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Program: From this award, | had a great opportunity to work in a big research laboratory of
professor Lianzhou Wang, Australian Institute of Bioengineering and Nanotechnology, The
University of Queensland where | have been able to share my battery knowledge to other through

group presentation and group discussion etc.

In addition, | have been able to attend the conference 2022 International Symposium on Clean
Energy Materials organized by The University of Queensland and SafeR Energy and chaired by
Professor Lianzhou Wang and lan Chen which was held Crowne Plaza Surfers Paradise, 2801 Gold
Coast Hwy, Surfers Paradise QLD 4217 on 30 Jun 2022 to 2 July 2022. In this conference, it was a
great opportunity to meet innovative researchers, Keynote speakers and professors from various

universities.

Executive Summary

Zinc Bromine flow batteries (ZBFBs) are considered one of the suitable candidates for the large-scale
stationary energy storage application due to their intrinsic scalability and flexibility, recyclability,
low cost, green and environmentally friendly technology. However, the battery still faces some
technical challenges which need to be improved further to promote its realistic applications. The
slow Br2/Br- redox reaction is responsible to produce H gas which can rise the pH in the electrolyte.
Ultimately Zn(OH); is produced which can clog the filter of the battery and terminate the battery
life. Therefore, it is crucial to maintain faster kinetics in cathode during charge/discharge of ZBFBs.
This project aims to develop Sn particles coated CNF based cathode as an effective catalyst to fasten
the bromine redox reaction in ZBFBs. The Sn particles coated CNF based cathode exhibited

maximum 3000 cycles and excellent stability.

Ultimately, the development of large-scale commercial ZBFBs will help unlock Australia’s large-scale
renewable energy revolution to boost energy supply and drive down power prices and create
hundreds of jobs across regional areas. The expected outcomes will enhance Australia’s
competitiveness in advanced manufacturing and energy storage technologies, contributing to the

economic growth and fulfill the upcoming net zero emission target.
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1.Introduction:

Energy storage systems have become one of the major research emphases, at least partly because
of their significant contribution in electrical grid scale applications to deliver non-intermittent and
reliable power output [1-8]. Among the existing energy storage technologies, redox flow batteries
(RFBs) are considered to be realistic candidates because of their scalability, high efficiency and long-
life cycles. Many types of RFBs based on different redox couples/reactions have been developed,
such as iron/chromium (Fe/Cr) [9, 10], bromine/polysulfide [11], vanadium [12], and zinc-bromine.
The Zinc Bromine flow batteries (ZBFBs) have attracted much attention due to their low cost,

recyclability, large scalability, high energy density, thermal management and high cell voltage [13].

In the early 1970s, the ZBFB was developed by Exxon as a hybrid flow battery system, where
the energy is stored by plating solid zinc on the anode during charging. As a result, the total energy
output of the ZBFBs is dependent on the electrode area and the size of the electrolyte storage
reservoirs. Unlike other types of flow batteries which rely only on changes of redox states in a single
phase, the power and energy ratings of the zinc-bromine flow battery are not fully decoupled. After
a few decades of development, ZBFBs have been commercially deployed and successfully adapted
from the kW to MW scale for various applications [14]. As examples, Ensync Energy installed a 500
kWh ZBFBs assembly at lllinois Institute of Technology, USA for microgrid applications and a 0.5
MW/3 MWh ZBFB system was installed by Vionx Energy (previously Premium Power) in 2016 for

peak power capacity applications in Massachusetts, USA [15]. Redflow International Pty Ltd has



installed 2053 MWh energy capacity to date through 180 active deployments of ZBFBs across the
world [16]. Redflow installed a 2 MWh system in California and Primus Power’s installed 1 MWh of
energy storage in south Africa [17].

So far, although great success has been achieved for ZBFBs, nonetheless there are still some
practical issues requiring further attention to improve the performance. For example, flow battery
uses pumps to pump up the electrolyte to the electrodes which consumes energy. On the other
hand, the diffusion of aqueous Br, may cause self-discharge and the relatively slow kinetics of the
polybromide conversion reactions are adverse to high power density [18, 19]. The solid zinc
deposited on the negative electrode can potentially cause a dendrite which penetrate through the
separators and lead to short-circuits. Moreover, it is important to control the pH of electrolyte with
suitable acid-base balance [20]. Too low pH causes zinc corrosion that significantly consumes
protons in the electrolyte and leads to serious self-discharge of the battery[21]. On the other hand,
high pH (=4) will result in poor zinc deposition and the generation of bromate product and solid Zn
(OH);2 /Zn0O [22, 23], which cause filter clogging. The Br2/Br- redox reactions is pretty complex and
slow in kinetics in the ZBFB which also lead to H; gas evolution and battery failure. Therefore, it is
desirable to produce the zinc bromine battery with high performance and faster kinetics of Br2/Br-
redox reaction. In this report, the zinc bromine flow battery (ZBB) is introduced with excellent
performance. The cathode (carbon felt) of the ZBB was modified by the in-situ growth SnO; which
was further treated at high temperature to coat the carbon fiber by the Sn nanoparticles. The
following schematics showing the synthesisation process of Sn nanoparticles coated carbon fiber

for ZBB.

CNF

CNF@SnO, CNF@5Sn

Figure 1: Schematics to show the synthesization process of Sn nanoparticles coated CNF for static
ZBB application.



2. Mechanism of ZBFBs

The conventional ZBFB contains a negative zinc electrode and positive bromine electrode
separated by a microporous separator in a single cell. Two tanks of aqueous electrolyte solutions
contain the electrochemically active zinc (Zn**) and bromide (Br’) species (Figure 2) as well as
additional salts like KCl and ZnCl; for good conductivity, and a complexing agent to hold the bromine
produced during the charging process in a solution [24]. The electrolyte solutions, which have the
same initial composition in both tanks, are circulated over the surfaces of both electrodes by the
pumps and electrochemical energy is stored/taken out released depending on during the charge
and discharge of the battery. During charging, ionic Zn?* receive electrons from the external circuit
and metallic zinc is deposited on the negative electrode, whereas bromide ions (Br) release
electrons and form Br; at the positive electrode. The reverse reactions occur at the negative and
positive electrodes, respectively, during the discharge process. [25, 26] Figure 1 shows a schematic
of typical single-cell ZBFB consisting of electrodes with corresponding carbon-based current
collectors for the zinc and bromine redox reactions and coupled to two pumps and electrolyte tanks.
The microporous separator between the two electrode surfaces maintains ion diffusion during
charge/discharge and avoids unwanted short-circuits in the cell. Another function of the
microporous separator is to reduce the Br; diffusion to the anode to avoid direct chemical reaction
with the zinc and associated self-discharge. The basic electrochemical reactions of the zinc bromine
battery can be simply represented as follows (reactions 1-5):

Negative electrode:

Negative electrode:

Zn%* + 2e” = Zn° (Charging) (Ey = -0.763/-0.760 V vs SHE at 25 °C/50 °C) (1)
Zn® = Zn%*+ 2e" (Discharging) (2)
Positive electrode:

2Br - Bry + 2e (Charging) (Ev = 1.087/1.056V vs SHE at 25 °C/50 °C) (3)
Br, + 2" >2Br (Discharging) (4)
The overall electrode reaction:

ZnBr; (aQ) < Zn° +Br; (aQ) Evtota=1.85V (5)



11 4 C"
"I Charging

| € )
® Discharging

Br-
QBr,,.
/d R c Bromine
8 tank Catholyte
@
\ /- o . o *
QBr, «

Anode Cathode | I

Q: complexing agent; QBr,: Br, complex

I

Figure 2. Schematic diagram of the typical ZBFB with different functional components.

Apart from the above electrochemical reactions, the chemical species presented in the electrolyte
are more complex. The ZnBr; is the primary electrolyte species which enables the zinc bromine
battery to function as an energy storage system. The concentration of ZnBr; is typically between 1
M to 4 M [27, 28]. The Zn?* ions and Br ions diffuse through the separator to their respective
negative and positive half-cells and flow towards the electrode surfaces during charging. The other
species present in the electrolyte flow over the electrodes but do not react at the electrode surfaces.
Br, (aqg) has a high tendency to diffuse from the positive half-cell through the separator and react
with the zinc metal causing self-discharge [18]. Additionally, Brz (aq) has a high vapour pressure
(28.26 kPa at 25 °C) and can cause health and environmental issues [29]. To avoid the diffusion of
Br, from the positive to negative half-cell and to reduce environmental hazards, bromine
complexation with different types of quaternary ammonium bromides (QBr) is employed to
sequester bromine into an alternate phase with low vapour pressure [30, 31]. T/he most commonly
used QBr complexing agent is N-methylethyl-pyrrolidinium bromide (MEPBr) [29]. The Br; is also in
equilibrium with the available Br in the electrolyte and produces polybromide species such as Brsz’,

Brs-and Br; as shown by the following reactions 6-11 (Figure 3a).

Bro+ Br- 2 Brs (6)
MEP* + Br3™=> MEPBr3 (aq) (7)
2Bry+ Br-=> Brs’ (8)

MEP* + Brs> MEPBrs (oily) (9)



3Bro+ Br- > Bry (10)
MEP* + Br7=> MEPBr> (oily) (11)

Bajpal et al. [32] reported that the addition of quaternary ammonium bromide complexes
can reduce bromine vapour by almost 100 fold. This quaternary ammonium bromide complex also
holds the poly-bromide species and forms a separate dense layer in solution that reduces the
diffusion of bromine species to the anode [33]. The schematic structures of the above bromide
species are shown in the following Figure 2a along with their association with the complex MEPBr.
These poly-bromide complexes are removed from the vicinity of the electrode surface by
continuous circulation of the electrolyte over the surface of the positive electrodes during the
charging process. The poly-bromide complexes settle downwards as a separate phase via
sedimentation as their density is greater than that of the aqueous electrolyte. An example of such
a two-phase interaction is presented in Figure 3b. It is reasonable to suppose that the bromine
complex formation and sequestration during charging and de-complexation during discharge
require faster electrokinetic activity on the positive electrode [34]. A high active surface area and

high electronic conductivity are therefore required on the positive electrode to promote the Br;

formation and sequestration. Various carbon materials with high surface area and good conductivity

have been studied and used as bromine electrodes [35].
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Figure 3. (a) Polybromide structures which interact with MEP to form polybromide complexes. (b)

two phases of the electrolyte as the addition of Br; [33].



3. Results and Discussion:

The following figures are presenting the SEM images of raw CNF (a), SnO, modified CNF (b), Sn
nanoparticles modified CNF (c) and their corresponding high magnified SEM images shown in d-f.
The EDS images of Sn nanoparticles modified CNF is shown in h-j. Initially the CNF was modified by
the SnO; . To modify the CNF by SnO; the raw CNF was mixed with acid and Sn precursor followed
by the synthesisation process described in detail in [36]. Finally, the SnO; modified CNF was treated
at 750 °C to produce Sn-C bonding on the CNF to achieve faster Bry/Br- kinetics during
charge/discharge of ZBFBs.

CNF@Oxygen

Figure 4: a) Raw CNF, b) SnO2 modified CNF, c) Sn modified CNF, d-f) corresponding high magnified
SEM images of a-c. g-j) EDS images and its mapping with Sn, carbon and Oxygen.

The following figure 5 is showing the electrochemical performance obtained from the Sn modified
CNF cathode (a) with its corresponding voltage profile (b) and zinc morphology (c). Figure 5d is
showing Sn0; modified CNF cathode (d) with its corresponding voltage profile (e) and zinc
morphology (f). It is obvious from the results presentation that the Sn modified CNF has less voltage
drop, smoother zinc deposition and durable long run electrochemical performance as compared to
the SN0, modified CNF. The superior performance of Sn modified CNF could be devoted to the faster
electron transport through Sn-C to fasten the Bry/Br redox kinetics in ZBFBs.
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Figure 5: a) cycling performance of Sn modified CNF with its corresponding voltage profile (b) and
zinc morphology (c). d) cycling performance of SnO, modified CNF with its corresponding voltage
profile (e) and zinc morphology (f).

4. Conclusions and Recommendations:

In this report, the CNF was successfully modified by the SnO, and Sn nano particles where Sn
nanoparticles modified CNF based cathode exhibited superior performance as compared to the
Sn0; one. Sn modified CNF showed 3000 cycles whereas SnO, modified CNF exhibited only 1400
cycles with unstable cycling behaviour. Sn-C bonding is the main reason to introduce the long run
cycling performance due to its capability to faster electron transport as compared to Sn-O-C
structure. Author further recommend the DFT simulation to justify the theoretical kinetics of S-C
and Sn-O-C to support the experimental results.
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