0 86.8 

10 -1.397 -1.359 38 93.4 90.5 84.5 

12 -1.394 -1.355 39 93.3 90.5 84.4 

15 mM TEAH: - 

1 -1.453 -1.339 114 91.7 87.1 79.9 

3 -1.440 -1.345 95 93.0 87.3 81.2 

5 -1.437 -1.350 87 97.8 87.9 86.0 

7 -1.432 -1.347 85 98.2 88.2 86.7 

10 -1.433 -1.346 87 94.2 88.1 83.0 

12 -1.432 -1.345 87 94.6 88.0 83.2 
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Table 4: Limiting currents, current density ratios and mean coulombic efficiencies for the range 
of zinc-nickel flow cell cycling tests undertaken 

Electrolyte 
linear 

velocity, u 
/ cm s-1 

Limiting 
current 
density, 
jlim / mA 

cm-2 

20 mA cm-2 50 mA cm-2 80 mA cm-2 

j / jlim Mean 
coulombic 

efficiency / % 

j / jlim Mean 
coulombic 

efficiency / % 

j / jlim Mean 
coulombic 

efficiency / % 

1 30 0.67 91.7 - - - - 

3 43 0.47 93.0 - - - - 

5 51 0.39 97.8 - - - - 

7 57 0.35 98.2 0.88 79.0 1.40 78.7 

10 64 0.31 94.2 0.78 82.8 1.25 78.3 

12 68 0.29 94.6 0.73 88.6 1.17 82.5 
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Figure Captions 

Figure 1:  Polarisation curves of: (a) metallic substrates, (b) graphite composite 

substrates in 6 M KOH electrolyte solution. Working electrode area: 0.25 cm2. Potential 

sweep rate: 1 mV s−1. (c) Tafel plots of HER on substrate materials. 

Figure 2:  Cyclic voltammograms on various substrate materials in 6 M KOH + 0.5 M 

ZnO electrolyte solution: (a) nickel, (b) copper, (c) tin, (d) graphite composites. 

Working electrode area: 0.25 cm2. Potential sweep rate: 10 mV s−1. 

Figure 3:  Potential vs. time responses from zinc half-cell cycling in 6 M KOH + 0.5 M 

ZnO electrolyte solution on the substrates under investigation. Working electrode area: 

0.25 cm2. Zinc reduction conducted at -20 mA cm-2 for 30 minutes, and oxidation at 20 

mA cm-2 to a cut off potential of -1.0 V vs. Hg/HgO. 

Figure 4:  Results of zinc-nickel flow cell cycling over 80 cycles in 6 M KOH + 0.5 M 

ZnO with 15 mM TEAH; (a) coulombic efficiency vs. cycle number, (b) electrode 

potentials during discharge of the 50th cycles. Cell charged at 20 mA cm-2 to 3 mA h 

capacity and discharged at -20 mA cm-2 to a cut off potential of 0.8 V. Electrode areas: 

1 cm2. 

Figure 5:  Results of zinc-nickel flow cell cycling over 80 cycles in 6 M KOH + 0.5 M 

ZnO with no additive or 15 mM TEAH; (a) average efficiencies as a function of 

electrolyte flow rates, (b) Zinc electrode charge / discharge polarisation vs. electrolyte 

flow rate. Cell charged at 20 mA cm-2 to 3 mA h capacity and discharged at -20 mA cm-

2 to a cut off potential of 0.8 V. Electrode areas: 1 cm2. 

Figure 6:  SEM images of zinc deposit morphologies obtained after 80 charge / 

discharge cycles in a zinc-nickel flow cell with electrolyte solutions containing 6 M 

KOH + 0.5 M ZnO + 15 mM TEAH at various electrolyte flow rates: (a) 1 cm s-1, (b) 3 

cm s-1, (c) 5 cm s-1, (d) 7 cm s-1, (e) 10 cm s-1, (f) 12 cm s-1. SEM magnifications: 100 

(inserts: 25 k). Accelerating voltage 5 kV. Working distance 5 mm. 

Figure 7: (a) Efficiencies as a function of cycle number and (b) electrode charge / 

discharge potential curves in a zinc-nickel flow cell during 200 charge / discharge 

cycles in an electrolyte solution of 6 M KOH + 0.5 M ZnO + 15 mM TEAH at a flow 

rate of 7 cm s-1. Cell charged at 20 mA cm-2 to 3 mA h capacity and discharged at -20 

mA cm-2 to a cut off potential of 0.8 V. Electrode areas: 1 cm2. 
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