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Abstract−ZnO nanoparticles with three morphologies were synthesized by a hydrothermal route at 120 oC for 3 h in
high alkaline aqueous solutions of LiOH, NaOH, and KOH. We analyzed them by X-ray diffraction (XRD), scanning
electron microscopy/energy dispersive spectroscopy (SEM/EDS), cyclic voltammetry (CV), Zeta potential measure-
ment, and impedance. XRD and SEM showed that the obtained ZnO nanoparticles had high purity and perfect crys-
tallinity, and the morphologies of the particles prepared in the LiOH, NaOH, and KOH solutions showed nanoplate,
nanobead, and nanorod shapes, respectively. CV showed that the nanoplate ZnO-LiOH and nanorod ZnO-KOH have
superior electrochemical activity to that of the other ZnO nanostructures. As electrode materials of Ni/Zn redox batter-
ies, the nanoplate ZnO-LiOH showed a significantly improved cycle stability after the 30th cycle compared to that of
ZnO-NaOH and conventional ZnO with a mean discharge capacity of 153 mA h g−1, a cell efficiency of 93%, and
higher discharge voltages of 1.9. In addition, during the charging/discharging cycles, the growth of zinc dendrite clusters
could be suppressed, which resulted in an improvement in the cycle stability of the Ni/nanoplate ZnO-LiOH redox cell.
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INTRODUCTION

Since the redox flow battery (RFB) concept was first proposed
by Thaller [1] in 1974, many types of redox flow batteries have
been fabricated [2-5]. The Ni/Zn redox battery has high specific
energy, high specific power, high open-circuit voltage, low toxicity,
and low cost. In particular, the free-membrane alkaline zinc-nickel
redox battery has a nominal voltage of 1.6 V (theoretical value
1.72 V) per cell [6,7], and it has an almost constant voltage during
most of the discharge period, exhibiting voltage stability at differ-
ent discharge rates. In addition, the raw materials for zinc/nickel
batteries are abundant and environmentally friendly. However, the
widespread commercialization of this kind of Zn-based battery has
been limited by its low cycling life. The major problems with re-
chargeable Ni/Zn batteries are the shape change of the electrode,
dendrite growth, passivation, and self-discharge of the Zn elec-
trodes [8-10]. In particular, the short cycle life of the zinc anode
arises mainly from dendritic growth (in the anode, zincate anions
Zn(OH)4

−2
→ZnO+H2O+2OH−) [11]. Many attempts have made

to suppress ZnO dendritic growth, including some additives to the
zinc electrode (e.g., Ca, Bi, Ag, C, Mn, and Al) [12-17]. Two aspects
of ZnO electrode materials should be given careful consideration
for size and morphology [18,19]. In particular, the problems of Ni/
Zn secondary batteries are strongly related to the physical and elec-
trochemical properties of ZnO. The initial morphology of ZnO
can influence the electrochemical performance of secondary Ni/

Zn batteries [19]. Wen et al. reported [20] the electrochemical per-
formance of ZnO with different morphologies, hollow fusiform
ZnO and hexagonal taper-like ZnO, as the anodic materials for
Ni/Zn secondary batteries. They concluded that hollow fusiform
ZnO and hexagonal taper-like ZnO showed better cycle stability
than conventional ZnO, and the formation of zinc dendrites was
suppressed considerably. This was attributed to the initial morphol-
ogy of the anodic materials. Yang et al. [21], through low rate cyclic
voltammetry, showed that the electrochemical performance of ZnO
nanowires was superior to that of conventional ZnO. Ma et al.
[19] also evaluated the electrochemical performance of the ZnO
nanoplates, and reported its better cycle stability than the conven-
tional ZnO with a discharge capacity maintained at 420 mA h g−1

throughout 80 cycling tests.
However, little attention has been focused on the effects of the

different morphologies of ZnO on the electrochemical properties.
The shape change and dendrite growth are possibly related to the
morphology of the anodic active material. To further illustrate this
point, it is very important to examine the electrochemical perfor-
mance of ZnO with different morphologies. In the present work,
nanoplates-, threaded nanobeads-, and nanorods-shaped ZnO par-
ticles are prepared via hydrothermal method. As the anodic active
materials for the free membrane alkaline Zn/Ni redox battery, their
electrochemical properties are examined in detail.

MATERIALS AND METHODS

1. Preparation and Characterization of the ZnO Powders
The ZnO powers were prepared using a hydrothermal route.

Briefly, the appropriate amount of the zinc nitrate (Zn(NO3)2 xH2O,
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99.99%, Aldrich) precursors to produce a 1.0 M solution were dis-
solved in 1.0 L of a water/ethanol mixed solution in three separate
beakers with stirring. Subsequently, 2.0M-LiOH (LiOH H2O, 99.95%,
Aldrich), -NaOH (99.99%, Aldrich), and -KOH (99.99%, Aldrich)
were added to the three beakers to produce three mixtures. After
being stirred for 3 h, the solutions were transferred to three auto-
claves for the thermal treatment. The temperatures of the auto-
claves were increased with 10 oCmin−1 to 120 oC, and kept there for
3 h with the natural vapor pressure of ethanol. After the thermal
treatment, the final precipitates were filtered, washed several times
with distilled water to pH 7.0, and dried at 70 oC for 24 h. The ex-
pected synthesis mechanisms of the ZnO powers are as follows:

1) Zn(NO3)2+2LiOH (NaOH or KOH)
1) →2Li+ (Na+ or K+)+2NO3

−+Zn(OH)2

2) Zn(OH)2→ZnO+H2O

The synthesized ZnO powders were called conventional ZnO,
ZnO-LiOH, ZnO-NaOH, and ZnO-KOH according to the alka-
line additives used, and they were examined by X-ray diffraction
(XRD, MPD, PANalytical) using nickel-filtered CuKα radiation
(30kV, 30mA). Scanning electron microscopy (SEM, JEOL 2000EX)
at acceleration voltages of 120 and 200 kV was performed to deter-
mine the particle sizes and morphologies of the materials. The atomic
compositions in ZnO powders were measured by energy disper-
sive X-ray spectroscopy (EDS, EX-250, Horiba) operated at 120 kV.
The zeta potentials of the ZnO powders were determined from
the electrophoretic mobility using an electrophoresis measure-
ment apparatus (ELS 8000, Otsuka Electronics, Japan). Electropho-
retic light scattering (ELS) was performed in reference beam mode
using a laser light source of 670 nm, a modular frequency of 250 Hz
and a scattering angle of 15o. The standard error of the zeta poten-
tial, which had been converted from the experimentally determined
electrophoretic mobility, was typically <1.5% and the percentage
error was <5%. To measure the zeta potential, 0.1 wt% of each sam-
ple was dispersed in de-ionized water and the pH of the solution
was adjusted using HCl or NaOH. The relative molecular diame-
ter size distributions of the various pH solutions were also mea-
sured using this equipment.
2. Electrochemical Performance of the ZnO Anodic Materials
in a Ni/Zn Cell

The galvanostatic charge-discharge tests were performed using
a battery test system, WPG100e (WonA Tech., Korea) at room tem-
perature (25±2 oC) using a small single stationary vial-type cell, sim-
ilar to that in a previous study [22]. Before the cycling test, the cells
were pre-charged at 5 mA cm−2 for 10 h and pre-discharged at 10
mA cm−2 down to the 1.4 V cut-off to stabilize the oxidation-reduc-
tion state of active species in the cell. During the cycling proce-
dure, the cells were charged at a current density of 20 mA cm−2 for
1.5 h and discharged at 20 mA cm−2 to the 1.4 V cut-off. Two elec-
trodes, a sintered NiOOH foam (0.7 mm in thickness, loaded Ni
amount 180.0 mg cm−2) as the cathode and a 0.1 mm thick nickel
plate as the anode, were placed on both sides. The cathode and
anode electrodes were 1.0 cm×1.0 cm (width×height), and the dis-
tance between them was maintained at 1.0 cm. The cell compart-
ment was filled with 10 mL of a 0.5 M ZnO anodic material in an
8 M KOH aqueous solution. The electrochemical oxidation-reduc-

tion reaction in the cell is as follows:

Positive: 2NiOOH+2H2O+2e−→2Ni(OH)2+2OH−

Negative: Zn+4OH−

→Zn(OH)4
2−+2e−

Overall: Zn+2OH−+2H2O+2NiOOH→2Ni(OH)2+Zn(OH)4
2−

CV was also performed using the same galvanostatic scanning
rate of 50 mV s−1 from −1.0 V to −2.0 V at room temperature (25±
1 oC). The electrolyte was 0.5 M ZnO in 8 M KOH solution. A
three-electrode cell assembly was used in the test. Ag/AgCl elec-
trode served as reference. The working electrode was a Ni-plate,
and the Pt electrode was used as the counter electrode. The sizes are
the same as that of the electrode which was used in the charge-
discharging test, 0.5 cm×0.5 cm (width×height).

RESULTS AND DISCUSSION

1. Physical Properties of the Synthesized ZnO Powders
Fig. 1 shows XRD patterns of the conventional ZnO and ZnO

powders, which were prepared using a hydrothermal method. All
the XRD peaks were indexed to the hexagonal wurtzite ZnO [space
group P63mc] with lattice constants of a=3.251 Å and c=5.212 Å,
according to JCPDS file No. 36-1451 [23], and no other impurity
peaks were observed. The XRD peaks could be classified into the
following three groups: pyramidal planes of (101), (102), (103),
(112), and (201); prismatic planes of (100), (110) and (200); and
polar plane of (002). The strong and widened diffraction peaks
indicate that the material has perfect crystallinity and a very small
particle size. The pattern showed very sharp peaks, indicating that
conventional ZnO and ZnO-LiOH have good crystallization; how-
ever, the peak intensities in the ZnO-NaOH and ZnO-KOH parti-
cles were relatively weak. Peak broadening indicated a decrease in
crystallite size. The full widths at half maximum (FWHM) of the
31.7o 2θ (100) peaks in the four ZnO samples were measured: the
crystallite sizes of the conventional ZnO, ZnO-LiOH, ZnO-NaOH,
and ZnO-KOH estimated using the Debye-Scherrer equation [24]
were 35, 27, 25, and 30 nm, respectively.

Fig. 2 presents SEM images of the conventional ZnO and ZnO

Fig. 1. XRD patterns of the conventional ZnO and ZnO powders
prepared by hydrothermal synthesis.
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powders prepared by the hydrothermal method, which indicates
some novel micro- and nanostructures. The conventional ZnO par-
ticles mainly have the typical cubic shapes with sizes of approxi-
mately 100-500 nm, as shown in Fig. 2(a). The nanoplates, 300 nm
in length, 250 nm in width and 50 nm in height, were clearly ob-
served in the ZnO particles prepared in the LiOH solution (Fig.
2(b)). The product was observed as an irregular pyramid with a
wide range of dimensions. Otherwise, the threaded nanobeads and
nanorods, approximately 500nm in length, which assembled of some
sub-spindles and sub-pillars of ZnO crystals, were observed in the
ZnO-NaOH and ZnO-KOH particles shown in Fig. 2(c) and (d),
respectively. The difference of morphology can be explained by
Pearson’s hard soft acid base rule that hard acids prefer hard bases.
The hard intensity in acid was decreased in the order of Li>
Na>K, and the OH− is a hard base. Therefore, in the synthesis
step of ZnO, the Zn hydrolysis in KOH solution is faster than that
of other basic solutions. Therefore, the crystal growth rate of ZnO
is also increased in KOH solution (rod type). Then the next order
is to be NaOH and LiOH, respectively; they show the threaded
nanobead- and nanoplate-shaped morphologies.

Fig. 3 shows the influence of pH on the position of the zeta
potential distribution median (determined using electronic light

scattering) of the ZnO powders. In all samples, the surface charge
changed from a positive value in an acidic solution to a negative
value in an alkali solution. The isoelectric point (ip) was pH 7.4 in
conventional ZnO with significant aggregation. In contrast, the

Fig. 2. SEM images of the conventional ZnO and ZnO powders prepared by hydrothermal synthesis.

Fig. 3. Zeta potential distributions depending on the influence of
the pH of the ZnO powders.
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point shifted to a higher pH in the nanobead ZnO-NaOH and
nanorod ZnO-KOH suspensions around the ip; pH 7.7 and 8.2,
respectively. In addition, the surface charges had the highest val-
ues in a basic solution, which generally means stable particles [25].
On the other hand, the ip was rather shifted to a lower pH in the
nanoplate ZnO-LiOH suspensions, but the highest absolute value
also increased in the alkaline solution. This suggests that the ZnO
colloids are more stable in alkali solutions with little aggregation;
hence, the redox reaction will progress more easily in an alkaline
solution than in an acidic solution.

To further investigate the influence of ZnO morphology on elec-
trochemical reactions, cyclic voltammograms (CV) for ZnO-LiOH,
ZnO-NaOH, ZnO-KOH, and commercial ZnO were conducted,
and the CV curves for 10th, 20th, 30th, 40th, and 50th cycles are pre-
sented in Fig. 4. The cathodic peaks containing the conventional
ZnO, the ZnO-LiOH, ZnO-NaOH, and ZnO-KOH, appeared at
−1.50, −1.50, −1.50, and −1.51 V against NHE, respectively, which
are associated with the reduction of Zn(II) ions to Zn(0). Com-
pared with ZnO-LiOH and ZnO-KOH show a much higher peak
current, suggesting that the reduction of these two zinc electrodes
is favorably enhanced. The cathodic peaks of ZnO-LiOH and ZnO-
KOH were much steeper than those of conventional ZnO and
ZnO-NaOH. The cathodic peak is in accord with the charging
process of a secondary battery. This characteristic of cathode peak
demonstrates that the ZnO-LiOH and ZnO-KOH have rapid reduc-
tion reaction kinetics, and the charging process is more effective
and rapid. In particular for ZnO-KOH, a more negative potential,
generally speaking, means a lower electrochemical kinetics of reduc-
tion process. Otherwise, when the potential scan is switched to the

positive direction, the anodic peaks, which were different from three
negative electrodes, appeared at about −1.24, −1.22, and −1.25 V
against NHE for the ZnO-LiOH, ZnO-NaOH, and ZnO-KOH,
respectively, which were shifted in the more negative direction in
comparison with the conventional ZnO (−1.17 V). These phenom-
ena manifested that the reversibility of the reaction became obvi-
ously better in this system. The anodic process is corresponding to
the discharge process of the zinc electrode. The increase of the
anodic peak is in accord with the higher discharge voltage. The
areas of anode peak of ZnO-LiOH and ZnO-KOH were also larger
than that of the conventional ZnO, which results from the higher
electrochemical activity.
2. Electrochemical Performance of the ZnO Anodic Materials
in a Ni/Zn Cell

Fig. 5 shows the typical galvanostatic charge-discharge voltage
(V) curves versus current time (min) with increasing numbers of
cycles from the 1st to 30th-cycles at 20 mA cm−2 for a 1.5 h charge-
discharge of the ZnO anodic materials in the Ni/Zn electronic chem-
ical system. With the exception of nanobead ZnO-NaOH, the charge-
discharge curves of the other samples were similar. For the nanobead
ZnO-NaOH, the dramatically higher charge and lower discharge
plateau voltages with increasing number of cycles possibly induced
an increase in H2 formation [27], resulting in a lower discharge pla-
teau, i.e., lower output energy and power. Moreover, the efficiency
declined rapidly with increasing numbers of cycles compared to
the other samples. Otherwise, the morphologies of the nanoplate
and nanorod in the ZnO particles were compared favorably with
the conventional ZnO in terms of the charge plateau voltage, dis-
charge plateau voltage and discharge capacity. Furthermore, the high

Fig. 4. Cyclic voltammetry curves of the conventional ZnO and ZnO powders.
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efficiencies were continued stably to the 30th cycles. The charge mid-
point voltage of the nanoplate ZnO-LiOH for the 30th-cycle was
0.02 V, lower than that of the conventional ZnO, and the dis-
charge midpoint voltage was 0.03 V, higher than that of the con-
ventional ZnO. In particular, for the nanoplate ZnO-LiOH, the

low charge plateau voltage was conducted for the suppression of
H2 formation and increase in charge efficiency, which possibly re-
sulted in a high output energy and power. The lower charge volt-
age, higher discharge voltage and higher discharge capacity are the
most convincing evidence for excellent electrochemical perfor-

Fig. 5. Typical galvanostatic charge-discharge voltage curves versus the current time with an increase in the number of cycle numbers for the
ZnO anodic materials in the Ni/Zn redox cell.

Fig. 6. Electrochemical cycle behaviors of the electrodes with the conventional ZnO and ZnOs prepared in this study: (a) Discharged capac-
ity versus cycle number and (b) efficiency versus cycle number.
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mance of nanoplate ZnO-LiOH.
Fig. 6(a) and (b) present the electrochemical cycle behavior of

the electrodes with the conventional ZnO and ZnOs prepared in
this study. The initial (for 10th cycle) discharge capacity of the con-
ventional ZnO was approximately 150 mA h g−1 with a 92% cell effi-
ciency after activation, but it decreased slowly after several cycles
with a capacity retention ratio of 84% at the 30th cycle. Compared
to conventional ZnO, the initial discharge capacities and capacities
retention ratio of the nanoplate ZnO-LiOH and nanorod ZnO-
KOH were improved slightly, reaching approximately 155 mA h
g−1 and 94%. The discharge capacity barely declined over the 30
cycling tests, but the efficiency of the nanorod ZnO-KOH was
slightly inferior to the nanoplate ZnO-LiOH. Consequently, nano-
plate ZnO-LiOH maintained a discharge capacity of 153 mA h g−1

with a capacity retention ratio of 93% for more than 30th cycle,
which is remarkably superior to the conventional ZnO. The results
show that the nanoplate ZnO-LiOH and nanorod ZnO-KOH
have a higher discharge capacity and more stable electrochemical
cycle performance than conventional ZnO. In contrast, in the case
of nanobead ZnO-NaOH, the initial (for 7th cycle) discharge capac-
ity was approximately 138 mA h g−1 with 82% efficiency after acti-
vation, but it decreased rapidly after several cycles with a capacity
retention ratio of 45% at the 30th cycle. This was attributed to hy-
drogen generation, as illustrated in Fig. 5.

To examine the influence of the ZnO morphologies on the im-

pedance of the pasted electrode, EIS was carried out and the im-
pedance diagrams are presented in Fig. 7. The Nyquist plots in all
samples involved a high-frequency capacitive semicircular loop and
low-frequency straight line. The high-frequency capacitive semi-
circular loop was assigned to charge-transfer resistance in parallel

Fig. 7. Impedance diagrams determined from the EIS measurements
of the electrodes with the conventional ZnO and ZnOs pre-
pared in this study.

Fig. 8. SEM images of the ZnO aggregations incorporated into Ni-plate electrodes after the 30th charge-discharge cycling test.
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with the double-layer capacitance, and the slope in the low-fre-
quency region was most probably caused by the diffusion of zin-
cate in the zinc anodic material [28]. The equivalent circuit used
to fit the EIS spectra is also reported: CPE represents the constant
phase element for a porous electrode; Re is the total ohmic resis-
tance, which includes the resistance of the electrolyte, current col-
lector, electrode materials, etc.; Rct is the charge-transfer resistance;
and Zw is the Warburg impedance [29]. According to the equiva-
lent circuit, the fitted Rct of ZnO-LiOH, ZnO-NaOH, ZnO-KOH,
and the conventional ZnO electrodes were 2.93, 3.38, 3.58, and
2.85 ohms, respectively. The differences of Rct values were not big
depending on their morphologies in this study. A larger Rct means
a more difficult electrochemical reaction, which leads to an increase
in electrochemical polarization. The fitted Re for ZnO-LiOH and
the conventional ZnO electrodes were smaller than those of ZnO-
NaOH and ZnO-KOH. A smaller Re generally bears the sign of
better electrical conduction and weaker ohmic polarization. A fac-
tor that may partly contribute to the smaller Re: ZnO is an n-type
semiconductor, which can have a different band-gap depending
on their morphologies [30]. Therefore, as an electrode material,
the nanoplate ZnO-LiOH in the electrochemical reaction would
decrease the resistance of the electrode.

Fig. 8 presents SEM images of the ZnO aggregations incorpo-
rated into the Ni-plate electrode after the 30th charge-discharge
cycling tests. The conventional ZnO (a) and nanobead ZnO-NaOH
(c) were deposited randomly on the Ni-plate electrode and the
shapes in both samples were similar. Ten-micron features with the
appearance of moon craters with a relatively large difference in par-
ticle sizes and many dendrite clusters were observed over the elec-
trode surface. These cubic and round bead-like ZnO particles might
be connected in the same directions as each other, and create a
hole in the end to give the appearance of a moon crater. The for-
mation of dendrite clusters was already explained by the outward
texture growth of the electrodeposited growth theory [31]. The
dendrites penetrate the separators readily, resulting in an interior

short circuit, and a decrease in the discharge capacity of the batter-
ies. This coincides with the reducing discharge capacity of the
cubic-like conventional ZnO and nanobead ZnO-NaOH. With
further increases in the charge/discharge number, the quantity of
dendrite clusters increased gradually. As a result, the discharge
capacity decreased gradually. In addition, some interesting nano-
plate ZnO-LiOH was observed over the Ni-plate electrode, as shown
in Fig. 8(b). The size of 6-micron and the shapes, such as cotton
balls, were relatively uniform, resulting from the breaking of nano-
plates caused by the dissolution of ZnO/Zn in the alkaline electro-
lyte. The surface activity of the nanoplate ZnO-LiOH was relatively
high due to the size effect of the nanomaterials. Therefore, the
broken nanoplate ZnO particles will perform epitaxial electrode-
posited growth during the charge/discharge cycles because of the
high surface activity. Consequently, the ZnO nanoplates become
thicker, so the growth of Zn dendrites is suppressed and the cyclic
stability of ZnO is improved. Finally, in the case of nanorod ZnO-
KOH (d), the perfect zinc dendrite with a relatively small (3-micron)
and sharp like a sea urchin features were shown, which indicates
the sea urchin results from slowly electrodeposited growth between
the nanorods step by step. This electrodeposited growth could be
the inadequate growth attributed to surface passivation, resulting
in a decrease in the dissolution of ZnO/Zn into the electrolyte.
The (0001) plane is the fastest crystal growth direction in the hcp
crystal structure of ZnO for a dendrite growth mechanism [32].
Despite growing zinc dendrites using nanorod ZnO-KOH, the
electric performance was quite good in this study. The reason for
this is explained in a previous report [33], which indicates that the
nanorod shaped ZnO possesses excellent electrochemical cycle
performance, and the nanorod does not damage the electrochemi-
cal performance of ZnO. As a result, the nanorod-shaped ZnO
can show good discharge capacity and cycle stability throughout
the cycling test in this study.

Fig. 9 presents the EDX spectrum of the ZnO aggregations in-
corporated into the Ni-plate electrode after the 30th charge-discharge

Fig. 9. EDS of the ZnO aggregations incorporated into Ni-plate electrodes after the 30th charge-discharge cycling test.
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cycling test. Only the Ni elements showed a fresh Ni-plate elec-
trode. On the other hand, the peaks of Zn and O can be clearly
found in the spectra upon the used Ni-plate electrodes after the
30th charge-discharge cycling test. The peak intensity of Zn was
strongest when nanobead ZnO-NaOH was used, but was small-
est in nanoplate ZnO-LiOH.

Table 1 lists the atomic compositions analyzed from the EDS
spectrum. The quantity of Zn deposited on the Ni-foam electrode
was lower in the Ni/ZnO-LiOH redox battery than the others. The
quantities of Zn deposited on the Ni-plate electrodes increased in
the order of Ni/ZnO-LiOH<Ni/ZnO-KOH<Ni/Conventional ZnO<
Ni/ZnO-NaOH redox battery. This confirms the control of the ZnO
morphology in the Ni/Zn redox battery cell, which can eventually
suppress the growth of Zn dendrites.

CONCLUSIONS

Nanoplate-, nanobead- and nanorod-ZnOs were prepared in
LiOH, NaOH and KOH alkaline solutions via a hydrothermal
method, which showed better discharge stability as anodic materi-
als for Ni/Zn redox cells compared to the conventional ZnO. In
particular, the narrow charge/discharge voltage range and the high
discharge value are evidence of its good electrochemical perfor-
mance in Ni/nanoplate ZnO-LiOH cell. This suggests that it is
more suited as an anodic material for Ni/Zn redox battery than
the conventional one. The maintenance of the discharge capacity
was attributed to the novel initial morphology of nanoplate ZnO,
making it difficult for the active material to transform to zinc den-
drites during the charging and discharging process. In contrast,
some irregular moon craters were observed when nanocubes and
nanobeads were used. These results confirm that the initial mor-
phology of the active materials can control and suppress the mor-
phology of the zinc dendrite effectively, resulting in an improvement
in the cycle stability of Ni/Zn redox cells.
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