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High power density with high efficiency can realize rapid charge-discharge and reduce the cost of zinc-nickel single flow batteries, and is
therefore of significant technological value. In this paper, the battery performance and potential problems have been investigated at high
current density up to 300 mA cm™, which is the highest current density that has ever reached. The results show that coulombic efficiency
firstly increases and then decreases with the current density increasing due to non-uniform distribution of electrode potential and side
reactions. Positive electrode discharges deeply and zinc accumulates on the negative electrode at the end of the discharging process at
high current density. The morphologies of deposited zinc vary from smooth, spongy to dendrite with the current density increasing. And
the positive polarization is the critical obstacle to improve its performance at high current density. Based on these finding, we point out
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the remaining issues and struggling directions enabling high power density ZNBs without the substantial loss of cycle life.

1. Introduction

Zinc-nickel single flow battery (ZNB) is a promising energy
storage device for improving the reliability and overall use of
renewable energy due to its advantages of low cost, high efficient,
long cycle life, high open circle potential (1.705 V) and high
energy density . The anode is zinc electrode with high electrode
potential (Zn(OH),> + 2e =7n + 40H,-1.215 V vs. SHE,
standard hydrogen electrode) and high specific capacity (820
mAh g"), which is widely used in zinc-based batteries* °. The
cathode is a nickel hydroxide/nickel oxyhydroxide electrode
(Ni(OH), - ¢ + OH = NiOOH+H,O, 0.49V vs. SHE) that is
diffusely employed in Ni-Cd and Ni-MH batteries®®. And no
membrane is needed between positive and negative electrodes,
which simplifies the structure and reduces the cost compared to
traditional two flowing electrolyte batteries. Different from
traditional zinc-nickel batteries, the flowing electrolyte enhances
proton transport at cathode and inhibits zinc dendrite at anode in
ZNBs, which remarkably improves the energy efficiency and
cycle life.

The energy may be generated or consumed in a short time,
which requires the battery with high power density. In addition,
the stack with high power density can reduce the cost of direct
materials and thereby reduce the cost of flow batteries . However,
ZNB has suffered from large polarization resulted in low
operating current density (below 20 mA cm) and high cost for a
long time " '® !, Various efforts have been focused on improving

“Division of Energy Storage, Dalian National Laboratory for Clean
Energy, Dalian Institute of Chemical Physics, Chinese Academy of
Sciences, No.457 Zhongshan Road, Dalian 116023, (PR China). Fax:
(+86) 0411-84665057; E-mail: zhanghm@dicp.ac.cn ;
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*University of Chinese Academy of Sciences, Beijing 100039, (PR China).

its efficiency at high operating current density™ '>'*. With the
development of cell structure, electrode material and structure,
and electrolyte addictives, the polarization is dramatically
reduced and the highest operating current density reaches 80 mA
4s cm with high energy efficiency (80%) *'*, but still cannot fulfill
the requirement for rapid charge and discharge. The exchange
current density for zinc deposition and dissolution is found to be
as high as 370 mA cm 2 in alkaline solutions ', which is much
higher than the operating current density of ZNBs. Such, ZNB
so could be operated at several hundred milliampere per square
centimeter theoretically. But so far, no study has been focused on
the battery performance, potential problems and the critical
obstacle for the improvement of battery performance at such high
operating current density.
ss  Here, the performance of ZNB at high current density (up to
300 mA cm™) has been investigated and the overpotentials of the
positive and negative electrodes are quantitatively analyzed to
search for the critical obstacle. The morphologies of deposited
zinc and potential problems at high current densities have been
¢ analyzed. Based on these finding, we point out the remaining
issues and struggling directions enabling high power density
ZNBs.

2. Experimental section

2.1 Chemicals

os Electrolyte was alkaline potassium zincate aqueous solution made
of 0.4 mol dm™ zinc oxide and 8 mol dm™ potassium hydroxide.
All chemicals were dissolved in deionized water without further
treatment.
2.2 Electrochemical measurements

70 The schematic diagram of a single cell structure was shown in
Fig. 1. The cell employed nickel hydroxide electrode (30 x 30 x
0.7 mm, Jiangsu Highstar Battery Manufacturing, China) with a
capacity of 25 mAh cm™ as positive electrode, nickel foam
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(30x30x2 mm, 420 g m2, 110 PPI, Changsha Lyrun Material Co., The charge-discharge voltage curve is an important parameter

Ltd., China) as negative electrode and 8 mol dm™ potassium that can evaluate charge voltage and discharge voltage at high
hydroxide solution mixed with 0.4 mol dm? zinc oxide as current density. The charge voltage increases and the discharge
electrolyte. The distance between positive electrode and negative voltage declines with the current density increasing from 40 mA

sscm” to 300 mA cm? (Fig.2). Two critical indexes of battery
application are the mid-output voltage (voltage value at the
midpoint of the discharge period) and power density. The former
decreases from 1.64 V to 1.32 V due to large polarization and the

s electrode was 5 mm. The electrolyte was circulated through the
cell by a pump with a rate of 19 cm s™'. The cell was charged to
80% capacity based on the capacity of positive electrode and

discharged to 0.8 V under the same constant current density from latter improves from 65.7 mW cm? to 395.3 mW cm? with a
40 mA cm™ to 300 mA cm? demonstrated by Arbin BT-2000. s slope of 1.26 mW mA™ from 40 mA cm? to 300 mA cm™ (Fig.3).
10 The positive and negative potentials were measured with an At 200 mA cm™ for instance, the mid-output voltage (1.40 V) is
Hg/HgO reference electrode (0.098 V vs. SHE) installed in the higher thlgn that of the mature vanadium-vanadium system (about
middle of the gap between two electrodes. All experiments are 1.27'V) ™ and the recentll7y proposed metal free quinine - bromine
conducted at room temperature. system (about 0.64 V) *’, the only two systems can operate at

ss such high current density. As a result, the power density is the
highest in flow battery families.
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2.3 SEM characterization Fig. 3 Mid-output voltage and power density at various current

. . . Lo densities (40 mA cm? to 300 mA crn'z).
Negative electrodes were washed with deioned water and dried in

a vacuum desiccator after charging to the capacity of 10 mAh cm™ ¢  The coulombic efficiency (CE), voltage efficiency (VE) and

2 at various current densities (40 mA cm™ to 300 mA cm). The energy efficiency (EE) are three important indexes of battery
3s morphologies of deposited zinc were surveyed by scanning per{orn;a?ce,hwhlch aie dg:fmed b(}il, thhe ratios ltOf dltscharge
electron microscopy (SEM, JEOL JSM-6000, JEOL Ltd., Japan). coulomb fo charge cou'omb, mean discharge voltage to mean

charge voltage and discharge energy to charge energy
os respectively (Fig.4). There is a volcano type relation that CE is

3. Results and discussion
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about 98.2% at 80 mA cm™ and 120 mA cm, and decreases with
the current density decreasing to low current density or increasing
to high current density. This is because that non-uniform
distribution of potential on the negative electrode causes less
utilized electrode surface for main reaction and more surface for
hydrogen evolution at low current density. While at high current
density, more oxygen produce on the positive electrode and
hydrogen produce on the negative electrode, which both cause
CE deteriorated. As a result, there is an optimum operating
current density range to achieve high coulombic efficiency,
which is between 80 mA cm? and 120 mA cm? at current
operating conditions. While VE reduces from 86.4% to 58.3%
with the current density increasing from 40 mA cm™ to 300 mA
cm owning to its large polarization. As a result, EE decreases
from 82.6% to 50.7%. This firstly reports the trends in
efﬁgiencies of ZNBs at ultrahigh current density up to 300 mA
cm™.

The potentials of positive electrode and negative electrode are
presented in Fig.5 and Fig.6. The potential of positive electrode
increases upon charging and decreases upon discharging with the
current density increasing. While the potential of negative
electrode decreases upon charging and increases upon
discharging due to large polarization (sluggish electrochemical
reactions and large ohmic resistance). There is an interesting
finding that negative electrode potential drops suddenly at the end
of discharging process at low current density (40 mA cm and 80
mA cm™), while that occurs on the positive electrode at high
current density (120 mA cm™? to 300 mA cm). This indicates
that negative electrode presents serious concentration polarization
at the end of discharging process at low current density (40 mA
cm” and 80 mA cm™), while that shifts to the positive electrode
at high current density from 120 mA cm™ to 300 mA cm™.
Deposited zinc on the negative electrode dissolved completely at
low current density (40 mA cm™ and 80 mA cm™) and positive
charged state NiOOH may not discharge completely. This was
resulted from more electric charge consumed by side reaction
(mainly hydrogen evolution) at negative side than that at positive
side (mainly oxygen evolution). While at high current density
(120 mA cm? to 300 mA cm?), zinc does not completely
dissolve during discharging process and thereby accumulates on
the negative electrode causing short circuit upon repeated charge-
discharge cycles, and deep discharge occurs on the positive
electrode which inevitably brings on deadly damnification on the
cycle life of solid electrode. This stemmed from less electric
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Fig. 5 Positive electrode potential at various current densities (40

mA cm’ to 300 mA cm™).

charge consumed by side reaction at negative side (mainly

hydrogen evolution) than that at positive side (mainly oxygen
s0 evolution) at high current density. As discussed above, the

electric charge consumed by side reactions varies at both positive

electrode and negative electrode at different operating current

densities. And the asymmetry coulombic efficiencies of positive

electrode and negative electrode will cause deterioration of
ss battery stability and should be avoid as much as possible.
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Fig. 6 Negative electrode potential at various current densities
(40 mA cm™ to 300 mA cm™).

Different operating current density will result in different
« morphologies of deposited zinc on the negative electrode as
shown in Fig.7. With the current density increasing, the
morphologies undergo smooth (Fig.7a), spongy (Fig.7b-¢) and
dendrite (Fig.7f) corresponding to current density of 40 mA cm™,
80 to 200 mA cm™, and 300 mA cm™. The smooth deposits are
s formed at low current density when the electrode reaction is
controlled by electrochemical reactions. Dendritic deposits are
formed when the rate of the electrode reaction is controlled by the
mass transport of zincate species to the electrode surface.
Similarly, the spongy deposits are formed at moderate reaction
70 rate when the electrode reaction is controlled by the mix of mass
transport of active species and electrochemical reactions. Such,
the morphologies of deposited zinc, which transported from
smooth, spongy to dendrite with the current density increasing,
also have a strong relationship with the operating current density.
75 At high current density, the mass transport of active species
should be enhanced to depress dendritic deposition of zinc.

Fig. 7 Morphologies of deposited zinc on negative electrode at
various current densities, a) 40 mA cm’, b) 80 mA cm™, ¢) 120
o mA em?, d) 160 mA cm, e) 200 mA cm’, f) 300 mA cm™.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3

Page 4 of 5



Page 5 of 5

1

RSC Advances

We calculated the overpotentials of positive electrode and
negative electrode at various current densities (Fig.8, 40 mA cm™
to 300 mA cm™) to find the critical obstacle for improving battery
performance. The overpotential of positive electrode increases

s from 107.7 mV to 330.1 mV and that of negative electrode
increases from 20.2 mV to 177.8 mV. The large overpotential of
positive electrode is the prominent contributor that causes much
side reactions, high charge voltage and low output voltage, and
hinders the improvement of battery performance especially at

o high current density. Attempt should be tried to format high
active positive electrode through the preparation of active
materials and electrode structure to achieve high power density
ZNBs.
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electrode at various current densities (40 mA cm™ to 300 mA cm™).

Conclusions

During real charge-discharge cycling, there is an optimum
operating current density range to achieve high coulombic
efficiency at fixed conditions including cell structure, flow rate of
electrolyte, concentration of electrolyte and so on. Similarly, the
morphologies of deposited zinc, which transported from smooth,
spongy to dendrite with the current density increasing, also have
a strong relationship with the operating current density. At high

»s current density, the mass transport of active species should be

S

b

enhanced to depress dendritic deposition of zinc. Furthermore,
the unmatched coulombic efficiencies of negative electrode and
positive electrode may lead to the decrease in the cycle life of
ZNBs, which has not roused enough attentions. And the large
overpotential of the positive electrode is the critical obstacle to
the improvement of battery performance at high operating current
density. Elucidation of the performance and potential problems of
ZNBs provides valuable information for its development and
modification
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