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HIGHLIGHTS

e LiNip ggMnyg 05C00.0602/carbon fiber composite as the Ni-rich cathode material.
e Achieved a specific capacity of 212 and 137 mA h/g at 0.2 and 10 C, respectively.

o The superior performance of CF-NMC was ascribed to the faster ionic/electron diffusion.

e Structures were characterized by atomic-scale transmission electron microscopy.

ABSTRACT

Developing high-energy and high-power lithium-ion batteries represents the key challenge for electric vehicles. In this work, Ni-rich LiNip ggMng 0C0¢.0602 particles
were synthesized by a facile co-precipitation method and interwoven by carbon fiber network (CF-NMC) as the cathode in lithium batteries. The CF-NMC material
demonstrated superior electrochemical performance, relative to the pristine NMC, with an exceptional specific capacity of 210 mA h/g at 0.2 C and rate capability of
137 mAh/g and 95mAh/g at 10 C and 20 C, respectively. These results not only provide further insights into the reaction mechanism but also illustrate a rational
direction to synthesize practical Ni-rich cathode materials for Li-ion batteries and improve their high-power performance.

1. Introduction

A demand for high-energy and high-power lithium-ion batteries
(LIBs) is increasing dramatically for large-scale applications including
hybrid electric vehicles and fully electric vehicles [1,2]. However, their
limited rate capability, moderate cycling life, and the high cost of
electrode materials have precluded the development of LIBs for these
applications. From a general point of view, high-energy and high-power
LIBs can be achieved by using high-capacity and high-rate electrode
materials, respectively. Lithium cobalt oxide (LCO), the most widely
employed cathode material in consumer electronics with a relatively
low practical capacity of ~150 mA h/g, is limited in use by the high cost
of cobalt, safety issues and its high toxicity [3]. Among the commercially
available candidate cathode materials for LIBs, Ni and Mn substituted
compounds layered lithium nickel manganese cobalt oxides (NMC) have
been widely explored since the introduction of Ohzuku’s LiNi; 3Mnj /3.
Co1,302 [4-6]. However, the instability of delithiated LiyNiO, and
LiMnO has limited their use in electric vehicle and hybrid electric
vehicle applications. The electronic conductivity and structural stability
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of NMC compounds are also lower than those of LCO, thereby negatively
affecting rate capability and cycling performance, respectively [7,8].
Different compounds with varying ratios of the three transition metals
have been studied, but it has still not been possible to demonstrate stable
high rates with conventional electrodes [9].

The discharge capacity of NMC materials is generally determined by
the Ni content, as Ni is the major redox species (Ni?*/Ni**) [10,11].
Thus higher Ni content (Ni > 0.8) cathode active materials guarantee a
high specific capacity [12-16]. As a result, a high energy density can be
obtained. However, NMC cathode materials with higher Ni content
(Ni > 0.8) have shown poor rate capability, poor cycling life and poor
thermal stability, due to structural instabilities [17]. Many efforts to
enhance the conductivity of layered structures, that improves the rate
performance, have been undertaken. Carbon coatings have been shown
to be a successful pathway to ameliorate limited electronic conductivity
[18-20]. Some nanoscale materials have also been used to improve rate
performance by shortening lithium diffusion paths [21]. But, unantici-
pated side reactions, caused by the extra surface area from nano-
materials have impaired cycling life [22]. Surface coatings with stable
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Fig. 1. (a) XRD patterns of pristine NMC and CF-NMC composite, compared with reference XRD of LiNi; ,3Mn;,3C0;,302. (b) Particle size distribution of pristine

NMC. (c) SEM image of pristine NMC. (d) SEM image of CF-NMC.

transition metal oxides have been employed to protect the surface,
resulting in a longer cycling performance [23-25]. Nonetheless, the
electronic conductivity will be reduced if the coating is an insulating
material. To overcome the issues of high capacity Ni-rich cathodes while
retaining excellent rate capability and long cycling life, rational design
strategies are urgently needed. There is no prior literature of the simple
application of bulk carbon fibers on greater Ni content NMC cathodes,
and how the composite affects power and energy densities, and cycling
performance.

2. Results and discussion

Fig. 1a presents the XRD patterns of our pristine Ni-rich NMC and the
composite CF-NMC cathode materials. The sample yielded a well-
defined and impurity-free single phase, and the reflections matched a
hexagonal a-NaFeO, type structure (space group R-3mH) [26]. The
pristine NMC showed a XRD pattern and calculated lattice parameters
nearly same as the CF-NMC, indicating the addition of carbon fiber did
not alter the structure of NMC (Table S1). Additionally, the split between
the (108)/(110) and (006)/(102) and peaks, respectively, indicated a
good layering structure [27]. The lattice parameters of Ni-rich NMC
were calculated based on the (003) and (104) peaks at 18.82° and

HAADF-STEM (f)

44.48°, respectively (a=b=2.876 /0\, c=14.138A. cell volume,
V=101.24 ;\). The peak intensity ratio of (003)/(104) can serve as a
reliable indicator for the degree of cation mixing (Ni* occupancy on Li*
sites) in the layered oxide. Generally, when the intensity ratio of
(003)/(104) is higher than 1.2, the degree of cation mixing is low, and
the sample has a more well-defined layered structure [28]. Our Ni-rich
NMC sample had a high value (1.23) of the (003)/(104) peak intensity
ratio and, thus, a low value of cation mixing, which benefits the Li ion
mobility upon charging and possibly contributes to a higher rate per-
formance. As shown in Fig. 1b, the particle size distribution is defined as
(D90-D10)/D50, in which D50 indicates a particle diameter that is
larger than 50% of the total particle, while D90 and D10 represents the
particle diameters that are larger than 90% and 10% of the total parti-
cles, respectively. The pristine NMC particle size (D50) was 11.69 pm
with a narrow span of 0.62 pm, which could possibly contribute to a
higher capacity at high C rates. SEM image in Figs. 1c and S1 showed
that pristine NMC particles were composed of smaller primary particles.
Benefitting from the well-controlled synthesis, the particles have a
narrow size distribution with an average size of about 12 pm, which is
consistent with the D50 value. Figs. 1d and S2 showed that the CF-NMC
material was well embedded in the carbon fiber, which served as a
highly efficient conductive network and facilitated the

Fig. 2. (a) Cross-section SEM image of a Ni-
rich NMC with a thickness of 1 pm prepared
by focused ion beam (FIB). (b-d): EDX
elemental mapping of Co (b), Ni (c), Mn (d),
respectively for the NMC lamella in (a). (e-f)
HAADF-STEM image and the Fourier trans-
form of an ultrathin NMC cross section
showing atom columns with (003) and (101)
d-spacings with an angle of 79.5° on the
[010] zone axis. (g) The corresponding
crystal model shows the projection of
layered structure of transition metals in the
[010] direction of the hexagonal crystal
structure.
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Fig. 3. (a) Initial charge-discharge profiles of CF-NMC and pristine NMC cells at 0.2 C between 2.8 and 4.3 V. (b) Rate performances of CF-NMC and pristine NMC
cells from 0.2 C to 20 C. (c) Discharge profiles of a pristine NMC cell from 0.1 C to 20 C. (d) Discharge profiles of a CF-NMC cell from 0.1 C to 20 C.

lithiation/delithiation processes of NMC.

To better understand the microstructure of our NMC material, we
employed focused ion beam (FIB) to mill a spherical NMC particle into a
thin cross section (Fig. 2). Fig. 2a exhibited a NMC lamella, with a
thickness of 1 pm. It has a dense internal microstructure with multiple
crystal grains and several small pores. This structure could arise from the
fact that the crystal seeds might have grown along some stacking pores
at the beginning of the co-precipitation process of the transition metal
hydroxide. The distribution of Ni, Mn and Co in the particle (Figs. 2b—d)
was examined by energy dispersive x-ray spectroscopy (EDX). Compared
with regular NMC spherical particles, EDX mapping of NMC lamella
could reveal both inner and outer elemental distributions. The EDX
maps of the Ni, Mn, and Co matched well each other, suggesting that the
distribution of Ni, Mn and Co (Figs. 2b-d) is uniform throughout the
material, suggesting a successful chemical synthesis of homogenous
NMC particles. The EDX spectrum associated with the maps was shown
in Fig. S3. Atomic ratios of Ni: Mn: Co were calculated from the metal Ka
peaks to be 17.6:1:1, which was consistent with ICP elemental analysis
(Ni: Mn: Co = 88:6:6) shown in Table S2.

The 1 pm NMC lamella was then milled to an ultrathin NMC cross
section (<20 nm) and examined using at the atomic scale using a fifth-
order aberration-corrected high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM). Since the intensity
of HAADF-STEM image is proportional to the atomic number (I « Z7),
transition metal atoms of Ni, Mn and Co will be much brighter than the
light elements of oxygen and lithium. As shown in Fig. 2e and f, the
HAADF-STEM image and its Fast Fourier Transform (FFT) clearly
revealed the layered structure of transition metals in NMC at the atomic-
scale. (003) and (101) planes were observed in two directions with an
angle of 79.5° on the [010] zone axis, which is consistent with the
hexagonal a-NaFeO, type structure of NMC-111 [26]. The (003) planes
had a d-spacing of 4.8 A, similar to that of the reference NMC-111
(4.74 A) whereas the (101) had a d-spacing of 2.6 A, slightly larger
than that of a reference NMC-111 (2.44 /DX). Since the lattice parameter of
Ni-rich NMC is 2.876 A in the a and b directions, larger that of the
NMC-111 reference (2.860 A), the (101) lattice expansion of Ni-rich

NMC is likely due to the high Ni content and consistent with the shift
to lower angles of the (101) facets in the powder XRD pattern (Fig. 1a).
The corresponding crystal model (Fig. 2g) showed the projection of
transition metals layers on the same [010] zone axis and is consistent
with the layered structure in the STEM image.

The electrochemical characterization was carried out using pristine
NMC and CF-NMC as cathodes, respectively, and lithium metal as the
anode in coin cells. As shown Fig. 3a, during the initial charge/discharge
profiles at 0.2C from 2.8 to 4.3V, CF-NMC delivered a nearly same
discharge capacity (210 vs. 212 mA h/g) and a slightly better coulombic
efficiency at the first cycle (90.1 vs. 89.8%), relative to the pristine NMC
cathode. To investigate the discharge rate capability at various current
densities, the cells were initially charged at 0.5 C. Fig. 3b presents the
capacity retentions at various current rates from 0.2 C to 20 C between
2.8 and 4.3 V. The discharge capacities were similar at lower C rates for
both pristine NMC and CF-NMC, but clear capacity differences increased
gradually with the increasing rate. Noticeably, the rate capability for the
CF-NMC sample was significantly better when compared to the pristine
one.

Figs. 3c and 3d shows the discharge profiles of pristine NMC and CF-
NMC materials at different current rates, respectively. Capacity differ-
ences became more evident at higher C rates, and these differences
increased with increasing rates. The CF-NMC showed a relatively stable
high capacity at both low and high C rates, when compared to the rapid
decay in capacity of pristine NMC at higher C rates. The CF-NMC ma-
terial maintained a remarkable capacity of 155 mA h/g at 5 C, relative to
the much lower capacity of pristine NMC (89 mA h/g at 5 C). Further-
more, the CF-NMC cathode still delivered capacities of 137 and
95mAh/g at the ultrahigh C-rates of 10 and 20 C, respectively, in
contrast, the pristine NMC lost all of its capacity. In summary, the CF-
NMC material delivered a significantly better capacity retention than
the pristine NMC, particularly at high C rates. This might arise from the
faster ionic and/or electronic diffusion and shorter migration paths at
high rates, which benefited from the network structures.

The cycling performances of the CF-NMC and the pristine NMC
cathodes were evaluated over the voltage range of 2.8 and 4.3V at 0.5C
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Fig. 4. (a) Cycling performance of CF-NMC and pristine NMC cells, up to 150 cycles between 2.8 and 4.3V at 0.5 Cat room temperature (25 °C). (b) Cycling
performance of CF-NMC and pristine NMC cells at 1C at 50 °C. (c) CV profiles of a lithium half cell using CF-NMC as cathode at 0.1 mV/s. CVs of lithium half cells
using (d) pristine NMC and (e) CF-NMC as cathodes arrows indicate increasing scan rates of 0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, 1.7 and 1.9 mV/s.

(Fig. 4a). The first discharge capacities of the CF-NMC and pristine NMC
materials were calculated to 200 and 191 mAh/g, respectively. The
capacity retention of the CF-NMC was 67.3% after 150 cycles, which was
higher than that of the pristine NMC material (55.0% capacity retention
after 150 cycles). The cycling performances of the CF-NMC and pristine
NMC cathodes at an elevated temperature of 50 °C were also studied. As
shown in Fig. 4b, the capacity of CF-NMC cathode lost 30.0% after 100
cycles, which was much less pronounced than that of pristine NMC
electrodes (71.5% loss after 100 cycles). The dramatically better cycling
stability and capacity retention of the CF-NMC material may be attrib-
uted to the synergistic effect of the larger specific surface area and the
protection of the carbon fiber coating. Compared to the pristine NMC
samples, the larger specific surface area of carbon fibers provides more
transport paths for ions and/or electrons, and the carbon coating layer
simultaneously prevents the inner oxide from reacting with HF in the
electrolyte and agglomeration during electrochemical testing.

Cyclic voltammetry (CV) experiments in coin cells using pristine
NMC and CF-NMC as cathode materials in lithium half-cells were per-
formed to provide insights on the structural dynamics. Fig. 4c, presents
the CV of a coin cell with CF-NMC as cathode that was cycled from 2.8 to
4.3V at 0.1 mV/s. Three redox couples centered at 3.75, 3.99 and 4.17 V
was clearly observed. A similar behavior was also observed in the
charge/discharge profiles (Fig. 3a), as three plateaus are also present,
corresponding to the redox couples observed in the CV. Such redox
couples are characteristic of phase transitions, which have been exten-
sively studied in LiNiOy [29] and LiNi;.4CoxO2 (x=0-0.3) [30,31].
These redox couples indicate phase transitions in CF-NMC from hexag-
onal (H;) to monoclinic (M;), monoclinic (M;) to hexagonal (Hy) and
hexagonal (Hs) to hexagonal (Hj3), as the cell is charged from 2.8 to 4.3V
[29]. As shown in these studies, higher Ni contents are associated with
more evident phase transitions in both CV and charge/discharge curves,
indicating that such structural transitions are dominated by the LiNiOy
layered structure. CVs at different scan rates for pristine and CF-NMC
were compared. From 0.1 mV/s to 1.9 mV/s, pristine NMC (Fig. 4d)
clearly showed larger internal resistance when compared to CF-NMC
(Fig. 4e). As the scan rate increased, the CF-NMC could capture the
phase transitions up to ca. 1.1 mV/s, while for the pristine NMC, the
transitions were barely visible at even the slowest scan rates, indicating

the superior electronic conductivity provided by the use of the carbon
fiber conductive network in CF-NMC.

3. Conclusions

In summary, we have prepared a carbon fiber interwoven
LiNig.ggMng, 06C00.0602 cathode (CF-NMC) material with enhanced rate
capability and stability. The CF-NMC composites exhibited a higher
capacity retention, better rate capability and more stable cyclic perfor-
mance when compared to the pristine counterpart. The CF-NMC mate-
rial also exhibited improved cycling performance when compared to the
pristine sample, under both room temperature and elevated temperature
(50°C). The exceptionally high rate performance is most likely attrib-
uted to the faster ionic/electronic diffusion and shorter migration paths
at high rate, which benefited from the carbon fiber network structure.
The CF-NMC cathode material is practical and ready to use in electric
vehicle applications which require low cost, high power, and long
cycling performance especially at high operating temperatures.
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