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Abstract

Zinc-based hybrid flow batteries are one of the most promising systems for medium- to large-scale energy storage
application with particular advantages of cost, cell voltage and energy density. Several of these systems are the
few flow battery chemistries being scaled-up and commercialized for different applications. The existing zinc-
based systems relies on zinc electrodeposition in flowing electrolytes as the negative electrode reactions, which
are coupled with organic or inorganic positive active species in either solid, liquid or gas phases. These reactions
are facilitated with specific cell architectures under certain circumstances. To improve the performance and cycle
life of these batteries, this review provides fundamental information of the zinc electrodeposition and summarizes
the recent developments of the relevant flow battery chemistries and their recent applications. The future
challenges and opportunities of this technology are discussed.
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1. Introduction

Redox flow batteries (RFBs) are an important contender for energy storage and load levelling for the electrical
grid, especially in couple with sustainable energy sources, such as photovoltaic cells and wind turbines [1, 2].
Among various electrochemical technologies, this technology is considered as one of the most realistic candidate
for energy storage in range of several kW/ kW h up to tens of MW / MW h. Conventional redox flow batteries,
such as all-vanadium batteries, store energy in the form of reduced and oxidized electroactive species in the
electrolytes, while at least one of the electrode reactions of the hybrid flow batteries involve a phase change in
either solid or gaseous phases. Common examples are those systems based on metal electrodepositions and redox
reactions of gaseous hydrogen and oxygen.

Despite the fact that the all-vanadium redox flow battery is the most developed system due to its high reversibility
and relatively large power output, the electrolyte cost of such system is higher than USD$ 80 /kW h [3, 4]. The
resulting capital cost can be up to USD$ 200 — 750 / kWh, which is far too high compared to the cost target (USD$
150 /kW h by 2023) set by the United States Department of Energy (DoE) to match with existing physical energy
storage technologies [5]. In order to reduce the costs of redox flow battery systems, recent investigations have
highlighted the use of low-cost active materials sourced from both metallic and non-metallic (i.e. organic)
compounds [6-8]. Compared to metallic materials, the development of the organic-based systems (redox flow
batteries) are still relatively new (since 2009 [9]) and require tremendous improvements to address issues
associated with low energy density (< 15 Wh dm®) restricted by both solubilities and cell voltages in the existing
systems [6-8, 10].

On the other hand, low-cost metals (< USD$ 4 kg) are still limited to the options of zinc, lead, iron, manganese,
cadmium and chromium for redox/hybrid flow battery applications. Many of these metals are highly abundant in
earth’s crust (> 10 ppm [11]) and have annual productions of more than 4 million tons per annum (2016) [12].
The widespread availability and accessibility make these elements attractive for large-scale energy storage
applications. With the exceptions of iron (Fe(11)/Fe(111)) and manganese (MnO>/MnOOH) reactions, most of these
metallic elements involve electrodeposition from dissolved species and mainly serve as negative electrode
reactions. Among these elements, metallic zinc has the highest energy content due to its large volumetric
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capacities (5.85 Ah cm®) and negative electrode potentials in aqueous media (acidic: —0.76 V vs. SHE; alkaline:
-1.29 Vvs. SHE) [13, 14]. In general, such negative electrode potentials imply side reaction of hydrogen evolution
in the water electrolysis. However, zinc electrodeposition on inert substrates has been demonstrated as a relatively
efficient process in aqueous electrolytes (both acidic and alkaline) with current efficiencies of over 90 % achieved
attributed to its large hydrogen overportential and the suitable electrolyte compositions. This process is well
established in the industry and has been used extensively in the areas of electroplating, corrosion protection and
automotive vehicles [11, 12, 15-17]. At present, conventional baths for zinc electrodeposition are still mainly
based on zincate (alkaline) [18], chloride (acid) [19-21] and sulfate [22-30] in the electroplating industry

In contrast, electrodepositions of other electronegative metals, particularly lithium, sodium and aluminum, are
impossible in aqueous electrolytes and have to be carried out in non-aqueous solvents or room-temperature ionic-
liquids. For large-scale energy storage, such as redox flow batteries, these solvents are less attractive in terms of
cost and ionic conductivity (10 to 10 S cm without salts). The low power density caused by poor ionic
conductivity implies larger electrode size or more number of cells in a system required for a given power output,
which leads to a significant increase in overall cost per KW h [31].

Furthermore, many of these solvents are flammable, rising concerns of safety while using with reactive metal
anodes (i.e. lithium and sodium) at large scale. Together with its low-cost nature, zinc remains one of the
commonest anode materials for primary and secondary batteries in consumer markets. Primary systems based on
zinc anode were introduced near the beginning of battery technology — Leclanché wet cells (zinc-manganese
dioxide) in 1866 [13]. Since the past decades, zinc-carbon and zinc-alkaline dry cells (zinc-manganese dioxide)
are still used in various portable devices [14].These batteries are often associated with one-time use as primary
cells, although rechargeable systems are available. The poor reversibility was attributed to the cycling-induced
changes of materials in both anode and cathode (manganese dioxide) materials [32, 33]. In conventional static
systems, dendritic morphologies of zinc anodes tend to develop at limiting current densities caused by the non-
uniform concentration gradients [34]. Therefore, controlling mass transport by convection as used in a flow battery
configuration has been demonstrated as an effective approach to improve the morphology and extend the cycle
life by minimizing dendritic growth, shape change and passivation of zinc electrodes [34, 35].
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Figure 1 (a) Zinc system with solid phase reaction, (b) liquid state reaction, (c) and gas phase reaction

Since the 1970s, various zinc-based flow batteries have been proposed and developed by coupling with different
positive electrode reactions [36]. Together with all-vanadium, zinc-based systems are the few flow battery
chemistries being scaled-up and commercialized for different applications. The existing zinc-based systems use
positive electrode reactions based on inorganic or organic active materials in either solid, liquid or gas phases.
These reactions are facilitated with specific cell architectures under different circumstances. In all systems, the
negative electrode reaction relies on zinc electrodeposition, which takes place in flowing electrolytes as in other
hybrid flow batteries. This highlights the importance of the zinc electrodeposition process and the necessity of
obtaining suitable deposit morphologies for long-term cyclings.

In many of these systems, separators or membranes are used to prevent direct reaction or crossover of the charged
species between the two half-cell compartments. However, the involvement of at least one solid-phase electrode
reaction (including zinc electrodeposition) in zinc-based systems provides a possibility of ‘membrane-less’
configuration. In certain chemistries, the positive electrode reactions do not involve soluble species and undergo
pure solid-phase transformation, while some others make use of slow dissolution of zinc electrodeposit in the
presence of certain active species dissolved in the electrolytes, particularly at low concentrations.

However, most of these zinc-based systems still face challenges of self-discharge, electrode shape-change and
formation of dendrites. All these need to be further minimized for improved performance and cycle life. In order



to advance the existing technologies, it is essential to improve the understanding of the zinc electrodeposition
process and gain knowledge from previous experiences. At present, there are a number of review articles have
been published in the field of redox flow batteries, regarding general chemistries [1, 2, 31, 37-41], cell
architectures [42], mathematical modellings [43] and cost analysis [4, 44]. Specific systems based on attractive
elements, such as vanadium [45-47], lithium [48] and organic materials [6, 7], have been recently reviewed. In
contrast to previous reviews, the present contribution provides an overview of the zinc electrodeposition process
and a comprehensive summary of the existing zinc-based flow battery technologies and their recent applications.
The latest advances, future challenges and opportunities for further development are discussed.

2. Electrochemistry of zinc electrodeposition

Zinc is a moderately reactive bluish-grey metal, can be found in nature as sphalerite, smithsonite, hemimorphite
and franklite ores [49]. The atomic humber and weight of this element are 30 and 65.38 respectively. Pure zinc is
neither particularly ductile nor malleable. Its density is 7.14 g cm™ with electrical resistivity of 6.16 pQ cm™ and
melting point of 419.5 °C [50]. The electrode potential is associated with the operating parameters and the
activities of the reactants governed by the Nernst equation. In general the standard electrode potentials of zinc are
-0.76 V and -1.29 V in acidic and alkaline media, respectively. Given the dependence of chemical activities on
other thermodynamic parameters, the equilibrium electrode potential separate the oxidized/ reduced phases on a
phase diagram. As shown in Figure 2, Pourbaix diagram as a certain class of phase diagrams is displayed by the
equilibrium potential plotted against the pH, when some of the reactants have chemical activities that vary with
pH in aqueous electrolytes. This is useful to determine which species is thermodynamically stable at given
potentials and pHs but does not provide information about the kinetics of the reaction processes.

Pourbaix diagrams for zinc have been published by a number of authors and vary with temperatures and electrolyte
compositions [51-53]. For most existing zinc-based hybrid flow batteries, charge or electrical energy is mainly
stored as an electrodeposit in the reduction process. As shown in Figure 2, metallic zinc is electrodeposited in four
different routes through reactants as forms of Zn?*, Zn(OH)2, HZnO," and ZnO,?. Depending on the pHs of the
aqueous electrolytes, the formations of Zn(OH),, HZnO,™ and ZnO,* are often caused by the hydrolysis of Zn?*.
It is important to note that the traditional notations of HZnO, and ZnO>?in most Pourbaix diagrams correspond
to the hydrolysed zinc complexes of Zn(OH)3;™ and Zn(OH)4% used in most battery equations.
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Figure 2 Pourbaix diagram for zinc in different pH in water.

Nernst equation can be written for each of these reactants in equilibrium with metallic zinc.
In the media of water at different pHs:

Zn*t +2e” o In
Ee =-0.763 V +0.0295 V log [Zn?*] 1)

Zn(OH), + 2H* + 2e~ & Zn + 2H,0 2)



Ee =-0.439V -0.0591 V pH

HZn0% +3H* + 2e”~ & Zn + 2H,0
Ee =0.54 V - 0.0886 V pH + 0.0295 V log [HZnO?] 3

Zn0,>” + 4 H* + 2e~ & Zn + 2H,0

4
Ee =0.441V -0.1182 V pH + 0.0295 V log [Zn02%] @)

The Nernst equation for reaction (1) shows that it is independent of pH, which corresponds to a horizontal line at
—0.763 V vs. SHE in the Pourbaix diagram. In contrast, the other electrodeposition routes (reactions (2-4)) vary
linearly with pH at negative gradients. Based on these equations, the Pourbaix diagram can be divided into four
regions, corresponding to different reactants being thermodynamically stable in the electrodeposition processes.
These vertical lines between these four regions are independent of electrode potential and can be calculated by
considering the equilibrium constant [52]:

pH = 8.5
Zn** 4+ 2H,0 & Zn(OH), + 2H* ©)
pH=10.7
Zn(0H), & HZn0,” + H* ©)
pH=13.1
HZn0,” & Zn0,%” + H* )

In the presences of different anions or salts (i.e. chloride, bromide), the formations of these complexes could take
place at slightly different pHs. For instance, in the presence of chloride, the Pourbaix diagram is still very similar
to that in pure water. However, in the presence of bromide salts, the region of Zn?* species (ZnBr3°) stability is
c.a. pH 6 (vs. c.a. pH 8.5 in equation (5))

Hydrogen reactions (evolution or oxidation) could compete or pair with zinc electrodeposition/ dissolution
processes to make a local net reaction. When zinc or other metals (particularly those of the current collectors)
exposed to the electrolytes containing protons/ acid, dissolution of these metals take place as a form of corrosion
with hydrogen evolutions at open-circuit due to the following mixed electrode reactions on the metallic surface
[54]:
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Similar to the case of proton, metallic zinc also reacts with the active species oxidized by the positive electrodes,
resulting in energy loss. For this reason, separators are used to prevent the crossover of the active species between
the two half-cells. For a few cases [55-57], no membrane is actually needed when these positive electrode reaction
do not involve soluble species and undergo solid-phase transformation (NiOOH/Ni(OH); [55, 56], PbO2/PbSO4
[57]). Furthermore, metallic zinc can be protected by mean of cathodic protection in the electrodeposition process.
Therefore, the dissolution of zinc takes place only at open-circuit or in the discharge process. Based on this
concept, membrane-less systems [58-61] could be possible and have been introduced recently by making use of
slow dissolution of zinc in the presence of particular active species at low concentration (< 0.5 M).

However, corrosion or dissolution of metallic components of redox flow battery is detrimental for long-term
operation and performance. The dissolved metal ions could lead to unstable redox potentials and distort the



original chemistries of the flow batteries. Together with the weight issues, metallic components are not commonly
used in most flow battery systems. In comparison, carbon and polymer based materials are used as electrodes and
cell components, respectively, as these materials do not undergo dissolution or formation of oxides in the oxidation
process [62, 63]. Although carbon-based materials can be eroded in the oxidation reactions by mean of carbon
dioxide evolutions [64], these materials are suitable for most negative electrode reactions even under excessive
hydrogen evolutions [65]. In contrast to the electroplating industry, where majority of substrates are metals,
carbon-based substrates are extensively used in hybrid flow batteries. Since pure carbon/graphite is brittle and
often difficult to scale up in stacks, composites of polymer binders and conductive particles [66-69] are often used
instead [66-69].

In typical linear sweep voltammetry, zinc electrodeposition can take place in three regions at a condition that
electrolyte flow is static and hydrogen evolution is not particularly dominant (Figure 3). In region I, the initial
deposition rate is usually slow and attributed to charge transfer control. While in region Il, the current density
increases then decreases dramatically at more negative electrode potential, resulting in a cathodic peak due to
diffusion control. After this, a sharp increase in current density is obtained in region 11 associated with hydrogen
evolution together with the electrodeposition process. In such region, zinc electrodeposition is dominantly under
mass transport control rather than charge transfer control. When the electrode potential sweeps towards even more
negative values, hydrogen evolution becomes dominant and appears as a significant side reaction [70].
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Figure 3 Linear sweep voltammetry for Zn (Ac),, ZnSO. and ZnCl; [70, 71].

However, these cathodic potentials could vary with different electrolyte compositions, particularly anion and pH.
Figure 3 shows the cyclic voltammetry of zinc electrodeposition on glassy carbon electrode from solutions of
different anions (acetate, chloride and sulphate) in neutral solutions [71]. In each curve, the forward and reverse
scans form a nucleation loop between the cathodic and anodic peaks, which has been ascribed to the nucleation
process requiring an activation energy provided by an overpotential [72]. Among these curves, it can be seen that
the cathodic peak potential of zinc chloride solution is similar to that with acetate anions, while the peak current
of chloride solution is the largest among the three solutions. This shows that the effect of chloride ions (CI") on
the zinc electrodeposition overpotentials is similar to that of acetate ions on that glassy carbon substrate. In
contrast, the cathodic peak potential of the sulphate solution is the most negative, which is about 50 mV more
negative from those peaks in the other two solutions. This suggests more difficult electrodeposition process in
sulphate solutions. Such an overpotential can be explained by the strong interaction between sulphate and zinc
(11) ions as reflected by its positive stability constant (Ig g = 2.3). The overpotential is considered as the driving
force of electrocrystallization at the electrode surface, which include adsorption, nucleation and growth processes



[24], which is also sensitive to the zinc(ll) concentration [19] as well as the identity of additives [27-30]. The
mechanisms of these phenomena have been discussed in details by previous researchers [73-81].

In general, the competition between growth and nucleation determines the granularity of the electrodeposit. The
higher the nucleation rate caused by the overpotential during the electrodeposition process, the finer the crystal
grains of the deposit. On the other hand, the forms of growing crystals at the growth centres determine the general
appearance and structure of the electrodeposits as illustrated in Figure 4. Since the over-potential is the derivation
of the electrode potential from its equilibrium value, poor control of potential distribution often result in
undesirable morphologies (i.e. dendrites) and growth rate.
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Figure 4. (a) The growth mechanisms of zinc electrodeposition; (b) the relationships among overpotentials,
impurtities and electrolyte additives and the crystallographic growth of the zinc electrodeposits.

The relationships among overpotentials, impurities, and electrolyte additives (organic), and the crystallographic
growth of the electrodeposits are shown schematically in Figure 4 [74, 82]. This is consistent with the study of
Raeissi et al. [83] that increasing overpotential results in a decrease of basal plane and increase of low angle planes
in zinc sulphate electrolytes (pH 2). Zinc electrodeposits are generally classified into 5 categories: heavy spongy,
dendritic, boulder, layer-like, and filamentous mossy [84].

Based on the electrodeposit crystallinity and microstructure, these 5 categories are summarized in Table 1, while
the microscopic images of these distinct morphologies are shown in Figure 5 (electrodeposits obtained from
alkaline electrolytes). Based on the examples of zincate solutions, heavy spongy morhologies are large boulder
agglomerates and highly branched dendrites, developing at high current densities and after prolonged deposition.
Dendritic structures are treelike and sometimes hexagonal if the rate of electrodeposition is slow, while boulders
are typically hexagonal shape in discrete assemblies. Layerlike structures are formed by epitaxial growth in the
early stage of the deposition process, while hexagonal platelets have been reported extensively in acidic solutions
[29, 85, 86]. Filamentous mossy deposits have the appearance of tangled whiskers with a typical diameter of 50—
200 nm and lengths that may exceed 5 pm.

In zinc bromide solutions, mossy morphologies are often observed in weakly acidic and basic conditions [87, 88],
which are considered undesirable for battery operations. To address the morphological issues, organic and
inorganic additives are commonly used in both areas of electroplating and battery applications. In general, organic
additives increase the electrode overpotentials by their adsorption or partial covering at the electrode surfaces [28-
30, 35, 85, 86], which block the growth of the zinc crystals. On the contrary, some inorganic additives, such as
indium oxide, may exhibit high hydrogen overpotential [54, 89]. Despite the improved or more uniform
morphologies, zinc electrodeposition may also be inhibited by some organic additives (i.e. surfactants), resulting
in low half-cell coulombic efficiencies [35, 86]. However, some electrodeposits are found to contain high content



of carbon due to the presence of organic additives and the possible impurities in the electrodeposition processes

[82, 90].

Filamentous mossy 500 nm

Figure 5 illustrates different types of zinc deposition (heavy spongy, dendrite, boulder, layerlike and filaentous

mossy) on electrode surface (electrodeposited through alkaline electrolytes) [84].

Category of zinc deposit morphology

Property

Heavy spongy

Dendritic

Boulder

Layer-like

Mossy

Appearance

Black powder

Metallic crystal

Grey metal

Reflective metal

Black powder

Microstructure
(under
microscope)

Agglomerate large
boulder

Fern, leaf,
hexagon

Granular boulder

Ridge, layer like

Filament,
whisker

Adherence Non-adherent Non-adherent Adherent Adherent Non-adherent
Porosity Dispersed Dispersed Compact non-porous Compact non- Highly porous
porous
Crystallinity* Anisotropically Isotropically Anisotropically Epitaxial oriented Isotropically
oriented oriented oriented oriented
Growth current Highest Very high Moderate Low Lowest

density




Nucleation site Non-selective Non-selective Selective Non-selective Highly selective
selectivity

*Anisotropically oriented: deposits grow three-dimensionally; bulk and individual deposits are polycrystalline. Isotopically oriented;
deposits grow two-dimensionally; individual deposits are single crystals.

Table 1 Categories of zinc deposit morphology[84].

3. Improving zinc electrodeposit morphologies for hybrid flow batteries

Improved zinc electrodeposit morphologies are essential for long-term charge-discharge cycling at reasonable
performances. Dendritic growth is an undesirable feature of zinc electrodeposition, which entails the risk of
damage to the separator and potential electrical short-circuit and self-discharge. Dendritic growth is usually
developed from mossy to pyridimal/ acicular form. The overall growth and propagation of dendrites are influenced
by the diffusion and the type of the zinc complexes [91, 92]. There are usually two main source of convective
diffusions: (1) density differences between zinc ions and other compositions, and (2) local forced convection
driven by hydrogen evolutions. These local convections lead to enhance the rate of dendrite propagation, while
formation of dendrite is suppressed with the addition of electrolyte additives.

In zinc electroplating industry, electrolyte additives are used to obtain finer grain size, hence brighter the
electrodeposit [93]. These additives tend to promote the 2-dimensional growth of crystallites [94]. Previous
theories suggest that higher deposition overpotential could lead to faster nucleation rate and finer crystal grain
sizes [95]. Electrolyte additives, particularly those with larger organic molecules, are often used to increase the
deposition overpotential by partly covering and selectively absorbing on the electrode surface, which tend to
prevent further grain growth and promote nucleation [96]. This also depends on the structure and the size of the
additives, additive-substrate interactions and those between the additive and the deposit [97].

These electrolyte additives also influence the activation energy [98] and the rate of charge transfer [99]. The
relationship between the current density and the electrolyte additive concentration has been established [100-102],
which further influences the nucleation and crystallization of the electrodeposits [102]. In electroplating industries,
some additives are regarded as ‘brighteners’, such as those called primary and carrier brighteners, which usually
have large molecules and have rapid adsorption-desorption property [103]. Some are known as “levellers”, which
are usually with smaller molecules and have specific adsorption at the electrode surface [104].

As developed by early theories [105], diffusion of these ‘levellers’ for entering the ‘peaks’ is faster than that of
entering the ‘valleys’ in the microprofile of zinc electrodeposits. This results in higher ‘leveller’ concentrations at
the ‘peaks’, where inhibition of electrodeposition occurs. On the other hand, metallic atoms migrate and
electrodeposit on the recessed areas, therefore true levelling can be achieved [106]. However, suitable
concentration of these ‘levellers’ is essential to achieve such effect [105, 107, 108].

4. Types of zinc-based hybrid flow batteries

4.1. Positive redox couples involving solid phase active materials

Solid-phase active materials, such as lead-dioxide and nickel hydroxide, do not involve soluble active species in
the electrolytes and undergo pure solid-phase transformation from one solid to another in the charge-discharge
processes. Since the charged products, including zinc electrodeposit, are at the electrode surface, separator and
membrane are not needed to prevent direct reaction between these charged products. The resulting electrolytes
only contain soluble zinc(I1) species and serve as common electrolytes for both half-cell reactions. Compared to
conventional static systems based on zinc oxide electrodes, flowing electrolyte are still necessary to extend the
cycle life to more than several hundred cycles by addressing issues associated with dendrites, shape change and
passivation at the zinc electrodes [109], resulting in flow-assisted [110] or single flow [55] architectures under




different circumstances. The capacities of these systems are still limited by the amount of the zinc electrodeposit
at the negative electrode and the amount of solid active materials used in the positive electrode reactions.

4.1.1. Zinc-nickel

The concept of alkaline zinc-nickel rechargeable batteries can be traced back to the 1900s [111]. The development
of the original static system has been associated with the relatively long cycle life of cadmium-nickel batteries (or
nickel-cadmium batteries). In comparison, the zinc-nickel static battery has a higher cell voltage and exhibit a
moderate specific energy of 55 — 85 Wh kg [112] for high power applications (i.e. bicycles, scooters and electric
vehicles). In conventional static systems, the nickel (hydroxide) electrode is usually sintered or pressed, while
zinc electrode is made of finely porous matrix of zinc oxide at discharged state with the use of pressing method.
In most cases, polymer or cellulose based separators are used to prevent the short circuit caused by dendritic
growth.

The overall electrode reactions can be described as follows:
At positive electrode:

2NiOOH + 2H,0 + 2e~ & 2Ni(OH), + 20H™ , E® = 0.49 V vs. SHE (10)

Overall reaction:
Zn + 2H,0 + 2NiOOH < 2Ni(OH), + Zn(OH), ,Ecen =173V (11)

In the presence of separators, the capacities of most static cells using zinc oxide electrodes (rather than zinc
electrodeposition) often deteriorate over several hundred cycles primarily due to the internal short circuit [109,
110, 113, 114]. The use of flowing electrolyte is considered as an effective approach to address these issues
associated with dendrite, shape change and passivation at the zinc electrode. In a flowing system, a separator is
not necessary when an inter-electrode gap of > 4 mm is used [110, 113, 114], which reduce the overall cost and
simplifies the cell design.

Early investigations include a 100 A h battery developed by Bronoel et al. [114] with the functions of pulsed
charging and inversion of electrolyte directions. In 2007, a ‘hybrid flow battery’ concept has been introduced by
Cheng and co-workers [55, 115] through fundamental studies [55] and lab-scale testings, in which more than
220 cycles have been obtained with the energy efficiencies of c.a. 88 %. In these works, cadmium was used as
the substrate materials for zinc electrodeposition due to its relatively large hydrogen overpotential.

Following these, Ito et al. [110, 113] further evaluated the performance of a flow system with particular focus on
the morphology evolutions during charge-discharge cycles. Due to the fact that zinc electrode reaction has higher
coulombic efficiency than its nickel oxide counterpart, residual zinc tend to accumulate on the substrate or deposit
surface after each cycle. Depleted zincate ions in the electrolytes and continuous hydrogen evolutions at the
electrodeposit surface further facilitate the dendritic growth, which is often initiated at the regions of high local
current densities at the microprofiles. In subsequent cycles, dendritic growth tends to take place progressively and
may not be suppressed by the flowing electrolyte (Figure 6). However, dendritic growth may not cause serious
internal shorting as long as there is no strong contact with the positive electrodes. These dendrites might peel off
from the electrodeposit under aggressive flows. To avoid these, reconditioning of battery was introduced by
conducting a deep discharge to fully remove or dissolve all the accumulated zinc electrodeposit every 15 cycles.
Through these procedures, 1500 charge-discharge cycles have been obtained with energy efficiencies of over 80
%.



Figure 6. Electrodeposition of zinc on a planar carbon substrate under flowing electrolyte

(V=2cms™): (a) 1% cycle; (b) 57 cycle; (c) 9™ cycle.

In addition to planar electrodes, several researchers [116-118] have proposed the uses of three-dimensional nickel
foam as the negative electrodes to increase the current densities and cycle lives. Cheng et al. [116] demonstrated
that it is possible to enable reasonable energy efficiencies (i.e. > 50 %) at ultra-high current densities of up to 300
mA cm, Within these porous structures, the morphologies undergo from smooth (Fig. 7a), spongy (Fig. 7b—€) to
dendrite structures (Fig. 7f) by increasing the current densities from 40 to 300 mA cm2. Although no further
cycling information is provided, the other work of these researchers [117] concluded that extended cycle life was
achieved with no accumulation of zinc observed within the porous structures for more than 400 cycles.
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Zinc electrodeposit morphologies within porous nickel form structures at different current
densities: (a) 40 mA cm2, (b) 80 mA cm2, (c) 120 mA cm 2, (d) 160 mA cm2, (e) 200 mA cm?,
(f) 300 mA cm2.

Figure 7.

Based on the established laboratory-scale batteries, a scaled-up prototype has been developed by Turney et al.
[119]. That system was up to 25 kW h consisting of thirty 833 W h batteries in series connections. The overall
voltage ranged from 40 to 60 V with energy efficiency of more than 80 % over 1000 cycles, which is
approximately a year of data (three cycles per day). In that system, the energy used for electrolyte pumping was
only c.a. 4 % of the total energy throughput [119].



Despite tremendous improvements of recent studies, the discharge duration and capacities of these systems were
typically limited to less than 4 h and 50 mA h g%, respectively. These were mainly attributed to the limited capacity
of the nickel positive electrodes (< 50 mA h g%), while negative electrode reactions have been demonstrated under
prolonged charge in other alkaline systems (240 — 500 mA h cm?) [120, 121]. Therefore, these features are not
competitive with the conventional flow battery systems that store energy partly or fully through the electrolytes.
This kind of batteries has been described as ‘flow-assisted’ battery rather than ‘flow battery, in which the cell
architecture are also different (See [110, 113, 119]). Instead of using filter-press type cells with specific manifolds
to distribute electrolytes and to avoid shunt (bypass or leakage) current in a stack, electrode plates were immersed
in the electrolyte, which was circulated within a sealed system [110, 113, 119]. Battery performance can be further
improved with the uses of additives [122, 123], electrolytes [124, 125], electrodes [116-118] and battery
architectures [126] as reported in existing studies of static and flow systems. Due to the use of positive nickel
electrodes, the cost of this system is still more than USD$400 / kW h, significantly higher than the DoE cost target
(USD$ 150 / KW h).

4.1.2. Zinc-lead-dioxide

The concept of acidic zinc-lead dioxide battery can be traced back to the 1970s in the description of a few patents
[127-129]. This chemistry is based on low-cost elements in aqueous electrolytes and exhibit high open-circuit
voltage (c.a. 2.45 V), which offers one of the highest cell voltages in aqueous electrolytes (20 % higher than
conventional lead-acid batteries).

The overall electrode reactions can be described as follows:
At positive electrode:

Pb0, + 2H* + H,S0, + 2e~ © PbSO, + 2H,0 E°= + 1.36V vs. SHE 12)

Overall reaction:
PbOZ + ZTl + 2H+ + H2504 L d Pb504 + Z‘)’l2+ + 2H20 Ecell = 2.12 V (13)

In contrast to most lead-dioxide based batteries, most aqueous systems are limited to less than 1.5 V due to the
gaseous evolutions in the water electrolysis process. Together with lead-acid batteries (c.a. 2.05 V), the relatively
high cell are contributed by the highly positive electrode potential of lead-dioxide reaction (+1.69 V vs. SHE).
Considering voltages that lead(l1) ion is almost insoluble in sulfuric acid (< 6.5 mg L), any electrodeposition
associated with lead(Il) ions is negligible [57]. Therefore, zinc or other metals can be electrodeposited from
soluble species in common electrolytes, serving as the negative electrode reactions of several proposed static or
flow batteries (zinc-lead-dioxide [57, 130, 131]; copper-lead-dioxide [132]; cadmium-lead-dioxide [133]). Since
the charged products are on the electrode surfaces, no membrane or separator is necessarily required to prevent
direct chemical reactions of these products.

In the past decades, the zinc-lead dioxide chemistry has not received much attention due to zinc corrosion and the
limited current densities (< 10 mA cm?) reported in the early systems [130]. In a recent static system,
experimental results show that the average coulombic and energy efficiencies were up to 90 % and 70 %,
respectively, over 90 cycles at 20 mA cm [57]. Since thin carbon polymer electrode (0.6 mm thickness) were
used instead of heavy metallic electrode materials, the specific energy was about 30 % higher than that of a
commercial lead-acid batteries at the same operating conditions [130]. Following these, Pan et al. [131] has
developed a membrane-less flow batteries based on single flow configuration. It was found that hydrogen
evolution can be effectively suppressed with the doping of a polymer resin within the graphite composite.
However, in charging process, protons are continuously generated as described in equation 12, which implies
challenges in zinc electrodeposition and corrosion at the negative electrode. The proposed system also suffer from
the limited capacities of lead-dioxide electrodes (< 50 mA h cm? [57]). To compete with other flow battery



chemistries, further developments of high-capacity positive electrodes and corrosion inhibitors are necessary for
practical applications.

4.1.3. Zinc-polymer (suspensions)

The concept of zinc-polymer rechargeable batteries was introduced by Surville et al. [134] in 1968. In
conventional systems, these polymers appear as solid form and include: polyacetylene, polyaniline,
polythiophenes, poly(p-phenylene), polyazulene and polyfluorene [135-137]. Among these polymers, polyaniline
is commonly used in zinc-based systems due to its high conductivity and stability in aqueous electrolytes [135-
137]. However, this kind of batteries suffer from limited specific energy as only the outer layer of the polymer
films contribute to the energy storage processes.

To address this issue, Zhao et al. [138] proposed the use of polyaniline particles as suspension electrolytes rather
than polymer film in a flow cell configuration (See Figure 1). These suspensions were prepared by dispersing the
synthesized polyaniline particles in a solution containing zinc and ammonia chloride. The resulting suspension
electrolyte was circulated through the flow-cell and appeared as a ‘single-flow’ system. This is because the liquid
electrolyte containing soluble zinc species could penetrate easily through the separators to the negative half-cell
compartment through the microporous. In the charge and discharge processes, polyaniline particles undergo
doping and dedoping of chloride anions, respectively, with electrochemical behaviours in terms of potentials and
current densities similar to that of their film counterpart. Charge-discharge cycling was demonstrated by
laboratory scale cell with coulombic efficiency of c.a. 97 % at 20 mA cm over 30 cycles. The use of current
density was significantly higher than those of previous ‘film’ systems (< 5 mA cm). The theoretical energy
density of this system (66.5 W h L) can be even higher than that of the commercial all-vanadium redox flow
batteries [138].

4.2. Positive redox couples involving liquid phase active materials

Liquid-phase positive active materials usually dissolve in electrolytes and appear as soluble species in both
oxidized and reduced forms. Similar to conventional redox flow batteries, storage capacities of these electrode
reactions can be expanded by increasing the volume and the concentration of the positive electrolytes but still
limited by the amount of the zinc electrodeposits at the negative electrode. Unless separator or ion-exchange
membrane is used, the charged species could react with metallic zinc electrodeposit and lead to energy loss as a
form of self-discharge process. In a few cases, dissolution of zinc electrodeposit is particularly slow in the presence
of certain active species at low concentrations, providing a possibility of a membrane-less or single flow
configuration. The liquid phase of positive active materials allows the use of porous, three-dimensional electrode
materials, which effectively facilitate the positive electrode reactions in terms of reversibility and overpotentials.
Although many proposed species are based on low-cost elements, the solubilities (i.e. cerium : c.a. 0.8 M,
benzoquinone: <0.8 M, ferrocyanide < 1 M) are still lower than that of conventional vanadium electrolytes (c.a.
1.5 -2 M), limiting its energy density for energy storage applications.

4.2.1. Zinc-iron

Early zinc-iron hybrid flow batteries were based on alkaline electrolytes, which was introduced by scientists at
Lockheed Missiles and Space Company (LMSC) and known as ‘zinc-ferricyanide’ since the 1970s [120, 139].
This system is currently commercialized by VizZn Inc. for grid-scale applications [140]. The active materials (zinc
and iron) are among the most abundant and the lowest cost metals (< USD$ 4 kg™) in earth’s crust. Ferri- and
ferrocyanide are iron complexes known to be highly reversible in alkaline electrolytes. Inorganic ferricyanide is
less hazardous than halogen in alkaline but release toxic hydrogen cyanide gas in acidic solutions. The early
system was based on solid-state active materials at both charged and discharged states. For the zinc negative
electrode reaction, zinc electrodeposit and solid zinc oxides were the charged and discharged products,



respectively. Zincate solution is generated from the solid state zinc oxide during the initial discharge cycle. On
the other hand, the active positive materials were ferro- and ferricyanide as forms of precipitates obtained through
crystallizers or when the electrolytes reach saturation. Although solid-state active materials were used, the
solubility of potassium ferrocyanide in 1 M potassium hydroxide is c.a. 0.5 M at 25 °C [120, 121].

In alkaline electrolytes, the half-cell electrode reactions (discharge) are as follows:
At negative electrode:

In+40H™ & Zn(OH),*  +2e~ ,E°=-1.22 V vs. SHE (14)

At positive electrode:

Fe(CN)¢* +e~ & Fe(CN)g*™ ,E°=+0.36 V vs. SHE (15)

Overall reaction:

In+2Fe(CN)¢> +40H™ & Zn(OH),*” +2Fe(CN)g*™ , Ecen=1.58 V (16)

In experimental system, the open-circuit voltage (c.a. 1.5 - 1.8 V) was even higher than the predicted values based
on standard electrode potentials (1.58 V). The negative electrode was typically a cadmium or silver coated
substrate, while nickel plated graphite felt was used as the positive electrode material. Separator or membrane
was required to avoid crossover of ferricyanide into the zincate containing negative electrolytes, which would
result in undesirable precipitates. For instance, zinc ferrocyanide could electrodeposit an insoluble film at low
hydroxide concentration (i.e. < 1 M). Previous experiments show that zinc electrodeposition is the limiting
reaction with half-cell coulombic efficiency of c.a. 85 %, compared to c.a. 97 % obtained at the positive half-cell.
This system was reported to have a relatively long cycle life of up to 250 cycles [120, 121]. However, high
membrane costs and challenges with handling solid zinc oxide precipitates have been considered as the major
hurdle for practising this chemistry. The capacity of zinc negative electrode was still limited to less than less than
500 mA h cm?[120, 121].

In addition to alkaline systems, a few acidic systems have been recently introduced [141, 142].
In acidic electrolytes, the half-cell electrode reactions (discharge) are as follows:

At negative electrode:

In o ZIn*t +2e” ,E°=-0.76 V vs. SHE

a7
At positive electrode:
Fe3* + e~ & Fe?*  E°=+0.77 V vs. SHE (18)
Overall reaction:
Zn+ Fe3t o ZIn?t+ Fe?t | Ec1=153V (19)

For instance, Xie et al. [142] introduced a mixed acid system using 1 M zinc sulphate with 1.5 M sodium acetate
and 1.5 M acetic acid as the negative electrolyte, while positive electrolyte contains 1 M iron(ll) chloride in 1.5



M sulphuric acid. The resulting cell voltage (1.53 V) is comparable to that of the aforementioned alkaline systems
(c.a. 1.5-1.8 V). It was found that the role of acetate buffer solution is crucial for the battery performance as it
controls the concentration of free proton in a preferred range, especially more proton transfers from the positive
to the negative half-cell. Furthermore, higher concentration of acid is favourable for the kinetics of the
iron(11)/iron(111) reactions. With the addition of such buffer solution, the coulombic efficiency increases from less
than 20 % to c.a. 91 % at 30 mA cm™. It is also important to note that carbon felt was also used as the negative
electrode, which tends to be difficult to deposit zinc without the buffer solution.

Selverston et al. [141] proposed another acidic system by using mixed solutions of zinc and iron species for both
negative and positive electrolytes. The pH of the electrolytes was controlled at pH 1 to avoid the formation of
insoluble iron hydroxide precipitates, while minimizing the hydrogen evolutions. As long as the galvanic
displacement of zinc by iron is low, zinc electrodeposition was carried out instead of iron electrodeposition as a
primary reaction at the negative electrode. On the other hand, the zinc ions have no significant effect on the
positive iron(11/111) redox reaction at the positive electrode. However, the incorporation of iron was only observed
in cases of low zinc concentrations (or high iron concentration) or at high current densities. With the use of
Daramic® microporous separator, the energy efficiencies of this system was more than 60 % over 120 cycles at
25 mA cm2, which shows that the system is crossover-tolerant. Based on this performance and configuration, the
estimated cost of a 5.5 h system would be about USD$100 / kWh [141].

In addition to pure alkaline or acidic systems, Gong et al. [143] has proposed an alkaline (zinc) — acidic (iron)
system to yield a cell voltage as high as 1.99 V. Since the two supporting electrolytes have very different pHs, it
is not feasible to use conventional single membrane configuration. Instead, a double-membrane triple-electrolyte
configuration was used as illustrated in Figure 8, in which a neutral sodium chloride supporting electrolyte was
used in the middle compartment between the two ion-exchange membranes. Nafion® 212/211 (Dupont) and FAA-
3 (Fumatech) were used as the cation and anion exchange membranes, respectively. The overall cell resistance
was observed to be smaller at higher electrolyte flow rate or with smaller thickness of electrolyte compartment. It
was reported that energy efficiencies were more than 50 % at 80 mA cm over 20 cycles. Together with its
relatively high cell voltage, a peak power density was delivered at 660 mA cm? at 70 % state of charge. Since
protons and hydroxide ions can transfer through the ion-exchange membranes, the pHs of these electrolytes will
change in long-term and require periodic adjustment. For this particular system, further work should focus on
more selective ion-conductive membranes while ensuring that the cost is significantly lower than their
perfluorinated counterparts. (i.e. Nafion®) [143].

Three-comparments zinc-iron flow battery
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Figure 8. Three-compartments zinc-iron hybrid flow batteries, using Zn(OH)4%*/Zn as negative redox
pair in sodium hydroxide solution, NaCl as middle electrolyte and Fe®*/Fe?* as positive redox
pair in hydrochloric acid solution [143].



4.2.2. Zinc-cerium

The zinc-cerium hybrid flow battery was first patented by Clarke et al. [144, 145] in 2004 and has been developed
by Plurion Inc. [63]. As claimed by this company, a 2 kW system has been installed in their testing facility in
Scotland. The proposed system used carbon polymer substrate and platinized carbon/ titanium as the negative and
positive electrodes, respectively [144, 145]. Nafion® cation exchange membranes were used to separate the two
half-cell compartments. The proposed system make use of methanesulfonic acid as the supporting electrolyte to
yield reasonable solubilities of both zinc (> 2 M) and cerium species (c.a. 0.8 M) in both oxidized and reduced
forms. In contrast, solubilities of cerium species are still too low (< 0.3 M) in sulphate electrolytes for energy
storage applications [146].

At positive electrode:

Ce* + e~ o Ce3t |E=+1.28-1.72 V vs. SHE (20)

Overall reaction:

ZIn+2Ce*t o ZIn?** + 2 Ce3" ,Ecn=Upt02.48V 21)

As claimed by Plurion Inc. [144, 145], their batteries operated at 60 °C and under constant voltage discharge [63].
The discharge current densities were up to 100 mA cm 2 with coulombic efficiencies of more than 70 % over 60
cycles. Since the 2010s, the electrochemical information and charge-discharge performance have been evaluated
by a number of researchers [54, 86, 89, 147-162]. In the works of Leung et al. [86, 89, 147] , a number of two-
and three-dimension electrode materials have been evaluated for the cerium redox reactions. In terms of chemical
stability and overpotentials, platinized titanium mesh stack electrode was the most suitable for long-term
performance. In contrast, carbon-based materials tend to be oxidized in cerium containing electrolytes [147].

Considering the solubility of cerium(l11) species is contrary to that of cerium(IV) ion, high methanesulfonic acid
concentration (4 M) is required to maintain reasonable solubilities for both cerium(I1l) and cerium(lV) species
(Figure 9). To facilitate efficient zinc electrode reaction, a lower acid concentration (1 M) was used in the negative
electrolytes. In typical operations, coulombic and voltage efficiencies were up to 92 % and 68 %, respectively, at
50 mA cm2 and 50 °C [147]. However, the higher concentration of acid has tendency to transfer towards the
negative side through the cation-exchange membranes, which makes zinc electrodeposition more difficult in long-
term. Regarding the zinc half-cell study, no significant dendrite formation was observed after 4 h under the same
operating conditions. It was reported the use of indium additives could suppress hydrogen evolutions and exhibit
lower deposition overpotential, which lead to faster electrodeposition rate and boulder-like agglomerate
morphologies [89]. Some common organic and inorganic additives, including cetyl trimethylammonium bromide
and lead oxide, tended to inhibit corrosion effectively over a period of time, but their strong blocking effect leads
to relatively low half-cell coulombic efficiencies [54, 89].

Following this, a membrane-less system has also been introduced by the same authors making use of relatively
slow dissolution of zinc at lower acid concentrations and efficient cerium redox reaction using carbon felt
electrodes [148, 149]. The common electrolyte used contained 1.5 M zinc(Il) and 0.2 M Ce(lll) in 0.5 M
methanesulfonic acid. In such configuration, the discharge cell voltage and energy efficiencies were still up to 2.1
V and 75 %, respectively, at 20 mA cm and room temperature. The self-discharge process was slow and took up
to 7 h after charging for half an hour [148, 149]. To minimize the self-discharge and allow the use of higher cerium
concentration at low acid concentration, mixed acid electrolytes have been proposed by a few researchers [149-
151]. As shown in the solubility charts (Figure 9a and b), more than 0.5 M cerium species at both oxidizied and
reduced forms can be made soluble at low concentrations of methanesulfonic acid and sulfuric acid, respectively
[149]. In the work of Xie et al. [150], up to 1 M of cerium species can dissolve in a mixed acid of 2 M
methanesulfonic acid and 0.5 M sulfuric acid. The use of mixed acid, including chloride also tends to increase the
kinetics of cerium species at < 40 °C [150, 151]. In addition to platinum based electrode, a number of precious



metal-based electrode have been evaluated by Nikiforidis et al. [152], in which platinum-iridium based electrodes
had the best electrochemical performance. Meanwhile, lower cost materials, including hierarchical porous carbon
[153], grapheme oxide [154], tin oxide [155] and indium modified [156] carbon felts, have been observed to have
improved reaction kinetics than conventional carbon-based materials. Future work of this system should focus on
low-cost, chemically stable electrodes and electrolytes to dissolve more cerium species at low acid concentrations.
Electrolyte additives for improving morphologies and inhibiting corrosion of zinc electrodeposits are important
for operations at elevated temperature or/and at high acid concentrations.
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Figure 9. The solubility of (a) Ce(111) and (b) Ce(1V) ions in aqueous methanesulfonic and sulphuric acid
electrolytes [149].

4.2.3. Zinc-iodine

The zinc-iodine battery was first described as a primary system by Martin for academic demonstration in 1949
[163], which used metallic zinc and potassium iodide solution as active electrode materials. About a decade later,
Jones and Arranaga [164] proposed another primary system using solid iodate instead of liquid iodide solution as
the positive active material. Electrical energy was released by mechanically forcing sulphuric acid solutions to



the battery through compressed carbon dioxide gas. Despite relatively large current output (up to 100 mA cm?),
this system is not rechargeable and is based on highly corrosive electrolyte (c.a. 4 M sulphuric acid).

Although iodine (I2) has low solubility, its solubility increases significantly in the presence of iodide (I") due to
the formation of the polyiodide ions (I3). Since iodide (or triiodide) has high solubilities in aqueous electrolytes
(i.e. lithium iodide: c.a. 8.2 M; zinc iodide: c.a. 5.6 M), it has been considered as an attractive redox couple for
flow battery applications [165]. Following the introduction of lithium-iodide system (2013), a zinc-iodide flow
battery has been developed by Li et al. [165] in 2015.

The overall electrode reactions are as follows:

At positive electrode:

I;7 +2e” © 317 ,E°=0.54 V vs. SHE 22)

Overall reaction:
13_ + Zn « 31_ + Zn2+ y Ecell = 130 V (23)

Both negative and positive electrolytes are based on zinc iodide salt (Znl;) in water. It is important to note that
no acid or alkaline is added in the electrolytes, resulting in a nearly neutral electrolyte (pH 3 — 4) at 0 % state-of-
charge. The flow cell has been charge-discharge cycled in a range of current densities between 5 and 20 mA cm-
2, The energy efficiencies decreased from c.a. 91 % to c.a. 76 % as the concentration of zinc iodide increases from
0.5to 3.5 M, which is attributed to the increasing electrolyte resistances at concentrated electrolytes. A maximum
positive electrolyte energy density of 167 W h L™ (compared to 20 — 35 W h L of conventional vanadium
electrolytes). It was also found that the addition of ethanol could induce ligand formation between oxygen on the
hydroxyl groups and zinc ions, further expanding the electrolyte window to from — 20 to 50 °C [165].

Following this, Weng et al.[166] proposed the use of bromide ions (Br-) as a complexing agent to stabilize the
free iodine by forming iodine-bromide ions (1:Br) as a mean to free up iodate ions, hence enabling higher
discharge capacity of positive electrolyte. Compared to chloride ions, bromide ions tend to be more stable and
exhibit less hydrolysis issues. As shown in Figure 10, both centrosymmetric |3~ and asymmetric 1,Br-tend to have
linear (or nearly linear) trihalide structure, which are thermodynamically stable. With the use of bromide ions, the
capacity of positive electrolyte was up to 202 Wh L, which is among the highest energy density achieved for
aqueous flow battery to date. To improve the reaction kinetics and avoid the use of expensive catalysts, porous
coordination polymers were proposed by Li et al. [167] as a catalyst for the positive iodide reaction. [6].
Nevertheless, poor chemical stability of this material, especially under electrolyte soaking, is a major challenge
for future applications. Despite the high solubilities of the iodide redox species, the overall capacity of this battery
is still limited by the zinc negative electrode. Since the same electrolyte is used for both half-cells, further cost
reduction can be possible with the development of low-cost separators.
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Figure 10.  Concept illustration of bromide as the complexing agent to stabilize iodine. b, Structure of
1,Br~ion. ¢, Structure of I3~ ion. *The bonding length is obtained from the first-principles
density functional theory calculations [166]..

4.2.4. Zinc-polymer (dissolved)

In addition to polymer suspensions described in Section 4.1.3., the use of organic polymers have become popular
in the field of aqueous organic redox flow batteries. As proposed by Janoschka et al. in 2012 [168], these organic
polymers typically dissolve in electrolytes and consist of two parts, namely a redox active moiety and an unit
providing sufficient aqueous solubility to prevent precipitation [169-171]. The same research group [172] made
use of this kind of polymer and introduced an organic-inorganic system by coupling with zinc anode. The early
proposed system used aqueous electrolytes based on chloride salts. Zinc chloride not only serves as the active
species but also as the supporting electrolytes. Poly(ethylene glycol) methyl ether methacrylate (PEGMA) and [2-
(methacryloyloxy)ethyl]trimethylammonium chloride (METAC) were used as the copolymer of the active
material, which was 2,2,6,6-tetramethylpiperidinyl-N-oxyl (TEMPO) in that study [172].

In flow cell studies, microporous separator was used to prevent the crossover of such polymer active materials,
while porous carbon papers or felts were used as electrode materials for both half-cell reactions. With these
organic polymers, the open-circuit cell voltages were more than 1.2 V. Compared to METAC-based polymeric
TEMPO, PEGMA-based polymers have higher solubilities and do not precipitate in concentrated zinc chloride
electrolytes (1 M). In such electrolytes, the capacities of up to c.a. 2.4 was achieved and decreased linearly with
higher current densities. In static cells, the coulombic and energy efficiencies were over 80 % and 50 %,
respectively, at 3 mA cm2[172].

In these aqueous systems, the current densities were still limited to less 20 mA cm. The same research group
proposed another similar system based on polymeric-TEMPO in non-aqueous electrolytes [173]. Instead of using
regular, linear polymers, this work used well-defined TEMPO-methacrylate/styrene block copolymers (PTMA.-
b-PS) featuring miscellar structures. Mixtures of carbonate electrolytes were used for both negative and positive
electrolytes. The maximum concentrations for the organic polymer were up to 13 mg cm? in the positive
electrolytes. Similar to the aforementioned aqueous systems, the charge-discharge capacities decreased linearly
with higher current densities but with lower current density range (<5 mA cm?). The coulombic efficiencies were
more than 90 % over a range of current densities (0.5 -5 mA cm). With suitable cell architectures and selections
of components (i.e. separators), improved current densities of more than 35 mA cm have been demonstrated in
other similar works using aqueous and non-aqueous electrolytes [7, 8].

4.2.5. Zinc-organic (non-polymer)

As discussed in Section 4.2.4, polymer is a kind of organic material and has been used in a number of zinc-based
batteries [136-138]. To distinguish the polymer system, this section focused on the particular use of soluble
organic materials for zinc-based flow batteries. The first few metal-organic hybrid flow batteries were introduced
by Xu et al. [9, 174] in 2009. The initial systems used cadmium and lead as the negative electrodes, which are
less negative (-0.42 V vs. SHE) than zinc (-0.76 V vs. SHE) in aqueous electrolytes, implying that zinc-based
systems are even more attractive in terms of cell voltages and cost. On the other hand, derivatives of quinone and
2,2,6,6,-tetramethylpiperidinyloxyl (TEMPO) based materials, are the most studied positive redox couples in the
recent development of organic-based flow batteries [7, 8]. Many of these molecules exhibit relatively positive
redox potentials (> 0.5 V vs. SHE), high solubilities in aqueous electrolytes (> 0.5 M) and commercially available
at low-cost. Unlike many other organic active materials, the chemical structures of these molecules enable long-
term stability and are suitable for energy storage applications.

In 2016, Orita et al. [175] proposed a zinc-organic hybrid flow battery based on soluble TEMPO derivatives by
functionalizing with a hydroxyl group. The charge-discharge reactions of the proposed system are as follows:



At positive electrode:

TEMPO* + e~ & TEMPO ,E°=+0.83V vs. SHE (24)

Overall reaction:

Zn+ 2TEMPO* & Zn** + 2TEMPO , Ecan = 1.59 V (25)

The resulting hydroxyl-TEMPO has ability to dissolve at concentrations as high as 3.6 M. The proposed system
used metallic zinc and carbon felts as the negative and positive electrode materials, respectively. Both cation
(Nafion® 212) and anion exchange membranes (Selemion DSV) were tested in two different supporting
electrolytes (1 M sodium perchlorate or sodium chloride). In all cases, the open-circuit cell voltages were more
than 1.6 V upon charging. The energy efficiencies were the highest (80.4 %) at 10 mA cm, when Nafion® 212
membrane and sodium perchlorate electrolytes were used. The capacity of the resulting battery tended to decrease
after cycles. This is attributed to the decrease in hydroxyl-TEMPQ concentration caused by its side reaction, which
convert the active materials into other organic molecules. Charge-discharge cycling was also performed at high
hydroxyl-TEMPO concentration (1 M), the initial energy efficiencies were lower (67. 5 %) at 10 mA cm. The
discharge capacity and energy densities were 8 A h L't and 9.6 W h L™, respectively. However, the capacity
retention dropped rapidly to 0 % within 5 cycles, possibly due to the chemical degradation of active materials in
the presence of the generated hydroxyl ions. For these reasons, stable control of electrolytes and long-term stability
of active materials are necessary for improved battery performances [175].

In the same year, membrane-less zinc organic hybrid flow battery was introduced by Leung et al. [58, 59]. The
operating concept makes use of the slow dissolution of zinc electrodeposit in the presence of soluble benzoquinone
species at low concentrations (c.a. 0.1 M) in the common electrolytes. Instead of prototypical 1,4-hydroquinone,
1,2-hydroquinone-disulfonic acid was used due to more redox potentials (+0.85 V vs. SHE), resulting in a cell
voltage of more than 1.4 V. Unlike the aforementioned TEMPO derived species, both negative and positive
electrode reactions undergo two-electron-transfers processes. Despite relatively low current densities (30 mA cm-
2), the capital cost of this system is still lower than the cost target (USD$150 /kW h by the US Department of
Energy in long-term, while electrolyte cost is just USD$ 14 /kW h or less. In the absence of separator, the charged
species are free to react with the zinc electrodeposit as a self-discharge process. The corrosion current densities
were estimated to be less than 10 mA cm?, which is still lower than the current densities used (30 mA cm) [58,
59].

At positive electrode:

¢ 3 OH
fog (26)
SOGH HOS + 2 HT 42~ «» SOMH HOss  FO0— 4 (83V ys. SHE

Overall reaction:

@ 3 OH
Jou (@7)
SOH HOS + Zn + 2 HY & SOMH HOss | 7,2+ FO= 4 (83V s, SHE

With the use of single flow configuration, carbon substrate and felt were used as the negative and positive
electrodes, respectively. Concentrated zinc species (1.5 M) was used in the common electrolyte to facilitate the
zinc elecrodeposition process and avoid mass transport limitation. The battery was charge-discharge cycled with
an average energy efficiency of ca. 73 % at 30 mA cm for more than 12 cycles. The low concentration of the



organic species (50 mM) implies a relatively low specific energy compared to conventional systems, although its
cost advantage is still maintained. To further minimize the capital cost per kW h, future work should focus on the
use of higher current densities, facilitated by improved mass transport and cell architecture. Higher specific energy
can be achieved at higher organic active species concentrations with the use of separator, which tends to add
further cost to the system [58, 59].

4.3. Positive redox couples involving gaseous phase active materials

In some zinc-based hybrid flow batteries, gaseous active materials, particularly oxygen and halogen (i.e. bromine,
chlorine), are often generated in the positive electrode reactions during the charging processes. Compared to
halogen, oxygen as a charged species is not hazardous to human and is continuously supplied from atmospheric
air. For these reasons, there is no specific requirement in gas storage, resulting in simplified cell design. Despite
relatively large overpotentials, bifunctional catalysts enable both reduction and oxidation reactions to take place
at the same electrode. Since oxygen (as the charged species) is negligible in the electrolytes, no separator or ion-
exchange membrane is required, resulting as a membrane-less or single flow system.

In contrast, bromine and chlorine are harmful gases evolved in the charging processes. These gases species are
often sequestered or condensed into liquid or solid phases (i.e. forming polybromide in oily phase; forming solid
chlorine hydrate with water at 10 °C) and stored carefully in specific chambers. Upon discharge, these halogen
species are often mixed with the zinc containing solutions and pass through the porous electrode within the
positive half-cells. In typical cases, these halogen species are corrosive to metallic electrodeposits. Therefore,
separator or ion-exchange membrane are often used to prevent the permeation of these species towards the
negative half-cell and ensure high coulombic efficiencies.

4.3.1. Zinc-air

The zinc-air battery was originally developed as primary batteries in the 1930s [176] based on the concept of
Leclanché wet cells (zinc-manganese dioxide, 1866) [13]. Since the 1970s, mechanically rechargeable system
were introduced without the electrochemical charging process [177], spent zinc metal is physically replaced with
fresh anodes, or refueled as a form of zinc slurry by pump_[178, 179]. Rechargeable systems by mean of
electrochemical approach has become available with the developments of bifunctional catalysts for the oxygen
evolution and reduction reactions, which are based on low-cost and sometimes non-metal materials [180, 181]. In
all these cases, alkaline electrolytes are used due to the higher activity of both zinc and air electrode reactions:

At negative electrode:

ZIn+40H™ & Zn(OH),*” +2e~ ,E°=—-1.22 Vvs. SHE (28)
Zn(0OH),*~ & Zn0 + H,0 + 2 OH~ (29)

At positive electrode:

0,+4e” +2H,0 & 40H E°=+0.4Vvs. SHE (30)

Overall reaction:

2Zn+ 0, & 27Zn0 ,Ecen=1.62V 31)

In practice, the working cell voltage of primary systems is typically 1.0 — 1.4 V, lower than the standard potential
(1.62 V), under considerable current densities (up to 100 mA cm?) [181]. This kind of batteries have been
implemented for medical and telecommunication applications [182]. For rechargeable system, a large charge



voltage of 2 V or higher have been observed due to the substantial overpotentials of the positive oxygen electrode
reactions, restricting the current densities to be lower than 30 mA cm [181]. These systems have advantages in
terms of flat discharge voltage, safety, low-cost and low self-discharge rate. However, extended cycle life and
long discharge duration have been troubled by non-uniform zinc electrodeposition and lack of durable bifunctional
catalysts.

To improve the morphologies and avoid the dendritic growth, flowing electrolyte has been used in zinc-air
rechargeable batteries. The early system was introduced by Lawrence Berkeley Laboratory [183, 184] in 1988.
Unlike conventional zinc-air systems using granular powder or pellets (as a gelled mixture), the flow system stores
energy through electrodeposition of zinc. The proposed system (2 W) used porous reticulated carbon and
bifunctional air catalyst as the negative and positive electrodes, respectively. Unlike other flow systems, no
membrane or separator is necessarily required. In the zinc negative half-cell, no apparent shape change or dendritic
growth were observed over 600 cycles with a discharge capacity of c.a. 200 mA h cm2. The specific energy was
estimated to be 110 Wh kg, which was compared to other zinc-air rechargeable systems at large-scale [185].
Considering most materials are inexpensive, the cost of this system was estimated to be as low as USD$ 20 / kW
h (at 1980’s value) [120], which is still believe to be lower cost than other zinc-based systems.

After a few decades, similar system was introduced by Pan et al. [186] using the concept of single flow system. A
composite electrode was used as the positive electrode, one side of this electrode facing the aqueous electrolyte used
nano-structured Ni(OH)- for the evolution reaction, while the other side facing atmospheric air used MnO_ doped with
NaBiOj catalysts for the reduction process. At 20 mA cm2 and 60 °C, the charge and discharge voltages were 1.78 V
and 1.32 V, respectively. By circulating the electrolytes, dendritic growth and shape change of the zinc negative electrode
has been effectively prevented. It was also shown that energy efficiencies of more than 70 % were obtained over 150
cycles.

Considering significant energy is consumed during oxygen evolution, Wen et al. [187] proposed a dual functional system
to use this energy to generate organic acid instead through another positive half-cell, in which raw materials are
continuously supplied through circulation as shown in Figure 11. Organic acids, such as propanoic acid, glyoxylic acid
and cysterici acid, are oxidized from raw materials of propanol, glyoxyal and xysteine, respectively. A common negative
electrode was shared with the two positive half-cells. In the charging process, propanol is oxidized to propanoic acid and
zinc is electrodeposited at the negative electrode. During discharge, oxygen is reduced at the other positive electrode and
metallic zinc dissolutes back to the electrolyte to release energy. The energy efficiency of the battery is up to c.a. 59 %,
which means that percentage of energy consumed by the organic electro-synthesis can be recovered. The other work of
the same authors [188] also reported that spongy morphologies can be suppressed effectively with lead and tungstate ions,
although co-electrodeposition of lead and zinc ions may occur. Similar to most alkaline zinc-based batteries, challenges
of dendritic growth, zinc oxide precipitation, shape change of electrodes need to be further addressed. The
overpotential of the positive electrode reaction needs to be minimized with the development of low-cost and
durable catalysts. Improved cell design or architecture is important to ensure efficient oxygen transfer to a number
of cells within a stack system.
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Figure 11.  Bifunctional zinc-air hybrid flow batteries by using propanol oxidation as a counter electrode
reaction [187].

4.3.2. Zinc-bromine

The zinc-bromine battery was first patented in 1885[189] and has been developed as hybrid flow battery by Exxon,
Gould and National Aeronautics and Space Administration (NASA) in the 1970s [190]. This kind of battery has
high theoretical energy density (440 W h kg™) and cell voltages (c.a. 1.8 V). Over the past few decades, the zinc-
bromine hybrid flow batteries have been commercialized and installed by several companies (See Section 6). The
specific energy of these commercial system is still limited to 60 — 85 Wh kg [191], which is just 20 % of the
theoretical value. In flow cell configuration, zinc bromine electrolytes are circulated in both half-cells through
external pumps. In the positive electrolyte, a quaternary bromide salt (QBr), such as N-methyl N-ethyl
pyrrolidinium bromide (MEP) or N-methyl N-ethyl morpholinium bromide (MEM), is added as a sequestering/
complexing agent [192, 193] to sequester the evolved bromine into an alternate phase with low vapour pressure
in the charging process. The sequestered bromine is then stored in an oily phase that remains separated from the
main aqueous phase due to the higher specific gravity of these complexed phase. The concentration ratio of QBr
to ZnBr, is typically 1:3 [194, 195], which means 1 M of sequestering agent is used with 3 M zinc bromine
solutions.

The overall electrode reactions can be described as follows:
At positive electrode:

Br, +2e” & 2Br~ E°=+1.087 V vs. SHE (32)

Overall reaction:
Bry, + Zn & 2Br™ + Zn?* | Eca1 = 1.849 V (33)

The actual chemical species are even much more complicated as complexing agents are added to form
polybromide ions (Bry,; n = 3, 5, 7), which tends to be more sluggish due to the addition of an additional
sequestration/ dissociation steps during the charge-discharge processes. The overpotentials of both electrode
reactions are relatively low (< 200 mV at 100 mA cm) and usually larger for the zinc negative electrode reactions
due to the use of planar electrodes [196]. As reported by Lim et al. [196], formations of dendrites are often
observed when the current densities were as low as c.a. 15 mA cm?, although prolonged charge (i.e. 10 h) has
been demonstrated.

For commercial systems, the operating pH range is relatively narrow (between 1 and 3.5) and needs to be
controlled throughout the operations. For instance, undesirable mossy morphology and bromate formation tend to
take place above pH 3. When the pH is higher than 6, solid zinc oxide is formed rather than soluble Zn?* species
(ZnBry’) as suggested by the relevant Pourbaix diagram [191]. At lower pHs, corrosion and hydrogen evolution
become more dominant and lead to lower coulombic efficiencies [196]. When the pH is lower than 1, excessive
hydrogen evolution was observed and resulted in higher overpotential due to the trapping of gas bubbles on the
surfaces of the electrodes [196] .

The influence of supporting electrolytes regarding electrode reactions[197, 198], solubilities and ionic
conductivities [196, 199] have been evaluated under a wide range of salts (Na*, NH4*, CI-, Br, SO4%, H,PO4 and
NOj3Y). Chloride based electrolytes (up to 0.5 M) tend to perform poorer than their sulphate, bromide or phosphate
counterparts, while nitrate electrolyte is not suitable. However, the ligands of zinc complexes could affect the
electrochemical performance of the half-cell electrode reactions [198]. The addition of bromine sequestration
agents (i.e. MEP, MEM) exhibit higher reversibility in terms of anodic to cathodic current ratios in the cyclic
voltammograms as shown in Figure 12, which is due to the aggregation and effective complexation with bromine
[192].



Similar to other hybrid flow batteries, shunt current causes uneven electrodeposition in each unit cell and results
in lower discharge capacity [63, 200]. This can be minimized by appropriate cell designs with feed channels to
each cell long and narrow enough to increase the electrical resistance. To improve the morphology of zinc
electrodeposits, organic [201, 202] and inorganic additives [203] have been added to the electrolytes. In some
cases, the ionic liquid additives used for bromine sequestration [201, 204] and inorganic salts, i.e. zinc perchlorate
[63], were observed to reduce the crystal size and prevent dendritic formation. Surface active agents are known
to suppress zinc dendrites but also promote mixing of the aqueous and polybomide phases, enabling the bromine
reaction to take place evenly on the electrode surface [202]. Poor mixing of the polybromide-complex phase
(particularly at the bottom of the cell) is commonly observed in the zinc-bromine flow batteries [202].

For bromine positive electrode reactions, three-dimensional carbon based materials, mainly carbon felts [192,
205] and reticulated vitreous carbon [196, 206], have been used in typical systems to facilitate the bromine
reactions by minimizing the overpotentials. Recent investigations have further enhanced the reaction kinetics by
developing electrode materials with high activity, such as carbon nanotubes [205, 207], active carbon [208] and
carbon black [209, 210]. Other approaches include surface modifications [208, 211] and electrochemical
exfoliation, such as halogenation [212]. Some of these systems have been demonstrated to operate at current
density as high as 80 mA cm2 with energy efficiency of c.a. 80 % [210].
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Figure 12.  Infleunce of bromine sequestration agents (MEP, MEM) on zinc-bromine electrolytes (2 M

Zn%, pH 3, at 20 mV s and 25 °C.

Despite the low-cost active materials (zinc and bromine), the overall cost of zinc-bromine system is not necessarily
lower than commercial all-vanadium redox flow batteries [191], which is attributed to the use of expensive
sequestering/ complexing agents and the relatively low current density of the systems ( < 50 mA cm, implying
more cells are required for equivalent power output). To improve the energy density, a single flow cell system has
been demonstrated, in which carbon felt electrodes were coated with active materials and sealed within the
compartment to avoid bromine emissions as shown in Figure 1 [192]. Other recent system also demonstrate
reasonable performance (energy efficiency of c.a. 74 % at 40 mA cm) in the absence of such sequestering agents
[197]. Improved cell architecture and electrolyte circulations could further improve the morphologies of zinc
electrodeposition and avoid poor mixing of polybromine and aqueous phases [213]. To-date, specific energy of
the commercial system (60 — 85 Wh kg?) still requires significant improvement, which is currently less than 20
% of their theoretical value (440 Wh kg™) [191]. Future research directions should focus on approaches to improve
the energy density and cell performance at lower-cost by mean of cell designs and material developments.

4.3.3. Zinc-chlorine



The zinc-chlorine battery was introduced by Charles Renard in 1884 [214]. Further development of this
technology has been made by Energy Development Association Inc. (EDA) in the 1970s [215]. The system was
developed as a form of flow battery and exhibit relatively high cell voltage of 2.12 V. The overall electrode
reactions are described as follows:

At positive electrode:

Cl, +2e” & 2Cl” E°=+1.36V vs. SHE (34)

Overall reaction:

Cl, +7Zn & ZnCl, ,Eca1 =212V (35)

In the charging process, chlorine gas is evolved at the positive electrode and stored in another chamber by mixing
with water to form solid chlorine hydrate at c.a. 10 °C. When the battery undergoes a discharge process, chlorine
is later reduced back to soluble species. A 10 kW (50 kW h) system has been tested with an energy efficiency of
c.a. 60 % [215] and cycle life of up to 500 — 5000 cycles [216].

Among early studies, Jorne et al. [217] evaluated the half-cell overpotentials of a similar hybrid flow battery, in
which graphite plate and porous graphite were used as the negative and positive electrodes, respectively. The two
electrodes have active area of 68 cm? and gap in between of 0.2 cm. The electrolyte was 2 M zinc chloride solution
and circulated at 0.06 L min*. Despite the use of porous electrodes, the overpotential was mainly observed on the
chlorine positive electrode. The overpotentials for charge and discharge processes were +120 mV and —200 mV,
respectively. This was mainly caused by the slow kinetics and ohmic losses within the porous structure. The ohmic
resistance can be reduced by adding potassium chloride salts. On the other hand, the overpotential of zinc negative
electrode reaction was relatively small (< 50 mV) in both charge-discharge processes. The voltage and columbic
efficiencies are 78 and 84 %, respectively with an energy efficiency of approximately 66% [217].

The resulting zinc-chlorine hybrid flow battery has a practical energy density of 154 Wh kg, higher than that of
the similar zinc-bromine systems (60 — 85 Wh kg). Since the system requires additional chambers, the estimated
cost was about USD$500 — 750 / kW h, significantly higher than the DoE cost target (USD$ 150 / kW h) [216].
Energy loss was attributed to the inefficient processes of hydrogen evolution and dissolving chlorine at the
negative and positive electrodes, respectively, in the charging process. Other side reactions include the slow
oxidation of graphite by the corrosive chlorine gas, although the electrode life is often expected to exceed the goal
of 10 years [215]. Future research direction should focus on safer and more efficient chlorine gas storage as well
as more durable electrode materials for long-term operations.

5. Research issues associated with the operating conditions

More detailed investigations on both negative and positive electrode reactions are essential to obtain improved
charge-discharge performance for further developments. Attentions should be given to technical issues associated
with operating parameters (current density, temperature) and the half-cell chemistries (pH, ligand chemistry,
hydrogen evolution and corrosion), which are essential to enable full commercial potential and deep market
penetration.

5.1. pH

Electrolyte pH is a crucial factor determining the forms and the reaction mechanisms of the dissolved species as
well as their solubilities, conductivities and electrode potentials. Under certain conditions, the relationship
between electrode potentials, pHs and the forms of dissolved species have been established in Pourbaix diagrams.
Side reactions are also often influenced by the acid or alkaline contents of the electrolytes. For instance, higher
acid concentrations tend to promote and suppress hydrogen and oxygen evolutions, respectively [89, 147, 218].
However, these gaseous reactions also consume protons or hydroxide themselves, leading to further changes of
the pH in the solutions.



Taking into account that many systems employ ion-exchange membrane (i.e. cation, anion, filtration), proton or
hydroxide ion transfers between the two half-cells to balance the reactions depending on the types of these
membranes. When proton-exchange membrane (i.e. Nafion®) is used in acidic solution, protons move from the
positive half-cell to its negative counterpart to form acid by complexing with the anions during the zinc
electrodeposition process (reduction of Zn2* to Zn%). Therefore, acidity or alkalinity changes are almost inevitable
in the battery processes.

The increase in acid concentration is known to be undesirable for the zinc negative electrode reactions in terms of
electrodeposition and corrosion processes. Buffer solution, such as acetate, has been used in some acidic systems
to control the concentration of free proton in a preferred range [142]. In the case of zinc-bromine batteries, a
narrow range of pH between 1 and 3.5 is required to maintain throughout the operation [219]. For some positive
active species, such as cerium, the influence of particular acid on the solubility of the oxidizied species can be
contrary to that on the reduced species. Therefore, a high acid concentration (up to > 3 M) is required to dissolve
a modest concentration of active species (i.e. 0.8 M). The potential transfer of this amount of acid through the
membrane implies difficulties in the zinc electrodeposition process. At high acid concentration, low current
efficiency of zinc electrode reaction is expected due to excessive hydrogen evolution and electrodeposit corrosion
in the charge [220] and discharge processes [54], respectively. In general, hydrogen evolution can be observed at
low pH (pH < 3) but become excessive when the pH is below 1 [221]. In contrast, high pH may lead to precipitate
of Zn(OH), layer and result in low current efficiency [222]. pH buffers may be used to stabilize the pH in the
electrolytes [223].

5.2. Ligand chemistry

For both negative and positive electrode reactions, redox species dissolved in the electrolytes often appear as
coordinated ion forms, although some of them are of mixed stability. At different pH and electrolyte compositions,
metal ions often appear at different forms as metal complexes. As suggested by the Pourbaix diagrams, the
reactions and the corresponding potentials can be different from each other at different pHs and electrolyte
compositions For some complexes, the reactions may take several steps to achieve equilibrium. The whole
reaction rate can be changed if one of these reaction steps have been affected.

The stability constants of various metal chelates and those of the anions are summarized elsewhere [107, 224,
225]. These values are associated with dissociation constants, which are highly related to the solubilities of certain
species. For those complex ions with low stability constants, such as chloride, tend to have higher solubilities than
their sulphate counterparts. Electrode reactions may take place at lower electrode overpotentials and improved
reaction Kinetics due to weaker ligands. Therefore, electrolytes with mixed anions may further improve the
reaction kinetics and solublilities of soluble active species [226-229].

For zinc electrodeposition, it is generally easier to deposit on the substrate surface from these complexes with
higher deposition rates and current efficiencies. As discussed in Sections 2 and 3, the low deposition overpotential
tends to give poor brightening and leveling performance, therefore suitable additives or complexing agents should
be added in the electrolytes [230]. In contrast, despite improved morphologies for those with higher stability
constants, the process tends to be less efficient in terms of current efficiencies, especially at low ion
concentrations.

5.3. Current density

In zinc-based hybrid flow batteries, negative and positive electrode reactions tend to take place under mixed
control due to the distribution of current, potential and electrolyte flow, although it is ideal to avoid mass transport
limitation by taking place under charge-transfer controlled. For soluble redox couples involving liquid phase
reaction, this can be easily achieved by reducing the local current densities with the uses of high-surface-area or
porous electrodes instead of a flat, planar electrodes.



Depending on the available active areas of these materials, higher current outputs are often expected, compared
to planar (or two-dimensional) electrode materials. Previous works demonstrate that current densities of typical
porous or three-dimensional materials, such as carbon felts and carbon papers, could reach up to more than 200
mA cm for liquid-phase reactions (i.e. vanadium and cerium redox reactions) by minimizing the cell resistances
with suitable cell architectures and membrane selections [229, 231, 232].

However, the current densities used in most zinc-based systems are usually less than 50 mA cm, as restricted by
the areas allowed for zinc electrodeposition at the negative electrodes. A few high-surface-area electrodes, such
as carbon felts and nickel foams, have been used in zinc hybrid flow battery under acidic and alkaline conditions
batteries [116, 142]. It was demonstrated that reasonable energy efficiencies (i.e. > 50 %) can be achieved at ultra-
high current densities of up to 300 mA cm [116]. Compared to planar surface, it is often much more difficult to
electrodeposit zinc in porous structures [142, 221]. This is possibly due to the requirements of high overpotentials
for uniform electrodeposition as characterized by ‘throwing power’ — the ability of electrodeposition into low
current density areas as in the areas of high current densities.

Among common zinc electrolytes used in the electroplating industry, the throwing power under a standard
condition is of the following order: high cyanide> low cyanide> acid> alkaline non-cycanide [233]. However, the
current efficiencies of these electrolytes are often higher than 80 % at low current densities (< 20 mA cm?). At
low current densities (< 20 mA cm?), the current efficiencies are often higher than 80 % in all these baths as
shown in Figure 13, in which acidic baths tend to have higher current efficiencies than their alkaline counterparts.
However, early work reported that dendrite-free zinc can be electrodeposited well into the porous reticulated
vitreous carbon foam at 100 mA cm2 with the essential uses of organic additives and flowing electrolytes [234].

In existing literatures, zinc electrodeposition was mainly carried out at flat, planar electrodes. In some electrolytes,
dendritic growths are observed when the current densities are higher than 15 mA cm [196]. At increased current
densities, ‘burned’ coating can be observed when the supply rate of zinc ions to the cathode surface is insufficient
to maintain the electrodeposition rate. This phenomenon can be avoided by increasing the zinc(ll) ion
concentrations and the limiting current densities through convective mass transport control [235]. In some extreme
cases, ultra-high current densities of up to 1300 mA cm have been reported with the use of very high electrolyte
flow rates (up to 5 m s1) [236].
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Figure 13.  Comparisons of half-cell coulombic efficiency of zinc electrodepositions in acidic and alkaline
electrolytes [233].

When the current density increases from 30 to 500 mA cm, the surface morphology changes from hexagonal
platelets and ridges to the pyridmidal texture in acidic sulphate solutions [237]. However, increased current
densities often lead to lower current efficiencies caused by side reactions in both acidic and alkaline electrolytes



[238, 239]. When the current densities are too small, electrodeposition rates may be too slow to form any coating
but generally bright electrodeposits are often obtained [240, 241]. In practical systems, zinc electrodepositions in
acidic and alkaline electrolytes have been demonstrated with reasonable efficiencies in parallel plate flow cells at
15 - 50 mA cm for prolonged charge and discharge processes (charge duration of up to 20 h) [147, 186, 196].

5.4. Temperature

Temperature has influences on both electrode potentials, electrolyte solubilities, electrolyte resistances, reaction
kinetics and the diffusion co-efficient of the active species. For zinc-based flow batteries, it is often difficult to
define the optimum temperatures for both negative and positive electrode reactions, which vary significantly
among different operating parameters (i.e. current densities) and electrolyte compositions (pHs and salts). In both
acidic and alkaline solutions, negative zinc electrode reactions tend to be reversible and exhibit high current
efficiencies (> 85 %) at low current densities (c.a. 20 mA cm2 and ambient temperatures [35, 86, 200, 233]. The
influence of temperatures on zinc electrodeposition tends to vary significantly from different literatures [86, 242-
246]. In both acidic and alkaline electrolytes, there are some works reported with high coulombic efficiencies
observed at elevated temperatures [242-245], while some reported the opposite results due to the stronger
depolarizing effect on hydrogen evolution [86, 246] and faster corrosion rates [54]. At elevated temperatures,
additive adsorptions and polarizations tend to become weaker. In some cases, additives may loose their functions
and become insoluble in the electrolytes [247], leading to poorer efficiency, deposit adherence and morphology
[246].

In practice, the influence of temperature should take into account of the positive electrode reactions. For instance,
the positive cerium reaction tends to be more sluggish process and appear as the limiting reaction of the full battery
at low temperatures (< 50 °C). Together with the limited areas of platinised titanium mesh (compared to high-
surface-area carbon felts), the half-cell coulombic efficiency of cerium reaction was even lower than 50 % at 25
°C. As suggested by fundamental studies [89], elevated temperatures (50 °C) effectively improve the reversibility
by means of reaction kinetics, electrolyte conductivity, diffusion co-efficient and viscosity. In the case of zinc-
bromine batteries, the operating temperatures are between 20 and 50 °C and have little influences on overall energy
efficiencies as shown in Figure 14. At low temperature, the electrolyte resistivity increases, resulting in lower
voltage efficiencies, which are offset by the higher coulombic efficiencies attributed to slow bromine transport.
At high temperature, the resistance decreases but with higher bromine transport., which partially compensating
for each other [196, 200].
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Figure 14.  Influence of temperature on system efficiencies of a zinc-bromine hybrid flow batteries [200].



5.5. Hydrogen evolution

Hydrogen evolution tends to take place concurrently with zinc electrodeposition as a side reaction at the negative
electrodes, which is considered as a major loss of current efficiencies at high current densities. Depending on the
pHs of the solutions, the hydrogen overpotential can be as high as 1.0 V with suitable organic additives and
substrate materials [248]. When metal substrate is used, the rates of hydrogen adsorption and evolutions tend to
be higher in the conditions of high current density, low temperature and pH [248, 249]. In the absence of organic
additives, zinc electrodeposition with over 90 % half-cell coulombic efficiencies are often obtained with carbon-
based substrates at relatively high current densities (at 50 mA c¢m) in several acid electrolytes [35, 86]. The
mechanisms of hydrogen adsorptions and evolutions have been discussed in previous literatures [248, 250-253].

In the field of zinc electroplating, cationic surfactants are often used to suppress hydrogen evolutions [254-258],
while preventing the growths of mossy and dendritic morphologies [254, 259-261]. In particular, cetyl
trimethylammonium-based surfactants are commonly used and known to suppress hydrogen evolutions at low
cost [258]. Other organic inhibitors for suppressing hydrogen evolution include tartaric acid, succinic acid and
phosphoric acid, which also provide levelling performance for zinc electrodepositions [262]. However, some of
these organic additives have large molecular weight or long hydrocarbon chain, the strong absorption and
inhibiting effect often decrease the half-cell coulombic efficiencies [86] and slow down the charge-transfer
processes [263]. Inorganic inhibitors often includes soluble salts or metal oxides of indium, bismuth, tin, gallium,
thallium, bismuth and lead used in aqueous electrolytes [144, 264]. It should be noted that some of these elements
are toxic or hazardous to the environments.

5.6. Zinc corrosion

Since zinc is an active materials, corrosion or self-dissolution of zinc leads to energy losses of battery systems.
According to Pourbaix diagrams, no surface oxides are stable in acidic solutions, instead zinc dissolution and
hydrogen evolution tend to take place simultaneously as mixed electrode reactions on the surfaces. In general,
higher rates of dissolutions and hydrogen evolutions are observed at higher proton/acid concentrations. However,
the rate of dissolutions might become lower at certain high acid concentrations (i.e. > 6 M) due to the lower
availability of dissociated protons in the solutions [54]. In the pH range 1 to 4, this process is via cathodic control
and the kinetics of the hydrogen evolution dictates the overall corrosion [265].

In alkaline solutions, zinc corrosion products formed are mainly zinc oxide and ZnOH* according to
thermodynamic, which are not an effective protection barrier. In the pH range 4 to 11, the corrosion rates do not
vary significantly attributed to the change in the cathodic reaction from hydrogen evolution to oxygen reduction.
When the local pH is between 11 and 12, protective zinc oxides may be formed at certain negative electrode
potentials, although the minimal corrosion may take place at lower pH in the alkaline solutions (i.e. pH 10 to 12)
[265].

In general, the corrosion rates are highly influenced by the morphology and crystallographic planes, which are
highly influenced by the electrolyte compositions [266]. Crystallographic and close packed planes tend to have
higher binding energy of the surface atoms, resulting in better corrosion resistance. Other studies demonstrates
that electrodeposits with finer grain size tend to have higher hardness and corrosion resistance [24, 25, 267, 268].
The uses of organic additives in both acidic and alkaline solutions often improve the electrodeposit morphologies
and offer high current efficiency of > 90 % at < 40 mA cm. The resulting electrodeposits also show improved
corrosion resistance in corrosive chloride solutions than the electrodeposits obtained in the absence of additives
[269].

Apart from improving zinc morphologies, some electrolyte additives also serve as corrosion inhibitors. Organic
additives, particularly surfactants, often inhibit corrosion effectively by adsorption, and geometrically blocking
of the zinc surfaces. On the other hand, inorganic additives, such as lead and indium, often form less chemically
active metallic layers on the zinc surface. However, these inhibition effects are sometimes temporary over
prolonged period of time (i.e. 10 h) as the adsorption of organic additives and the metallic layers may not be



lasting over times, especially under continued hydrogen evolutions [54]. Due to the strong adsorption and blocking
of certain additives, there is no guarantee of high half-cell efficiencies suitable for zinc-based battery applications.

6. Applications of zinc-hybrid flow batteries

Due to the increased share of intermittent renewable energy sources, redox (or hybrid) flow batteries have become
one of the most popular energy storage devices for grid-scale applications. Despite various flow battery
chemistries, only all-vanadium, zinc-bromine, zinc-cerium, zinc-nickel and zinc-iron (zinc-ferricyanide) have
been successfully scaled-up or commercialized from kW to MW scales. In addition to all-vanadium, the other
systems are all based on zinc negative electrodes and exhibit higher operating voltages (> 1.58 V vs. 1.4 V of all-
vanadium) (Figure 15.). The chemistries of these scaled-up or commercial systems have been introduced for more
than a decade, their specifications and installation information have been summarized in Tables 2.

3.0
2.5
=
~
o 2.0- —
=11}
-
= -
o 1.5
é — All-vanadium (30 mA cm?)
;:? 1.0 =— Zinc-bromine (15 mA cm?)

Zinc-nickel (10 mA cm?)
0.5 — Zinc-ferricyanide (C:20 mA cm?;
= D:35 mA cm?)
—— Membraneless zinc-cerium (20 mA cm?)

Time

Figure 15.  Cell voltage vs. time response during charge-discharge cycle for all-vanadium (30 mA cm™2 for
2 h) [66], zinc-bromine (15 mA cm™2 for 10 h) [196], zinc-nickel (10 mA cm-2 for c.a. 2 h [55,
115]), zinc-ferricyanide ( charging at 20 mA cm™ for c.a. 1.5 h; discharging at 35 mA cm?)
[270] and the undivided zinc-cerium (20 mA c¢cm2 for 30 mins) [58, 59] hybrid flow batteries.

Among these zinc-based systems, zinc-bromine batteries have been the most studied systems and have been used
in a number of applications, including load-levelling (up to MW), power quality control, coupling with renewable
energy sources and electric vehicles (Table x, Figure 16). Other zinc-based flow batteries (i.e. zinc-nickel, zinc-
cerium and zinc iron) have been demonstrated at smaller scale (kW) for load-leveling and energy storage for
renewable energy sources. Load-levelling a strategy to store excess energy from a power plant during off-peak
hours and release it when demand rises. Zinc-bromine hybrid flow batteries has been demonstrated for prolonged
charging of up to 10 h [196], which is as competitive as commercial vanadium redox flow batteries.

Early grid-scale application of zinc-bromine batteries from 1 kW to 60 kW modules have been demonstrated
through Moonlight project partly sponsored by Japanese government in the 1980s. These modules were later used
ina 1l MW/4 MW h system in Fukuoka by Kyushu Electric Power Company (Japan), which consisted of twenty
four 25 kW modules and has been the largest zinc-bromine system. In the 1980s, Exxon (United States)’s patent
of zinc-bromine flow battery was transferred to Johnson Control Inc. (USA) and licensed to Studiengesellschaft
fur Energiespeicher and Antriebssysteme, S.E.A. (later known as Powercell, Austria), Toyota Motor (Japan),
Meidensha (Japan) and Sherwood Industries (Australia). In Australia, several Exxon’s systems at 3 — 20 kW have
been installed in Australia for demonstration purpose. Meanwhile, research and development on zinc-bromine
batteries have been carried out in Australia by Murdoch University (Parker and co-workers) and ZBB technologies



(Australia, recently as Ensync Energy System, United States). ZBB technologies expanded its business in the
United States and acquired the assets of Johnson Controls, Inc. (United States) to manufacture zinc-bromine
batteries [271]. In 2004, ZBB Technology was awarded a contract from California Energy Commission to
demonstrate a 2 MW/ 2 MW h system for load-levelling applications [200].

In United States, Premium Power Corp. (United States, recently as Vionx Energy, United States) used the
technology developed by Powercell (Austria. formerly S.E.A., Austria) but manufactured all-vanadium batteries
nowadays. Since the 2000s, Redflow Ltd. (Australia) and Primus Inc. (United States) manufactured zinc-bromine
flow batteries for household and load-levelling applications (up to 600 kW h). As claimed by Primus Inc., a
membrane-less system was developed and ready for commercialization[272]. Zinc-cerium technology has been
developed and scaled-up by Plurion Inc. (Scotland) and Applied Intellectual Capital (United States) up to kW
scale until recent years. Since the 2010s, ViZn Energy Inc. (a former zinc-air battery company, Zinc Air Inc.,
United States) manufactures zinc-iron (zinc-ferricyanide) flow batteries for load-levelling applications from kW
to MW scales [273].

Following the oil crisis in 1970s, Energy Development Associates (United States) has investigated the use of a 50
kWh zinc-chlorine flow batteries for electric vehicle applications. Since the Exxon project in the 1980s,
S.E.A.(Austria) has tested a number of batteries ranging from 5 and 45 kW h in several electric vehicles
accumulating more than 80,000 km [200, 274, 275]. This company has installed a 45 kW h, 216 V battery in a
Volkswagen bus used for Austrian Postal Service in mountain areas. The battery weighted about 700 kg and allow
maximum range of up to 220 km at 50 km h (Figure 16¢) [200]. In the 1990s, electric vehicles with zinc-bromine
batteries have also been tested by University of California (a 35 kW h system) and demonstrated by Toyota Motor
(Japan) as model EV-3036 (7 kW h, 106 V) [200]. Fiat Automobilesb (Italy) has also installed a 18 kW h zinc-
bromine battery (72 V, 250 A h) in Fiat Panda city car. Hotzenblitz GmbH (Germany) has also designed an electric
vehicle with a 15 kW h / 114 V zinc-bromine battery. Despite relatively high life-time, lack of adequate peak
power of zinc-bromine flow battery has been the main obstacle for electric vehicle applications[275]

Zinc-bromine Zinc-cerium Zinc-nickel Zinc-iron
(Zinc-ferricyanide)
Cell open-circuit 1.8 2.4 1.73 1.53
voltage/ V
Energy density/ Up to 60 12-20 Up to 50 -
WhL!
Cycle round-trip 65-75 63 >85 65-75
DC energy
efficiency/ %
Cycle life (cycles) >2 000 NG >500 >5000
Operating Temp. 50 60 30-50 45
/°C
Total system cost/ 1044 750 - >300
USD$ kw!




development

/Commercial units

Cost attribution 80 50 - -
of storage module
| %
Typical size range 0.01-5 NG 0.1 0.04-2
/MW h
Unit design life 5-10 15 >5 20
time/years
Stage of Demonstration Demonstration Demonstration Demonstration/

Commercial units

Major companies ZBB Energy Plurion Urban Electric ViZn Energy System
involved (recently as Ensync Power
Energy System),
Premium Power
(recently as Vionx
Energy) , Kyushu
Electric Power,
Meidensha, Primus
Power and
Redflow
Number of >10 2 1 >5
installations
Largest 1 MW in Kyushu, 2 kW -1MW 100kW in New 1000 kW in ComEd
installation by Kyushu Electric | testing facility in | York, US by Urban | Bronzeville, US by
Power Glenrothes, Electric Power ViZn Energy System
Scotland by
Plurion

Table x. Specifications and installation information of commercial zinc-based hybrid flow batteries.

System Company Customer Basic Application Installation
specification date
Zinc-bromine ZBB Energy Detroit Edison, 400 kW h Load levelling Jun 2001
United States
United Energy, 200 kW h Demonstration Nov 2001
Melbourne, for network
Australia storage
applications
Nunawading 400 kW h Load levelling 2001
Electrical
Distribution
Substation in




Box Hill,
Australia
Australian 500 kW h Solar energy Jun 2002
Inland Energy,
Australia
Power Light, 2 x50 kW h Solar energy Nov 2003
United States
Pacific Gas and 2 MW h Peak power Oct 2005
Electric Co., capacity
United States
Dundalk 125 kW / Wind energy Dec 2008
Institute of 500 kW h
Technology,
Ireland
Illinois Institute 500 kW h Microgrid Sept 2014
of Technology,
United States
Fort 500 kW h Microgrid 2013
Sill,Oklahoma,
United States
Pualani Manor, Solar energy 2013
United States
Kyushu Imajuku 1 MW/ Electric-utility 1990
Electric Power substation in 4 MW h applications
& Meidensha Kyushu
Electric Power,
Japan
Redflow University of 12 x 120 kW h Solar energy Apr 2011
Queenland,
Awustralia
Department of | Albuquerque, 28 MW h Solar energy 2011
Energy,US New Mexico,
United States
Vionx Energy | Massachusetts, 0.5 MW/ Peak power Nov 2016
(previously United States 3MWh capacity
Premium
Power )
Zinc-cerium Plurion Glenrothes, 2kW—-1MW | Testing facility 2007
Scotland
Zinc-nickel Urban Electric New York, 100 kW Peak power Jun 2013
Power United States capacity




Zinc-iron

ViZn Energy
System

Flathead 80 kW/ Utilities and Mar 2014
Electric 160 kWh power
Cooperative,
United States
BlueSky 64 kW Solar energy Nov 2013
Energy, Austria and Microgrid
Ontario, 2 MW/ Frequency Aug 2015
Canada 6 MW h regulation
Ancillary
services
Randolph- 48 kW Solar energy Apr 2015
Macon College,
us
ComEd 1000 kW Solar energy Mar 2016
Bronzeville,
United States
Idaho National 128 kW Microgrid Jan 2016
Laboratory, research

United States

Table x. Existing installations and applications of zinc-based hybrid flow batteries.




Figure 16.

PONERs

(b)

©

Installations of zinc-bromine hybrid flow batteries: (a) with solar energy at Marine Corps Air
Station (MCAS) in Miramar, California by Primus Power Corp.; (b) with solar energy sites at
New Zealand by Redflow Ltd.; (c) a Volkswagen bus used for Austrian Postal Service equipped
with a 45 kWh/216 V zinc-bromide redox flow batteries by S.E.A. [276]
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