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Ni-rich cathode LiNio.sCo00.15Al0.0502 nanoplates (NCA-NPs) are controlled synthesized using a facile
and versatile method. The solvent (ethylene glycol) is very crucial for the formation of NCA-NPs
which have exposed {010} electrochemically active planes. Applied in a lithium ion battery as the
cathode, the NCA-NP sample sintered at 750 °C for 12 h demonstrates a high specific discharge
capacity and an excellent rate capability, which can be attributed to the distinctive structures of the
nanoplates with exposure to the {010} planes.
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1. INTRODUCTION

Recently, nickel-rich layered oxides have drawn great attention as the cathode materials for
hybrid electric vehicles (HEV) and electric vehicles (EV) with lithium-ion batteries (LIBs), owing to
their high capacity, low cost and toxicity. [1,2] Among these layered materials, LiNiogCo0o.15Al0.0502
(NCA) has been successfully in adopted in commercial LIBs. Nevertheless, several major drawbacks
of NCA materials, especially drastic power fading at high discharge—charge rates, prevent its large-
scale use as a cathode material in LIBs. [3,4]

It is well known that the morphological and surface microstructures are critical to the Li*
transportation of electrode materials. [5] Recently, considerable efforts have been made for the
synthesis of nanostructured NCA materials with different morphologies, to enhance their rate
capabilities and cycle lives. Yang H. et al. synthesized yolk—shell NCA microspheres with a high
discharge capacity and a good cyclic performance via an ultrasonic atomization method. [6] Wu N. et
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al. fabricated one-dimensional NCA microrods with excellent electrochemical performance by a co-
precipitation method. [7] In addition, NCA as an a-NaFeO; layered structure has a two-dimensional
Li*-ion diffusion tunnel, in which Li* -ions transport along the a (or b) axis. The tunnels include the
(010), (010), (100), (110), (110) and (100) planes denoted as {010} facets, which are parallel to the
Li*-ion layers. NCA nanoplates with exposed {010} active planes exhibit more Li*-ion charge transfer
reaction sites. Therefore, these additional reaction sites can help to improve the electrochemical
performance, especially the rate capability. Wang Z. et al. obtained hierarchical NCA plates with
exposed {010} active planes via a solvothermal method. [4] However, the synthesis of NCA with
{010}-oriented plates through a facile method to decrease costs is also a challenge.

Herein, NCA nanoplates (NCA-NP) with controlled growth of the {010} planes were obtained
by using a facile and versatile method, in which ethylene glycol is used not only as a solvent but also
as a chelating reagent.

2. EXPERIMENTAL

2.1 Preparation of NCA-NP

All the reagents were purchased and without further purification. According to a molar ratio of
10.5:8:1.5:0.5, LiCH3COO, Ni(CH3COQ)2-6H.0, Co(CH3COO)2-4H,O and AI(NO3)3-9H.O were
dissolved in an appropriate amount of ethylene glycol with a total metal ion concentration of 0.05 M.
Then, the solution was stirred to ensure that all the solid dissolved. After maintaining the solution at 85
°C for 8 h, it was placed into an air dry oven to obtain a fluffy precursor. The precursor was carefully
ground to a fine powder with a mortar and pestle. Finally, the fine powder was pre-heated at 450 °C for
5 h and calcined at 700, 750 and 800 °C for 6, 12 and 18 h under an oxygen atmosphere, respectively.
In addition, the samples are denoted as NCA-700C12h, NCA-750C12h, NCA-800C12h, NCA-750C6h
and NCA-750C12h.

2.2. Characterization of the NCA-NPs

The structures of the NCA-NP samples were characterized by powder X-ray diffraction (XRD),
which was performed on a PANalytical X-pert diffractometer (PANalytical, Netherlands) with Cu Ka
radiation from 10° to 80° at a voltage of 40 kV and a current of 40 mA at room temperature. The
morphologies and microstructures of the NCA-NP samples were determined using the SEM and TEM
images obtained from the S-4800 and JEM-2100. The results of ICP-AES were recorded by ICAP-
6300.

2.3. Electrochemical measurements of the NCA-NP cathode

The electrochemical performance of the NCA-NP samples were measured by CR2025 coin
cells with a lithium metal anode in an argon-filled glove box. The fabrication of the electrodes are
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shown the literature. [5] The NCA-NP sample as the active material, carbon black as the conductive
reagent and poly(vinylidene fluoride) (PVDF) as a binder were mixed (8:1:1 wt%) in N-methyl-2-
pyrrolidone (NMP) to form a slurry. The slurry was transferred to aluminum foil and then dried in a
vacuum oven. Finally, the cells were fabricated in an argon-filled glove box (with Oz < 1 ppm and H20
< 1 ppm). Celgard 2400 films were used as the separators. The electrolyte was a solution of 1 M LiPFs
dissolved in ethyl carbonate/dimethyl carbonate/diethyl carbonate (EC/DMC/DEC) (1:1:1 v/v/v). The
loading mass of the NCA-NP active material in one electrode was approximate 2 mg cm™
Galvanostatic charge-discharge testing was performed at different current densities between 2.7 and
4.3 V on a LAND CT-2001A cell test instrument. Cyclic voltammetry (CV) was conducted on a
CHIG60E electrochemical workstation between 2.7 and 4.3 V at a scan rate of 0.1~0.7 mV s1,
Electrochemical impedance spectroscopy (EIS) measurements were carried out with a CHI660E
electrochemical workstation between 100 kHz and 0.01 Hz with an AC signal of 5 mV.

3. RESULTS AND DISCUSSION
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Figure 1. XRD patterns of the NCA-NP material: (a) different sintering temperatures; and (b) different
sintering times.

Layer transition metal oxide nanoplates can be controlled fabricated with ethylene glycol
owing to its bi-functional groups. [5,8,9] The reaction with metal ions generates a plate-like structure
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through the hydrogen bond and chelating effects, which leads to a slowing of the nucleation along the
width orientation. The process leads to a {010}-oriented NCA nanoplates.

Figure 1 shows the XRD patterns of the NCA-NP material synthesized at different sintering
temperatures and times. All the samples show sharp peaks indexd with an a-NaFeO; structure (space
group: R-3m). The clear separations of the adjacent peaks of (006)/(102) and (108)/(110) indicate to a
typical layered structure. Specially, the intensities of the (003) peaks are lower than those of the (104)
peaks under lower sintering temperature and shorter time conditions, which can result from a nanoplate
morphology with special facets. [5] The observation is in accordance with the SEM and TEM results.
The ICP-AES results (Table S1 in the Supplementary Materials) show that the exact molar ratio of the
metal ions in the NCA-NP materials are consistent with the expected stoichiometry within
experimental errors.
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Figure 2. (a-e) SEM images of the NCA-NP samples under at different sintering conditions: (a) 700
°C, 12 h; (b) 750 °C, 12 h; (c) 800 °C, 12 h; (d) 750 °C, 6 h; (e) 750 °C, 18 h. (f-h) TEM and
HRTEM images of the sample sintered at 750 °C for 12 h; (g) front view of the nanoplate (the
round region in f); (h) lateral view of the nanoplate (the square region in f).
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Figure 2 shows the SEM, TEM and HRTEM images of all the NCA-NP samples. From the
SEM and TEM images, all the samples show a nanoplate morphology with a good dispersivity.
Notably, the thickness increases with increasing sintering temperature and time. To further
characterize the morphology and structure, TEM was conducted for the NCA-NP sample sintered at
750 °C forl2 h (NCA-750C12h).
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Figure 3. (a,b) The first discharge curves of NCA-NP at 0.1C between 2.7 and 4.3 V. (c,d) The cycle
life of the NCA-NP samples. (e,f) The rate capability of the NCA-NP samples.

Figure 2g and h show the structure of the samples from the front and lateral views. There are
three sets of lattice fringes in Figure 2g. The two fringes with same interplanar distance are measured
to be 2.46 A and are assigned to the (010) and (100) planes, respectively. The one fringe has a different
d spacing (1.43 A) and belongs to (110) planes. From the lateral view (Figure 2h), there are two sets of
lattice fringes with interplanar distances measured to be 4.75 A and 2.44 A, which correspond to the



Int. J. Electrochem. Sci., Vol. 13, 2018 10387

(003) and (101) planes, respectively. Based on the above analysis, the top and bottom planes are the
electrochemically inert {001} facets, and the lateral plane belongs to the electrochemically active
{010} facets. [4,5]

Figure 3 shows the electrochemical performance for the NCA-NP cathodes between 2.7 and 4.3
V at different current densities (1 C = 180 mA g1). The NCA-750C12h sample exhibits the highest
discharge capacity of 210.4 mAh g with an 88.1% coulombic efficiency during the first cycle at a 0.1
C rate. After 50 charge/discharge cycles, the NCA-750C12h sample also shows excellent stability with
a 90% of capacity retention, which is obviously higher than the retention of the other samples (Table
1). Figure 3e-f show the rate capability of the NCA-NP material cathode tested from 0.1 to 10 C.
Notably, the discharge capacity can be up to 139.3 mAh g at 10 C for the NCA-750C12h cathode,
which is the best rate performance. Compared with the NCA samples reported in the literatures (Table
2), [3,4,6,7,10] the NCA-NP cathodes display excellent electrochemical performance. The superior
electrochemical performance of the NCA-NP cathode can be mainly attributed to the special nanoplate
structure with exposed {010} active facets. [4] The exposure of the {010} active facets can provide
more channels for Li*-ion transportation. [4,5] The NCA {010}-oriented nanoplates sintered at 750 °C
for 12 h demonstrate superior electrochemical performance owing to the unique morphology and
structure. The nanoplates can provide a short diffusion distance for the Li*-ions. The special {010}
orientation can provide more electrochemical reaction active sites.

Table 1. The electrochemical performance of the NCA-NP samples.

0.1 C/Capacity (mAh g~) Current density /Capacity (mAh g

Sample

Charge Discharge  ooc o5¢c 1¢c  2¢c 5C  10C

NCA- 2205 192.3 1855 180.8 1654 1527 1305 114.2
700C12h : : : : : : : :

NCA- 238.9 210.4 207.8 2033 1937 1777 1492 1393
750C12h : : : : : : : :

NCA- 2243 195.8 1875 183.0 175.6 160.4 1388 1305
S0 . . . . . . . .

NCA-750C6h 236.1 204 1027 1810 1704 1559 1363 1256

NCA- 233.4 200.1 1895 1758 1627 1505 1316 120.6

750C18h
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Table 2. Comparison of the electrochemical performance of NCA-NP with reported results.

Current density/Capacity (mAh g2)
Sample Ref.
02C 05C 1C 2C 5C 10C

NCA-750C12h 207.8 203.3 193.7 177.7 149.2 1393 ourwork
NCA ~185 ~175 169.1 ~155 ~135 / 3
HP-NCA / 179 165 154 138 124 4
yolk-shell NCA ~205 ~185 129.7 / / / 6
NCA-MRs 200 181 172 159 137 115 7
CD-NCA ~155 1359 ~105 107.6 / / 10

Cyclic voltammetry (CV) curves for the NCA-NP sample obtained from sintering at 750 °C for
12 h are shown in Figure S1. All the CV curves illustrate the phase transition process between the H1
and H3 phase, in which the strongest peak at approximately 3.85/3.67 V is assigned to the phase
transition reaction of the H1 and M phases. [10] With an increasing scan rate, the peak intensity and
site are larger for the NCA-NP cathode with the same results for all electrodes. In addition, the
calculated Li*-ion diffusion constant Dy is 1.06x107'* cm? s from the results of CV, which is larger
than that of most of the NCA cathodes.[11] The fast diffusion of the Li*-ions illustrates the excellent
rate capability.

To gain further insight into the electrochemical behavior, EIS measurements were carried out
for all the NCA samples as the working electrodes. As seen from the Nyquist plots (Figure S2), all the
NCA samples exhibit high-frequency semi-circles and inclined lines, which represent different
physical significances. [4] Among all the samples, the NCA-NP material obtained at 750 °C for 12 h
shows the smallest charge transfer and a solid-electrolyte interface impedance of 57.8 Q leading to a
superior rate capability.

4. CONCLUSIONS

In summary, layered Ni-rich NCA nanoplates with exposed {010} electrochemical active
planes are successfully synthesized via a facile method. As the cathode for LIB, the NCA-NP material
obtained at 750 °C for 12 h displays excellent electrochemical performance with a high specific
discharge capacity and a superior rate capability. These characteristics can be due to the distinctive
structure with the exposure of more {010} electrochemically active planes.
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