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Abstract LiNij gCo(,0, cathode materials were synthe-
sized by the sol-gel method using citric acid as a che-
lating agent. The effects of sintering temperature and
time on the structure and electrochemical performance
of the materials were investigated. The materials were
characterized by X-ray diffraction, together with
refinement analysis by the Rietveld method. The results
showed that sintering temperature and time had signif-
icant influence on the structure of the materials. The
lattice parameters (a, ¢, ¢/a and volume) and the amount
of Ni in the Li 3a site showed a peak shape change with
sintering temperature and time. The sample sintering at
998 K for 24 h showed the best ordering layered struc-
ture with the maximum c/a ratio and the least amount of
Ni on the Li 3a site. The charge-discharge experiments
also indicated that the sample had the best electro-
chemical properties, with an initial capacity of
181 mA h/g and a capacity retention of 82.9% after 50
cycles at a 0.1 C rate between 3.0V and 42 V. In
addition, the compositional homogeneity of these cath-
ode materials derived using the sol-gel method was
demonstrated by scanning electron microscopy/energy
dispersive analysis.

Keywords Lithium nickel cobalt oxide - Sol-gel
method - Rietveld refinement - Lithium ion batteries

Introduction

Recently, lithium nickel cobalt oxides, LiNi;_,Co0,O,,
have been investigated intensively as alternative cathode
materials for LiCoO, in lithium ion batteries [1, 2, 3, 4].
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The layered structure of LiCoO,, which is the dominant
cathode material of current commercial lithium ion
batteries, has some limitations due to its high cost,
moderate capacity and toxicity. Hence, new cathode
materials are needed to replace the LiCoO, material.
The analogous structure LiNiO, was initially thought of
as a potential alternative material because of its higher
specific capacity and lower cost. However, it was found
that LiNiO, has several drawbacks, such as difficult
synthesis of stoichiometric products, poor cyclability
and unsatisfactory thermal stability [5, 6, 7]. For
attaining improved cathode materials, LiNi;_,Co0,0,
solid solutions are proposed as strong potential candi-
dates to replace LiCoO, [8]. These solid solutions show
improved properties with better cyclability and thermal
stability [9, 10].

LiNi;_,Co,O, solid solutions are traditionally syn-
thesized by solid-state methods at elevated temperatures
(1073-1173 K) over a prolonged period of time (~48 h)
[11]. This high-temperature synthesis leads to problems
of poor stoichiometry control, non-homogeneity and
large particle size. It also entails a significant expense
invested in the production process. These problems have
prompted many researchers to design and develop new
“soft chemistry” synthesis routes such as the sol-gel
method [12, 13] and the co-precipitation method [14, 15].
Julien et al. [16, 17] recently reported the synthesis of
LiNiy 5C0g.50, and LiNigCog 40, by sol-gel methods
using various chelating agents. Kweona et al. [18] also
synthesized Li,Nijg5Co0q 150, using the poly(vinyl alco-
hol) (PVA) precursor method. All of these nominal low-
temperature methods include a sintering process for the
sol-gel precursor. In the sintering process, the reaction
temperature and time must be high and long enough to
favor ion diffusion, but lithium loss, associated with a
partial reduction of Ni*", can occur spontaneously.
Thus, the change of the material’s structure and elec-
trochemical performance with the sintering temperature
and time is to be expected. Alcantara et al. [19] investi-
gated the effect of temperature and composition on the
LiNi;_,Co,0O, materials synthesized by solid-state



methods and concluded that the sintering temperature
could not be below 1023 K in that case. Gover et al. [20]
also reported that the appropriate sintering conditions
for LiNig3Cog-,0O, derived by co-precipitation was
998 K and 48 h. In this paper, we synthesized LiNigg.
Co¢.,0, samples at various temperatures (923-1750 K)
and times (12-36 h) by the sol-gel method using citric
acid as a chelating agent. The effect of sintering tem-
perature and time on the structure and electrochemical
properties of the LiNiggCoq,0O, materials was investi-
gated.

Experimental

Preparation of cathode materials

LiNig §Co0¢,0, powders were synthesized by the sol-gel method
using citric acid as the chelating agent. The synthesis procedure
includes three steps: the sol-gel process, a pre-calcination process
and the calcination process. In the sol-gel process, nitrate salts of
Li, Ni and Co, in stoichiometric amounts, were dissolved in dis-
tilled water and mixed well with citric acid (the acid-to-metal ions
ratio was 1:1), also dissolved in distilled water, to form a trans-
parent dark-green solution. The mixture was stirred at 353 K for
5 h to form a sol, and then a gel under constant heating and stirring
to evaporate water for about 12 h. The gel was heated at 393 K for
24 h to form a dry gel, which was put into a Mulff oven for pre-
calcination at 773 K for 6 h. Lastly, the dark-brownish decom-
posed powder was heated in a horizontal quartz tube oven and
calcined at various temperatures (923-1073 K) and various times
(12-36 h) with a fixed oxygen flux (500 cm®/min). The temperature-
controlling programs for the pre-calcination and calcination pro-
cesses were established according to a TGA-DTG curve. The
thermal analysis was carried out on a Netzsch STA 400 analyzer
with 100 mL/min of flowing air and a heating rate of 20 °C/min in
the temperature range 323-1273 K.

Structural and compositional characterization

The LiNijgCog,0, samples were characterized by powder X-ray
diffraction (XRD), using a Rigaku Rotaflex D/max-C diffractom-
eter with a graphite monochromator and Cu Karadiation operated
at 40 kV and 30 mA. Data were collected in the range 10-90° using
a step size of 0.02° and a counting time of 2 s per step. Rietveld
refinement structural analyses were carried out using the software
General Structure Analysis System (GSAS) [21]. The morphology
and compositional homogeneity of the samples were assessed using
a scanning electron microscopy (LEO 1530 field emission SEM,
Oxford Instruments) operated at 15 kV and fitted with an energy
dispersive analysis (EDA) detector (INCA energy and crystal sys-
tem, ISIS 300).

Electrochemical measurements

The capacity and cyclability of the synthesized samples were as-
sessed using CR2025 coin cells. The cathode was prepared by
mixing 85% of the active material with 10% carbon black and 5%
poly(vinylidene fluoride) (PVDF). The mixture was made into a
slurry by ball milling using NMP as the solvent. The electrodes
were formed by coating the slurry onto Al foils and pressing at
16 MPa after drying overnight at 393 K in a vacuum. The cells
were assembled with the cathode as prepared, with lithium metal as
the anode, and with Celgard 2300 film as a separator. The elec-
trolytes were 1 M LiPF¢ dissolved in EC+DMC (1:1 volume ra-
tio). Cell assembly was carried out in an argon-filled glove box
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(Master 100 Lab, Braun, Germany), where water and oxygen
concentrations were kept less than 4 ppm. Charge-discharge testing
was performed galvanostatically at a 0.1 C rate between 3.0 V and
4.2 V by an Arbin BT-2043 battery test system.

Results and discussion
Thermal analysis

Figure 1 shows TGA-DTG curves of the dry-gel pre-
cursor prepared for the pre-calcination and calcination
processes. There are four distinct regions of weight loss
on the TGA curve in the temperature range 323-1273 K.
According to previous studies [16, 22], the weight loss of
the precursor (~11.7%) below 473 K could be due to
desorption of superficial and structural water. In the
temperature range 473-610 K there is a large weight loss
(~34.2%) due to the decomposition of nitrate and/or the
dehydration of metal citrate to aconitate [23]. Then a
sharp drop of weight (~17.4%) appears between 610 K
and 673 K, which was attributed to the combustion of
aconitate and its complex. After that, a weight loss
(~10.0%) occurs in the temperature range 673-773 K,
corresponding to the decomposition of the residual or-
ganic components. In addition, a minor weight loss
(3.0%) appears between 973 K and 1073 K after a
constant period from 773 K to 973 K, corresponding to
the reaction of Li,COs; and NipgCop,O to form
LiNij gCo0,0,, and a constant weight loss occurs con-
tinuously above 1073 K corresponding to O, evapora-
tion from LiNijgCoy,0,, similar to the reaction
mechanism of LiNiO, derived using the sol-gel tech-
nique [24]. According to the results, the corresponding
temperature-control programs for the pre-calcination
process for thorough decomposition of the organic and
nitrate components was established, and the tempera-
ture range of 973-1073 K for studies of the effects of
sintering temperature on the calcination process was
selected. After optimization of the sintering temperature,
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Fig. 1 TGA-DTG curves of the dry-gel precursor, operated in air
and with a scan rate of 20 °C/min
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the time range of 12-36 h was selected for investigating
the effect of sintering time at the fixed sintering tem-
perature of 998 K.

SEM-EDAX analysis

According to the SEM micrographs, the surface of the
sample particles was covered by many microcrystallites
with a rectangular shape, and the average size of the
microcrystallites was about 0.1-2.0 um, which changed
with sintering temperature and time. The size of the
microcrystallites increased from ca. 0.3 um for the
samples synthesized at 973 K for 24 h to ca. 2.0 pm for
the samples synthesized at 1073 K for 24 h, and from ca.
0.1 um for the samples synthesized at 998 K for 12 h to
ca. 1.0 pm for the samples synthesized at 998 K for 30 h.

Like lithium nickel cobalt oxide materials derived
using the solid-state method, the compositional homo-
geneity on a microscopic scale is one of the most difficult
features to achieve. Delmas et al. [7] has reported that
LiNij 7Cog 15Alg 150, obtained by direct synthesis from
the oxides is not homogeneous at the long-range scale
seen by XRD, and the LiNi;_ Co,O, system shows
domains of cobalt aggregation on an atomic scale as
detected by NMR. The sol-gel method is thought to
allow a better mixing of the reactants at the atomic level
and produces higher homogeneous materials. SEM-
EDAX analyses of LiNiggCog,0, samples as prepared
were used to confirm this opinion. We selected several
spots at different zones and several areas (about
0.001 mm?) from the sample synthesized at 998 K for
24 h for EDAX analyses. Owing to the non-sensitivity of
lithium to the elemental microprobe, quantitative anal-
ysis of the composition could not be obtained, but the
relative heights of the nickel and cobalt peaks gave a
good indication of the relative amounts of the two ele-
ments in the sample. The results showed that the tran-
sition metal elemental distribution at various points is
almost uniform and the average ratio of Ni/Co
(0.7950:0.2050) is roughly the same as the nominal
composition (0.8:0.2) of the sample, which confirms the
homogeneity of LiNijgCo,0, materials derived using
the sol-gel technique.

XRD characterization and Rietveld refinement

The LiNiygCog,0, samples sintered at various temper-
atures and times were characterized by XRD. All of the
patterns can be indexed to a single phase of the a-Na-
FeO, type with the space group R-3m. As reported
[25, 26], the ordering of the structure can be deduced
from the XRD spectra with the intensity ratio fgo3)/Z(104)
and the degree of either (108)/(110) or (006)/(102) peak
splitting. The Io3)/I104) peak ratios of the materials
synthesized at various conditions are listed in Table 1.
For the samples of the temperature series, the ratio of
Ii003)/1(104) increases firstly from 1.43 at 973 K to 1.51 at

Table 1 The Io3)/l104) peak ratios of XRD patterns for the
materials synthesized under various conditions

Temperature series Peak ratios Time series (h) at  Peak ratios

(K) for 24 h time 998 K temperature

973 1.43 12 5
998 1.51 18
1023 1.34 24
1048 1.29 30 1.31
1073 1.23 36

998 K and then decreases from 1.34 at 1023 K to 1.26 at
1073 K. Similar changes also occur in the samples of the
time series. The peak ratio value increases from the
sample of 12 h to that of 24 h and then decreases to that
of 36 h. The sample sintered at 998 K for 24 h shows the
highest /go3)/{(104) ratio. Meanwhile, the samples show
various degrees of (108)/(110) and (006)/(102) peak
splitting. It appears that both sintering temperature and
time have a significant influence on the structure of the
samples. In addition, we also synthesized the sample
sintered at 923 K for 24 h, for which the XRD pattern
shows a set of small exceptional peaks that can be in-
dexed to Li,COj3. The sample will not be discussed in the
following sections, but it indicates that the sintering
temperature should exceed at least 923 K for a sample
with a pure phase, which is consistent with the result of
the TGA-DTG analysis. In order to determine the
structure more accurately, Rietveld refinement analyses
of these XRD patterns were performed.

The Rietveld refinements were carried out assuming
that all the samples have the layered a-NaFeO, type
structure with space group R-3m and atomic positions as
follows: 3a site at (0,0,0); 3b site at (0,0,0.5); and 6c site
at (0,0,0.24). Since neutron diffraction experiments [4]
have verified that Co only lies at the 3b site and Li is
almost never at the 3b site, we adopt the model that only
Ni goes to the 3a site and Ni and Co are considered as
the same atom in the 3b site owing to the limit of X-rays
to discern Ni and Co. The initial values of the lattice and
thermal parameters were obtained from the data of a
LiNiO, single crystal [27]. The refinement process fol-
lowed strictly the Rietveld refinement guidelines for-
mulated by the International Union of Crystallography
Commission on Powder Diffraction [28]. The observed,
calculated and difference plots for the sample sintered at
998 K for 24 h are shown in Fig. 2. The residual factors
Ry, Rp and goodness of fit XZ are listed in Table 2.

The changes of lattice parameters «, ¢, their ratio ¢/a
and the lattice volume of samples derived from various
temperatures and times are illustrated in Fig. 3. It is
clear that a, ¢ and V' decrease from 973 K to 998 K, then
increase from 998 K to 1073 K, as well as that the
sample synthesized at 998 K has the minimum lattice
parameters and volume. On the other hand, the ratio c¢/a
has the reverse change tendency and the sample syn-
thesized at 998 K has the maximum c/a ratio. It indi-
cates that this sample has the best hexagonal ordering
structure. The amounts of Ni in the 3a Li site (gn;)
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Table 2 Reliability factors for XRD Rietveld refinement
Synthesis conditions Ryp (%)* Ry (%)° P
12 h, 998 K 13.42 4.56 1.843
18 h, 998 K 13.04 3.20 1.830
24 h, 998 K 12.58 3.27 1.756
30 h, 998 K 13.00 3.15 1.720
36 h, 998 K 13.32 3.63 1.767
973K, 24 h 12.14 2.66 1.542
1023 K, 24 h 12.05 2.54 1.531
1048 K, 24 h 13.26 3.32 1.766
1073 K, 24 h 13.70 4.14 1.856

3 Rwp = [ZiY;(obs)—Y;(calc)I>/ZW; Y *(obs)]"/?
b R = Zi1Y;(0bs)- Yi(cale)l/ZY;(obs)
“ %~ =(Rwp/Re)

shown in Fig. 4 also demonstrate this conclusion. The
amount decreases firstly from 973 K to 998 K and then
increases from 998 K to 1073 K, while the sample syn-
thesized at 998 K has the minimum gy; (~0.011). The
effect of sintering temperature implies that ion diffusion
is the prevailing factor controlling the structure before
998 K and the Li content volatilization inverses to be the
main factor after 998 K. At 998 K, a compromise of the
two processes produces the sample with the best order-
ing layered structure.

Similar to the sintering temperature, the sintering
time also has a significant influence on the structure of
the samples. All of the parameters of the samples sin-
tered for various times show peak-shape changes like the
samples sintered at various temperatures. The sample
sintered for 24 h shows the minimum a, ¢, V' and gn;
values and the maximum c/a ratio, which indicates the
best ordering layered structure among the time series
samples. The result shows that the crystallization is not
complete if the time is shorter than 24 h and the Li

2-Theta

content volatilization becomes the key factor in con-
trolling the structure if the time is longer than 24 h at a
fixed sintering temperature of 998 K.

The bond angles and lengths from the refinement
analyses are presented in Table 3, together with the
thickness of slab (O-Ni-O) and inter-slab (O-Li-O) val-
ues. The changes of interatomic distances are closely
relevant to the displacement of the atoms. Owing to
[Nis, in the formula of [Li;_,Ni,Js[Nig 5C00 >J56[Oslec,
the Li-O, Ni-O and Ni-Ni bond lengths and slab and
inter-slab thicknesses changed with the amount of Ni at
the 3a site. Among all of the samples, the one sintered at
998 K for 24 h has the maximum Li-O length and inter-
slab (O-Li-O) thickness and the minimum Ni-O and
Ni-Ni lengths and slab (O-Ni-O) thickness, which mat-
ches the minimum amount of Ni in the 3a site. All of the
results show that there is an optimum sintering condi-
tion for the LiNipgCoy,0, material with the best
ordering layered structure, which is 998 K and 24 h in
this case. Compared with the direct solid-state method
[19] and the co-precipitation method [20], the sol-gel
technique can produce LiNig gCog -0, materials at lower
sintering temperatures and shorter sintering times.

Electrochemical performance

The electrochemical properties of LiNiggCog,0, sam-
ples derived from the sol-gel technique sintered at vari-
ous temperatures and times were tested galvanostatically
at a 0.1 C rate between 3.0 V and 4.2 V. Table 4 pre-
sents the charge-discharge capacity and the loss of
capacity of the first cycle for all the samples. As the
sintering temperature and time increase, the charge
capacity of the first cycle decreases gradually from
214 mA h/g at 973 K to 198 mA h/g at 1073 K and
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0.045 from 236 mA h/g at 12 h to 200 mA h/g at 36 h. It is
thought that the degree of lithium volatilization in-
0.040 creases with the increase of sintering temperature and
time. After sintering at higher temperatures and for
‘o 00354 longer times, there are fewer lithium ions participating in
B the de-intercalation process of the first cycle as well as a
% 0.030 /% lower charge capacity. However, no such effect was seen
£ { in the discharge capacity and loss of capacity for the first
) 0025 cycle. As shown in Table 4, the discharge capacity in-
. 0,020 ﬁ } % creases firstly and then decreases following the increas-
o ing of temperature and time, while the loss of capacity
ﬁ 0.015 changes oppositely. It shows that the sample sintered at
= 998 K for 24 h has the best electrochemical properties
0.010 - { + among all of the samples. Figure 5 illustrates the charge-
discharge curves and the cycling performance curve for
0.005 this sample. The discharge capacities of this sample are

T T T T T T T T T T
12h  18h 24h 30h 36h 973k 998k 1023k 1048k 1073k
Synthesis conditions

Fig. 4 The amount of Ni in the 3a Li site for LiNiygCog,0,
samples synthesized at various sintering temperatures and times,
calculated by Rietveld refinement

181 mA h/g and 183 mA h/g at the first and second
cycles, respectively, with the capacity retention of 82.9%
after 50 cycles.

There appears to be a correlation of the discharge
capacity and the loss of capacity with the amount of Ni

Table 3 Bond angles and

lengths and slab (NOZ) and Synthesm LI-OZ(A) Nl-Oz(A) Nl-le(A) O-Li-OZ(O) O-Ni-OQ(O) S(NiOz) (A)d I(LiOz) (A)b
inter-slab (LiO.) thicknesses conditions
obtained from Rietveld
refinement 12h,998 K 2.0953(6) 1.9697(4) 2.8606(5) 86.10(5)  93.13(5)  2.5998 2.1185
18 h,998 K 2.0975(6) 1.9657(4) 2.8623(5) 85.99(5)  93.26(5)  2.5838 2.1363
241998 K 2.1066(6) 1.9628(4) 2.8579(5) 85.79(5)  93.63(5)  2.5781 2.1471
30 h,998 K 2.1032(6) 1.9632(4) 2.8609(5) 85.71(5)  93.61(5)  2.6034 2.1163
360,998 K 2.1023(9) 1.9642(6) 2.8597(5) 85.71(9)  93.62(10)  2.6046 2.1173
. . 973 K24 h  2.1014(6) 1.9630(4) 2.8613(6) 85.81(8)  93.57(9)  2.5970 2.1213
Slab thickness: Sio,) = 1023 K24 h  2.1042(7) 1.9636(5) 2.8628(4) 86.12(9)  93.33(9)  2.5789 2.1374
(2/3-2Z0)Chex 1048 K24 h  2.1027(9) 1.9653(6) 2.8641(4) 85.78(5)  93.66(10)  2.5975 2.1218
Interslab thickness: /(v io, = 1073 K.4h  2.0959(8) 1.9680(6) 2.8650(4) 85.88(9)  93.59(10)  2.6037 2.1166

Chex/3=Snioy
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Table 4 Charge-discharge data

of the first cycle for Synthesis conditions

Charge (mA h/g)

Discharge (mA h/g)  Lost (mA h/g)  Efficiency (%)

LiNij gCo(,0O, samples

synthesized at various 12 h,998 K 236.0 131.6 104.6 55.7
temperatures and times 18 h,998 K 221.1 162.8 48.6 73.6
24 h,998 K 211.9 180.6 31.3 85.2
30 h,998 K 208.1 174.3 33.8 83.8
36 h,998 K 200.2 165.4 34.8 82.6
973 K,24 h 214.3 170.6 39.7 79.6
1023 K,24 h 198.9 166.0 329 83.5
1048 K,24 h 190.2 152.9 37.3 80.4
1073 K,24 h 197.6 157.3 40.3 79.6
Fig. 5 Charge-discharge curves 44
and cycling performance curve s
of a LiNij gCoq,0, sample R
synthesized at 998 K for 24 h 5 40 ~
né 38 ——
= 1.6 s P ——
g ~—
3.4 /
32
30 B0 ,q3p20 10 1cycie
o )
e 28 -
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S
= 180 ATAy
§ am“‘m‘
3 LIy
160 dday
& e LYY YV
o
&2]' 140
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at the 3a Li site. Comparing Fig. 4 and Table 4, there is
a similar tendency between the changes of discharge
capacity and the efficiency of the first cycle and that of
the amount of Ni in the 3a Li site. The highest discharge
capacity (181 mA h/g) and the lowest loss of capacity
(14.8%) at the first cycle correspond well to the mini-
mum amount of Ni in the 3a Li site (~0.011) for the
sample sintered at 998 K for 24 h. As reported [7], there
would be a local collapse of the interlayer space during
the de-intercalation process due to divalent nickel oxi-
dization to trivalent nickel in the 3a Li site, and an
irreversible capacity would be formed during the inter-
calation process due to the irreversibility of structural
recovery. Thus, the effects of sintering temperature and
time on the electrochemical properties depend on the
changes of structure with the variety of sintering tem-
perature and time.

Conclusions

LiNig 3Cog,0, materials were synthesized at various
temperatures (923-1073 K) and times (12-36 h) by the
sol-gel method using citric acid as a chelating agent. The

Cycle number

effects of sintering temperature and time on the structure
and electrochemical properties were investigated. The
results of XRD and Rietveld refinement showed that the
lattice parameters and the amount of Ni in the 3a Li site
had a peak value with the changes of temperature and
time, and implied that there is an optimum sintering
condition for the LiNiygCoy -0, material with the best
ordering layered structure, which is 998 K and 24 h in
this case. The charge-discharge experiments also indi-
cated that the sample had the maximum initial capacity
(181 mA h/g) and the minimum capacity loss (14.8%)
with a capacity retention of 82.9% after 50 cycles at a
0.1 C rate between 3.0 V and 4.2 V. The effects of sin-
tering temperature and time on the structure matched
well with the electrochemical properties. Compared with
direct solid-state and co-precipitation methods, the sol-
gel technique can produce LiNijgCoy,0, materials at
lower sintering temperatures and shorter sintering times.
In addition, SEM-EDAX analysis verified the compo-
sitional homogeneity of the samples derived from the
sol-gel method.
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