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Abstract: We describe a ZnBr; single cell which has a highly modular symmetrical structure.
With designed polyethylene shell frames, membrane frame and composite titanium-carbon felt
electrodes, it has a higher energy density and is more flexible compared with traditional flow batteries.
We repeatedly tested its performance, which showed good tightness, high reliability and a high
energy efficiency of 75%. Due to the special symmetrical structure and modular design, it is easy
to assemble and disassemble, which makes it suitable as a test platform for electrodes, membranes
and electrolyte performance testing. The designed modular flow cell has low cost and high energy
density, and can provide good guidance for flow battery research.

Keywords: composite electrodes; energy density; flow battery; flexibility; membrane frame;
zinc bromide

1. Introduction

Energy storage is the key technology to promote the replacement of traditional energy types and
closely affects the development of new energy technology, making how to build efficient, reliable and
cost-effective large-scale energy storage systems critical for societal development [1,2]. Due to flow
batteries’ long cycle life, deep discharge depth, high safety, low cost and high energy efficiency, they are
considered an important long-term energy storage mode [3]. Theoretically, the flow battery capacity is
only determined by the volume of the electrolyte stored in the tanks. According to the different active
substances, flow batteries can be divided into vanadium, zinc/bromine, sodium polysulfide/bromine,
iron/chromium, etc. Among of them, the vanadium redox battery (VRB) and zinc-bromine flow battery
(ZBEB) are two of the most widely used flow batteries. Different from VRB, ZBFB has higher energy
density, lower building cost and better environmentally friendliness [4-6].

The ZBFB system is based on the deposition of zinc at the negative electrode and bromine evolution
at the positive electrode and consists of the cell, electrolyte tanks and pumps [7]. As shown in Figure 1,
different from conventional batteries, the active materials of ZBFB at both electrodes are the same
ZnBr; solution that is stored in two external tanks and separately circulated inside the flow cell by two
magnetic pumps [4]. In order to reduce the self-discharge inside the flow cell, the ZnBr; solutions
inside two half-cells are separated by an exchange membrane to prevent the two solutions from mixing.
The basic electrochemical reactions of a ZBFB are as follows [8]:

Anode reaction : Zn?** 4 2e = Zn (1)
Cathode reaction : 2Br~ = Br, + 2e 2)
Net cell reaction : Zn?* + 2Br~ = Zn + Br, 3)
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Figure 1. Schematic diagram of the ZnBr; single cell.

During the charging process, zinc ions are reduced to zinc particles and deposit on the surface
of the anode electrode. At the same time, the bromine ions converted into bromine by the oxidation
reaction will be captured by the ligand complex forming an oily complex precipitate and are stored at the
bottom of the positive electrode electrolyte. During the discharging process, in contrast to the charging
process, zinc and bromide ions are generated at the negative and positive electrodes, respectively.

Although ZBFB systems have been studied for a long time, the problems of charge-discharge
efficiency and battery charge are still not solved adequately [9]. In order to check the performance
of electrodes, membranes and electrolytes, we have to design and build many single cells which is
complicated and a heavy waste. How to design one flexible flow cell structure that has good flexibility,
high space utilization rate and great fluid tightness is still a research focus for ZBFB systems.

In this paper, we describe a modular ZnBr; single cell structure, which adopts a symmetrical
structure with a membrane sandwiched between two shell frames [10]. The symmetrical structure
and modular design make it flexible for assembly and disassembly, so it is suitable to be use as a test
platform for electrodes, membranes and electrolyte performance testing.

2. Experimental

2.1. Flow Frame ZnBr, Single Cell

The ZnBr; single cell system includes a cell, three magnetic pumps, and two electrolyte tanks.
The most important part is the cell, which is the core component of the ZnBr, cell system. A schematic
view of the cell is shown in Figure 2.

Figure 2. Schematic view of modular ZnBr; single cell structure. 1. Shell frame, 2. Carbon felt,
3. Membrane frame, 4. O-ring, 5. Titanium foam.

The cell is composed of two symmetrical polyethylene shell frames, two composite electrodes
and a membrane frame, which are squeezed together in series through two fluorocarbon O-rings and
six stainless steel bolts. The positive and negative electrodes are both composed by titanium foam
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and carbon felt [11]. The whole structure is symmetrical and simple [12], it is easy to assemble or
disassemble, which makes it suitable to be used as a standard test platform for performance testing of
electrodes, membranes and electrolytes [13,14].

2.2. Electrode and Membrane Frame

As shown in Figure 3a, the titanium foam electrode which has a titanium terminal at the center is
manufactured by 3D printing. The calculated active area of the electrode is 24.72 cm?. Compared with
traditional graphite electrodes, titanium foam electrodes have good electrical conductivity, good rigidity
and can be machined into any desired shape [15]. With the help of carbon felt between the titanium
foam electrode and exchange membrane, the internal resistance inside the flow cell decreases because
carbon felt has a better conductivity than the electrolyte. Most importantly, the carbon felt can provide
more active reaction sites. Furthermore, the titanium foam electrode integrate the electrode and
current collecting column together, so it’s not necessary to use a separate current collecting column
that can reduce the contact resistance between the electrode and the collecting column [16]. The role
of the membrane is to prevent the solutions from the two half-cells from mixing, which can reduce
the self-discharge of the ZBFB system. We designed a membrane frame and built it by using one
polyethylene plate as shown in Figure 3b. The membrane we used in this paper is a zbmm-600
microporous exchange membrane produced by Beijing Zbest Power Technology Co., Ltd. (Beijing,
China), which has a pore size of less than 10 nm. The designed membrane frame has the advantage of
low cost and strong water absorption.

(a) (b)

Figure 3. Photos of the cell structure (a) and the rib-like microporous exchange membrane (b).

A rib-like microporous exchange membrane is fixed at the center of the membrane frame by laser
welding technology. After hundreds of assembly and performance cycling tests, besides its good fluid
sealing performance, the designed structure has another two distinct advantages: First, the channels
on the microporous exchange membrane can strengthen the rigidity of the structure and prevent the
deformation of the membrane caused by the high fluid flow rate. Second, the channels can increase the
turbulence in the cell and the ion reaction area [17].

2.3. Electrolyte Configuration

The electrolyte configuration is also very important for a ZBFB system, which is related
with many problems during charging, such as electrode corrosion, high self-discharge rate, zinc
dendrite formation, etc. [18] According to [19], we set our ZnBr, solution molar concentration
as 2 mol/L, which has good conductivity and lower corrosion rate, and the total volume of the
electrolyte is 1 L. In order to prevent the bromine from transferring into the zinc half-cell, we chose
methylethylmorpholinium bromide (MEM) as our complexing agent. Zinc bromide (ZnBry), potassium
chloride (KCI) are both from NARI Technology Co., Ltd. (Nanjing, China). 2 M ZnBr; in deionized
water was used as electrolyte, 0.5 M MEM and KCl were added into the solution to adjust the desired
concentration [20].



Batteries 2020, 6, 27 4 0f 8

3. Results and Discussion

3.1. Pre-Preparation of the System Cycle

Figure 4 shows a photo of our modular ZnBr; single cell system. Before the performance test,
we first fill both reservoirs with some deionized water and turn on all the magnetic pumps (MP-6R,
Shanghai Xinxishan Co., Ltd., Shanghai, China) at constant room temperature to clean the whole system
and check for leaks. According to Sun’s research results for the flow rate in ZBFB system, 100 mL/min
is a better fluid flow rate which can hinder excessive production of zinc dendrites [21], so we set our
fluid flow rate as 100 mL/min in this paper. After two hours of deionized water circulation, we confirm
the single cell’s stability and fluid tightness, then we fill the configured electrolyte into both reservoirs
and add more bromine into the positive reservoir to make the bromine concentration around 0.5 mol/L.

Figure 4. A photo of our novel ZnBr; single cell system.

3.2. Electrolyte Configuration

Before the first cycle charge-discharge test, it is better to circulate the electrolyte for two hours to
completely soak the microporous exchange membrane. After two hours of circulation, we start the
efficiency test with our battery capacity tester (EBC-A10+, ZKETECH, Zhuozhi Electronic Technology,
Co., Ltd., Shanghai, China). For the charging process, using constant current charging mode, we set
the charging current density value at about 30 mA/cm?. By changing the charging time, we test
the efficiency under different cell capacities. At the end of every charge cycle, we set one minute
relaxation time for the single cell to reach a stable state and then collect the open circuit voltage. For the
discharging process, we also use constant discharging mode and set the first stage discharge current as
0.75 A and end voltage as 0.3 V. When the cell’s voltage is lower than 0.3 V, the first stage discharging
process stops and the terminal voltage returns to a higher value. Then we start the second stage
discharging process, in which we set discharge current as 0.2 A and end voltage as 0.3 V for further
deep discharge tests, and that cycle repeats.

As shown in Figure 5, we tested a series of capacities of the single cell from 0.5 Ah to 4 Ah at
room temperature. For every capacity, we perform three charge-discharge tests and calculate the
average. As we know, energy efficiency characterizes the degree of recovery of stored energy, while
voltage efficiency (VE) reflects the internal resistance of the cell, moreover, a high Coulomb efficiency
(CE), which is related with electrodes’ reversibility during the charge-discharge reaction process,
indicates that the composite titanium-carbon felt electrodes have high conductivity and stability [22,23].



Batteries 2020, 6, 27 50f8

100% \

A s A—h A

A

-A
90%

80%
§

70% — .
e ——— .

—

Efficiency (%)

—u— Voltage Efficiency
60% =
~—&— Energy Efficiency

—A— Columbic Efficiency

50%
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Capacity (Ah)

Figure 5. The efficiency test results of the modular ZnBr; single cell.

The equations for calculating the battery’s efficiency are as follows:

E:
EE: np = —TU8 o 100% @)
Echarge
Adischarge
CE: no = —28 +100% (5)
1 Acharge
EE
VE: ny = o5 x100% 6)

We calculate the EE, CE and VE of ZnBr; single cell under different charging capacities. The high
Coulomb efficiency indicates that the flow cell has a lower self-discharge rate. Because of our use of a
composite electrode, the internal resistance becomes smaller which is reflected in the VE results. With a
fluid flow rate of 100 mL/min and a current density of 30 mA/cm?, the EE of our flow cell can reach up
to 75% at room temperature. Compared with Li’s ZBFB stack in a single cell module [24], which has
traditional structural design and a Nafion/PTFE composite membrane, our cell structure has lower
cost, smaller size and higher current density.

Laboratory-scale monolithic flow batteries typically use 50 cycles of constant current cycling to
test their stability [25,26]. In order to get a more intuitive comparison, we perform a 50-cycle battery
charge-discharge cycle test with a constant current density of 30 mA/cm? as described in this paper.
As shown in Figure 6, we perform a cycle test at 1.5 Ah of the battery. The total amount of released
electricity is the cell’s capacity when it reaches the desired voltage, defined as:

Ca=14Ty ()

where Cy, I; and T, represent the discharging capacity, current, and duration of the discharge process,
respectively [27]. In this paper, I; of the cell was set as 0.75 A, T; of the cell is 2 h. Therefore, the formulas
of the battery energy (E;.) and energy density (w) can be expressed as follows:

Ej=V;Cy (8)
_ Eq
w= ©)

where V,; represents the discharging voltage, which for the single cell is 1.37 V, and the actual reaction
mass of the battery is about 50.8 g. According to calculations, the single cell has a EE of about 72% after
50 test cycles at a current density of 30 mA/cm?, so the energy density of the single cell is 40.45 Wh/kg,
which is higher than the average [28]. With a better microporous exchange membrane frame and better
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electrode design, the EE should be even higher, and multiple cycle tests also confirm the stability and
fluid tightness of our modular flow cell.
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Figure 6. (a) 0.75 A constant current discharge test (b) Single cell cycle test.
3.3. Internal Resistance of the Flow Cell

With our homemade internal resistance test equipment, we measured the flow cell’s internal
resistance. Through connecting a milliohm resistor on the flow cell and applying one small AC signal,
we tested the cell’s internal resistance during repeated charging and discharging. The tested internal
resistance is composed of the Ohmic resistance and polarization resistance. The Ohmic resistance
includes the electrode, membrane, electrolyte and other contact resistance, but the polarization
resistance is mainly caused by electrochemical polarization and concentration polarization. As shown
in Figure 7, as the battery capacity increases, the ion activity inside the cell increases too, which will
result in a decrease of the internal resistance that reaches 1.08 Ohms at full capacity of 4 Ah [29].
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Figure 7. Internal resistance test results of the ZnBr, flow cell.
4. Conclusions

A type of modular ZnBr;, single cell system was proposed, which adopts a newly membrane
frame and channel structure design. We tested the performance of the designed ZnBr; single cell,
and the test results show that after hundreds of test cycles the cell has very good tightness, a high
energy efficiency of 75% and high reliability. Compared with the traditional structural design, the flow
cell can achieve higher energy efficiency at higher current density with smaller size and lower cost.
The whole single cell system is very easy to assemble and disassemble, which makes it suitable to be
used as a test platform for designed electrodes, membranes and electrolyte performance testing.
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