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a b s t r a c t

The zinc morphology on repeated charging and discharging in flow-assisted zinc–nickel oxide cells was
studied. The results show that higher charge rates cause more dendritic growth of zinc deposition on
charging and tend to cause deterioration of battery cells. However, when the electrolyte velocity is higher
than 15 cm s−1, the direction of dendrites was distorted toward the flow direction and the internal short
vailable online 30 October 2010
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circuit was suppressed. Good cycle life was obtained – 1500 cycles at 100% depth of discharge and C/2
charge and discharge rate. Also, the battery was scaled up to a 100 Wh prismatic cell, and more than 200
cycles were obtained.

© 2010 Elsevier B.V. All rights reserved.
oulombic efficiency
nergy efficiency

. Introduction

Economical means of electricity storage will enable efficient
se of excess night-time generation capacity to meet demand dur-

ng peak periods. It also allows more widespread use of baseload
ow carbon (such as nuclear) and intermittent renewable sources
f energy, like the sun, wind and waves. Zinc-based rechargeable
atteries such as zinc–nickel oxide are one of the most attractive
lectrical energy storage systems. The advantage of zinc-based bat-
eries is that zinc is cheap, abundant, and green. Higher energy
ensity in terms of both weight (Wh kg−1) and volume (Wh L−1) is
lso expected when compared with conventional batteries such as
ickel–metal hydride, since the nominal voltage of the zinc–nickel
xide battery (1.6 V) is higher than the nickel–metal hydride bat-
ery (1.2 V).

The primary issue limiting use of zinc anodes in rechargeable
atteries is the short cycle life caused by dendrite formation upon
harging [1]. This non-uniform electrodeposition occurs since the
ystem is strongly non-linear and far from equilibrium, and is con-

rolled by Poisson-type formulations [2]. One method to bring the
ystem closer to equilibrium is to change the mass transport of zin-
ate from diffusion control to convection control by making use of
owing electrolyte [3–9].
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The effects of flowing electrolyte on zinc morphology on charg-
ing have been investigated over a few decades [3–9]. Experiments
have been carried out by a number of researchers under vari-
ous conditions, and various morphologies of zinc electrodeposits
have been identified, including flat, mossy (bulbous), and dendritic.
These studies have also shown that the charge rate and the elec-
trolyte velocity strongly affect the morphology. However, these
parameters have often been set at values unrealistic for practical
battery applications. In addition, the obtained results are not always
consistent among the studies. Further, many works have focused
on zinc morphology at sub-micron to micron scales, which implies
very early stages of electrodeposition. However, zinc morphology at
micron to millimeter scales can also significantly influence battery
performance.

Among zinc-based rechargeable batteries, the zinc–nickel oxide
battery has several advantages including the use of readily avail-
able materials, relatively low levels of toxicity, and a fairly high level
of safety. Most zinc–nickel oxide batteries have been designed in
a sealed and electrolyte-starved configuration, with non-flowing
electrolyte [9–11]. Flow-assisted zinc–nickel oxide batteries have
been reported by several workers. Bronoel et al. [12] tested a 100 Ah
battery. They concluded that a periodic inversion of the electrolyte
flow direction allows dissolution of the dendrites formed during the
previous sequence, though the system and experimental conditions

were complex. Cheng et al. [13] and Zhang et al. [14] have recently
clarified basic characteristics of the flow-assisted zinc–nickel oxide
battery by cyclic voltammetry experiments. They achieved 220
charge–discharge cycles while keeping the Coulombic and energy
efficiencies about 98% and 88%, respectively. They also found that

dx.doi.org/10.1016/j.jpowsour.2010.09.065
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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the charge–discharge curve for (a) good- and (b) bad-performing
cases, respectively. For the good cases, the voltage goes up on charg-
ing and it gets steeper at the end of charge, since the capacity of
positive electrode was maximized and oxygen is generated. When
discharging, the cell voltage drops drastically after reaching 1.5 V.
Fig. 1. Experimental apparatus.

admium is the best material of several tested as a substrate for
inc deposition, apparently since hydrogen evolution is suppressed
ost effectively. In their experiments, the flow velocity was fixed to

9.5 cm s−1 and the spacer thickness between electrodes was 5 mm.
ills et al. [8] also used similar parameters in their experiments
ith flow-assisted lead–acid batteries.

Considering the energy density of zinc–nickel oxide flow-
ssisted batteries, slower electrolyte velocity leads to better
erformance, since the pressure drop and energy consumption by a
ump can be minimized. The spacer thickness between electrodes
lso affects energy density. The flow gap of 5 mm used by other
orkers is relatively large, considering typical nickel oxide – sep-

rator – zinc electrode cell sandwich thickness are of the order of
–4 mm.

The purpose of this study centered on experimentally inves-
igating the morphology of zinc on repeated charging and
ischarging of zinc–nickel oxide flow-assisted batteries. This was
one from a relatively macroscopic viewpoint with examining deep
ischarge cycling. Scale-up of the system was also carried out.

. Experimental

Fig. 1 shows the schematic of the experimental apparatus. Sin-
ered nickel oxide plates (Jiangsu Highstar Battery Manufacturing)
ere used as the positive electrodes (cathodes). Zinc as negative

lectrodes (anodes) was deposited on polished copper foils used as
ubstrates. The electrochemical reaction and standard potential vs.
HE are:

Positive:

NiOOH + 2H2O + 2e− = 2Ni(OH)2 + 2OH−, E0 = 0.49 V,

Negative:

n + 2OH− = Zn(OH)2 + 2e−, E0 = −1.24 V,

Overall:

n + 2H2O + 2NiOOH = 2Ni(OH)2 + Zn(OH)2, E0 = 1.73 V.

The capacity of the battery cell tested was 3.7 Ah. The channel
ad the dimensions of 13 mm in width and 1000 mm in length, and
he spacer thickness between two electrodes was 3.1 mm. The pos-
tive and negative electrodes were embedded to the channel walls.
inc oxide (Fisher Scientific ACS Grade) was pre-mixed into 45 wt%
otassium hydroxide solution (Fisher Scientific) as electrolyte at a
oncentration of 50 g L−1. The electrolyte was circulated through
he battery cell and the reservoir by a pump. Note that a separa-

or was not needed in the cell. The flow velocity of the electrolyte
nd the Reynolds number based on the velocity and the hydraulic
iameter of the channel were set to 1.6–25.7 cm s−1 and 77–1234,
espectively. Galvanostatic battery cycling tests were carried out
or the charge rates of C/4–1.5C (10–60 mA cm−2). Charging was ter-
Fig. 2. Electrodeposition of zinc.

minated when a battery cell was charged to the full capacity based
on the nickel electrode capacity, and discharging was terminated
when the voltage dropped to 1.2 V.

3. Results and discussion

Fig. 2 shows an image of the zinc deposited after charging. From
this image, it is confirmed that the zinc morphology was the same
throughout the active area. In order to reduce the volumetric flow
rate of electrolyte while keeping velocity constant, a smaller cross-
sectional area and longer flow path are desired. This image suggests
that if a battery cell is scaled up in capacity by increasing the length
of flow in the streamwise direction, uniform zinc morphology is to
be expected.

Fig. 3 shows a battery performance map under different com-
binations of electrolyte velocities and charge rates. A circle means
the battery ran over 200 cycles with discharge capacity >80% of
nominal, and Coulombic efficiency more than 85%. A cross means
that it did not meet these criteria. The Coulombic efficiency ver-
sus cycle number is shown for good- and bad-performing cases
in Fig. 4. It is found from Fig. 3 that the flow velocity has little
impact on performance when the charge rate is low. However, the
performance deteriorated in the cases of higher charge rates and
low velocities. High flow velocities (>15 cm s−1) were needed for
good performance when the charge rate was high. Fig. 5 shows
Fig. 3. Battery performance map (circle: good performance; cross: bad perfor-
mance).
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Fig. 4. Coulombic efficiency vs. cycle number.

or the poorly performing cases, the curve on charging does not go
p and levels off or even drops with fluctuations. We believe that
his is caused by internal short circuits which have developed in
he cell.

For better understanding this behavior, time lapsed images of
he internal flow path inside a single straight cell were captured
y a stereo microscope (Amscope ZM-4TW3-FOR-5 M). The chan-
el configuration of this cell was the same as the cell mentioned
bove except the length was 150 mm and the walls were made of
ransparent acrylic. The images were captured at the center of the
hannel. Fig. 6 shows the images taken at (a) 1st, (b) 5th, and (c) 9th
ycles from fresh surface at a charge rate of C/3 and a flow velocity
f 1.6 cm s−1. The zinc morphology is mossy but relatively uniform
uring early cycles. However, the zinc deposited on charge does not
ully dissolve into electrolyte on discharging; areas of spotty depo-
ition remain on the substrate. This is due to the higher Coulombic
fficiency of the zinc electrode versus the nickel oxide electrode.
his residual zinc becomes the nuclei of electrodeposition dur-
ng the subsequent cycles. Zinc electrodeposition is enhanced at

hese locations, since the current density at these points is higher
han at the others. The net effect is that the zinc deposit progres-
ively approaches the cathode on extended cycling. In addition,
hese images indicate that when the spacer thickness between elec-

ig. 6. Electrodeposition of zinc (V = 2 cm s−1, C = 1/3C): (a) 1st cycle, charged; (b) 1st cycle
Fig. 5. Charge–discharge curve: (a) V = 15 cm s−1 and C = 1/2C; (b) V = 6.2 cm s−1 and
C = 1C.

trodes is too small, zinc growths more readily contact the positive
electrode, leading to deteriorated electrical performance.

To compare the effect of charge rate, the test was repeated, but
at a 1C charge rate. The result is shown in Fig. 7. The growth of the
zinc deposit toward the cathode in the 1C case occurs more rapidly

than that of the C/3 case. Contact of the zinc deposit with the nickel
electrode also occurs sooner. The zinc morphology is still mossy
but the non-uniformity becomes more pronounced on subsequent
cycles. Since the porosity is quite high and the zinc is not in strong

, discharged; (c) 5th cycle, charged; (d) 5th cycle, discharged; (e) 9th cycle, charged.
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Fig. 7. Electrodeposition of zinc (V = 2 cm s−

ontact with the nickel electrode (e.g. soft short circuit), perfor-
ance was not greatly affected. However, this difference may help

xplain why the performance was poor at higher charge rates.
In both cases, the zinc deposit was flat at the very beginning

f charge. Non-uniformity was observed soon thereafter, and the
endritic electrodeposition of zinc was not suppressed by the
ow. However, if we calculate the theoretically required electrolyte
elocity to avoid non-uniformity of electrodeposition of zinc due to
ack of zincate ion, it is far less than our experimental conditions,
ince an excess amount of zinc is initially supplied. In fact, even the
ow velocity of 1 mm s−1 is enough to change the system from dif-

usion control to convection control. Therefore, limitation of mass
ransfer for zinc ion at macro scale may not be the reason of this
on-uniform electrodeposition. It is possibly caused by the non-
niformity of the substrate, whereas the mass transfer of metal ion
as changed from diffusion control to convection control which is

lose to equilibrium. In fact, as found in the experiments by Sutija
t al. [4], a substrate with 5 � projections strongly affects the zinc
orphology.
In this sense, the faster electrolyte velocity is not expected to

odify the morphology of zinc. However, as shown in the battery
erformance map (Fig. 4), the performance was stable for higher
elocity cases. Fig. 8, the images after charging at a charge rate of 1C
nd a flow velocity of 15 cm s−1, provide the reason. It is clearly seen
hat the direction of dendrite growth of zinc is distorted and bent
oward the flow direction, probably due to shear stress based on
owing electrolyte, in particular when zinc comes close to the pos-

tive side. Therefore, although the dendritic growth of zinc itself is

ot suppressed by the flowing electrolyte, internal short circuiting

s much less likely to happen and the deterioration of performance
as prevented. In addition, oxygen evolved from Ni electrode may

ontribute to zinc dissolution for the faster velocity cases, since

Fig. 8. Electrodeposition of zinc (V = 15 cm s
C): (a) 1st cycle; (b) 5th cycle; (c) 9th cycle.

mixing is enhanced and there is a greater opportunity to direct
oxygen bubbles toward the negative electrodes.

As mentioned above, the zinc deposited on charging does not
dissolve into the solution completely on discharging, leading to
internal short circuits fairly quickly—within several tens of cycles.
In order to reduce the capacity fade, the batteries were subjected
to a reconditioning procedure every 15 charge–discharge cycles.
The reconditioning procedure consisted of a very slow discharge
at a C/15 rate to the voltage of 0.6 V. As shown in Fig. 9, which is
the case at 1.6 cm s−1 velocity and 1C charge rate, the zinc is gradu-
ally stripped from the substrate until it is altogether removed. After
the reconditioning cycle, the surface is renewed and the electrode-
position of zinc becomes relatively flat and uniform again. From a
practical point of view, the spacer thickness between the electrodes
may be determined by an acceptable frequency of reconditioning
for a given application.

The charge/discharge capacity and the Coulombic and energy
efficiencies versus cycle number are shown in Figs. 10 and 11,
respectively, for a flow velocity of 15 cm s−1 and a C/2 charge rate.
The cell has been running for 1500 cycles, and is still running as
of this writing. Coulombic and energy efficiencies of over 90% and
80%, respectively, have been maintained. The efficiencies are not as
high as those reported by Zhang et al. [14] and Cheng et al. [13],
probably because the positive electrode capacity was maximized
in our experiments. However, our cell still performed far better
than conventional Zn–NiOOH cells using non-flowing electrolyte,
which typically obtain only a few hundred cycles. The instability
of performance is probably caused by gas generated due to elec-

trolysis occurring as side reaction. When bubbles are not removed
near the negative plates, they act as an obstacle and promote the
dendritic growth of zinc in the vicinity of the bubble, as shown in
Fig. 12.

−1, C = 1C): (a) 1st cycle; (b) 9th cycle.
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Fig. 9. Zinc dissolution at a reconditioning cycle.
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Fig. 10. Charge/discharge capacity vs. cycle number for the 3.7 Ah battery.

. Scale up

Fig. 13 is a picture of a 100 Wh (1.6 V–60 Ah) prismatic cell devel-
ped based on these earlier experiments. Alternately layered via
pacers (thickness = 2.4 mm) were 12 positive and 13 negative elec-
rodes. Washers as spacers (diameter = 3.1 mm) were placed every

0 mm in both the streamwise and spanwise directions. The elec-
rolyte consisted of 45% KOH solution, into which 120 g L−1 ZnO was
issolved. The electrolyte flows from the bottom to the top of the
ell at an average velocity of 5 mm s−1. Cycling is being conducted

Fig. 12. Effect of a bubble on e
Cycle number

Fig. 11. Coulombic and energy efficiencies vs. cycle number for the 3.7 Ah battery.

at C/7 charge and discharge rates. These cycling rates were deter-
mined by a consideration of several potential utility applications.
As shown in Figs. 14 and 15, the battery has been running in a stable
fashion; the Coulombic and energy efficiencies are almost the same
as those for the 3.7 Ah cell after 200 cycles. Though further testing

is needed for better understanding and optimization for large scale
applications such as traction and stationary energy storage, it was
shown that Zn–NiOOH flow-assisted battery is potentially suitable
for large-scale energy storage systems.

lectrodeposition of zinc.
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Fig. 13. The 100 Wh Zn–Ni flow battery.
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Fig. 14. Charge/discharge capacity vs. cycle number for the 100 Wh battery.
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5. Conclusions

An experimental study of the morphology of zinc obtained
by repeatedly charging and discharging flow-assisted zinc–nickel
oxide cells was carried out. In general, one can associate the mor-
phology with the electrical performance of the cells. The main
conclusions are as follows:

• Flowing electrolyte contributes to better performance for the
Zn–NiOOH cells.

• Higher charge rates lead to more dendritic zinc deposits on charg-
ing and tend to result in degraded cell performance. When the
electrolyte velocity is higher than 15 cm s−1, the direction of den-
drites was distorted toward the flow direction and internal short
circuit was suppressed.

• 1500 stable cycles were achieved by using periodic recondition-
ing procedures, which demonstrated the long-life potential of the
flow-assisted Zn–NiOOH system.

• A Zn–NiOOH flow-assisted battery is potentially suitable for
energy storage systems at large scales.
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