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A Zn-NiO rechargeable battery comprising NiO nanosheet
anchored with CNTs as positive electrode, zinc plate as
negative one and an alkaline solution of 1 M KOH and 10
mM Zn(Ac), as electrolyte is reported. It delivers a voltage of
~1.75 V and high energy density of 228 Wh kg™ (based on the
mass of positive electrode composite and zinc) with good
cycling. It is great promise for practical energy storage.

Unremitting research efforts have been paid on renewable energy
because of the rapid consumption of fossil fuels. Battery
technologies provide a solution to the storage of intermittent
renewable energy, playing vital roles in alleviating our dependence
on fossil fuels.*# Among rechargeable batteries, lithium ion batteries
have high energy densities, but the barriers for large-scale
application including poor safety and high cost should be tackled.?
The limited Li* ion conductivity in aprotic electrolytes also leads to
inadequate power density for lithium ion batteries.* On the other
hand, traditional aqueous batteries are low in cost and safe but have
limited energy densities.® Zinc-based batteries offer an alternative to
lithium ion batteries because Zn has an extensive global stockpile,
relatively low redox potential, high theoretic capacity (820 mAh g
1% the innate good safety arising from non-flammable aqueous
electrolytes, low cost, and specific energies that are comparable to or
higher than those of lithium ion batteries such as Ag-Zn (~150 Wh
kg™) and Zn-air (up to 400 Wh kg™).” Although they are longly
established for primary (single-use) energy storage, Zn-based
batteries are anticipated for use in advanced technologies such as
electric and hybrid electric vehicles and smart grids.

Conventional Zn-Ni batteries are commonly assembled from
Ni(OH), delivering an energy density up to 70 Wh kg™, which is
only 20% of their theoretical value (372 Wh kg™).2 Comparatively,
NiO has much higher theoretical capacity (358 mAh g*) because of
its smaller molecular weight than Ni(OH), according to the equation
C = (F. n)/(3.6 M),° but the poor electrical conductivity and low
cycling life of NiO restricted its practical applications.

Here, we report a Zn-NiO battery consisting NiO/CNTs as
positive electrode and zinc plate as negative electrode in 1 M KOH
with 10 mM Zn(Ac), as electrolyte, which features good cycling
behaviour and high energy density.

This journal is © The Royal Society of Chemistry 2012

The detailed preparation process of a composite of NiO
nanosheet anchored with carbon nanotubes (CNTS) is presented in
the electronic supplement information (ESI and Scheme S1). X-ray
diffraction was carried out on a Bruker D4 X-ray diffractometer with
Ni-filtered CuK,, radiation. The composite or NiO was mixed with
acetylene black and poly (tetrafluoroethylene) (PTFE) in a weight
ratio of 8:1:1 dispersed in ethanol. After drying, the mixture was
pressed into a film with an active mass loading of 3 mg cm?, the
film was cut into a disk of about 2 mg which was pressed onto Ni-
grid at a pressure of 10 MPa, and finally dried at 120 °C for 12 h to
act as the positive electrode. The cyclic voltammetric (CV) testing
was performed in a three-electrode cell with a nickel grid and a
saturated calomel electrode (SCE) as the counter and reference
electrodes, respectively, by an electrochemical working station of
CHI440B (Chenhua, China). The zinc plate was polished to remove
the surface oxides layer prior to assembling with NiO/CNTs or
pristine NiO into Zn-NiO battery in 1 M KOH and 10 mM Zn(Ac),.
The two-electrode cell was used to test the cycling and charge-
discharge behaviour on a Land 2001A cell tester.

FESEM (field electron scanning microscopic) and TEM
(transmission electron microscopic) micrographs of the prepared
NiO/CNTs composite and the pristine NiO (Fig. 1a-c) show clearly
that NiO exists as nanosheets anchored with CNTs. CNTs are
utilized as templates for the growth of NiO nanosheets during the
hydrothermal process. In the case of the pristine NiO, nanosheets
also appear. However, their thickness is evidently much thicker. X-
ray diffraction patterns (Fig. 1d) show that the as-prepared
NiO/CNTs is highly crystalline, and all the peaks fit very well with
the pristine NiO and CNTSs, indicating that there is no crystal
transformation of both NiO and CNT in the composite. The high
degree of crystalinity of NiO in the composite is caused by the heat-
treatment (250 °C) during the synthesis process.

CV curves of zinc plate in 1 M KOH and 10 mM Zn(Ac), at 0.1
mV s and the NiO/CNT electrode in 1 M KOH aqueous electrolyte
at the scan rate of 10 mV s are shown in Fig. 2. In the case of zinc,
there is one set of redox peaks located at -1.38/-1.52 V (vs. SCE)
corresponding to the redox reaction of Zn(OH),>/Zn.** ** Redox
peaks related to the NiO/CNTs are situated at 0.40/0.23 V, in
consequence of the redox reaction for OH™ ions with NiO. In the case
of the pristine NiO, the positions of the redox peaks are similar to
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those of the nanocomposite (Fig. S1 in ESI). However, the current
response is much smaller than that of the nanocomposite. Since there
is a large potential difference (1.78 V) between Zn and NiO, they
can be assembled into a battery system whose redox reactions during
charge/discharge processes can be schematically shown in Scheme 1.
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Fig. 1 (a) Field emission scanning electron micrograph (FESEM)
and (b) transmission electron micrograph (TEM) of the prepared
NiO/CNTs composite; (c) FESEM micrograph of pristine NiO; (d)
X-ray diffraction patterns of CNT, NiO and the NiO/CNTs
nanocomposite.
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Fig. 2 CV curves of Zn at the scan rate of 0.1 mV s™* and NiO/CNTs
at 10 mV st in 1 M KOH and 10 mM Zn(Ac),, which were tested by
using nickel-grid and SCE as the counter and reference electrodes,
respectively.

Their electrode and cell reactions are simplified and shown in the
following:
Negative electrode:

[Zn(OH),J* + 2 & < 5== Zn +4 OH- 1)
Positive electrode.
2NiO +20H == 2 NiOOH + 2 & )
Total reaction:
2 NiO + [Zn(OH) * <5o==2NiOOH +Zn +20H  (3)
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Scheme 1 Schematic illustration of the redox process for Zn-NiO
battery during the charge/discharge processes.
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Fig. 3 (a) Charge and discharge curves of the Zn-NiO battery at
different current densities based on the NiO/CNTs composite
electrode, and (b) Discharge capacity of the Zn-NiO battery at
different current density between 1.4 and 1.95 V. The data were
calculated based on the mass of the NiO/CNTs composite and
pristine NiO.

During the charging process, [Zn(OH),J% is turned into Zn by
releasing OH™ into the electrolyte. In the meantime, NiO is
transformed into NiOOH due to the reaction with OH™ from the
electrolyte. The electrolyte is always kept electrically neutral. During
the discharge process, Zn reacts with OH™ anions from the electrolyte
to form [Zn(OH),]* complex together with the removal of OH" from
NiOOH to become NiO, evidenced from the XRD patterns of the
NiO/CNTs nanocomposite after the charging and discharging
process (Fig. S2 in the ESI). It is clear that the mechanism is similar
to that of Ni(OH), since their final product after the charging process
is NiOOH. However, the final product after the discharging process
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is different. This indicates that the introduction of 10 mM Zn(Ac),to
the electrolyte forming [Zn(OH),]* anions could improve the
reversibility of the redox reaction of Zn, which could enhance the
cycling stability of the Zn-NiO battery.'?

The electrochemical performance of the Zn-NiO battery at
different current densities between 1.4-1.95 V is shown in Fig. 3a.
The charge/discharge voltage platforms at about 1.87/1.75 V are
very clear which are consistent with the CV results. The reversible
capacity of the battery is 155 mAh g* at 1 A g™ based on the
NiO/CNT positive electrode, which is similar to the value of the
nanocomposite measured in three-electrode system in 1 M KOH.
Based on the total mass of the composite positive electrode and zinc
and an average discharge voltage of 1.75 V, the calculated energy
density will be 228 Wh kg™ at 1 A g*. This value is comparable with
those of lithium ion batteries.**

When the charge/discharge current density increases from 1, 1.5,
2, 25 to 3 A g, the discharge capacity of the NiO/CNTs
nanocomposite decreases from 155, 139, 120, 102 to 82 mAh g?,
respectively, much higher than those of the pristine NiO (Fig. 3b).
This is consistent with the results from CV test (Fig. S2 in ESI). In
this work, the design of the NiO nanosheets anchored with CNTSs as
the positive electrode in the Zn-NiO battery offers better electronic
conductivity (Nyquist plots, Fig. S3 in the ESI), leading to better
electrochemical redox kinetics and a consequent higher capacity *°
and good stability of the NiO nanosheets. Another reason to the
higher capacity for the composite is due to the thinner NiO
nanosheets and higher crystalinity of NiO. This suggests that the Zn-
NiO battery can be charged and discharged fast, and can meet the
rapid change of power supply and demand from the grid. However,
its rate capability cannot be compared with that measured in three-
electrode system, resulting from higher internal resistance in the
assembly of total battery and the decline of redox reversibility of
Zn(OH),%/Zn in the alkaline electrolyte due to the formation of
Zn(OH), and ZnO. M
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Fig. 4 cycling performance of the Zn-NiO battery at 1 A g™ based on
NiO/CNTs composite and pristine NiO.

The cycling performance of the Zn-NiO battery at the current
density of 1 A g™ based on the NiO/CNTs composite (Fig. 4) shows
that the coulombic efficiency is almost 100 % except in the several
initial cycles, which is similar to those of lithium ion batteries. This
means that the present battery supports good charge/discharge
reversibility and long lifespan with 35% capacity decay after 500
cycles. In the case of the pristine NiO, there is 60% decay (inset in
Fig. 4) after 500 full cycles because of better stability of the
NiO/CNTs nanocomposite and the introduction of 10 mM Zn(Ac),
to the electrolyte. In the case of the electrodes instead of the batteries,
the NiO/CNTs nanocomposite is very stable, and can be cycled up to

This journal is © The Royal Society of Chemistry 2012
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4000 full cycles with very small capacity decay, which is superior to
that of the pristine NiO electrode (Fig. S4 in the ESI). In addition,
the morphology of the NiO/CNTs nanocomposite keeps very stable
even after 4000 full cycles (Fig. S5 in the ESI). As to the faster
capacity fading of the Zn-based batteries than that of the electrodes,
the main reason may be attributed to the formation of Zn(OH), or
ZnO and dendrite in the zinc negative electrode.'” *® However, it is
much better than that of Zn-Ni(OH), batteries. ®2° Further research
on improving the negative electrode is needed. The approach of
utilizing NiO/CNTSs as the positive electrode for Zn-NiO battery is
superior to the enhanced stability of the Ni(OH), in Zn-Ni battery®
and other zinc-based batteries in neutral electrolyte?? in pursuit of
high energy density battery with low cost, good safety, long lifespan
and environmentally friendliness.

Fig. 4 LEDs powered by the assembled Zn-NiO batteries (Red, 1.7-
2.3 V; White, 3-3.6 V).

Zn-NiO batteries were assembled with the NiO/CNTs
nanocomposite as the positive electrode (about 1.5 mg). As shown in
Fig. 4, a red LED and a white one are lighted on by one and two
serial batteries, respectively, indicating that the battery could be
cascaded efficiently and this design of Zn-NiO battery is of great
promise for practical application.

Conclusions

In summary, a Zn-NiO battery has been assembled based on NiO
nanosheets anchored with CNTs (NiO/CNTs nanocomposite) as the
positive electrode, zinc plate as the negative one, and an alkaline
solution of 1 M KOH and 10 mM Zn(Ac), as the electrolyte. The
nanocomposite shows high specific capacity of 155 mAh g, and the
average discharge voltage of this battery is 1.75 V. The energy
density of this battery can be 228 Wh kg™ (based on the mass of
positive electrode composite and zinc) and its capacity decay after
500 cycles at a current density of 1 A g is 35%. Moreover, it could
be cascaded efficiently. The above results demonstrate clearly that
the approach of utilizing NiO/CNTs as the positive electrode to
assemble a Zn-NiO battery is superior to the reported Ni(OH), in
Zn-Ni battery and other zinc-based batteries in neutralized
electrolyte in pursuit of high energy density battery with low cost,
good safety, long lifespan and environmentally friendliness.
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