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A novel ﬁnding, that the “burned” graphene has a signiﬁcant role in determining the morphology of the
resultant LiNiO2 nanoparticles prepared under the air conditions, was reported in this work. Brieﬂy, prior
to the calcination-preparation of LiNiO2, a series of graphene with various weight contents (0.5 wt %,
1 wt %, 1.5 wt % and 2 wt %) were added in the starting materials of LiNiO2, and then followed by a
subsection calcination method under the air conditions. The obtained samples were thoroughly
characterized by using X-ray diffraction (XRD), Scanning electron microscopy (SEM), Transmission
electron microscope (TEM) and Fourier transform infrared spectroscopy (FTIR). It was found that when
the “burned” content of graphene is below 2 wt %, LiNiO2 particles with an average size ranging from
about 100 to 500 nm were demonstrated to have regular crystal structures. Results obtained from the
electrochemical measurements effectively indicated that the largest value of initial discharge capacity
and the highest cycling stability were exhibited by the 1.5 wt % graphene-burned LiNiO2 cathode material
as compared to other graphene-burned samples. Interestingly, when employing graphite other than
graphene as the carbon source, LiNiO2 particles with well deﬁned octahedron structure were prepared by
the same process, which is beneﬁcial to the development of micro-devices. A novel concept, that burned
graphene has a signiﬁcant role in determining the morphology as well as the electrochemical properties
of resulting samples, is presented in this work.
ã 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
As a novel kind of carbon, graphene has attracted enormous
attention due to its unique electronic, optical and chemical
properties and its potential applications in nanomaterials and
nanotechnology [1,2]. Providing large speciﬁc surface area,
promoting the electron transferring rate and having a two
dimensional layered structure, are thought as the main contributions of graphene when being utilized as a catalyst carrier [3].
As an additive to enhance the electronic conductivity of a
lithium secondary battery material, graphene has been added in
the electrode materials especially since its simple preparation
method was developed recently [4]. (i) Cathode materials doped
with graphene. For example, Chio et al. [5] reported a simple solgel method for the preparation of a composite containing reduced
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graphene oxide (R-GO) embedded within nano LiFePO4. It was
thought that the good electronic conductivity and high electrolyte
permeability of R-GO should be responsible for the excellent
electrochemical performance of R-GO composites. Chen’s group
[6] synthesized nano-Li3V2(PO4)3/reduced graphene oxide
(LVP/rGO) using liquid nitrogen as a coolant via a freeze-drying
method. In his work, the prepared Li3V2(PO4)3 nanoparticles were
strongly immobilized on the surface of the rGO and enwrapped
into the rGO sheets uniformly, and the effectively improved
electronic conductivity was considered as the main contribution of
rGO in the experiment. (ii) Anode electrode materials doped
with graphene. Honma et al. [7] described a research work, in
which the nanocomposites with different weight ratios of
Fe3O4 to graphene nanosheets (GNSs) were prepared using a
hydrothermal method. And it was claimed that the high reversible
capacities at high rates, exhibited by the Fe3O4/GNSs, were mainly
originated from the higher conductivity of GNS support. He
reckoned that the superior electrochemical performances of the
composite, when used as anode for lithium ion batteries, should be
mostly attributed to the robust composite structure and superior
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conductivity, high charge mobility, large surface area and good
ﬂexibility of graphene. According to our previous work [8],
the kind of carbon played an important role in determining the
morphology, structure, as well as the electrochemical properties,
of the prepared electrode materials. Although the investigation
on layered LiNi0.8Co0.1Mn0.1O2-graphene composite has been
performed recently by Xia’ group [9], to the best of our knowledge,
no paper reporting the effect of “burned” graphene content in the
starting materials on the electrochemical performance of LiNiO2
was published so far.
Although LiCoO2 and LiMn2O4 are the main commercial
cathode materials in lithium ion battery, their disadvantages are
evident. The cost of LiCoO2 is too high due to the presence of
expensive element of cobalt, though it has a large diffusivity and a
high operating potential and can be produced easily [10]. LiMn2O4
is very cheap and does not bring about environment pollution, but,
its cycle performance is not good [11]. Thus, LiNiO2 is regarded as
one of the most promising cathode materials for lithium ion
batteries due to its low cost, high energy density, large discharge
capacity, and environmental friendliness. However, recent research works have revealed that the synthesis of it with controlled
composition and microstructure is difﬁcult mainly because of the
cation mixing which may lead to nonstoichiometric rather than
stoichiometric LiNiO2 [12]. Additionally, the preparation of LiNiO2
always involved a process of calcination which must be conducted
in an oxygen atmosphere [13]. Therefore, it is very necessary to
exploit novel methods for preparing LiNiO2 with satisfactory
electrochemical performance. Up to now, only a few papers
reporting the synthesis of LiNiO2 by a subsection calcination
method in the air conditions were published [14].
Since all the graphenes doped in the precursor were burned, the
prepared samples were denoted as graphene-burned LiNiO2 to
distinguish from the normally doped samples. In the present work,
graphene with various contents (weight percentage) was added
into the precursor to study the inﬂuence of burned graphene
content on the electrochemical performance of the resultant
LiNiO2 materials. Structure, morphology and electrochemical
properties of the prepared graphene-burned LiNiO2 were thoroughly investigated.
2. Experimental
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graphite-burned LiNiO2 particles were also fabricated by the same
synthetic process using graphite instead of graphene as the carbon
source.
2.2. Characterization of structure and composition
XRD analysis of the catalyst was carried out on a Bruker
D8 ADVANCE X-ray diffractometer with a Cu Ka source
(l = 0.154 nm) at 40 kV and 40 mA. Data were obtained at a scan
rate of 12 min1 with 0.02  step size in the 2u range of 1080 .
The morphology was observed by scanning electron microscopy
(HITACHI, SEM S-570) and transmission electron microscopy
(HITACHI, TEM H-7650). Energy Dispersive X-Ray Spectroscopy
(EDX) spectrum analysis was performed on an X-ray energy
instrument (EDAX, PV-9900, USA). Room temperature Raman
spectra were recorded using a Renishaw InVia Micro-Raman
Spectroscopy System with an excitation wavelength of 514 nm.
Fourier transform infrared spectrometry (FTIR) measurements
were carried out on a Hitachi FT-IR-8900 spectrometer (Japan).
2.3. Electrochemical measurements
The cathodes were fabricated by slurry coating method with
80 wt % active material powders, 10 wt % of acetylene black and
10 wt % of polyvinylidene ﬂuoride (PVDF). And then a suitable
amount of N-methyl kelopyrrolidide was added into above
mixture. The resultant slurry was applied onto an aluminum foil
using a glass piece. The prepared slurry ﬁlm coated aluminum foil
was dried overnight at 120  C in a vacuum oven. The used twoelectrode electrochemical cells consisted of lithium metal foil,
Celgard 2400 separator, an electrolyte of 1 M LiClO4 in ethylene
carbonate (EC):diethyl carbonate (DEC): dimethyl carbonate
(DMC) (2:5:11, vol.) and the dried active material coated Al foil,
which were assembled in a high pure nitrogen-ﬁlled glove box
(ZKX, Nanjing Nanda Instrument Plant, China). The battery
performances of the assembled half batteries were tested using
a battery testing system (CT-3008W-5V20mA-S4, Neware Co., Ltd,
Shenzhen, China) at 0.1C rate between 2.7 and 4.4 V at room
temperature.
Other electrochemical measurements including cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
were carried out on a CHI 660B electrochemical workstation
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Graphene-burned LiNiO2 cathode materials were prepared
using LiOHH2O and Ni(NO3)26H2O as the starting materials.
LiOHH2O and Ni(NO3)26H2O were all purchased from Tianjin
Chemical Reagent Co. Ltd. In a typical synthetic procedure,
LiOHH2O (1.259 g), Ni(NO3)26H2O (7.270 g) and a proper amount
of graphene were dissolved in 80 mL distilled water, and the
resulting mixture was vigorously stirred for 50 min, generating a
suspension solution. Afterwards, the resultant solution was dried
at 150  C for about 4 hours until gray green blocks were obtained.
Subsequently, the gray green blocks were ground thoroughly in an
agate mortar, and then the resultant powders were pressed into
tablets. The produced pieces were precalcined at 310  C for 3 hours
and ﬁnally calcined at 700  C for 24 hours. All the calcination
processes were conducted under the air conditions. After cooling
down to the room temperature, LiNiO2 particles with well-deﬁned
crystal structure were produced. A series of samples were
fabricated following above process, in which the atomic ratio of
Li to Ni was always kept to be 1.2:1 and the weight content of
graphene varied from each other. The samples burned with
0.5 wt %, 1 wt %, 1.5 wt % and 2 wt % graphene were denoted as
sample a, b, c and d, respectively. The sample burned with 0 wt %
graphene was also fabricated. For comparison, the 1.5 wt %
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Fig. 1. XRD patterns for all the prepared samples. Pattern a,b, c and d correspond to
the samples a, b, c and d. Impurities like Li2O2 and Ni2O3 were also marked in the
XRD pattern of pattern a.

242

K. Ding et al. / Electrochimica Acta 176 (2015) 240–248

3. Results and Discussion
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Fig. 2. EDX spectra for the prepared 1.5 wt % graphene-burned LiNiO2 sample.

(Shanghai Chenhua Apparatus, China) connected to a personal
computer. The Nyquist plots were recorded potentiostatically by
applying an AC potential of 10 mV amplitude in the 100 kHz to 1 Hz
frequency range. It should be mentioned that all the EIS
measurements were conducted under the open circuit potentials
at room temperature.

The XRD patterns of all the graphene-burned LiNiO2 are shown
in Fig. 1, which were all consistent with the standard LiNiO2
diffraction data (JCPDS: 00-009-0063) very well. And no typical
diffraction peak corresponding to carbon (at about 26 ) was
exhibited, suggesting that the content of carbon was low or it
existed in amorphous state [8]. Although some weak diffraction
peaks corresponding to Li2O2 and Ni2O3 were also exhibited in the
XRD patterns of Fig. 1, the result obtained from Fig. 1 effectively
demonstrated that the developed method of subsection calcination in air conditions was a feasible way to synthesize the cathode
material of LiNiO2. The resulting diffraction peaks located at 2u of
18.6  , 36.6  , 38.2  , and 44.4 are, respectively, attributed to the
(003), (101), (006), and (104) planes of LiNiO2 [12], indicating that
all the as-prepared LiNiO2 materials have the typical layered
structure of a-NaFeO2 type (R-3m space group) [12]. Thus, lattice
parameters obtained from Rietveld reﬁnement of a and c for
sample a, b, c and d were 2.888 Å and 14.227 Å, 2.886 Å and
14.217 Å, 2.884 Å and 14.212 Å, 2.889 Å and 14.218 Å, respectively.
Evidently, the lattice parameters of sample c were more close to
the theoretical values for the standard XRD pattern of LiNiO2
(a =2.878 Å and c =14.190 Å). It was reported that the (003) peak is
from the diffraction of layered rock-salt structure, and the (104)
peak appears from both the diffractions of layered and cubic

Fig. 3. SEM images of ﬁve typical samples prepared in this work. Image a’: pure LiNiO2; image a: 0.5 wt % graphene-burned LiNiO2; image b: 1.0 wt % graphene-burned LiNiO2;
image c: 1.5 wt % graphene-burned LiNiO2; image d: 2.0 wt % graphene-burned LiNiO2.
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rock-salt structures [13]. Ohzuku [14] summarized that the
integrated intensity ratio of (003) and (104) peaks, namely,
I(003)/I(104), could be employed to evaluate the electrochemical
activity of a LiNiO2 cathode material, and for the electrochemical
active cathode material of LiNiO2 the value of I(003)/I(104) should
be greater than unit. In this work, the values of I(003)/I(104) for the
sample a, b, c and d were approximately 1.56,1.20,1.14 and 0.89,
respectively. It indicated that sample a should have the best
electrochemical activity among all the samples. However, the
obtained electrochemical results were not consistent with this
proposition, which was probably due to the presence of carbon
ribbon left in the prepared samples, as will be discussed later.
Meanwhile, the intensity ratio of the (003) peak to the (104)
peak can be utilized to examine the crystallinity of the LiNiO2
phase, and a higher ratio may correspond to a better crystallinity.
Sample a, b and c, that had the ratio values of I(003)/I(104) larger
than unit, showed well deﬁned regular shape, as can be seen
clearly from the SEM images in Fig. 3. And sample d having
the value of I(003)/I(104) close to 0.89 showed irregular crystal
structure.
To conﬁrm the composition of the prepared cathode materials,
a typical spectrum of EDX for 1.5 wt % graphene-burned LiNiO2 is
shown in Fig. 2. Obviously, besides the C element, only the peaks
corresponding to the elements of O and Ni were presented,
demonstrating the formation of lithium nickel oxides. It should be
mentioned that the element of lithium cannot be detected using
this technique. The atomic contents of C, O and Ni were 25.26 %,
54.31 % and 20.43 %, respectively. The atomic ratio of O to Ni was
2.65, larger than 2. This probably was attributed to the presence of
some oxygen-contained impurities (like Li2O2 and Ni2O3).
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3.2. Morphology characterization
Fig. 3 shows the SEM images of all the samples. It is clearly seen
that for sample a, b and c, the powders are comprised of small
particles that owned sharp-edged polyhedral structure, and no
graphene was left in the resulting samples [15]. Interestingly, as
the content of graphene in the precursor was up to 2 wt %, particles
with irregular structures were fabricated as depicted by image d in
Fig. 3. Additionally, the particle sizes measured directly from the
SEM images at randomly selected regions for sample a, b and c
were approximately 114 nm, 210 nm and 140 nm, respectively.
Obviously, compared to other samples, sample c displayed a better
uniform particle size distribution though it had a larger particle
size relative to sample a. For the sample a’, as shown by image a’ in
Fig. 3, some irregular small particles were anchored on the surface
of larger particles, indicating that some impurities were formed in
the absence of graphene. Thus, it was believed that the burned
graphene has greatly affected the particle size and morphologies of
the resulting LiNiO2 samples.
As shown in Fig. 4, the particle property was further
characterized by TEM. It is clear that all the samples are composed
of regular small crystal particles with a size ranging from around
90 to 200 nm. Evidently, the particle size of sample c was relatively
smaller, which may lead to faster charge transfer kinetics since the
smaller particle may serve not only to shorten the transport
distances of electrons and lithium-ions but also to increase the
contact area between electrode and electrolyte [16]. In addition, as
shown by the red arrows, ribbon-shaped carbon was displayed in
samples a, b and c [17]. The existence of carbon among the
particles can greatly increase the electrical conductivity of the

Fig. 4. TEM images for the prepared samples. Image a: 0.5 wt % graphene-burned LiNiO2; image b: 1.0 wt % graphene-burned LiNiO2; image c: 1.5 wt % graphene-burned
LiNiO2; image d: 2.0 wt % graphene-burned LiNiO2. The selected particles and ribbon-shaped carbon were marked by green and red arrows, respectively. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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samples, which is beneﬁcial to the process of lithiation/delithiation
in the lithium ion batteries [18]. While for the sample d, almost no
ribbon-shaped carbon was observed though regular crystal
particles was displayed as shown by image d in Fig. 4.
To the best of our knowledge, particles of LiNiO2 with such well
deﬁned shape and an average size less than 500 nm are rarely
published though many research works on LiNiO2 cathode
materials have been carried out previously. For instance, Endo’s
group reported the surface modiﬁcation of the LiNiO2 electrode
using dc plasma CVD of ethylene, in which the particle size of
LiNiO2 varied from 10 mm to 20 mm [19]. The particles of LiNiO2
with a particle size from 2 to 5 mm were fabricated by Kalyani using
a microwave-assisted synthesis method [20]. Gao et al. [21]
synthesized LiNiO2 ﬁlm by a hydrothermal method, and the
prepared ﬁlms were constructed by hexagon-shaped grains with a
mean length of about 1 mm.
How does one understand the forming process of such smaller
particles? Firstly, in the present work, the operation of pressing
powders into pieces was employed. Thus, the doped graphene in
the precursors may serve as “clapboards” that can separate the
dried precursors into many zones. Hence, the growing process of
huge particles was greatly hindered by the presence of graphene.
Also, in the calcination process under the air conditions, graphene
could react with oxygen generating CO or CO2, and the prepared
gases would destroy the growing process of huge crystal particles,
as a result, huge particles cannot be produced by the present
method. When the content of graphene in the starting materials
reached as high as 2 wt.%, more gases will emit ﬁercely in a short
time, consequently, as presented by image d in Fig. 3, particles with
irregular shape were produced. To our knowledge, the operation of
pressing powders into pieces was seldom employed in the
previously published papers concerning LiNiO2. Probably, the
pressing step is favorable to the formation of well crystallized
particles due to the shortened distance between atoms [22].
The FTIR spectra of all the materials involved are illustrated in
Fig. 5. Compared to the starting material of Ni(NO3)26H2O (pink
curve), some novel absorption bands are exhibited in the resulting
samples, indicating the formation of new substances. The shape of
the FTIR spectra for the graphene-burned LiNiO2 is very similar to
that of the formerly reported LiNiO2 [23]. As red-circled part in this
Figure, peak centered at below 600 cm1 should be assigned to the

metal-oxygen-metal bond (M-O-M, M= Ni or Li) [24]. That is to say,
metal-oxygen-metal bonds were formed in all the as-prepared
graphene-burned LiNiO2 samples when compared to the starting
materials. It is clear that compared to other samples, two weak
absorption bands positioned at 488 and 567 cm1 were more
clearly observed in sample c. It indicated that sample c has a
stronger bond of metal-oxygen-metal. Meanwhile, the bands
appearing at 870, 1432 and 1500 cm1 should be ascribed to the
bending and stretching vibrations of the bonds in CO32 [23].
Probably, due to the presence of graphene, more amounts of CO2
were produced in the sintering process under the air conditions,
generating the group of CO32.
As a powerful technique to detect the structure and quality of
carbon [25], Raman spectroscopy has been widely used in
analyzing carbon and carbon-involved materials. Fig. 6 is the
Raman spectra of graphene, precursor and 1.5 wt % grapheneburned LiNiO2. As can be seen from the Raman spectrum for the
pure graphene, two characteristic peaks of graphene positioned at
around 1321 cm1 (D band) and 1574 cm1 (G band) are exhibited
clearly [26]. Generally, the D band and G band correspond to low
order states of the sp3 and sp2 conﬁgurations of the carbon atoms
[26], respectively. The band at about 2684 cm1 was commonly
assigned to the 2D band of graphene which was closely related to
the layer thickness of graphene in sample [27]. For the precursor,
all typical bands of graphene were exhibited, suggesting that the
conﬁgurations of the carbon in graphene were not destroyed
before the annealing process. As for the resultant sample of 1.5 wt %
graphene-burned LiNiO2, as shown by the magniﬁed inset in Fig. 6,
only two weak bands around 522 cm1and 452 cm1 were
displayed. According to the previous work concerning LiNiO2
[25], the bands at 522 cm1and 452 cm1 corresponded to the
Raman active modes of A1g (assigned to M-O stretching in MO6)
and Eg (related to O-M-O bending), respectively. The presence of
above two characteristic bands for LiNiO2 substantially indicated
that the as-prepared graphene-burned LiNiO2 particles were
layered metal oxides with rhombohedral space group R-3 m
symmetry [28].
3.3. Electrochemical characterization
Nyquist curve, one kind of plots in Electrochemical Impedance
Spectroscopy (EIS), can be employed directly to analyze the
electrochemical reactions, such as the processes occurring at
electrode/electrolyte interfaces and the lithium ion intercalation/
deintercalation process happening in the anode/cathode materials
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Fig. 6. Raman spectra of the graphene (black curve), precursor (red curve) and the
resultant 1.5 wt % graphene-burned LiNiO2 (blue curve including the magniﬁed
inset). (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)

K. Ding et al. / Electrochimica Acta 176 (2015) 240–248

600

(a)
(b)
(c)
(d)

-Z''/Ω

500
400
300
200
100
0

0

50

100 150 200 250 300 350 400 450 500

Z'/Ω
Fig. 7. Nyquist plots for the assembled half batteries. Plots a, b, c and d correspond
to the samples a, b, c and d. It should be mentioned that these experiments were
conducted at the open circuit potentials.

[29,30]. The Nyquist plots for all the prepared cells are illustrated in
Fig. 7, which are comprised of a semicircle and a sloped line.
Generally, the semicircle in the high and medium frequency region
is related to the charge transfer process, and the value of the
diameter corresponds to the value of charge transfer resistance
(Rct). The inclined line in the low frequency region represents the
Warburg impedance, which is associated with the lithium-ion
diffusion in the prepared cathode materials [31]. Approximately,
the values of Rct for sample a, b, c and d were estimated to be 79,
84, 70 and 196 V, respectively. Thus, the sample burned with
1.5 wt.% graphene in the starting materials exhibited the smallest
value of Rct, corresponding to a more facile charge transfer process.
This result may be ascribed to the relatively smaller particle size of
sample c (Fig. 3 and Fig. 4) relative to other samples. It is well
known that the poor crystallinity of the particles prepared was
detrimental to the process of lithium ion intercalation/deintercalation, thus, sample d showed the largest value of Rct, showing a
poor electrochemical performance.
Cyclic voltammograms (CVs) of the half cells assembled by the
as-prepared samples are depicted in Fig. 8. The voltammograms
were accomplished at a scan rate of 0.5 mV s1. For all the samples,
an oxidation peak and a reduction peak are observed in the
employed potential range. This indicates that lithium ions can
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de-intercalate from or intercalate into the graphene-burned LiNiO2
facilely. It must be admitted that the shape of CV curves obtained
here was rather different from the previously reported one [31]. In
Yang’s report [31], three pairs of oxidation-reduction peaks, being
associated with the three steps of the phase formation in lithium
intercalation, were observed in the CV curves. Although it was
addressed [31] that the shape of CV curves for LiNiO2 was closely
related to the potential window employed and the potential
scanning rate used, the novel CV curves of LiNiO2 presented in this
work were probably originated from the unique morphologies of
the as-prepared LiNiO2 particles. Generally, the value of the peak
potential separation between the oxidation and reduction peak can
be used to evaluate the reversibility of an electrochemical reaction
[32]. The smaller the potential interval is, the more reversibility the
reaction is [32]. The values of peak potential separation for sample
a, b, c and d were approximately 334 mV, 294 mV, 139 mV and
933 mV, respectively. This result strongly proved that sample c has
the best reversibility among all the samples, which may generate a
larger Coulombic efﬁciency.
3.4. Charge-discharge performance
Fig. 9 gives the initial charge/discharge proﬁles of all the
samples by applying a constant current of 0.1C rate between 2.7 V
and 4.4 V. Sloped plateaus were observed in all the charge/
discharge curves, which indicated that phase transitions occurred
during the de-intercalation/intercalation of Li ions. Careful
observation revealed that the inclined plateaus in the discharging
curves could be divided into two regions, one located in the
potential range from 4.20 V to 3.70 V and other one from 3.70 V to
3.45 V. The two plateaus may correspond to the two reduction
peaks appearing in the CV curves, as shown by the red arrowdirected part in Fig. 8. As for the charging curves, when the
potential was higher than 4.25 V, a short ﬂat plateau was observed
in the case of curves a, b and c. The short ﬂat plateau may
correspond to the small oxidation peak as shown by the purple
arrow-directed part in Fig. 8.
Generally, it was thought that during the ﬁrst charge process, Li
ions not only de-intercalate from stable octahedral sites but also
de-intercalate from unstable octahedral sites [33]. And after the
ﬁrst charge (de-intercalation) process, the unstable sites may be
destroyed, as a result, these destroyed sites cannot then be utilized
for the intercalation of Li ions on the following discharging process
[33]. Therefore, the value of charge capacity is always larger than
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and d. Curve a’ corresponds to the 0 wt % graphene-burned LiNiO2.
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that of discharge capacity in each cycle. The initial discharge
capacities for the samples burned with 0 wt %, 0.5 wt %, 1 wt %,
1.5 wt %, 2 wt % graphene were about 146.25, 124.52, 125.42,
137.02 and 107.01 mAh g1, respectively. Clearly, the sample having
1.5 wt.% graphene delivered the largest value of initial discharge
capacity among all the graphene-burned LiNiO2 samples, which
was comparable to the previously reported value of 135 mAh g1
[20]. Additionally, the irreversible capacity losses of the ﬁrst cycle,
namely, the separation between the charge and discharge capacity,
for sample a, b, c and d were estimated to be 207, 172, 64 and
54 mAh g1, respectively. That is to say, sample c delivered a lower
capacity loss.
The electrochemical cyclability, i.e., the variation of discharge
capacity at a current density of 0.1C rate with the number of cycles,
for the as-prepared cells is given in Fig. 10. All the samples
exhibited similar cycle performance, namely, the discharge
capacity decreased with increasing the cycle number. The large
capacity loss between the 1st and 2nd cycles is possibly associated
with the formation of a solid electrolyte layer (SEI) on the electrode
surface during the ﬁrst discharge process [6,12]. During the
charging process, NiO2 was generated based on the formula, i.e.,
LiNiO2 ! Li+ + NiO2 + e, and some produced NiO2 may react with
the electrolyte due to the higher valence of Ni, leading to the
decrease of the amount of NiO2. Thus, the capacity fading is mainly
caused by the increase in the surface reactivity between the highly
delithiated cathode and the electrolyte [34], also it was thought
that the capacity fading was originated from the variation of the
interlayer distance of the LiNiO2 particle during the charge and
discharge process [35]. However, the degree of capacity fading for
the samples was different from each other. After 20 cycles, the
discharge capacities for sample a, b, c and d, respectively,
decreased from 125 mAh g1 to 84 mAh g1, 125 mAh g1 to
68 mAh g1, 137 mAh g1 to 97 mAh g1, 107 mAh g1 to 67 mAh
g1. Or in other words, the discharge capacity retention rates for
sample a, b, c and d were 67.1%, 54.6%, 70.2% and 62.5%,
respectively. Thus, sample c showed the largest value of capacity
retention as well as the best cycling performance among all the
samples. For the 0 wt % graphene-burned LiNiO2 sample, its
capacity decreased from 146.25 mAh g1 to 64.05 mAh g1 after
only 15 cycles, showing a poor cycling stability. Song’s group [35]
prepared LiNiO2 and LiNi0.990Ti0.010O2 recently, and found that
LiNi0.990Ti0.010O2 could deliver a ﬁrst discharge capacity of
203 mAh g1and the discharge capacity could be maintained at
140 mAh g1 after 50 cycles at 0.1C. However, for the pure LiNiO2,
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Fig. 10. Cycling performance of the cells at the rate of 0.1C. Curves a, b, c and d
correspond to the samples a, b, c and d. Curve a’ corresponds to the 0 wt % grapheneburned LiNiO2.

the ﬁrst discharge capacity was 158 mAh g1, and after 50 cycles,
the value of discharge capacity dropped to around 130 mAh g1. It
should be mentioned that in song’s work, the annealing process
was performed in an O2 stream, which was rather different from
our work presented here. Above results strongly indicated that the
introduction of burned graphene has greatly improved the cycling
stability of LiNiO2 cathode material when compared to the pure
LiNiO2 sample.
3.5. Preliminary study of graphite-burned LiNiO2
To better understand the effect of carbon sources on the
electrochemical behavior of carbon-burned LiNiO2, graphiteburned LiNiO2 was also prepared by using the same process. It
should be noted that the content of graphite burned was 1.5 wt %,
identical to that of sample c. Surprisingly, particles of LiNiO2 with
well-deﬁned octahedral structure were prepared, as red-circled
part in image b of Fig. 11. And no smaller particles were observed on
the surface of the prepared octahedral particles of LiNiO2. In
contrast, as shown by image a in Fig. 11, some more smaller
irregular particles were found on the surface of the prepared
1.5 wt % graphene-burned LiNiO2. This result strongly indicated
that the content of impurities contained in the resultant particles
of 1.5 wt % graphite-burned LiNiO2 was lower as compared to that
of 1.5 wt % graphene-burned LiNiO2. To the best of our knowledge,
this is the ﬁrst time to report the preparation of octahedronshaped LiNiO2 though many papers concerning LiNiO2 were
published. Fig. 12 compares the XRD patterns of the 1.5 wt %
graphite burned (pattern b) and 1.5 wt % graphene burned (pattern
a) LiNiO2 particles. Evidently, all the main reﬂection peaks
corresponding to the standard pattern of LiNiO2 were displayed
clearly. It strongly indicated that the burned graphite did not
change the crystal structure of LiNiO2. Additionally, the presence of
intense peaks in the XRD pattern effectively indicated the higher
crystallinity of the products. Meanwhile, close inspection revealed
that the ratio value of I(003)/I(104) for the graphite-burned LiNiO2
was 1.302 larger than that of the graphene-burned LiNiO2.
According to the supposition proposed by Ohzuku [14], the
graphite-burned LiNiO2 should present better electrochemical
performance than the graphene-burned sample. Unfortunately, as
illustrated in Fig. 12, after 20 cycles, the discharge capacities for
1.5 wt % graphite-burned sample and 1.5 wt % graphene-burned
LiNiO2 electrodes decreased from 114 to 67, 137 to 96 mAh g1,
respectively. Thus, no superior electrochemical behavior was
exhibited by the graphite-burned LiNiO2 as compared to the
1.5 wt % graphene-burned LiNiO2. Nevertheless, the novel ﬁnding
of octahedron-shaped LiNiO2 particles is believed to be beneﬁcial
to the development of micro-devices in some particular application ﬁelds (Fig. 13).
How does one understand the inﬂuence of carbon sources on
the morphologies of the prepared particles? In this work, a
suspension solution that contained carbon (graphene or graphite)
and precursors was prepared ﬁrst. Generally, the carbon surface is
often decorated with oxygen containing functional groups, such as
carboxylic acids, phenols and lactones, due to the self-oxidation
[36]. Thus, metal ions would adsorb on the surface of MWCNTs
based on the Lewis’ theory of acids and bases [37]. Namely, metal
ions can serve as an acid group due to the presence of unoccupied
orbital, and oxygen containing groups, because of having lone pair
electrons, may act as a base group, leading to an acid-base reaction.
In other words, ions of Li+ and Ni2+ would self-assemble on the
surface of carbon spontaneously during the vigorous stirring
process, forming the so-called self-assembled layers [38,39]. After
the drying and pressing steps, the well dried starting materials
were ﬁrmly packed and separated into many “zones” by the
introduced graphene or graphite particles. And in the calcination
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Fig. 11. SEM images of the as-prepared graphene (image a) and graphite (image b) burned LiNiO2. (For interpretation of the references to color in the text, the reader is
referred to the web version of this article.)

reactors would be rather different from that of those products
formed in the absence of graphene or graphite. More detailed
investigations are under progress in our lab.
4. Conclusions
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For the ﬁrst time, the graphene-burned LiNiO2 cathode
materials were prepared by a subsection calcination method
under the air conditions. The as-prepared samples were thoroughly characterized by XRD, SEM, TEM and FTIR measurements.
The results demonstrated that LiNiO2 with well-deﬁned crystal
structure could be fabricated facilely by this method. Additionally,
it was found that the burned content of graphene in the precursors
played a key role in determining the morphologies and particle
sizes of the resultant samples, and as the burned content of
graphene was 1.5 wt %, the relatively smaller particles were
generated, showing the better electrochemical performance
compared to other prepared samples. Interestingly, when the
burned carbon was graphite, particles of LiNiO2 with well-deﬁned
octahedral structure were prepared, though no superior electrochemical properties were exhibited as compared to the grapheneburned LiNiO2. This novel concept, that the burned graphene has a
key role in determining the morphology of the prepared samples,
is beneﬁcial to the development of the research on the controlled
nanoparticle preparation. Also, it is expected that the prepared
octahedral LiNiO2 particles are the potential materials when being
applied in the research ﬁeld of micro-devices.
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LiNiO2.

Capacity /mAh g

-1

180

(a)
(b)

This work was ﬁnancially supported by the National Natural
Science Foundation of China (No. 21173066), Natural Science
Foundation of Hebei Province of China (No. B2011205014,
B2015205150). Z. Guo acknowledges the support from US National
Science Foundation (EAGER:CBET 11-37441) managed by Dr
Rosemarie D. Wesson.

90
60
30
0

0

5

10

15

20

Cycles number
Fig. 13. Cycling performance of the ccells at the rate of 0.1C for 20 cycles. Curve a
and b correspond to the graphene and graphite burned LiNiO2 cathode materials
used.

process, precursors would react to generate products, and
meanwhile, carbon would react with oxygen releasing gases like
CO and CO2. That is to say, the formed “zones”, due to the presence
of graphene or graphite, could be regarded as many smaller
reactors, and in the sintering process, these reactors were
separated by the produced gases like CO or CO2. As a result, the
morphology of the samples prepared in the newly formed small

References
[1] S.-J. Jeon, S.-Y. Kwak, D. Yim, J.-M. Ju, J.-H. Kim, Chemically-Modulated
Photoluminescence of Graphene Oxide for Selective Detection of
Neurotransmitter by “Turn-On” Response, J. Am. Chem. Soc. 136 (2014) 10842.
[2] Q. Wang, Z.-Y. Zhou, Y.-J. Lai, Y. You, J.-G. Liu, X.-L. Wu, E. Terefe, C. Chen, L. Song,
M. Rauf, N. Tian, S.-G. Sun, Phenylenediamine-Based FeNx/C Catalyst with High
Activity for Oxygen Reduction in Acid Medium and Its Active-Site Probing, J.
Am. Chem. Soc. 136 (2014) 10882.
[3] S. Zhang, P. Kang, T.J. Meyer, Nanostructured Tin Catalysts for Selective
Electrochemical Reduction of Carbon Dioxide to Formate, J. Am. Chem. Soc. 136
(2014) 1734.
[4] A.K. Geim, K.S. Novoselov, The rise of graphene, Nat. Mater. 6 (2007) 183.
[5] J. Mun, H.-W. Ha, W. Choi, Nano LiFePO4 in reduced graphene oxide framework
for efﬁcient high rate lithium storage, J. Power Sources 251 (2014) 386.

248

K. Ding et al. / Electrochimica Acta 176 (2015) 240–248

[6] B. Cheng, X.-D. Zhang, X.-H. Ma, J.-W. Wen, Y. Yu, C.-H. Chen, Nano-Li3V2(PO4)3
enwrapped into reduced graphene oxide sheets for lithium-ion batteries, J.
Power Sources 265 (2014) 104.
[7] M. Sathish, T. Tomai, I. Honma, Graphene anchored with Fe3O4 nanoparticles as
anode for enhanced Li-ion storage, J. Power Sources 217 (2012) 85.
[8] K. Ding, L. Wang, J. Li, H. Jia, X. He, Inﬂuence of Carbon Sources on the
Preparation of Li5Fe0.8Co0.2O4 and its Electrochemical Performance, Int. J.
Electrochem. Sc. 7 (2012) 1611.
[9] S. Savut Jan, S. Nurgul, X. Shi, H. Xia, H. Pang, Improvement of electrochemical
performance of LiNi0.8Co0.1Mn0.1O2 cathode material by graphene nanosheets
modiﬁcation, Electrochim. Acta 149 (2014) 86.
[10] T. Kwon, T. Ohnishi, K. Mitsuishi, T.C. Ozawa, K. Takada, Synthesis of LiCoO2
epitaxial thin ﬁlms using a sol-gel method, J. Power Sources 274 (2015) 417.
[11] X. Gao, Y. Sha, Q. Lin, R. Cai, M.O. Tade, Z. Sha, Combustion-derived
nanocrystalline LiMn2O4 as a promising cathode material for lithium-ion
batteries, J. Power Sources 275 (2015) 38.
[12] Z. Liu, H. Zhen, Y. Kim, C. Liang, Synthesis of LiNiO2 cathode materials with
homogeneous Al doping at the atomic level, J. Power Sources 196 (2011) 10201.
[13] J. Morales, C. Pérez-Vicente, J.L. Tirado, Cation distribution and chemical
deintercalation of Li1-xNi1+xO2, Mater. Res. Bull. 25 (1990) 623.
[14] T. Ohzuku, A. Ueda, M. Nagayama, Electrochemistry and Structural Chemistry
of LiNiO2 (R3m) for 4 Volt Secondary Lithium Cells, J. Electrochem. Soc. 140
(1993) 1862.
[15] S. Sandoval, N. Kumar, A. Sundaresan, C.N.R. Rao, A. Fuertes, G. Tobias,
Enhanced Thermal Oxidation Stability of Reduced Graphene Oxide by Nitrogen
Doping, Chem. Eur. J. 20 (2014) 11999.
[16] C. Lai, G.R. Li, Y.Y. Dou, X.P. Gao, Mesoporous polyaniline or polypyrrole/
anatase TiO2 nanocomposite as anode materials for lithium-ion batteries,
Electrochim. Acta 55 (2010) 4567.
[17] K. Ding, W. Li, Q. Wang, S. Wei, Z. Guo, Modiﬁed Solid-State Reaction
Synthesized Cathode Lithium Iron Phosphate (LiFePO4) from Different
Phosphate Sources, J. Nanosci. Nanotechno. 12 (2012) 3813.
[18] H. Zhang, X. Liu, R. Wang, R. Mi, S. Li, Y. Cui, Y. Deng, J. Mei, H. Liu, Coating of
a-MoO3 on nitrogen-burned carbon nanotubes by electrodeposition as a
high-performance cathode material for lithium-ion batteries, J. Power
Sources 274 (2015) 1063.
[19] E. Endo, T. Yasuda, K. Yamaura, A. Kita, K. Sekai, LiNiO2 electrode modi1ed by
plasma chemical vapor deposition for higher voltage performance, J. Power
Sources 93 (2001) 87.
[20] P. Kalyani, N. Kalaiselvi, N.G. Renganathan, Microwave-assisted synthesis of
LiNiO2 - a preliminary investigation, J. Power Sources 123 (2003) 53.
[21] X. Lai, D. Gao, J. Bi, Y. Li, P. Cheng, C. Xu, D. Lin, Synthesis of LiNiO2 thin ﬁlm in
LiOH solution by hydrothermal method, J. Alloy. Compd. 487 (2009) L30.
[22] S.L.d. Moraes, J.R.B.d. Limaa, J.B.F. Neto, Inﬂuence of dispersants on the
rheological and colloidal properties of iron ore ultraﬁne particles and their
effect on the pelletizing process-A review, J. Mater. Res. Technol. 2 (2013) 386.
[23] H.U. Kim, J. Song, D.R. Mumm, M.Y. Song, Effects of Zn or Ti substitution for Ni
on the electrochemical properties of LiNiO2, Ceram. Int. 37 (2011) 779.

[24] S.S. Julien, S. Michael, S. Ziolkiewicz, Structural and electrochemical properties
of LiNi0.3Co0.7O2 synthesized by different low-temperature techniques, Int. J.
Inorg. Mater. 1 (1999) 29.
[25] A. Rougier, G.A. Nazri, C. Julien, Vibrational spectroscopy and electrochemical
properties of LiNi0.7Co0.3O2 cathode material for rechargeable lithium
batteries, Ionics 3 (1997) 170.
[26] M. Li, Y. Zhang, L. Yang, Y. Liu, J. Yao, Hollow melamine resin-based carbon
spheres/graphene composite with excellent performance for supercapacitors,
Electrochim. Acta 166 (2015) 310.
[27] A.C. Ferrari, J.C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, S. Piscanec,
D. Jiang, K.S. Novoselov, S. Roth, A.K. Geim, Raman Spectrum of Graphene and
Graphene Layers, Phys. Rev. Lett. 97 (2006) 187401.
[28] L. Yang, D. Yan, C. Liu, H. Song, Y. Tang, S. Luo, M. Liu, Vertically oriented
reduced
graphene
oxide
supported
dealloyed,
palladium-copper
nanoparticles for methanol electrooxidation, J. Power Sources 278 (2015)
725–732.
[29] K. Ding, H. Jia, S. Wei, Z. Guo, Electrocatalysis of Sandwich-Structured
Pd/Polypyrrole/Pd Composites toward Formic Acid Oxidation, Ind. Eng. Chem.
Res. 50 (2011) 7077.
[30] K. Ding, H. Gu, C. Zheng, L. Liu, L. Liu, X. Yan, Z. Guo, Octagonal prism shaped
lithium iron phosphate composite particlesas positive electrode materials for
rechargeable lithium-ion battery, Electrochim. Acta 146 (2014) 585.
[31] H.X. Yang, Q.F. Dong, X.H. Hu, X.P. Ai, S.X. Li, Preparation and characterization of
LiNiO2 synthesized from Ni(OH)2 and LiOHH2O, J. Power Sources 79 (1999)
256.
[32] K. Ding, T. Okajima, T. Ohsaka, Accelerated electron-transfer reaction of the
O2/O2 redox couple on multi-walled carbon nanotubes-modiﬁed edge-plane
pyrolytic graphite electrode in room-temperature ionic liquids,
Electrochemistry 75 (2007) 35–38.
[33] M.Y. Song, R. Lee, Synthesis by sol-gel method and electrochemical properties
of LiNiO2 cathode material for lithium secondary battery, J. Power Sources 111
(2002) 97.
[34] X. Xiong, Z. Wang, G. Yan, H. Guo, X. Li, Role of V2O5 coating on LiNiO2-based
materials for lithium ion battery, J. Power Sources 245 (2014) 183.
[35] S.N. Kwon, H.R. Park, M.Y. Song, Electrochemical performances of LiNiO2
substituted by Ti for Ni via the combustion method, Ceram. Int. 40 (2014)
11131.
[36] H.P. Boehm, Chemical identiﬁcation of surface groups. In: Advances in
catalysis, 16. New York: Academic Press, 1966, p. 179.
[37] Y. He, H. Ding, L. Liu, K. Shin, Computer simulation of 2D grain growth using a
cellular automata model based on the lowest energy principle, Mater. Sci. Eng.,
A 429 (2006) 236.
[38] D. Michael, P. Mingos, A review of complexes of ambivalent and ambiphilic
Lewis acid/bases with symmetry signatures and an alternative notation for
these noninnocent ligands, J. Organomet. Chem. 751 (2014) 153.
[39] K. Ding, Z. Jia, Q. Wang, X. He, N. Tian, R. Tong, X. Wang, Electrochemical behavior of the self-assembled membrane formed by calmodulin (CaM) on a
Ausubstrate, J. Electroanal. Chem. 513 (2001) 67.

