
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
/6

/2
02

6 
7:

58
:1

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synthesis of a fin
aSchool of Metallurgy and Environment, Cen

P. R. China. E-mail: yunjiao_li@csu.edu.cn
bQing Hai Kuai Lv High-tech Co., Ltd, Xinin
cKey Laboratory of Comprehensive and H

Resources, Qinghai Institute of Salt Lakes

810008, P. R. China

† The two authors contributed equally to

Cite this: RSC Adv., 2020, 10, 9917

Received 16th October 2019
Accepted 7th January 2020

DOI: 10.1039/c9ra08450a

rsc.li/rsc-advances

This journal is © The Royal Society o
e LiNi0.88Co0.09Al0.03O2 cathode
material for lithium-ion batteries via a solvothermal
route and its improved high-temperature cyclic
performance

Guolin Cao,†ab Jie Zhu,†a Yunjiao Li, *a Yuan Zhou,c Zhuomin Jin,b Bin Xu,b

Chunxi Hai c and Jinbo Zengc

Nickel–Cobalt–Aluminum (NCA) cathode materials for lithium-ion batteries (LIBs) are conventionally

synthesized by chemical co-precipitation. However, the co-precipitation of Ni2+, Co2+, and Al3+ is

difficult to control because the three ions have different solubility product constants. This study

proposes a new synthetic route of NCA, which allows fabrication of fine and well-constructed NCA

cathode materials by a high temperature solid-state reaction assisted by a fast solvothermal process. The

capacity of the LiNi0.88Co0.09Al0.03O2 as-synthesized by the solvothermal method was 154.6 mA h g�1 at

55 �C after 100 cycles, corresponding to 75.93% retention. In comparison, NCA prepared by the co-

precipitation method delivered only 130.3 mA h g�1 after 100 cycles, with a retention of 63.31%.

Therefore, the fast solvothermal process-assisted high temperature solid-state method is a promising

candidate for synthesizing high-performance NCA cathode materials.
1. Introduction

Current improvements in electric vehicles and large-scale
energy storage systems have greatly raised the demand for
rechargeable batteries with high energy density, and this trend
is expected to continue over the next few years.1–5 Therefore, it is
necessary to develop new cathode materials with high capacity
and safety.6–8 Great efforts have been made toward the synthesis
of nickel rich layered cathode materials. Nickel–Cobalt–
Aluminum (NCA) is characterized by high reversible capacity,
long cycle life and a high operating potential (3.6 V vs. Li+/Li),
which are desired properties of cathode materials for lithium-
ion batteries.9 At present, NCA cathode materials are fabri-
cated by one of twomain synthetic routes. In one route, the NCA
precursor is synthesized by a co-precipitation method, and the
NCA cathode material is then obtained by high-temperature
lithiation of the precursor. This method is the present-day
mainstream synthesis pathway of NCA. However, the co-
precipitation of Ni2+, Co2+, and Al3+, and the uniformity of the
particle size are difficult to control because the solubility
product constants of Ni(OH)2, Co(OH)2 and Al(OH)3 are largely
tral South University, Changsha 410083,
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different (ksp
q ¼ 5.0 � 10�16, 2.3 � 10�16, 1.3 � 10�23, respec-

tively). This problem has blocked the large-scale application of
NCA.10,11 In the second synthesis method, Ni–Co precursor
synthesized by the co-precipitation method is thoroughly mixed
with Al source (nanosized Al2O3 or Al(OH)3) and LiOH. This
mixed powder is sintered at high temperature to obtain the NCA
cathode material. However, the NCA prepared by this route is
degraded by uneven distribution of the Al elements caused by
the limited solid-phase diffusion, and surface passivation
caused by the excessive inert Al-containing surface layer. These
defects reduce the electrochemical performance of the synthe-
sized NCA.

In recent years, the solvothermal method has become
a popular synthesis route for advanced functional materials.12–15

The solvothermal synthesis of binary metal oxides as anode
materials for lithium-ion batteries (LIBs) (e.g., NiCo2O4,
CoMoO4, MnCo2O4, and ZnCo2O4) has aroused public atten-
tion.11,13,16–19 However, few studies have applied the sol-
vothermal method to the fabrication of candidate NCA cathode
materials for LIBs. Compared with other synthesis methods
(e.g., spray pyrolysis20,21 and co-precipitation22–24), the sol-
vothermal method achieves functional materials with good
crystallinity and high purity at low cost. In this study, an NCA
precursor comprising uniformly dispersed Ni–Co microspheres
(named Ni0.91Co0.09 microspheres) with ne size and a large
Brunauer–Emmett–Teller (BET) surface area was synthesized
using the solvothermal method. Subsequently, the feasibility of
LiNi0.88Co0.09Al0.03O2 based on Ni0.91Co0.09 microsphere
RSC Adv., 2020, 10, 9917–9923 | 9917
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precursors was adopted as the cathode material of LIBs, and its
improved high-temperature cyclic performance was veried in
electrochemical tests.
2. Experimental section
2.1. Synthesis of the materials

All chemicals were of analytical grade and provided by Aladdin
(Shanghai) Co., Ltd (Shanghai, China). Fig. 1a shows the prepara-
tion of the Ni0.91Co0.09 microsphere precursor by the solvothermal
method. First, stoichiometric Ni(NO3)2 and Co(NO3)2 with a Ni/Co
molar ratio of 0.91 : 0.09 (concentration ¼ 0.1 mol L�1) were dis-
solved in 150 mL absolute ethanol, yielding a clear dark-green
solution. The resulting solution was transferred to a 150 mL
Teon-lined autoclave and heated for 12 h at 180 �C. Aer naturally
cooling the solution to room temperature, we collected the yellow-
green precipitate and washed it several times with absolute
ethanol. The washed precipitate was dried for 8 h at 100 �C in
a vacuum oven, yielding the Ni–Co microsphere precursor (marked
as S-NC). As a comparison material, we purchased the co-
precipitation precursor Ni0.88Co0.09Al0.03(OH)2 (named C-NC) from
Qing Hai Kuai Lv High-tech Co., Ltd.

To prepare the NCA cathode material, the Ni0.91Co0.09
microsphere precursors were thoroughly mixed with LiOH$H2O
micropowder and nano-Al(OH)3 (the molar ratio of Li : Me : Al
(Me ¼ Ni, Co) reached 1.05 : 0.97 : 0.03). Subsequently, the
Fig. 1 (a) Schematic illustration for preparation of S-NC; (b) X-ray
diffraction (XRD) patterns of the as-prepared precursors; field emission
scanning electron microscope (FESEM) images: (c) C-NC and (d) S-
NC; (e) particle-size distribution of the precursors; (f) N2 adsorption/
desorption isotherm curves and corresponding distribution of pore
size (inset) exhibited by the precursors. D50 denotes median particle
size.

9918 | RSC Adv., 2020, 10, 9917–9923
LiNi0.88Co0.09Al0.03O2 cathode material (S-NCA) was synthesized
by pre-treating the mixed powder for 5 h at 480 �C, followed by
12 h sintering at 750 �C in a pure O2 atmosphere. As
a comparison cathode, we purchased commercial LiNi0.88-
Co0.09Al0.03O2 cathode material (C-NCA) based on the C-NC
precursor from Qing Hai Kuai Lv High-tech Co., Ltd.
2.2. Material characterization

The sample phases were characterized by powder X-ray
diffraction (XRD; Rigaku, D/max-2500) with Cu Ka radiation
(l ¼ 1.5418 �A). The XRD dates were collected over the 2q range
10–80� at a scanning rate of 2� min�1. The samplemorphologies
and their element distributions were observed under a eld
emission scanning electron microscope (FESEM; SU8010)
outtted with X-MAXN energy-dispersive spectroscopy. The
microelements in the samples, such as lithium, nickel, cobalt,
and aluminum, were veried by inductively coupled plasma
spectroscopy (ICP; PerkinElmer, Optima 2100 DV). Table 1 lists
the elemental compositions of the as-prepared samples detec-
ted by ICP. The specic surface areas and porosities of the
precursors at 77 K were measured from the N2 adsorption/
desorption isotherms acquired by a Micrometrics ASAP 2020M
system. The particle-size distributions in the materials were
measured by a laser analyzer (Malvern 3000). Surface analysis
was performed by X-ray photoelectron spectroscopy (XPS,
PHI5600, PerkinElmer).
2.3. Electrochemical testing

The prepared NCA powder was fully mixed with polyvinylidene
uoride and acetylene carbon black at a weight ratio of 8 : 1 : 1.
The mixed powder was dispersed in N-methyl-2-pyrrolidone,
then pasted onto the aluminum foil of the collector as the
working electrode. This preparation was dried overnight at
90 �C in a vacuum oven. We assembled the CR2016 type coin
cells in a glove-box lled with argon (LS800S, DELLIS) with the
Celgard-2400, the metallic lithium and the 1 M LiPF6 in
EC : DMC : EMC (volume ratio of 1 : 1 : 1) as the separator, the
counter electrode, and the electrolyte, respectively. Charge/
discharge experiments were performed on a LAND test system
(CT2001A, Wuhan LAND electronics Co., Ltd.) at different rates
(1C¼ 180 mA h g�1 over 3.0–4.3 V vs. Li/Li+). Cyclic voltammetry
(CV) was implemented on an electrochemical workstation
(Applied Research, Princeton) at a scan rate of 0.1 mV s�1. The
impedances were measured several times with a computer-
controlled CHI instrument operated at room temperature. The
frequency was reduced from 100 kHz to 0.01 Hz at an AC signal
amplitude of �10 mV. As for the analysis of differential scan-
ning calorimetry (DSC), the 2016 coin-type cells were fully
charged to 4.3 V at 55 �C and dismantled in an Ar-lled glove
box. Aer the remaining electrolyte was carefully removed from
the surface of the electrode, the cathode materials were recov-
ered from the current collector. We collect about 5 mg samples
using a stainless steel sealed pan with a gold-plated copper seal.
The measurement above were performed in a DSC Q2000 (TA,
America) at a temperature scan rate of 5 �C min�1.
This journal is © The Royal Society of Chemistry 2020
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Table 1 The elemental compositions of the as-prepared samples

Sample Li (mol g�1) Ni (mol g�1) Co (mol g�1) Al (mol g�1) Mole ratio

C-NC 0 0.0096 0.0010 0.0003 Ni : Co : Al, 0.88 : 0.09 : 0.03
S-NC 0 0.0073 0.0007 0 Ni : Co : Al, 0.91 : 0.09 : 0.00
C-NCA 0.0108 0.0095 0.0010 0.0003 Li/Me (Ni : Co : Al), 1.00

(0.88 : 0.09 : 0.03)
S-NCA 0.0109 0.0097 0.0010 0.0003 Li/Me (Ni : Co : Al), 0.99

(0.88 : 0.09 : 0.03)

Fig. 2 XRD patterns of the NCAs prepared by the solvothermal route
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3. Results and discussion

Fig. 1b shows the XRD patterns of the Ni0.91Co0.09 microspheres
and Ni0.88Co0.09Al0.03(OH)2 precursor. The XRD peaks of S-NC
and C-NC were identied as Ni3(NO3)2$(OH)4 (PDF#25-0752)
and Ni(OH)2 (PDF#14-0117), respectively, conrming the
purity of the samples. The formation mechanism of Ni3(-
NO3)2$(OH)4 was not co-precipitation, but was interpreted as
follows:16

7CH3CH2OH + 4NO3
� / 7CH3CHO + 2NO[ +N2O[ + 4OH�

+ 5H2O (1)

3Ni2+ + 2NO3
� + 4OH� / Ni3(NO3)2(OH)4 (2)

Fig. 1c and d show the morphologies of S-NC and C-NC,
respectively. Both precursors exhibited their spherical forms and
regular needle-like nanorod primary particles, but the S-NC
appeared to contain more regular and uniformly sized spheres
than C-NC. The particle-size distributions (Fig. 1e) of both precur-
sors further veried thener particles in S-NC (D50¼ 3.99 mm) than
in C-NC (D50 ¼ 13.41 mm). Fig. 1f plots the N2 adsorption/
desorption isotherm curves and pore-size distributions (inset) in
the precursors. Both precursors yielded a type-IV isotherm, but C-
NC exhibited H4 hysteresis loops which were absent in S-NC.
This result indicates a signicant difference between the pore-
size distributions of S-NC and C-NC. In fact, the pore-size distri-
bution in S-NC was narrow and centered at 3.56 nm, whereas that
of C-NC was wide (10–150 nm) and centered at 34.39 nm (Fig. 1f,
inset). Furthermore, the BET surface area was larger in S-NC than
in C-NC (102.4 m2 g�1 versus 20.38 m2 g�1).

Fig. 2 displays the XRD patterns of C-NCA and S-NCA. The
diffraction peaks exhibit a typical layered structure belonging to
LiNiO2 (LNO) with a space group of R�3m, consistent with the
standard cards (PDF#09-0063). The I(003)/I(104) and c/a ratios
were larger in S-NCA than in C-NCA, indicating a well-ordered
layered structure of S-NCA.25,26 Based on this structural infor-
mation, the high temperature solid-state method assisted by the
solvothermal process can synthesize well-ordered Ni-rich
layered NCA cathode materials. Panels a and b of Fig. 3
display the FESEM images of the C-NCA and S-NCA cathode
materials, respectively. The as-synthesized LiNi0.88Co0.09Al0.02O2

cathode materials inherited the sphere-like morphology and
particle sizes of their respective precursors, but the high-
temperature calcination made a rough surface due to the
This journal is © The Royal Society of Chemistry 2020
precursor decomposition and solid-state reactions. Careful
inspection of the FESEM images reveals both smaller secondary
particles and denser primary particles in S-NCA than in C-NCA.
Fig. 3c and d show cross-sectional images of the NCAs and their
corresponding EDS mappings, respectively. Clearly, S-NCA
possessed a more compact bulk structure than C-NCA. The
cross-section EDS mapping results veried the even distribu-
tions of Ni, Co, and Al in the particle bulks for S-NCA.

The chemical composition and oxidation states of the NCA
cathode materials were further elucidated in XPS measure-
ments. The survey spectrum in Fig. 4a reveals the existence of
Ni, Co, Al, O, and C near the surfaces of the samples. The C may
originate from adventitious hydrocarbons in the analysis
chamber.26 Fig. 4b shows the Ni 2p spectra and their tting
curves. The deconvoluted peaks at binding energies of z855.5
and 872.4 eV were assignable to Ni 2p3/2 and Ni 2p1/2, respec-
tively. The binding energy difference between Ni 2p3/2 and Ni
2p1/2 (Ni, DS-2p) was well matched to the doublet separation of
Ni2+.27 Meanwhile, the DS-2p of 17.6 eV (2p1/2–2p3/2) indicated
the existence of Ni3+ in both samples.27,28 From the areas of the
deconvolved peaks, the Ni2+/Ni3+ratios in S-NCA and C-NCA
were determined as 2.32 : 7.68 and 3.79 : 6.21, respectively.
Obviously, the Ni3+ content of the surface layer was higher in S-
NCA than in C-NCA. The S-NC precursor with a large specic
surface area could maximize the contact area between the
precursor and LiOH, facilitating the transformation of Ni2+ into
Ni3+ during the sintering process.21 Ultimately, the Ni3+-rich S-
NCA yielded a well-ordered layered LiNiO2-based cathode
material with a low Li/Ni mixing degree and a stable structure.
and co-precipitation route, respectively.

RSC Adv., 2020, 10, 9917–9923 | 9919
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Fig. 3 FESEM images presented by C-NCA (a) and S-NCA (b); cross-
section images presented by C-NCA (c) and S-NCA (d) with corre-
sponding EDS mapping.

Fig. 5 Electrochemical performances of C-NCA and S-NCA: (a) initial
charge–discharge curves at 0.1C; (b) cycling performance at 1C; (c)
rate capabilities; (d) cycling performance at 55 �C.
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The electrochemical performances of C-NCA and S-NCA were
shown in Fig. 5. The both NCAs exhibited similar initial charge–
discharge proles at 0.1C and 3.0–4.3 V (see Fig. 5a), suggesting
the same charge–discharge mechanism in the two materials.
The initial discharge capacities of S-NCA and C-NCA were 210.7
and 203.2 mA h g�1, with coulombic efficiencies of 83.21% and
80.25%, respectively. Fig. 5b shows the cyclabilities of S-NCA
and C-NCA at room temperature. Both NCAs exhibited almost
identical capacity retentions (�87%) aer 100 cycles at 1C, and
almost identical capacities at different current densities
(Fig. 5c). Obviously, the electrochemical performance of S-NCA
was similar to that of C-NCA at room temperature. However, as
Fig. 4 XPS spectra of C-NCM and S-NCA: (a) survey spectrum; (b) Ni
2p.

9920 | RSC Adv., 2020, 10, 9917–9923
demonstrated in the high-temperature cycling performances of
the NCA samples (Fig. 5d), the S-NCA delivered outstanding
cycling performance at 55 �C. At the raised temperature, the
capacity of S-NCA was 154.6 mA h g�1 aer 100 cycles, corre-
sponding to a retention capacity of 75.93%. In comparison, the
C-NCA delivered only 130.3 mA h g�1 aer 100 cycles at 55 �C
(capacity retention ¼ 63.31%).

The kinetic processes of the electrodes reactions at 55 �C
were investigated by CV. The results are shown in Fig. 6. Both
NCAs present the same three pairs of redox peaks. The peak
currents of the redox reactions weakened with cycling, revealing
that the capacity degraded during the charge–discharge
process. The paired peaks in the CV curves are assignable to the
three phase transformations (H1 4 M, M 4 H2, H2 4 H3) in
LiNiO2-based cathode materials during charge–discharge.25,29–31

The potential difference (DE) between the major redox couples
in the CV cycles usually species the reference point of the
polarization degree.32–34As shown in Fig. 4, the DE values were
higher in C-NCA (DE1¼ 230 mV, DE100 ¼ 130 mV) than in S-NCA
(DE1¼ 190mV,DE100¼ 100mV), suggesting that polarization in
S-NCA was inhibited at elevated temperature. The enhanced
polarization and accelerated electrolyte decomposition causes
the rapid capacity decay in C-NCA batteries at high temperature.
The S-NCA synthesized by the solvothermal routine exhibited
a ner size and more uniform particle-size distribution than C-
Fig. 6 CV curves with scan rate reaching 0.1 mV s�1 at 55 �C: (a) S-
NCA; (b) C-NCA.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (a) XRD patterns of the cycled electrodes after 100 cycles at
55 �C; FESEM images of the cycled electrodes after 100 cycles at
55 �C: (b) S-NCA; (c and d) C-NCA.
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NCA synthesized by the standard method. These physical
renements shorten the Li+ diffusion pathways and enhance
wettability by the electrolyte,35,36 thereby inhibiting polarization.
Furthermore, the high density of primary particles in S-NCA
discourages corrosion of the active material by the electrolyte,
as fewer particles are exposed to the electrolyte.

The thermal stabilities of electrochemically delithiated wet
LiNi0.88Co0.09Al0.03O2 electrodes were evaluated by differential
scanning calorimetry (DSC). As can be seen in Fig. 7, the
temperature of S-NCA exothermic peak is signicantly higher
than that of C-NCA, 234 �C and 178.7 J g�1 for S-NCA, 217 �C and
308 J g�1 for C-NCA respectively. Notably, C-NCA have poor
thermal stabilities. We believe that higher thermodynamics
stability is benecial to the improvement of electrochemical
performance.

Next, we studied the structural stability of the NCA cathode
materials against electrochemical cycling at elevated tempera-
ture. Fig. 8a compares the XRD patterns of the NCA electrodes
aer 100 cycles at 55 �C. The XRD patterns of both cycled
electrodes were consistent with the hexagonal a-NaFeO2 layered
structure. However, the half widths of the characteristic peaks
were obviously widened aer 100 cycles, and the diffraction
peaks were weakened (cf. the XRD patterns of as-prepared NCA
cathode in Fig. 2). Moreover, the 006/102 and 108/110 splitting
peaks in the XRD patterns tended to disappear aer cycling. The
above evidences reveal that the NCA cathode materials were
structurally degraded by the high-temperature cycles. However,
the diffraction-peak strength and intensity ratio I(003)/I(104)
were signicantly higher for the S-NCA electrode than for the C-
NCA electrode, indicating the higher structural stability and
high-temperature cyclic performance of S-NCA than C-NCA.37,38

Panels b–d of Fig. 8 show the morphologies of the cycled
electrodes at 55 �C. The secondary particles of the S-NCA elec-
trode maintained their spherical shapes at high temperature,
even aer many cycles (Fig. 8b). Moreover, the primary particles
in the S-NCA electrode were compactly stacked with few
pulverized and cracking phenomena. In contrast, many hollow
shells were observed in the C-NCA electrode (Fig. 8c and d),
indicating drastic transition-metal dissolution (TMD) in the C-
NCA electrode, and irreversible loss of the active material.
TMD is considered as an inevitable defect of TM-containing
cathode materials, and is accelerated by elevated temperature
and high cut-off voltage.39,40 TMD is caused by HF generated by
Fig. 7 DSC results of C-NCA and S-NCA.

This journal is © The Royal Society of Chemistry 2020
the hydrolysis of LiFP6-containing electrolytes, which initiates
the reaction Ni2+ + 2F� / NiF2.40–42 The stable well-ordered
structure and reduced Ni2+ content of the surface in C-NCA
effectively alleviates the TMD and loss of active material,
thereby conferring excellent high-temperature cyclic
performance.

The difference in capacity fading between the S-NCA and C-
NCA materials was further investigated in an electrochemical
impedance spectroscopic (EIS) test (Fig. 9). The EIS was carried
out in the 3.0–4.3 V range at 55 �C. The equivalent circuit model
(Fig. 9a, inset) is detailed elsewhere.43 Table 2 lists the tting
results of Rct (charge-transfer impedance) and Rf (interface layer
impedance). Clearly, the Rct values were higher in C-NCA than in
S-NCA aer the rst cycle. As the cycles proceeded, the Rsf and
Rct increased in both materials. Specically, the Rct of C-NCA
increased from 105.33 U in the rst cycle to 530.74 U in the
100th cycle, whereas that of S-NCA increased from 43.92 U in
cycle 1 to 452.45 U in cycle 100. The less signicant change in S-
Fig. 9 Nyquist plots of S-NCA and C-NCA electrodes at 55 �C: (a) after
1 cycle; (b) after 100 cycles.
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Table 2 The fitted EIS parameters for S-NCA and C-NCA

Sample

Aer 1st cycle Aer 100th cycle

Rf (U) Rct (U) Rf (U) Rct (U)

S-NCA 16.24 43.92 22.54 452.45
C-NCA 17.38 105.33 25.67 530.74
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NCA conrms a more stable electrode–electrolyte interface at
elevated temperatures in S-NCA, consistent with the morpho-
logical and structural characterizations of the cycled electrodes.
4. Conclusions

In summary, well-constructed ne LiNi0.88Co0.09Al0.03O2 was
synthesized as a cathode material for LIBs through the high
temperature solid-state reaction assisted by the fast sol-
vothermal process. The NCA cathode material prepared by the
solvothermal route (S-NCA) exhibited a ner and more uniform
particle size, and denser primary particles, than the NCA
material prepared by traditional co-precipitation (C-NCA). The
inhibited polarization, stable well-ordered layered structure,
and alleviated corrosion of the active material enhanced the
initial coulombic efficiency of S-NCA, and boosted its high-
temperature cycling performance. This study veries the
possibility of solvothermal NCA synthesis, and may inspire the
further investigation and optimization of NCA cathode mate-
rials for high-performance LIBs.
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