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NiO has been widely studied in the field of lithium-ion batteries because of its high theoretical
capacity density (718 mAh g), abundant raw materials, simple preparation methods and
environmental friendliness. However, its poor conductivity as an electrode material still limits its
practical application in batteries. In this paper, the Ni metal addition method is used to improve the
conductivity of NiO. A Ni-based precursor is first prepared by the water bath method. The NiO/Ni
composite with a flower-like structure was obtained by thermal decomposition of a Ni-based precursor
in an argon atmosphere. The as-prepared NiO/Ni composite consists of sheet-like NiO and granular Ni,
and the NiO content in the NiO/Ni composite is 52.7%. As the anode of a lithium-ion battery, the
NiO/Ni composite electrode shows high capacity and a long cycle life with a capacity of 631.2 mAh g
1 at a current density of 0.5 A g for the 100th cycle. It also exhibits excellent rate performance. The
discharge capacities of the NiO/Ni composite are 671.2, 460.3, 376.1, 344.9 and 555.8 mAh g! at
current densities of 0.5, 1, 2, 4 and 0.5 A g}, respectively. This explains why the NiO/Ni composite
can endure a high charge-discharge current density. The results indicate that the NiO/Ni composite is a
good anode material for lithium-ion batteries.
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1. INTRODUCTION

To meet the growing demand for electronic devices, it is necessary to develop a large number
of low-cost, high-capacity and environmentally friendly energy storage devices [1]. Lithium-ion


http://www.electrochemsci.org/
mailto:qsouyang@163.com

Int. J. Electrochem. Sci., 17 (2022) Article Number: 220237 2

batteries have the advantages of high energy density, high output voltage and good cycling
performance [2-5] and are the most widely used energy storage devices.

At present, the main materials used as anode materials for lithium-ion batteries are carbon
materials [6-8], metal oxides [9-18], silicon-based materials [19-22] and tin-based materials [23-24].
Compared with metal oxide materials, the reversible capacity of carbon materials is lower, and the vol
ume change of silicon-based and tin-based materials is larger. Among these metal oxide materials, NiO
has attracted much attention mainly because NiO has a high theoretical capacity density (718 mAh g2),
abundance of raw materials, simple preparation, and environmental friendliness [25]. Despite these
advantages, it still exhibits poor cycle stability due to the low conductivity of NiO. The electrons
produced by the battery reaction are difficult to transmit in the material. There are many reported
methods to solve the issue of poor conductivity. For example, NiO material can be grown directly on
Cu foil [26] or Ni foam [27]. The barrier of poor conductivity can also be solved with cladding or
loading carbon [28], with doping metals such as Co [29] and Ni [30-31]. Regarding the structure of
NiO, many reports have focused on structural stability improvement, such as porous nanosphere
structures [32-33] and nanotube structures [34], which have shown long cycling lives and high rate
charge-discharge performances.

A flower-like structure of electrode materials has been reported frequently in recent studies for
batteries[34-35]. Wu and co-workers constructed specific mesostructured NiO/Ni materials with
flower-like structures for application in supercapacitors. The NiO/Ni electrode displayed excellent
electrochemical performance because of its short solid state ion diffusion length, high electrolyte
wettability and good conductivity[36]. This flower-like structure should also have the potential
of excellent electrochemical performance when used in lithium-ion batteries.

In this work, a NiO/Ni composite with a hierarchical porous structure and flower-like
morphology was prepared by calcining a nickel-based precursor in an argon atmosphere. For
comparison, a NiO sample with a similar structure and morphology was synthesized by calcining the
Ni-based precursor in air. Electrochemical tests of the as-prepared NiO/Ni and NiO as anodes for
lithium-ion batteries showed that NiO/Ni has a high capacity and favourable cycle life. The results
indicate that the NiO/Ni composite is a desirable anode material for lithium-ion batteries.

2. EXPERIMENTAL SECTION

2.1 Materials synthesis

The preparation method of Ni-based precursors and NiO/Ni composites is an uncomplicated
procedure. Nickel nitrate (5.8 g, 20 mmol, Ni(NO3).-6H20) was dissolved in 100 mL distilled water
under constant stirring at a constant temperature of 40 °C (in a round-bottomed flask). First, 2.8 g (20
mmol) of hexamethylenetetramine (HMT) and 0.2 g of oxalic acid dihydrate (H.C204-2H20) were
dissolved in 10 mL distilled water to prepare a mixed solution which was added to the above nickel
nitrate solution. Then, the green transparent mixture was heated to 95 °C (x5 °C) and the temperature
was maintained for 6 h under normal pressure. After the reaction, the system was allowed to cool to
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room temperature. The contents of the round-bottomed flask were washed three times with distilled
water and ethanol separately and vacuum-dried at 60 °C to obtain a Ni-based precursor. Ar gas was
pumped into a conventional atmospheric pressure chemical vapour deposition (CVD) reactor.
Subsequently, the above Ni-based precursor was calcined at 335 °C for 2 h under an Ar atmosphere in
a furnace. After cooling to room temperature, a NiO/Ni composite was obtained. For comparison, a
pure NiO sample was obtained by calcining the above precursors in air at the same temperature.

2.2 Characterization

The NiO/Ni composite and the pure NiO sample were analysed by X-ray powder diffraction
(XRD, Philips X'pert Pro ray diffraction). The structure and morphology of the two materials were
characterized by scanning electron microscopy (SEM, S-4800) and transmission electron microscopy
(TEM, JEM-100S). Their microstructures were characterized by high-resolution transmission electron
microscopy (HRTEM). The content of metallic Ni was calculated from the weight loss of the reduction
of NiO to Ni(0) in Ar/Hz gas (10 vol% H>) with a thermogravimetry analyser (STA-499F3 NETZSCH
thermal analyser). The reaction is: NiO + H>— H20 + Ni(0).

2.3 Electrochemical measurements

The preparation and electrochemical tests of the NiO/Ni material and NiO sample as electrodes
were conducted as follows: The active material (NiO/Ni, NiO), carbon black and PVDF were added to
NMP solvent as a slurry with a weight ratio of 8:1:1, respectively, and then the slurry was spread
evenly on a Cu foil and baked at 80 °C in an oven for 16 hours. In addition, the Cu foil loaded with the
active material was then punched to make a disc with a radius of 1 cm, and the loading amount per disc
was approximately 1.5 mg. The prepared disc was assembled into a coin cell (2032) in an argon-filled
glovebox using lithium metal as the counter electrode, Celgard 2250 as the battery separator, and the
electrolyte was 1.0 M LiPFg (consisting of ethylene carbonate and diethyl carbonate at a weight ratio
of 1:1). A constant current charge and discharge test of the assembled battery was performed on a
NEWARE CT3008 multichannel battery measuring device. The test voltage range was 3-0.01 V (vs.
Li/Li™).

3. RESULTS AND DISCUSSION

The Ni-based precursor was obtained by the coprecipitation reaction between HMT, Ni(NO3)
and H2C>0s. It consists of NiC204-2H.O cores and Ni(OH). petal-like shells containing HCHO
molecules[37]. The NiO/Ni composite was prepared by calcining the Ni-based precursor in an Ar
atmosphere. The following reactions may have occurred during this process[36]:

2HCHO(g) + 3Ni(OH)2(s)—3Ni(s) + 5H20(g) + CO(g) + CO2(g) (1)

Ni(OH)2(s)— H20(g) + NiO(s) (2)

CO(g) + NiO(s)— CO2(g) + Ni(s) (3)



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220237 4

NiC204(s)— 2CO2(g) + Ni(s) (4)

To better understand the two prepared materials, their structures and morphologies were
characterized by SEM, TEM and HRTEM. As shown in the SEM image of the NiO sample (Fig. 1a),
the prepared NiO sample is very uniform with a flower-like morphology. Each flower-like particle
with a diameter of approximately 1-2 pm is made up of many nanosheets. Fig. 1b shows the SEM
images of the NiO/Ni composite. There is not much difference between the NiO/Ni composite and the
NiO sample except that there are some tiny particles on the nanosheet of the NiO/Ni composite. Fig. 1c
shows the TEM image of the NiO sample, and the inset of Fig. 1¢ shows the HRTEM image of NiO.
The lattice fringes of 0.209 nm and 0.242 nm correspond to the 200-plane and 111-plane of NiO,
respectively, which shows that the NiO sample was prepared successfully. Fig. 1d is the TEM image of
the NiO/Ni composite, which differs from Fig. 1c. There are many granular materials (as shown by the
direction of the arrows) on the nanosheet of the NiO/Ni composite. The inset of Fig. 1d shows that the
lattice fringes of these particles correspond to the 111 facets of Ni metal. These results indicate that
these Ni particles are embedded in the NiO nanosheets and that the preparation of the NiO/Ni
composite was successful.
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Figure 1. SEM images of (a) NiO and (b) NiO/Ni, TEM and HRTEM (insets) images of (c) NiO and
(d) NiO/Ni.
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To further confirm that the prepared material was NiO/Ni, phase analysis of the NiO/Ni
composite, the NiO sample and pure metal Ni was carried out by XRD. Fig. 2 shows the XRD patterns
of the NiO/Ni composite, the pure NiO sample, and pure Ni. It clearly shows that the first, second and
fifth diffraction peaks of the NiO/Ni composite correspond to the diffraction peaks of NiO. The third,
fourth and sixth diffraction peaks of the NiO/Ni composite correspond to the diffraction peaks of Ni.
This result confirms that the NiO/Ni composite was prepared successfully by thermal decomposition of

Ni-based precursors.
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Figure 2. XRD patterns of Ni, NiO and NiO/Ni.

A thermogravimetric (TG) analyser was used to determine the content of NiO in the NiO/Ni
composite. Fig. 3 shows the thermogravimetric analysis of the NiO/Ni composite and the calculated
results. It can be seen clearly from the TG curve that the mass loss of the NiO/Ni composite is 11.3%
between 100 °C and 400 °C. The process corresponds to the decomposition of NiO with the loss of O.
The calculated result indicates that the NiO content in the NiO/Ni composite is 52.7%.

Table 1. The contents of Ni/NiO.

Sample TG

NiO (%) Ni (%)
Ni/NiO
527 473
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Figure 3. TG curve of NiO/Ni.

Fig. 4a and 4b present the dQ/dV curves of the NiO/Ni composite and the NiO sample,
respectively. As shown in Fig. 4a, a strong reduction peak at 0.6 V in the first cycle corresponds to the
initial reduction reaction of NiO to Ni°® along with the formation of amorphous Li.O and electrolyte
decomposition to form the solid electrolyte interface (SEI) layer[31-32,37-38]. The composition of the
SEIl layer includes Li.COs, ethyleneoxide-based oligomers, LiF, and lithium alkyl carbonate
(ROCO-LI)[39-40]. For the two subsequent cycles, as a consequence of the activation of the materials,
the reduction peaks shifted to approximately 1.2 V and almost coincided. The areas under the curves of
the second and third cycles are smaller than that of the first cycle, and the decreased area is attributed
to the irreversible specific capacity. The two distinct oxidation peaks at approximately 1.4 and 2.1 V
are observed in different cycles. The peak at approximately 1.4 V is due to the dissolution of the
organic SEI layer. The peak at 2.1 V is ascribed to the decomposition of Li2O and the oxidation of Ni°
to NiO. These results are consistent with previous reports[32,38-39,41]. The changing trend and the
locations of the peaks of the NiO sample are consistent with those of the NiO/Ni composite. As shown
in Fig. 4a and 4b, the area enclosed by the NiO sample decreases more quickly than that of the NiO/Ni
composite. This proves that the addition of Ni to the NiO/Ni composite enhances the conductivity of
NiO and raises the effective content of NiO during the reaction. The reactions involved is:

NiO + 2Li" +2e” <> Ni(0) +Li,O

The constant current charge-discharge test is one of the most important evaluations for lithium-
ion battery electrode materials. A good electrode material usually has an obvious charge-discharge
curve plateau. Fig. 4c and 4d show the charge-discharge curves of the NiO/Ni composite and NiO
sample, respectively, for the Ist, 2nd, 10th and 30th cycles at a current density of 0.5 A g''. For the
NiO/Ni electrode, the two plateaus and a sloping voltage range during the first discharge/charge are
well coordinated. The narrow plateau at 1.5-0.6 V and a sloping region at 0.5-0.01 V during discharge
correspond to the plateau at 1.2-1.6 V and the sloping region at 0.01-1.2 V during charging,
demonstrating the formation and partial dissolution of the organic SEI layer, respectively. Meanwhile,
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the long discharge peak at 0.5V and the charge peak at 2.1-2.5 V correspond to the reduction of NiO to
metallic nickel along with the formation of amorphous Li>O and its oxidation to NiO and
decomposition of LioO[42]. These results are in agreement with the above dQ/dV results. Wang and
co-workers have previously reported that the formation of the SEI layer had already started above 2.0
V during the first cathodic scan[43], and Tarascon and co-workers also observed the formation of the
SEI layer by ex situ TEM in the sloping voltage range of 1 to 0.02 V[44]. In addition, Tu and co-
workers reported that SEI layer formation started at a relatively high potential of 1.3 V, further grew at
a lower potential of less than 0.5 V, and the formed SEI layer partially dissolved upon the subsequent
charge.
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Figure 4. Charge and discharge curves for the first, second, 10th and 30th cycles of the (a) NiO/Ni
composite and (b) NiO sample at a current density of 0.5 A g'!; (c and d) the corresponding
differential capacity (dQ/dV) vs. cell potential profiles.

These results indicated that Ni and Co nanograins of the composite can act as catalysts towards
the formation/dissolution of the organic coating[42]. From Fig. 4c and 4d, it can be seen that the
charge-discharge curves of the NiO/Ni composite and the NiO sample all have similar gradient
charging-discharging platforms. The capacity of the NiO sample is much smaller than that of the
NiO/Ni composite. The first discharge capacity of the NiO/Ni composite is much higher than that of
the NiO sample (707 mAh g), and the difference between the two is 290 mAh g. This result also
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demonstrates that the addition of Ni to the NiO/Ni composite improves the conductivity of NiO and
increases the effective content of NiO during the reaction. The major potential peak of the NiO/Ni
composite shifts to ~1.2 V during the following cycles, which may be related to the structural
rearrangement.

Fig. 5a displays the rate performance of the NiO/Ni composite and the NiO sample as the
anode at different current densities. The variation regularity of the rate performance for the two
materials is almost the same except for an obvious difference in the amount of change when they are
fully charged at different current densities. The discharge capacities of the NiO/Ni composite are 671.2,
460.3, 376.1, 344.9 and 555.8 mAh g at current densities of 0.5, 1, 2, 4 and 0.5 A g%, respectively.
This explains why the NiO/Ni composite can endure a high charge-discharge current density.
Moreover, the charge and discharge capacities of the NiO/Ni composite are higher than those of the
NiO sample at different current densities. The reason may be that the addition of elemental Ni in the
NiO/Ni composite improves the conductivity of the material. Good conductivity benefits the quick
release of the electrons generated during the redox reaction. More NiO in the NiO/Ni composite can
participate in the electrochemical reaction. Fig. 5b shows the cycle performance of the NiO/Ni
composite and the NiO sample at a current density of 0.5 A g*. The capacities of the NiO/Ni
composite and the NiO sample all decrease significantly during the initial 15 cycles. However, the
capacity of the NiO/Ni began to level off first. The capacities of the two electrodes gradually increase
after the 40th cycle until the 100th cycle. The increasing capacity may be attributed to the reversible
growth of a polymeric gel-like layer coming from Kinetically activated electrolyte degradation and
interfacial lithium storage[32]. Finally, the electrode of the NiO/Ni composite maintains a discharge
capacity of 631.2 mAh g*after 100 cycles, which is significantly higher than that of the NiO sample
(183 mAh g). The result also proves that the addition of Ni metal not only increases the effective
utilization of NiO in the NiO/Ni composite but also stabilizes the structure of the composite.
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Figure 5. (a) Rate performance at various current densities and (b) cycle characteristics at a current
density of 0.5 A g of NiO/Ni composite and NiO sample.
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To compare the cycle performance in this work with the previously reported data for NiO-Ni
electrodes, we performed a literature survey, and the results are summarized in Table 2. The specific
capacity of NiO/Ni is equivalent to or slightly better than that of most of the listed materials. This
positive result can be explained by the NiO/Ni having a stable flower-like structure consisting of sheet-
like NiO and granular Ni.

Table 2. Comparison of the electrochemical performances of Ni-NiO electrodes

Electrode Current (m A g-1) Cycle Reversible Capacity References
1C~718 m A g-1 Number (mAh g-1)

NiO-Ni 718(1C) 100 264 45
NiO-Ni 286(0.4C) 50 397 46
NiO-Ni 143.6(0.2C) 30 520 43
NiO-Ni 359(0.5C) 100 627 47
NiO-Ni 215.4(0.3C) 70 669 48
NiO-Ni 107.7(0.15C) 100 704 49
NiO-Ni 156 65 646 50

NiO-G-Ni 125 150 722 51
NiO/Ni 500 100 631.2 This work

4. CONCLUSIONS

In summary, a NiO/Ni composite was obtained by thermal decomposition of a Ni-based
precursor in an argon atmosphere. As a comparison, a pure NiO sample was obtained by thermal
decomposition of the Ni-based precursor in air. The prepared NiO/Ni composite was shown to have a
flower-like structure and consist of pure sheet-like NiO and pure granular Ni by SEM, HRTEM, TEM,
and XRD. The thermogravimetric analysis showed that the NiO content in the NiO/Ni composite is
52.7%. As the anode of a lithium-ion battery, the NiO/Ni composite demonstrates a high discharge
capacity of 555.8 mAh g at a current density of 0.5 A g after ten cycles of different current densities
of 0.5, 1, 2, and 4 A g}, respectively. It shows outstanding charge-discharge rate performance, and it
has a long cycle life with a 613.2 mAh g* discharge capacity after 100 cycles. The performance of the
NiO/Ni composite was much better than that of the pure NiO sample. This may be due to the
additional metallic Ni in the NiO/Ni composite, which improves the electrical conductivity of the
composite, stabilizes its structure and increases the effective utilization of NiO in the NiO/Ni
composite. The results indicate that the NiO/Ni composite is a favourable candidate for use as an
anode material in lithium-ion batteries.
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