lonics (2019) 25:827-834
https://doi.org/10.1007/5s11581-018-2620-5

ORIGINAL PAPER

@ CrossMark

Facile synthesis and electrochemical properties of LiNig sC0g 15Alg 050,
with enlarged exposed active planes for Li-ion batteries

Hang Dong ' - Shaomin Li? - Hao Liu? - Jun Mei? - Heng Liu" - Guobiao Liu?

Received: 2 April 2018 /Revised: 16 May 2018 /Accepted: 4 June 2018 /Published online: 20 June 2018

© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Because enlarged exposed active planes facilitate the improvement of the rate capability of layered cathode material by providing
more points for Li* intercalation/de-intercalation, LiNiy sCoy 15Aly 05O layered cathode material with enlarged exposed {010}
active planes is desirable. In this article, micro-sized LiNijgCoy 15Al0.050- particles possessing enlarged exposed {010} active
planes have been synthesized using Nig g40C0q.158(OH), precursor prepared by an improved co-precipitation method. As-
prepared LiNig gCoq 15Al) 050, demonstrates a good rate capability. The reversible capacity is 103 mAh g7l at 10 °C, which is
explained by the enhanced Li* diffusion coefficient detected by CV and GITT measurements and reduced charge transfer
resistance calculated by EIS tests. Moreover, the as-prepared LiNiggCog 15Aly 050> also displays a good cycling stability. The
capacity retention after 100 cycles at 0.2 °C is 85%. This good cycling stability can be ascribed to the porous structure of
LiNig gCoy 15Alg 950, which provides a buffer area for volume expansion of the primary particles during cycling.
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Introduction

Owing to their competitive cost, low toxicity, and high-energy
density, Ni-rich layered cathode materials had drawn great
attentions since ternary cathode materials were put forward
by Ohzuku et al. in 2001 [1-8]. To date, some Ni-rich cathode
materials such as LiNi0_8C00_1Mno.102 and LiNngCO()J 5A1().()502
have been successfully commercialized in consumer elec-
tronics industry and electric vehicles (EVs) one. Whereas,
compared to LiCoO, and Co-rich ternary cathode mate-
rials such as LiNig 33C0¢33Mng 3305, Ni-rich layered
cathode materials display much poor rate capabilities,
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which results in poor rate capabilities of LIBs [9, 10].
Resultantly, the poor rate capabilities of LIBs lead to a
long charge time for EV. Therefore, in order to shorten the
charge time of EV, a good strategy is to promote the rate
capability of Ni-rich layered cathode materials since the
rate capability of cathode materials has a great effect on
the rate capabilities of LIBs.

For the sake of enhancing the rate capabilities of Ni-rich cath-
ode materials, morphological designing, besides doping and sur-
face modification, has been widely investigated because some
particular morphologies are beneficial to enhancing the Li* dif-
fusion coefficient, leading to the improvement of rate capability
of Ni-rich layered cathode materials [11-21]. For instance, nano-
sized LiNig gMny 15Aly 050, particles have been synthesized and
possess better capacity even at a high current density [22]. Nano-
sized LiNijgCop1Mng 0, particles have been fabricated and
demonstrate an excellent rate capability [23]. With exception of
reducing the particle size, enlarging exposed {010} active planes
of Ni-rich layered cathode materials has also drawn great atten-
tions because enlarging exposed {010} active planes perpendic-
ular to Li* diffusion tunnels can provide more points for
intercalation/deintercalation of Li* during cycling [24-28]. For
example, spherical LiNijgCog15sMng 050, particles possessing
enlarged (010) active planes have been fabricated by a
hydrothermal-calcination method [29]. LiNig;Cog 15sMng 150,
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possessing enlarged exposed (010) active planes has been fabri-
cated through a PVP auxiliary hydrothermal method using
Nig7Cog.15sMng 15(OH), as precursor [30]. Both Ni-rich layered
cathode materials have a good rate capability. However, the as-
prepared Ni-rich layered cathode materials cannot be put into
practical use because of high cost of preparing method.
Recently, Zhou et al. reported that Nij ¢Co>Mng»(OH), with
thick primary plates prepared by a co-precipitation process facil-
itates the formation of the primary particles possessing enlarged
exposed {010} planes for LiNigCog>Mng,0, [31]. The as-
produced LiNij ¢Cog »Mng ,O, demonstrates a good rate capabil-
ity. Their results triggered us to try to prepare NCA possessing
enlarged exposed {010} active planes by using
Nig 842C00.158(OH), with thick primary plates. However, as
shown in Fig. 2d, the Nijg4,Coy 155(OH), with thick primary
plates cannot be fabricated by the conventional co-precipitation
method.

In this paper, we will display Nig g40Coy.155(OH), with thick
plates shown in Fig. 2b that can be synthesized by an improved
co-precipitation method including two steps illustrated in
Fig. 1. Moreover, NCA possessing enlarged exposed {010}
active planes can be synthesized using Nij g4,C0g 155(OH),
with thick primary plates [32]. And the as-prepared NCA dem-
onstrates a highly improved rate capability and cycling
stability.

Experimental
synthESiS of Nio.842c00.158(0H)2

Nig.842C00.158(OH), with thick plates was fabricated by an im-
proved co-precipitation method. As illustrated in Fig. 1, the
synthesis procedure is as follows. NiSO46H,O and CoSOy
7H,0 were dissolved into a homogeneous solution at a stoichio-
metric ratio of Nig g4oC0g 155(OH), to form solution A
(2 mol L™"). NaOH was dissolved in deionized water to form
solution B (4 mol Lfl). Solutions A, B, and ammonia water
were slowly added into a reaction vessel to produce co-

NH;H,0 NaOH
MSO, N,
(M = Nij, Co)
Nucleation
L ——— )
NH;H,O (1.5 mol L)
30°C, pH=10.5

precipitates. At first, the reaction temperature was kept at around
30 °C. pH value was controlled at about 10.5. The concentration
of ammonia in the reaction solution was kept at 1.5 mol L™".
After 2 h later, the reaction temperature was raised to 50 °C. The
pH value was raised to 11.0. The concentration of ammonia in
the reaction solution was decreased to 0.3 mol L™". The reaction
was lasted for 24 h. Afterwards, the co-precipitates were washed
and dried. Nij g4,Coq 155(OH), particles synthesized under these
reaction conditions were designated as T-precursor based on fact
that the secondary Nijg4,Coq 155(OH), particle is consisted of
the thick primary plates. Meanwhile, conventional spherical
Nig 84>C0y.155(OH), particles were prepared under these reaction
conditions of 50 °C temperature, pH value of 11.0, and the
concentration of ammonia of 0.3 mol L™". Nig g4,C00,155(OH),
particles synthesized under these reaction conditions were des-
ignated as S-precursor based on fact that the secondary
Nig 842C0q.158(OH), particle is spherical in shape.

Synthesis of NCA

NCA cathode materials were prepared as follows. Based on
stoichiometric ratio of LiNig gCoq ;5Alp.050-, the dried precur-
sor (T-precursor or S-precursor) was mixed with AI(NO;)s:
9H,0 and LiOH-H,O (excess of 2%). And then, the mixed
powders were fired at 500 °C for 5 h and 765 °C for 16 h under
O, atmosphere to form LiNig gCoq 15Al 950, which has an
excellent crystalline structure. The samples synthesized using
T-precursor and S-precursor as precursors were labeled as T-
NCA and S-NCA, respectively.

Characterization

XRD spectra were achieved using X-ray diffractometer with
Cu-K« radiation to detect structures of precursor and cathode.
The scanning scope was 10-80° at a speed of 0.02° s~ '. SEM
images were obtained using Hitachi S-4800 scanning electron
microscopy to observe the morphologies and particle size of
samples. Inductively, coupled plasma (ICP) measurements
were performed to detect the compositions of samples. EDX

Growing

NH;H,0 (0.3 mol L)
50 °C, pH=11

Fig. 1 A schematic diagram of preparing Nij g4,Cog 155(OH), with thick primary plates
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images were gotten using energy-dispersive X-ray spectrom-
eter to observe the elemental distribution. HR-TEM (high-
resolution transmission electron microscopy) images were
gained using FEI Tecnai G2 to verify the specific crystallo-
graphic planes. Mercury intrusion analysis using a mercury
porosimetry was used to get pore size distribution of samples.
XPS (X-ray photoelectron spectroscopy) spectra were
achieved to detect the surface elemental oxidation state of
samples.

Electrochemical measurement

The measurements for the electrochemical performances of
prepared cathode were conducted using half cells. The details
of preparing cells were present in previous literature [29]. The
galvanostatic electrochemical data were obtained on LAND
CT-2001A cell test instruments in a voltage range between 2.8
and 4.3 V at around 25 °C. Cyclic voltammograms (CV) and
electrochemical impedance spectra (EIS) tests were conducted
on an electrochemical workstation (Parstat 4000). Different
voltage scan rates for the CV measurement are 0.05, 0.1,
0.2, and 0.25 mV s '. The frequencies for the EIS measure-
ment are from 100 kHz to 0.01 Hz and the fluctuation voltage
is 10 mV.

Results and discussion

A comparison of morphology and structure between T-
precursor and S-precursor was made to detect the differences
between T-precursor and S-precursor. Figure 2 shows the
SEM images and XRD patterns of T-precursor and S-precur-
sor. Two precursors are obviously different in morphology. As
shown in Fig. 2a—d, T-precursor demonstrates an irregular
morphology for the secondary particles and thick plate-like
one for the primary particles. However, S-precursor displays
a spherical morphology for the secondary particles and thin
plate-like one for the primary particles. As reported in previ-
ous literatures [27-29, 33], the thick plate-like morphology of
the primary particle for T-precursor is speculated to be helpful
to the formation of the primary particles possessing enlarged
exposed (010) planes for T-NCA. Although they demonstrate
different morphologies, two precursors present the similar
XRD patterns. As displayed in Fig. 2e, all peaks can be
indexed to the ophrastite structure of Ni(OH),, indicating that
two precursors have the same structure [30, 34].

The differences of morphology and structure between T-
NCA and S-NCA were detected by SEM and XRD measure-
ments. As shown in Fig. 3a—d, the morphologies of T-NCA
and S-NCA particles are the same as the morphologies of T-
precursor and S-precursor particles, respectively. The thick
primary plates in the secondary particles for T-NCA can be
clearly observed. In contrast, the thin primary plates in the

—S-presursor
— T-precursor

~w—-ﬁh——-

L

Ni(OH)2
| | || al

10 20 30 40 50 60 70 80

2theta/degree

Fig. 2 SEM images (a—d) and XRD patterns (e) of T-precursor and S-
precursor

intensity

secondary particles for S-NCA are present. Based on the con-
clusion in previous literatures [35, 36], in a thin plate shown in
Fig. 3d, the faces with a large area (large faces) are supposed
to be {003} inactive planes and those with a small area (small
faces) are speculated to be {010} active planes. Therefore, in a
thick plate shown in Fig. 3b, the area of large face decreases
and one of small face increases, resulting in an increase of the
area of exposed {010} active plane. This speculation will be
proved by the observation through HR-TEM images (shown
in Fig. 5). As shown in Fig. 3e, T-NCA and S-NCA demon-
strate the similar XRD patterns [37]. The obvious separations
of the (006)/(102) and (108)/(110) peaks manifest a well-
crystallized structure, which is also supported by the high
Too3yI104) value of 2.17 (T-NCA) and 2.11 (S-NCA) [38].
EDX-mapping measure measurements were conducted to
identify the Ni, Co, and Al elements distribution. As shown in
Fig. 4a—d, Ni, Co, and Al elements are homogeneously dis-
tributed in T-NCA particles, indicating Al element can be
introduced into T-NCA particles by the high-temperature cal-
cination. As shown in Fig. 4e-h, the Ni, Co, and Al elements
are evenly distributed in S-NCA particles. Furthermore, XPS
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Fig. 3 SEM images (a—d) and XRD patterns (e) of T-NCA and S-NCA
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spectra were obtained to detect the surface elemental oxida-
tion state of samples. As shown in Fig. Sla, b, and c, the
binding energy peaks of Ni, Co, and Al for two samples are
almost identical, indicating that the surface elemental oxida-
tion states of both samples are same. As shown in Fig. S1, the
Ni 2ps,, peaks occur at 856.1 eV. The fitting Ni 2p;, spectrum
exhibits two peaks at 856.9 and 855.4 eV which can be as-
cribed to Ni** and Ni**, respectively. The Co 2ps» peaks
occur at 780.1 eV, indicating the presence of Co’>*. The Al
2ps» peaks occur at 73.8 eV, indicating the presence of AI**.
In addition, as listed in Table S1, the chemical compositions of
T-NCA and S-NCA are in well agreement with those of
LiNig gCog.15Al,050>.

TEM and HR-TEM measurements were conducted to fur-
ther investigate the structure of T-NCA and S-NCA. As
displayed in Fig. 5b, HR-TEM image was obtained from the
edge of the primary particle (marked in a red circle) at a small
secondary particle shown in Fig. 5a. HR-TEM image shows the
clear sets of lattice fringes. The interplanar spacing of two
lattice fringe is 4.72 A, which corresponds to interplanar spac-
ing of two (003) planes of layered cathode material. In previous
literatures [39—41], the plane perpendicular to (003) plane was

@ Springer
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Fig. 4 SEM (a) and EDX-mapping (b, ¢, d) images of T-NCA and SEM
(e) EDX-mapping (f, g, h) images of S-NCA particles

confirmed to be (010) plane. Therefore, it can be confirmed that
T-NCA is consisted of the primary particles possessing some
exposed {010} active planes parallel to small faces in the pri-
mary particles (As illustrated in Fig. 4b). As aforementioned,
the ratio of area between small face and large one in a primary
particle for T-NCA is larger than that for S-NCA. Accordingly,
comparing with S-NCA, T-NCA has a larger area of face par-
allel to exposed {010} active planes. This deduction is further
proved by HR-TEM measurement of S-NCA which hardly
detects exposed {010} active planes for S-NCA. As displayed
in Fig. S2¢, HR-TEM image of S-NCA shows a closer lattice
array compared to that of T-NCA. The interplanar spacing of
two lattice fringe is 2.03 A, which corresponds to interplanar
spacing of two (003) planes of layered cathode material. It was
expected that T-NCA has a better electrochemical properties
than S-NCA since enlarged exposed {010} active planes are
favorable to the intercalation/deintercalation of Li* during cy-
cling. In addition, a fast Fourier transform (FFT) image was
also obtained. As showed in the lower right corner of Fig. 5Sc,
an array of symmetry dots can be observed, indicating a single
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Fig. 5 TEM and HR-TEM images of T-NCA

crystalline of primary particle. This result is in accord to that in
previous literature [33].

To detect the electrochemical performances of T-NCA and
S-NCA, the galvanostatic charge/discharge measurements
were carried out under conditions of a voltage range between
2.8 to 4.3 Vand 25 °C. The initial charge/discharge curves at
0.1°C (1°C =190 mA g ") are shown in Fig. 6a. The charge/
discharge curve shapes for two samples are similar and in
agreement with characteristics of Ni-rich materials.
Nevertheless, the discharge capacity for T-NCA reaches to
195 mAh g and the coloumbic efficiency is 87.3%. In con-
trast, the discharge capacity for S-NCA is 188 mAh g ' and
the coloumbic efficiency is less than 85%. Figure 6b shows
the rate capabilities which were obtained by cycling cells at
0.1,0.2,0.5, 1.0, 3.0, 5.0, and 10.0 °C, gradually. Obviously,
the rate capability of T-NCA is much better than that of S-
NCA, which is in accord to above-mentioned speculation that
the enlarged exposed {010} active planes of T-NCA are great-
ly helpful to improving rate capability. Figure 6¢ shows the

cycling stabilities which were gotten by cycling cells at 0.2 °C
for 100 cycles. As shown in Fig. 6¢, the capacity retention of
T-NCA after 100 cycles is 85% while that of S-NCA is 76%.
As shown in Fig. 7a, b, the voltage decay of T-NCA after
100 cycles is also weaker than that of S-NCA, which is veri-
fied by dQ/dV curves shown in Fig. 7¢c, d. A main factor to the
improved cycling stability for T-NCA can be explained as
follows. As shown in SEM images in Fig. 3b, d, the pore size
in the secondary particle for T-NCA is much larger than that
for S-NCA, which is verified by pore size distribution curves
shown in Fig. S3 and Table S2. As reported in previous liter-
atures [42, 43], the micro-size pores in the secondary particle
can provide a buffer area for volume expansion of the primary
particles during cycling, which can eliminate the deterioration
of cycling stability caused by the volume expansion.

To further explore the origin of the improved electrochem-
ical performances of T-NCA, CV, GITT, and EIS tests were
conducted. CV measurements were operated in a voltage
range between 2.8 and 4.3 V at scan different rates of 0.05,
0.10, 0.20, and 0.25 mV s !, respectively. As shown in
Fig. 8a, b, the peak currents increase when the scanning rates
enhance. Moreover, as shown in Fig. 8c, d, the square root of
the scanning rate and the peak current are linear correlation,
suggesting that the diffusion coefficient of Li* can be calcu-
lated using following equation [44, 45]:

ipc = 0.4463 (nF)3/2 (RT)71/2CL#vl/ZADa;'Jparem]/2

Li*
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Fig. 7 The charge-discharge
curves of a T-NCA and b S-NCA
at 0.2 °C at 1st, 50th, and 100th 4.0 4.0
cycles. The dQ/dV curves of ¢ T- — —
NCA and d S-NCA = 2
@ @
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Where i, represents the peak current, n represents the number
of electrons per reaction species (one for Li*), F and R repre-
sent the Faraday constant and ideal gas constant, respectively.

Tand Ci;" are the experimental temperature and Li* concen-
tration in the cathode. Dy ;* represents the diffusion coefficient
of Li*. v and A represent the scan rate and surface area of

Fig. 8 Cyclic voltammograms at
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Fig. 9 Nyquist plots of T-NCA and S-NCA electrodes after 100 cycles.
Inset shows a corresponding equivalent circuit

electrode [46, 47]. The calculated values of diffusion coeffi-
cient of Li* by the oxidation peak and reduction peak are listed
in Table S3. D" values for T-NCA electrode are higher than
those for S-NCA electrode, which is in agreement with the
highly improved rate capability of S-NCA. Besides, to inves-
tigate the dynamical processes of Li* diffusion in the primary
particles, GITT measurement is also conducted. GITT curves
are shown in Fig. S4. And the calculated Dy ;" values are listed
in Table S4. Dy ;" values of T-NCA are larger than those of S-
NCA, which is in agreement with the improved rate capability
of T-NCA. Therefore, improved rate capability of T-NCA can
be mainly attributed to the enlarged exposed {010} planes.
Moreover, EIS tests were also operated using cells after
100 cycles at 0.2 °C. Figure 9 shows the Nyquist plots of
two samples. Two Nyquist plots demonstrate the similar
shape, suggesting that the Nyquist plots can be fitted at the
same equivalent circuit shown in Fig. 9. As reported in previ-
ous literature [48], R, means the series resistance of electro-
lyte, Rsgy is corresponded to the resistance of solid electrolyte
interface film, and R.; means the charge transfer resistance
between solid electrolyte interface film and active material.
The fitted values of resistance are listed in Table S3, and
values of Rggr and R, for T-NCA are lower than those for S-
NCA, which is in agreement with the enhanced cycling sta-
bility of T-NCA.

Conclusion

In summary, LiNiygCoq 15Aly 050, possessing enlarged ex-
posed {010} active planes can be synthesized using
Nig.842C09.158(OH), precursor consisted of thick plates fabricat-
ed via an improved co-precipitation method. The as-prepared
LiNig gCog 15Alp.05s0, displays an outstanding rate capability.

The discharge capacity reaches to 103 mAh g ' at 10 °C. In
addition, the improved co-precipitation method can be carried
out by adjusting the process parameters in the process of co-
precipitation reaction with no need of extra equipment.
Therefore, this improved co-precipitation method is expected
to be applied in large-scale production of cathode materials.
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