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Abstract

The capital cost of conventional redox flow batteries is relatively high (> USD$ 200 /kWh) due
to the use of expensive active materials and ion-exchange membranes. This paper presents a
membrane-less hybrid organic-inorganic flow battery based on the low-cost elements zinc (<
USDS$ 3 Kg') and para-benzoquinone (< USD$ 8 Kg™'). Redox potential and voltammetric
studies show that the open-circuit voltage of the battery is 1.17 — 1.59 V over a wide range of
pH. Half-cell charge-discharge and dissolution experiments indicate that the negative electrode
reaction is limiting due to the presence of chemical side reactions on the electrode surface. The
positive electrode redox reactions are not affected and exhibit (half-cell) coulombic efficiencies
of > 92.7 % with the use of carbon felt electrodes. In the presence of a fully oxidized active
species close to its solubility limit, dissolution of the deposited anode is relatively slow (< 2.37
g h"' cm™) with an equivalent corrosion current density of < 1.9 mA cm™. In a parallel plate
flow configuration, the resulting battery was charge-discharge cycled at 30 mA cm™ with
average coulombic and energy efficiencies of c.a. 71.8 and c.a. 42.0 % over 20 cycles,
respectively.

Keywords: Flow battery; para-benzoquinone; hybrid; low cost; membrane-less.

Introduction

Ambitious targets for cutting greenhouse gas emissions [1] are reliant on the wide-scale
deployment of intermittent renewable energy technologies (notably solar and wind) on a grid-
scale [2]. To enable the use of such technologies, in particular to provide a stable energy output
to end-users, competitive energy storage systems are required to balance load with demand [3—
6]. To ensure that energy storage systems are economically competitive in the long term, the US
Department of Energy (DoE) has set a long-term capital cost target of USD$ 150/kWh to match
the costs of existing physical energy storage technologies [7].

Redox flow batteries have emerged as the most promising energy storage system in terms of
cost and safety for applications of a few kW/kWh up to tens of MW/MWh. The main advantage
of this technology over conventional rechargeable batteries is the ability to decouple capacity
from power effectively by adjusting the electrode size and/or the electrolyte volume [5]. The
shelf life of redox flow batteries is theoretically long since most cell components (i.e. plastic
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and carbon) do not corrode or deteriorate over time, considering that the active redox species
can be separated once the battery is charged.

Since the invention of the redox flow battery, various chemistries have been proposed (e.g., all-
vanadium [8], zinc-cerium [9] and vanadium-cerium [10]) and most use expensive ion-exchange
membranes to separate the negative and positive electrolytes. At the present time, the all-
vanadium redox flow battery is the most developed system, due to its high reversibility and
large power output, as well as the fact that the redox species remain in solution at all times.
However, the capital cost of this system (> USD$ 200/kWh) exceeds the proposed DoE target
for extensive market penetration. The current cost of vanadium is around USD$ 23 — 25 Kg'',
which represents around 30 % of the overall capital cost of the battery. The costs of the ion-
exchange membranes and electrodes are estimated to be c.a. 41 % in the cost model illustrated
in Figure 1, consistent with existing literature [11].
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Aiming to reduce costs and simplify the cell design, several membrane-less systems have been
proposed, including the soluble lead acid [13 — 14], zinc-nickel [15 — 16], copper-lead dioxide
[17], cadmium-chloranil [18], zinc-lead dioxide [19 — 20] and zinc-cerium [21 — 22] redox flow
batteries. Some of these proposed systems make use of the slow dissolution processes of
deposited metals in the presence of certain active species in the electrolytes. For certain
chemistries, the capacities of the batteries are still limited by the positive electrode reactions,
particularly those relying on a solid-phase transformation within the electrode materials (e.g.,
chloro-benzoquinone/chloro-hydroquinone [18], PbO,/PbSO4 [13 — 14], NiOOH/Ni(OH), [15 —
16]). In order to address these issues, it is preferable to use soluble active species rather than
species undergoing a solid-phase transformation for both of the electrode reactions and should
exhibit low corrosion rates at the anode. The chemistry should be based on low-cost active
materials (< USD$ 10 Kg™) and should lead to a voltage of > 1.0 V.

In order to achieve the low costs required, several studies have investigated the use of abundant
organic active materials based on common elements, such as carbon, hydrogen, oxygen and
sulfur [23, 24]. These organic molecules can be tailored to have certain properties, such as fast
kinetics, high solubility and high associated cell voltage in the resulting flow battery [25-28].
They typically dissolve in either aqueous or non-aqueous electrolytes and can be incorporated in
polymers [29] or appear as solid electrodes mixed with porous carbon and binders [30].

Aqueous based chemistries are considered in this work since the ionic conductivity of water is
significantly higher (6 x 10® S cm™ [31]) than that of pure organic solvents (1 x 10% S cm™ for
propylene carbonate, 6 x 10"'S cm™ for propylene carbonate [31]). Furthermore, the costs of
non-aqueous solvents (e.g.. USD$ 1.5 — 1.7 per dm’ for propylene carbonate [32]) are up to one
hundred times higher than of water (< USD$ 0.004 per dm?*) [33] for industrial applications.

In an attempt to increase the cell voltage and/or specific energy further, inorganic redox couples
can be combined with organic species in hybrid organic-inorganic systems, as reported recently
in several studies (anthraquinone-bromide [23], alloxazine-ferricyanide [34] and anthraquinone-
ferricyanide [35]). Despite relatively high cell voltages (0.86 V — 1.2 V), the inorganic redox
couples involved are either toxic or hazardous [23, 34, 35].

In this work, we propose for the first time the use of zinc (< USD$ 3 Kg') and para-
benzoquinone (< USD$ 8 Kg™) as the redox couples in a hybrid organic-inorganic flow battery,
which is, moreover, membrane-less. Among the various organic materials, quinone is used as
the active material due to its high chemical stability (benzene ring) and reversibility for flow
battery applications [36]. Faciliated by previous computational screening [37], benzoquinone
compounds as the parent isomers were reported to have higher solubilities (c.a. 100 mM) and to
lead to more positive electrode potentials than naphthoquinone and anthraquinone.

Parabenzoquinone (pBQ) is the prototypical member the quinone family. Its chemistry and
reaction products are well understood. In most cases, organic molecules can be oxidized or
reduced to a number of reaction products, including radicals. According to the Pourbaix
diagram [38], the possible reaction products at certain pH values (e.g., pH 7) can only be
parabenzoquinone (pBQ) and hydroquinone (HQ). The side reactions can only be the
decompositions of water (hydrogen and oxygen evolution).



Due to the low-cost of these active materials, the electrolyte cost is expected to be less than
USDS$ 15/kWh, leading to an overall capital cost of < USD § 150/kWh (see Figure 1 and
Supplementary Information). In the typical charge-discharge process, the negative electrode
reactions are the electrodeposition and dissolution of zinc on a planar substrate material:

Zn?t +2e” o Zn Ey=-0.76 V vs. SHE (1)

At the positive electrode, the primary reaction is the oxidation of hydroquinone (HQ) and the
reduction of para-benzoquinone (pBQ) during charge and discharge, respectively:

(5:;5 +2H +2¢

The proposed electrode reactions have been proven to be highly reversible with the use of
carbon-based electrodes and they involve two-electron transfers, resulting in a high specific

E,=+0.64 V vs. SHE (2)

capacity. Since a separator is not required in this configuration, a single electrolyte is circulated
through the battery for both the negative and positive electrode reactions. The operating concept
is based on the efficiency of the reactions and the slow rate of dissolution at the anode. The use
of carbon felt electrodes facilitates the redox reactions of the organic active species at the
positive electrode. Furthermore, the presence of the quinone molecule does not necessarily
hinder the electrodeposition process, since hydroquinone (HQ) is also used as an electrolyte
additive in metal plating [39].

The main challenge of this system is the self-discharge process caused by the dissolution of zinc
in the presence of the oxidized active species. This process can be controlled by using low
concentrations of the hydroquinone (HQ)/benzoquinone (pBQ) species, considering that the
solubility of the oxidized species is c.a. 100 mmol dm™ in aqueous solutions. By evaluating the
influences of the aforementioned issues, this work provides a preliminary proof-of-concept of
the first membrane-less organic-inorganic flow battery based on low-cost elements.
Experimental results show that the resulting system has an open-circuit voltage of > 1.1 V and
is capable of charge-discharge cycling at an average energy efficiency of c.a. 44.1 % over 20
cycles.

2. Experimental details
2.1. Chemicals

Analytical grade zinc chloride, 1,4-benzoquinone (also known as parabenzoquinone, pBQ), 1,4-
hydroquinone (HQ), sodium hydroxide and reagent grade aqueous hydrochloric acid were
supplied from Sigma Aldrich (Germany) and Fisher Scientific (UK). Solutions were prepared
with ultra-pure water (18 MQ cm resistivity) from a Millipore water purification system (Milli-
Q Integral 3). A metallic zinc sample of 1.6 mm thickness (foil, code: 10438, 99 % purity) was
supplied by Alfa Aesar (UK). Typical starting electrolytes for flow battery testing contained 1.5
mol dm™ zinc chloride and 50 mmol dm™ hydroquinone (HQ). Unless specified, the electrolyte
pH values were usually between 6 and 7 without using hydrochloric acid or sodium hydroxide
solutions.



2.2. Cyclic voltammetry

Cyclic voltammetry was conducted in a conventional three-electrode glass cell with
approximately 20 cm’ electrolyte volume. A glassy carbon electrode with an exposed area of
0.07 cm® was used as the working electrode. Counter and reference electrodes were platinum
and silver-silver chloride (AgJAgCl, 1 mol dm™ KCI, ABB, Series 1400, Switzerland). The
cyclic voltammetry measurements were made using a Bio-logic VMP potentiostat (Bio-logic
SAS, France) for both the negative zinc and positive quinone reactions in an electrolyte
containing 10 mmol dm™ active materials (zinc(IT) chloride and hydroquinone (HQ)) in 1.0 mol
dm™ sodium chloride. To evaluate the effect of pH on the electrochemical behaviour of the two
reactions, electrolytes were adjusted between pH 1 and 12 using sodium hydroxide or
hydrochloric acid solutions. For the zinc electrodeposition reaction, cyclic voltammetry was
carried out between the potential ranges of —0.5 and —1.6 V vs. Ag|AgCl at a potential sweep
rate of 80 mV s™'. Similarly, cyclic voltammetry was carried out between —0.3 and +1.2 V vs.
Ag|AgCl at the same potential sweep rate (80 mV s™) for the positive electrode reaction.

2.3. Zinc dissolution tests

Measurements of the zinc dissolution rate were carried out in different electrolyte compositions,
similarly to methods reported elsewhere [40]. To ensure that the surface conditions of different
samples were identical, zinc samples were supplied from Alfa Aesar (1.6 mm thickness, 99 %,
Ref. 10438, United Kingdom). The dimensions of these samples were c.a. 9.5 mm X c.a. 9.0
mm X c.a. 1.6 mm and their surfaces were pretreated by manually polishing with silicon carbide
paper grade P120, degreasing with detergent, and etching in concentrated acid (30 % HCI, 30 %
H,S0y,) for 30 s to obtain a light, matte, clean surface. Following these procedures, the samples
were ultrasonic cleaned for 1 minute and rinsed with ultrapure water (Milli-Q Integral 3). The
total exposed areas of the zinc sample surfaces were in the range 2.3 — 2.5 cm” The zinc
samples were removed and weighed every few hours using an electronic balance (£ 0.01 g
accuracy, Scout Pro SP202, Ohaus, United States). After each measurement, the zinc samples
were returned to the electrolytes. The experimental procedures described above were repeated
over a total period of 168 — 190 hours. The zinc dissolution rate can be represented by corrosion
current density, j.,, which can be measured from the average gravimetric values based on the
weight loss measurements [40, 41]. To ensure that the concentration of the parabenzoquinone
(pBQ) is relatively constant over time, solution volumes of 100 — 300 cm® were used. From
Faraday’s law of electrolysis, the average rate of weight loss at a constant current density j.,, is
given by:

dw/dt = Moy Az F 3)

where M is the molar mass of zinc (g mol™), 4 is the area exposed to the electrolyte (m?), z is
the number of electrons transferred and F is the Faraday constant (C mol™).

2.4. Flow battery experiments

The charge-discharge performance of the electrode reactions was evaluated in a commercial
flow battery (Proingesa, Spain) based on a membrane-less configuration, similar to that in
previous work [42]. Figure 2 shows the experimental arrangement and electrolyte circuits of the



proposed system. The single cell consisted of two electrodes, two acrylic flow channels (2 mm
thickness each) and four neoprene rubber gaskets (1 mm thickness each). There was one inlet at
the lower side of the positive electrode and one outlet at the upper side of the negative electrode.
The reference electrode was silver-silver chloride (0.1 mol dm™ KOH, equipped with a liquid
junction protection tube, ABB, Switzerland) placed at the entrance of the inlet, in line with the
electrolyte circuit.

The overall electrolyte and electrical circuits are presented in Figure 2 [21 — 22]. Within the
flow battery, planar carbon polyvinylester (2.0 cm x 2.0 cm, Electrocell, Denmark) was used as
the substrate material for both the negative and positive electrodes. In the case of the positive
electrode, a piece of carbon felt (2.0 cm x 2.0 cm, Sigratherm GFA-05, SGL Carbon, 5 mm
thickness, Germany) was attached on the substrate material with the use of polyester tapes
(Cole-Parmer Inc., United States). Unless otherwise indicated, a single electrolyte of 1.5 mol
dm™ zinc chloride and 50 mmol dm™ hydroquinone (HQ) (volume 40 cm’) adjusted to pH 7 was
circulated through the battery at a volumetric flow rate of c.a. 90 cm® min™.

In order to ensure an efficient zinc electrodeposition process, the negative planar carbon
electrode was charge-discharge cycled at 30 mA ¢cm™ in a pure 1.5 mol dm™ zinc(II) chloride
solution to obtain more than 90 % half-cell coulombic efficiencies over 20 cycles. In typical
charge-discharge experiments, negative and positive currents (40 — 320 mA; 10 — 80 mA cm™)
were applied at the working electrodes for a specified period of time, engendering the reduction
and the oxidation processes. The current densities are always referred to the negative two-
dimensional electrode (2.0 cm x 2.0 cm) due to the higher surface areas of the positive
electrodes. To evaluate the influence of the electrolyte compositions on each half-cell reaction,
the working electrode potentials of the two electrodes were measured independently. In the case
of full-cell experiments, the cell voltage was estimated by subtracting the negative from the
positive potential. The cut-off voltage was set at 0.8 V during the discharge process. All
electrochemical measurements were made using a Bio-logic VMP potentiostat (Bio-logic SAS,
France). The negative and positive electrode potentials and overall cell voltages were
continuously monitored.

The coulombic, voltage and energy efficiencies of the redox flow battery were calculated from
the following formulae:

Coulombic efficiency = j, At;/ j.At. x 100 % 4
Voltage efficiency = V,/ V.x 100 % ®))
Energy efficiency = j, V,At, / j.V.At. x 100 % (6)

where V' is the cell voltage, j is the applied current density, Az, is the charge duration and A¢, is
the discharge duration; subscripts ¢ and d denote the charge and discharge processes,
respectively.
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Figure 2 Schematic of the experimental arrangement and the electrolyte circuits for the
proposed membrane-less zinc-benzoquinone (BQ) flow battery.

3. Results and discussion
3.1. Redox potentials

For the development of this battery chemistry, it is important to identify the possible cell
voltage range for typical operations. Estimates of the cell voltages can be obtained by measuring
the half-cell potentials. In this study, the half-cell potentials were measured at open-circuit in the
presence of the charged products (i.e. 100 % state of charge (SOC)). For instance, the formal
potentials of the negative and positive electrodes were measured by cyclic voltammetry using
metallic zinc and glassy carbon electrodes, respectively, in the electrolyte containing 10 mmol
dm™ zinc or parabenzoquinone (pBQ) in 1 mol dm™ sodium chloride solution (pH adjusted
using hydrochloric acid or sodium hydroxide). Figure 3 shows the recorded potentials of both
the negative and positive electrodes at open-circuit conditions under a wide range of pH values.
It can be seen that the cell voltages were higher than 1.17 V and dependent on the pH of the
solution.
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Figure3 Open-circuit potentials vs. pH of the zinc, parabenzoquinone (pBQ) electrode
potentials as well as the overall cell in 1 mol dm™ sodium chloride solution
(adjusted by hydrochloric acid or sodium hydroxide).

As shown in Figure 3, a two-proton-two-electron gradient (— 59 mV pH™) was observed for the
parabenzoquinone (pBQ) reaction (reaction (2)) between pH 1 and 3 (between 1 and 2 protons
are involved at pH 3 — 12 as the gradients were > — 59 mV pH™'), while a zero-proton gradient
(0 mV pH") was observed for the zinc reaction (reaction (1)) between pH 1 and 8. The overall
cell voltage was higher with increased acidity and alkalinity, up to > 1.55 V (c.a. pH 1 and 12).
The increase in cell voltage in more acidic and alkaine solutions can be attributed to the redox
potentials of the parabenzoquinone (pBQ) and zinc reactions, respectively. As reported
elsewhere, the reduction of parabenzoquinone (pBQ) in alkaline solutions could lead to several
products, such as semi-quinone (Q°), quinone dianion (Q”) and the protonated anion (QH),
which are less chemically stable compared to hydroquinone (QH, or HQ) obtained in acidic
solutions [43]. The precise proportions of these compounds depend on the pK, values and the
total concentration of the quinone species. On the contrary, the possible reaction products in
neutral electrolytes (i.e. pH 7) can only be parabenzoquinone (pBQ) and hydroquinone (HQ).
For these reasons, the battery chemistry is considered to be more suitable for operation in such
electrolyte conditions (pH 7).

3.2. Electrochemical behaviour

The electrochemical behaviour of the negative zinc and the positive parabenzoquinone (pBQ)
half-cells was characterized using cyclic voltammetry. Figure 4 shows the combined cyclic



voltammograms of the zinc (left) and parabenzoquinone (pBQ) (right) half-cell reactions at pH
1 and 7, in which the measurements for each half-cell reaction were made individually. The
voltammetry of zinc electrodeposition was carried out by sweeping the potentials linearly from
~0.5 to —1.6V vs. AglAgCl at 80 mV s, while that of parabenzoquinone (pBQ) reduction was
recorded by scanning between —0.3 and +1.2 V vs. Ag|AgCl at the same potential sweep rate. A
relatively low concentration of 10 mmol dm™ was used for both active species to avoid
significant ohmic drops at increased current densities.
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Figure4  Combined cyclic voltammograms of the zinc and parabenzoquinone (pBQ)
electrodes in 1 mol dm™ sodium chloride solution (adjusted by hydrochloric acid or
sodium hydroxide). Potential sweep rate: 80 mV s'; electrolytes: 10 mmol dm™
ZnCl, or hydroquinone (HQ) in 1 mol dm™ sodium chloride solutions; substrate:
glassy carbon electrode; room temperature. HQ is the reduced species, pBQ is the
oxidized species.

The cyclic voltammograms of the two reactions are similar to those reported elsewhere. During
charge, zinc electrodeposition in the negative half-cell takes place with the oxidation of
hydroquinone (HQ) at the positive electrode. In the cyclic voltammogram, zinc
electrodeposition becomes appreciable at approximately —1.2 V vs. Ag|AgCl and forms a
cathodic peak at — 1.35 V vs. Ag|AgCl. Since the standard electrode potential of zinc (-0.76 V
vs. SHE) is more negative than that of hydrogen evolution (0 vs. SHE), hydrogen evolution
could take place as a side reaction at pH 1, as indicated by a sharp increase in the cathodic
current densities at more negative electrode potentials (< —1.35 V vs. SHE). Hydrogen evolution



leads to a very low coulombic efficiency (less than 30 %). On the other hand, the redox
reactions of hydroquinone (HQ)/benzoquinone (pBQ) are initiated at an electrode potential of
+0.4 V vs. Ag|AgCl at pH 7. Based on the E, vs. pH plot, the electrode potential tends to shift
towards more positive values in acidic media with a similar peak separation (c.a. 317 — 330
mV). Taking into account the side reaction, an acidic solution with a pH lower than 7 is not
suitable for a reversible battery system.

3.3. Electrolyte formulations

Due to the membrane-less configuration, a common electrolyte was used for both the negative
and positive half-cell reactions. Since the common electrolyte contains the active speicies for
both electrode reactions, optimized electrolyte compositions are important to ensure high
system efficiencies (coulombic and voltage). In contrast to the voltammetric studies,
concentrated zinc(II) chloride (1.5 mol dm'3) was used to avoid mass transport limitations and to
act as conductive salt. As reported elsewhere, the use of concentrated solutions (e.g. 1.5 mol dm”
*) can minimize the dissolution of zinc in aqueous electrolytes [40]. In this work, 50 mmol dm™
hydroquinone (HQ) was added in the common electrolyte as the initial species for the positive
electrode reaction. The use of such a low concentration was motivated by the solubility limit of
the oxidized benzoquinone species (c.a. 100 mmol dm™) in pure water. For measurements
related to the zinc and parabenzoquinone (pBQ) reactions, the working electrodes were carbon-
polyvinyl ester substrates and carbon felt, respectively, while the counter electrodes were either
metallic zinc or platinized titanium.

3.3.1. Influence of hydrochloric acid

Based on the half-cell potential measurements, the influence of the hydrochloric acid
concentration on the evolutions of the electrode potentials for both reactions is illustrated in
Figures 5a and 5b. Each half-cell was charge-discharge cycled individually using a three-
electrode set-up at a constant current density of 30 mA cm™ (120 mA). The use of this current
density is restricted by the planar deposited anode, as in most hybrid flow batteries. The applied
current densities used in conventional zinc-bromine batteries are usually < 30 mA cm? [44, 45].

Both the charge and discharge phases were 15 min in duration. The charge capacity was
equivalent to an overall SOC of c.a. 55 % based on the energy content of the parabenzoquinone
species (pBQ). Since the half-cell measurements were independent, we were able to identify the
limiting reaction of the resulting battery. In the absence of acid (0 mol dm™ HCI, pH 7), the
average charge potentials for the negative and positive electrode reactions were c.a. —1.06 V and
c.a. +0.35 V vs. Ag|AgCl, respectively, while the average values for discharge were c.a. —0.89
V and +0.04 V vs. Ag|AgCl, respectively. The coulombic efficiencies of both reactions were
more than 86 %. This indicates that both redox species were well utilized at the end of the
discharge phase. Since the coulombic efficiencies of the negative zinc half-cell reactions (c.a.
86 %) were lower than those of the positive quinone reaction (c.a. 92 %), the negative zinc
reaction was limiting.

With the addition of hydrochloric acid, the half-cell coulombic efficiency of the zinc reaction
decreased significantly from c.a. 86 % to c.a. 78 % at 1.0 mold dm™ and to c.a. 67 % at 2.0 mol



dm™. This is attributed to a less efficient zinc electrodeposition associated with the evolution of
hydrogen during charge, as well as the direct reaction of zinc with protons when it is no longer
cathodically protected during the discharge process. In comparison, the half-cell coulombic
efficiencies of the parabenzoquinone (pBQ) reaction were stable (c.a. 92 %), while the potential
difference between the charge and discharge profiles decreased slightly at higher acid
concentrations (310 mV at 0 mol dm™ HCI vs. 220 mV at 2.0 mol dm> HCI), which is
consistent with the voltammetric findings discussed in Section 3.2. Taking into account the side
reactions, a less acidic or neutral electrolyte, such as a pH 7 electrolyte, is more suitable for the
proposed membrane-less battery.
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Figure 5 Effect of the hydrochloric acid concentration (0, 1 and 2 mol dm™) on the redox
reactions of the (a) zinc and (b) parabenzoquinone (pBQ) half-cell reactions at 30
mA cm™. Electrolytes: 1.5 mol dm™ ZnCl, + 50 mmol dm™ hydroquinone (HQ) +
HCI; working electrode for the zinc half-cell reaction: planar carbon; working
electrode for the parabenzoquinone (pBQ) half-cell reaction: carbon felt; room
temperature. HQ is the reduced species, pBQ is the oxidized species.

3.3.2. Influence of active species concentrations

In a membrane-less system, the battery reactions are highly influenced by the active species at
both the negative and positive electrodes in the common electrolyte. The initial active materials
were the uncharged species of zinc(Il) and hydroquinone (HQ). As in Section 3.3.1., the
potential measurements of the zinc negative electrode reactions were carried out by charge-
discharge cycling the half-cells individually at a constant current density of 30 mA em™ (120
mA) for 15 min charge and 15 min discharge in the selected pH 7 electrolytes. Figures 6a and
6b illustrate the influence of the zinc(Il) species on the negative and positive electrode reactions,
respectively. It can be seen that increased zinc(Il) ion concentrations decreased the potential
drop of the negative electrode reaction due to a more efficient transport of zinc ion from the
bulk. The potential drop between charge and discharge (0.5 mol dm™: c.a. 230 mV; 1.5 mol dm’
3 c.a. 180 mV) of the negative electrode decreases and the half-cell coulombic efficiencies
increase (0.5 mol dm?: c.a. 88 %; 1.5 mol dm™: c.a. 90 %). On the other hand, the potential
drop between charge and discharge profiles of the positive electrode reaction (from c.a. 330 mV
at 0.5 mol dm™ to c.a. 430 mV at 1.5 mol dm™) increases, due to the increased competition



between the active species, although the half-cell coulombic efficiency remained high at c.a. 93
%.
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Figure 6  Effect of the zinc ion concentration (0.5, 1.0, 1.5 mol dm'3) on the redox reactions
of the (a) zinc and (b) parabenzoquinone (pBQ) half-cell reactions at 30 mA cm™.
Electrolyte for the parabenzoquinone (pBQ) half-cell reaction: 50 mmol dm™
hydroquinone (HQ) + Zn** (pH 7); electrode for zinc half-cell reaction: planar
carbon; Electrode for parabenzoquinone (pBQ) half-cell reaction: carbon felt; room
temperature. HQ is the reduced species, pBQ is the oxidized species.

Since the zinc negative electrode reaction is limiting, it is important to evaluate the influence of
the oxidized and reduced quinones on the corresponding half-cell performance. Figure 7a shows
the charge-discharge profile of the zinc negative electrode reaction under different
concentrations of oxidized and reduced quinone (parabenzoquinone (pBQ) and hydroquinone
(HQ)) species. The highest coulombic efficiency of c.a. 80 % was observed at a low
parabenzoquinone (pBQ) concentration (10 mmol dm™). Since hydroquinone (HQ) and
parabenzoquinone (pBQ) are the reduced and oxidized species, the compositions of these
quinones track the SOC of the battery. For instance, electrolytes solely based on hydroquinone
(HQ) and parabenzoquinone (pBQ) correspond to an SOC of 0 % and 100 %, respectively. With
the addition of parabenzoquinone (pBQ) as the oxidizing species, the half-cell coulombic
efficiency decreased significantly to c.a. 45 % at high concentrations (up to 90 mmol dm™). On
the other hand, addition of the reduced hydroquinone (HQ) species did not lead to significant
change in efficiency (c.a. 77 — 80 %,) between 10 and 90 mmol dm™.

The decrease in half-cell coulombic efficiencies was attributed to the competing reactions over
the electrode surface as well as the self-discharge reaction between zinc and parabenzoquinone



(pBQ). In the most adverse conditions (90 mmol dm™ parabenzoquinone) (pBQ), the half-cell
coulombic efficiency was still higher than 40 %. It should be noted that the direct chemical
reactions between the metallic zinc and parabenzoquinone (pBQ) species simultaneously take
place as a form of "self-discharge” during discharge. This is because the zinc metal is protected
by the cathodic current during the charge process, when the current density is higher than the
relevant corrosion current density in the system. In the case that energy needs to be stored for a
long period of time, the electrolyte can be pumped out from the battery to prevent self-
discharge.
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Figure 7 (a) Effect of the parabenzoquinone/ hydroquinone concentration on the redox
reactions of the zinc half-cell reactions at 30 mA cm™. Electrolyte: 1.5 mol dm™
ZnCl, + parabenzoquinone (pBQ)/hydroquinone(HQ) (pH 7); electrode: planar
carbon; room temperature. (b) Weight loss evolution of the metallic zinc samples
under different electrolyte compositions ([parabenzoquinone] ([pBQ]), [Zn*‘] and
[H]) at room temperature. Electrolyte volume: 100 cm® (except 100 mmol dm™
HCI+ 1.5 mol dm™ Zn*", 300 cm®). HQ is the reduced species, pBQ is the oxidized
species.

3.4. Dissolution of metallic zinc

Within the membrane-less configuration, the charged products, including metallic zinc and
benzoquinone, are free to react with each other as a self-discharge process. Since metallic zinc
is deposited on the substrate surface, the self-discharge reactions are limited by the areas of the
zinc samples exposed to the electrolytes, and can be studied by measuring the weight losses of
zinc over time in the electrolytes. Figure 7b shows the dependence of the weight loss over time
in different electrolyte compositions containing acid and/or parabenzoquinone (pBQ) species. It
can be seen that the weight loss of zinc (up to c.a. 25.0 mg h cm™) was much more significant in
the presence of acid (0.1 mol dm™ HCI) than in parabenzoquinone (pBQ) (at 10 and 100 mmol
dm™). This confirms that acidic electrolytes are not suitable for zinc-based membrane-less flow
batteries. At the same time, the weight loss of zinc samples was relatively slow (< 2.4 mg h cm’
%) in the presence of parabenzoquinone (pBQ) up to 100 mmol dm™. These losses are equivalent
to corrosion current densities of < 2.0 mA cm™ estimated by Faraday's law (Figure 6b). Such
values are reasonably small compared to typical current densities used in redox flow battery



testing (c.a. 30 mA cm™), indicating that the proposed electrochemical reactions are suitable for
a membrane-less flow battery system.

3.5. Galvanostatic charge-discharge cycling

Plots of the cell voltage and the half-cell electrode potentials vs. time of the membrane-less
redox flow batteries are shown in Figure 8a. The battery was cycled at a constant current density
of 30 mA ¢cm™ (120 mA) under a 15 min charge — 15 min discharge regime. In most cases, the
open-circuit voltages were higher than 1.05 V after the charge cycles. The average charge and
discharge voltages were c.a. 1.51 V and c.a. 0.92 V, respectively. The resulting cell voltages
are comparable to the membrane-based organic-inorganic systems (0.8 — 1.4 V [23, 34, 35]) and
membrane-less inorganic systems (1.1 —2.4 V [13, 14, 21, 22]).

Based on this data, the system efficiencies are summarized in Figure 9. It can be seen that the
average coulombic and voltage efficiencies were c.a. 71.8 % and c.a. 58.5 %, respectively. Due
to the membrane-less configuration, the coulombic effiencies obtained were lower than most
batteries equipped with separators (#.0: > 90 % for all-vanadium and zinc-bromine batteries [3-
6]). However, they are comparable to other membrane-less systems with both species dissolved
in the electrolytes. For instance, the coulombic efficiencies of the soluble lead acid and zinc-
cerium batteries are around 78 — 88 % at 20 — 40 mA cm™ as reported in the literature [13,21].
The voltage efficiencies were lower than other membrane-less systems due to the lower cell
voltage and larger potential drop caused by the concentrated zinc(II) ion concentrations used to
minimize the dissolution of the deposit (Figure 6b). After a number of cycles, a slight increase
in the overall cell voltage was observed due to the accumulated oxidized parabenzoquinone
(pBQ) species in the common electrolyte. For this reason, the zinc electrodeposit was
susceptible to a faster self-discharge process, leading to a decrease in the coulombic efficiency
from c.a. 75 % in the initial cycle down to c.a. 69 % after 20 cycles (Figure 8b). The
fluctuations and spikes observed in latter cycles were mainly attributed to the electrolyte flow
across the reference electrode, which was located at the entrance of the inlet of the flow cell as
shown in Figure 2.

In all cycles, the changes in the cell voltage between the charge and discharge stages were
between 600 and 735 mV. Figure 8c shows the contribution of these polarizations (half-cell
overpotentials and ohmic drops) at current densities between 10 and 80 mA cm™. The
polarizations was estimated by the overpotential, the differences between the equilibrium
(open-circuit) potentials E.q and the electrode potentials £. Despite the use of a porous carbon
felt electrode, the polarization of positive benzoquinone reaction (5.8 Q c¢m?) was even higher
than that of zinc electrodeposition (2.9 Q cm?). This is attributed to the increased overpotentials
caused by the competition of the active species at the electrode surface, considering that the
active parabenzoquinone (pBQ) or hydroquinone (HQ) concentration (50 mmol dm™) is much
lower than that of metallic zinc (1.5 mol dm™) in the common electrolytes.
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Figure 8 (a) Charge-discharge profiles of the zinc and parabenzoquinone (pBQ) electrodes
as well as the overall cell voltage, (b) system efficiencies and (c) polarizations of a
membraneless hybrid flow battery. Cycling conditions: 30 mA cm” and room
temperature. Initial electrolyte: 1.5 mol dm” ZnCl, and 50 mmol dm™
hydroquinone (HQ); pH 7; negative electrode: planar carbon; positive electrode:
carbon felt. HQ is the reduced species, pBQ is the oxidized species.

4. Conclusions

In this work, a membrane-less hybrid flow battery based on low-cost elements has been
developed and characterised from fundamental electrochemistry to battery performance. The
resulting battery has an open-circuit voltage of more than 1.05 V (after the charge cycle) and is
projected to cost less than USDS$ 150/ kWh. The resulting cell voltages are comparable to other
membrane-based organic-inorganic systems and membrane-less inorganic systems. The concept
of the battery is based on the efficiencies of the electrode reactions and the slow dissolution rate
of the deposited anode in a neutral electrolyte. It was confirmed that the negative electrode
reaction is limiting due to the occurrence of chemical side reactions with the positive electrode
active species on the negative electrode surface.

In the presence of the oxidized parabenzoquinone species (pBQ) up to its solubility limit, the
dissolution of zinc is relatively slow (< 2.37 mg h"' ecm™) with an equivalent corrosion current
density of < 2.0 mA cm™. At a current density of 30 mA cm?, the average coulombic and
energy efficiencies of c.a. 71.8 and c.a. 42.0 %, respectively, over 20 cycles indicated stable
performance. The resulting coulombic efficiencies were comparable to other membrane-less
systems with both species dissolved in the electrolytes. The relatively large polarizations



observed at the positive electrode (5.8 Q cm?) were also attributed to the competition of the
active species at the electrode surface, since a low concentration of quinone was used compared
to the metallic zinc.

To further improve the performance in terms of higher cell voltages and efficiencies, future
work should focus on the electrodeposition of zinc at higher organic species concentrations and
the use of improved organic redox couples in terms of reaction kinetics, cell voltages and even
solubilities, with the incorporation of functional groups (e.g., —SOs;H). The self-discharge of the
battery should be improved with optimized electrolyte compositions and suitable corrosion
inhibitors. The use of a membrane would also increase the cell voltage by permitting higher
quinone concentrations. Although this would mean additional cost, the low costs of the
electrolyte and active species would still lead to a relatively low overall cost of the battery.
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Component costs of redox flow battery module:

Components Cost References
Bipolar plate, USD$ m™ 55 [S1]
Graphite felt, USD$ m™ 70 [S1]
PVC frame, USD$ m™ 16.56 [S1]
Membrane, USD$ m™ 500 [S1]
Gakets, bolts, end-plate, USD$ m™ 14 [S1]
Heat exchanger, USD$ kW' 84 [S1]
Thermal insulation material, USD$ m™ 15 [S1]
Electrolyte tank, USD$ gallon™ 0.29 [S1]
Rebalance cell, USD$ kW' 8.27 [S1]
Pump, per item, USD$ (2 pumps per stack) 178 [S2]
Battery management system, per item, USD$ 550 [S2]

(1 battery management system per stack)

Vanadium, USD$ kg™’ 23.6 [S3]
Zinc, USDS$ kg™ 2.3 [S3]
Para-benzoquinone (pBQ), USDS$ kg™ 5 [S4]

Calculation of electrolyte costs based on active materials

Elements Cost Molecular weight Capacity in 1 Kg
Vanadium USD$23.6 Kg'' 50.94 g mol™ 526 Ah (1 ¢)
Zinc USD$2.3 Kg™! 65.38 g mol”' 820 Ah (2 ¢)
Parabenzoquinone USDS$5 Kg! 108.1 g mol™! 496 Ah (2 ¢)
(PBQ)

TCorresponding author. Tel: +44 (0)2476 151676. Fax: +44 (0)2476 418922. Email:
Akeel.Shah@warwick.ac.uk




Electrolyte cost based on active materials per 1 kWh

Chemistry Energy Discharge Required Weight of Cost of
voltage capacity active active
materials materials
All-vanadium 1000 Wh 130V 769 Ah 1.46kg V + $68.9
146 kg V
Zinc-para- 1000 Wh 092V 1086 Ah 1.33 kg Zn + $14.0
benzoquinone 2.18 kg pBQ
(pBQ)

Specification of a1 MW x 10 h systems in the cost model

All-vanadium Zinc-para-benzoquinone
(pBQ)
System power output 1 MW x 10 h 1 MW x 10 h
Discharge cell voltage 1.3V 092V
(single cell) (single cell)
Current density 50 mA cm™ 30 mA cm™
(single cell) (single cell)
Coulombic efficiency 95 % 72 %
(single cell & whole system) (single cell & whole system)
Power of system loss 40 kW [S1] 40 kW [S1]

Dimensions of a 100-cells stack based on Regenesvs® module

Dimension of each 100-cells stack: 155 cm % 150 cm x 80 cm (see Figure S1a)
Inter-electrode gap: 0.75 cm (see Figure S1b)

Electrode area: 108 cm x 67 cm = 7236 cm”or 0.723 m? (see Figure Slc)

PVC frame area: 108 cm x 67 cm = 7236 cm”or 0.723 m’ (see Figure Slc)
Membrane area (assumed): 110 cm x 70 cm = 7700 cm? or 0.77 m” (see Figure S1c)

Dimension of electrolyte tank: 2 m diameter
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Figure S1. (a) Lateral view of the Regenesys®” module showing the inlet and outlet
manifolds and the location of the current collectors. Not to scale. (b) Details of a bipolar
cell showing the main components. Not to scale. The dimensions are nominal. (c)
Electrode configuration showing the location of the spirals and the projected electrode
area [S5].

Power output for each Regenesvs® module using all-vanadium chemistry

= Current % (Voltage x 100 cells) x Time x Coloumbic Eff.

= (7236 cm? x 0.05 A cm™) x (1.3 V x 100 cells) x 10 h x 95 %



= 446823 Wh or 446.8 kWh

Power output for each Regenesvs® module using zinc-parabenzoquinone (pBQ) chemistry

= Current % (Voltage x 100 cells) x Time x Coloumbic Eff.
= (7236 cm? x 0.03 A cm™) x (0.92 V x 100 cells) x 10 h x 72 %

=143793 Wh or 143.8 kWh

Number of Regenesys® module required for a 1 MW x 10 h system

Power requirement (including 40 kW system loss):

= (1000 +40) kW x 10 h

= 10400 kWh

Number of Regenesys” module required for all-vanadium chemistry:
= 10400 kWh + 446.8 kWh per module

=233 Regenesys® modules

Number of Regenesys” module required for zinc-parabenzoquinone (pBQ) chemistry:
= 10400 kWh + 143.8 kWh per module

=723 Regenesys® modules

Mass of active materials required for a1 MW X 10 h system

For all-vanadium chemistry:

= 15185 kg vanadium (negative) + 15185 kg vanadium (positive)
=30370 kg

For zinc-parabenzoquinone (pBQ) chemistry:

= 13832 kg zinc (negative) + 22672 kg parabenzoquinone (pBQ) (positive)

Volume of electrolytes required for a 1 MW X 10 h system

For all-vanadium chemistry:
=199802.5 L of 1.5 M vanadium solution x 2

= 388605 L of 1.5 M vanadium solution (negative & positive electrolytes) (102659 gallons)



For zinc-parabenzoquinone (pBQ) chemistry:

=2099305 L of 0.1 M hydroquinone (HQ)/ zinc(II) solution (single electrolyte) (554578
gallons)

Estimated cost of a 1 MW X 10 h system using all-vanadium chemistry

(a) Cost of bipolar plate

=0.723 m” x 101 items xUSD$ 55 m™ x 23.3 stacks
= USDS$ 93579

(b) Cost of graphite felts

=0.723 m” x 200 items xUSD$ 70 m™ x 23.3 stacks
=USD$ 235842

(c) Cost of PVC frame

=0.723 m” x 101 items xUSDS$ 16.6 m™ x 23.3 stacks
= USD§ 28243

(d) Cost of membrane

=0.77 m* x 100 items xUSD$ 500 m™ x 23.3 stacks
= USD§ 897050

(e) Cost of gaskets, bolts and end-plates

=0.723 m” x 200 items xUSD$ 14 m™ x 23.3 stacks
=USDS§ 47169

(f) Cost of heat exchanger

= 1040 kW xUSDS$ 84 kW™

= USDS$ 87360

(g) Cost of thermal insulation material

= Area surrounding the tank xUSD$ 15 m™

=790 m* xUSD$ 15 m™

= USDS$ 63360

(h) Cost of electrolyte tanks

= 102659 gallons x USD$ 0.29 gallon™



= USD§$ 29771
(i) Cost of pumps
=2 items x USD$ 178 x 23.3 stacks
= USD§ 8295
(j) Cost of battery management systems
=1 item x USD$ 550 x 23.3 stacks
=USDS 12815
(k) Cost of rebalance cell
= USDS$ 8.27 kW' x 1040 kW
= USD§$ 8600
(1) Cost of electrolytes (based on active materials)
= 30370 kg vanadium x USD$ 23.6 kg™

=USDS$ 716732

Total Cost for all-vanadium chemistry:

Cell components Cost Cost per kWh Percentage
/ USD$ / USD$ kWh'' ! %
Bipolar plate 93579 9.4 4.3
Carbon felt 235842 23.6 10.8
PVC frame 28243 2.8 1.3
Membrane 897050 89.7 41.2
Gaskets, bolts, etc 47169 4.7 2.2
Heat exchanger 87360 8.7 4.0
Thermal insulation
material 11850 1.2 0.5
Tanks 29771 3.0 1.4
Pumps 8295 0.8 0.4
Battery
management 12815 1.3 0.6
Rebalance cell 8600 0.9 0.4
Electrolytes 716732 71.7 32.9
Total 2177306 217.7 100

Estimated cost of a 1 MW X 10 h system using zinc-para-benzoquinone (pBQ) chemistry

(a) Cost of bipolar plate




=0.723 m’ x 101 items xUSD$ 55 m™ x 72.3 stacks
= USD§ 290376

(b) Cost of graphite felts

=0.723 m’ x 100 items xUSD$ 70 m™ x 72.3 stacks
= USDS$ 365910

(c) Cost of PVC frame

=0.723 m’ x 101 items xUSD$ 16.6 m™ x 72.3 stacks
= USDS 87641

(d) Cost of membrane

=0.77 m” x 0 items xUSD$ 500 m™ x 72.3 stacks
=USDS$ 0

(e) Cost of gaskets, bolts and end-plates

=0.723 m’ x 200 items xUSD$ 14 m™ x 72.3 stacks
= USDS§ 146364

(f) Cost of heat exchanger

= 1040 kW xUSDS$ 84 kW™

= USDS§ 87360

(g) Cost of thermal insulation material

= Area surrounding the tank xUSD$ 15 m™

=4211 m* xUSD$ 15 m™

= USDS§ 63165

(h) Cost of electrolyte tanks

= 554578 gallons x USD$ 0.29 gallon™

=USDS$ 160828

(i) Cost of pumps

=2 items x USDS$ 178 x 72.3 stacks

= USD§ 25738

(j) Cost of battery management systems

=1 item x USD§ 550 x 23.3 stacks



= USDS 39765

(k) Cost of rebalance cell

=USD$ 8.27 kW™ x 1040 kW

= USDS$ 8600

(1) Cost of electrolytes (based on active materials)

= 13832 kg zinc x USDS$ 2.3 kg™ + 22672 kg parabenzoquinone (pBQ) x USDS$ 5.0 kg™

= USDS$ 145174

Cell components Cost Cost per kWh Percentage
/ USD$ / USDS$ kWh'! ! %
Bipolar plate 290376 29.0 20.4
Carbon felt 365910 36.6 25.8
PVC frame 87641 8.8 6.2
Membrane 0 0 0
Gaskets, bolts, etc 146364 14.6 10.3
Heat exchanger 87360 8.7 6.2
Thermal insulation
material 63165 6.3 4.4
Tanks 160828 16.1 11.3
Pumps 25738 2.6 1.8
Battery
management 39765 4.0 2.8
Rebalance cell 8600 0.9 0.6
Electrolytes 145174 14.5 10.2
Total 1420921 142.1 100
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