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ABSTRACT: A multifunctional coating with high ionic and electronic
conductivity is constructed on the surface of LiNiy3Coy;Mny;0, (NCM) to
boost the battery stability upon cycling and during storage as well. Phosphoric
acid reacts with residual lithium species on the pristine NCM to form a Li;PO,
coating with extra carbon nanotubes (CNTs) penetrating through, which
shows high ionic and electronic conductivity. NCM, Li;PO,, CNTs, and the
electrolyte jointly form a four-phase cathode electrolyte interface, which plays a
key role in the great enhancement of capacity retention, from 50.3% for pristine
NCM to 84.8% for the modified one after 500 cycles at 0.5C at room
temperature. The modified NCM also delivers superior electrochemical
performances at a high cut-off voltage (4.5 V), high temperature (S5 °C),
and high rate (10C). Furthermore, it can deliver 154.2 mA h g at the S00th
cycle after exposed to air with high humidity for 2 weeks. These results
demonstrate that the well-constructed multifunctional coating can remarkably enhance the chemical and electrochemical
performances of NCM. The improved cycling, storage, and rate performance are attributed to the four-phase cathode electrolyte
interface delivering high electron and ionic conductivity and securing the cathode against attack. This work broadens the
horizon for constructing effective electrode/electrolyte interfaces for electrochemical energy storage and conversion.
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B INTRODUCTION

With the rapid development of 3C (computer, communication,
and consumer electronics) products and electric vehicles,
lithium-ion rechargeable batteries (LIBs) play an indispensable
role in the modern society. In addition, layered Ni-rich oxides
(LiNixCoyMnZOZ) have been deemed as the most promising
next-generation cathode materials for LIBs because of their
high discharge capacity.' > Among them, LiNij5Co,,Mn,;0,
and LiNiy4Coy,Mn,,0, have been commercialized with
excellent stability, but the relatively low specific capacity
(160 mA h g™') impedes further improvement in battery
performances.

Previous studies have reported that increasing the Ni
content in LiNi,Co,Mn,O, is beneficial to the specific
capacity.””” The reasons are ascribed to the oxidation of
nickel ions from Ni** to Ni** and then to Ni*" during Li* de-
intercalation/intercalation and the transition between Co®"
and Co*" under a high cut-off voltage.'”"" However, high cut-
off voltages lead to the accelerated decomposition of the LiPFq
electrolyte into LiF and PF;, and PF; preferably reacts with
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H,0 to produce HF, which dissolves the metal oxide into
electrolyte.”'>"? Besides, the ionic radius of Ni** (0.69 A) is
similar to that of Li* (0.76 A); therefore, the cation mixing
increases with an increased Ni** content."*™'® Thermal
instability and structural instability caused by increased HF
corrosion and cation mixing may result in an uncontrolled heat
release inside the battery and even the risk of explosion.'”"®
Although LiNi;sCo,;Mn,;0, (NCM) has inspired enormous
research motivation, how to solve the above-mentioned
problems is still a huge challenge at present.'”
Surface-coating, as one of the breakthrough technologies, is
widely used to circumvent the drawbacks of layered Ni-rich
oxides.”*™*° Various coating materials including metal oxides,
metal fluorides, and metal phosphate have been extensively
studied. The surface-coating layers effectively hinder side
reactions between the active material and the electrolyte, so as

Received: July 17, 2019
Accepted: September 18, 2019
Published: September 18, 2019

DOI: 10.1021/acsami.9b12578
ACS Appl. Mater. Interfaces 2019, 11, 36742—36750


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b12578
http://dx.doi.org/10.1021/acsami.9b12578

ACS Applied Materials & Interfaces

Research Article

Scheme 1. Schematic Diagram of the Synthesis Process of Pristine NCM, LPO-NCM, and CNT-LPO-NCM
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to improve the thermal stability of LiNi,¢Coy,Mn,,0,, and
the possible reasons have been reported in former
literature.'®*® Furthermore, the high ionic conductivity of
the Li;PO, coating has also been pointed out.”” However,
phosphate is really a poor electronic conductor, which forms
an energy barrier on the surface of NCM. Adding highly
conductive materials is one of the effective ways to improve its
electronic conductivity. Until now, several composite coatings
containing a metal phosphate and other good electronic
conductors have been studied and the multifunctional coatings
are reported with advantages of reduced residual lithium on the
surface, blocked direct contact of the active material with the
electrolyte, and enhanced electronic as well as ion
conductions.”>**

In this study, we construct a Li;PO, and carbon nanotube
(CNT) multifunctional coating on the surface of pristine
NCM by the wet chemical method. CNTs were uniformly
distributed and fixed in the Li;PO, nanocoating on the surface
of NCM. Effects of the multifunctional coating on the physical
and electrochemical performances of NCM were investigated.
It was confirmed that the modified CNT-LPO-NCM sample
with high electronic and ionic conductivities possesses
improved thermal stability and storage performance and
exhibits excellent cycle stability and rate performance at both
low (4.3 V) and high (4.5 V) cut-off voltages, even at high
temperature (55 °C). A four-phase cathode electrolyte
interface model was proposed to better understand the
working mechanism of the multifunctional coating on the
NCM cathode materials.

B EXPERIMENTAL SECTION

Synthesis of Powder Materials. Pristine NCM was synthesized
as described in a published paper.'* The Li;PO,-coated NCM (LPO-
NCM) was prepared by the following process.'> H;PO, (0.047 g) was
dissolved in 40 mL of ethanol. Then, 4 g of the pristine NCM sample
was added to the above solution, heating and stirring them at 80 °C
until ethanol was completely evaporated. Finally, heat treatment at
500 °C for 300 min in Ar atmosphere was carried out to achieve the
final LPO-NCM sample.

The synthesis of CNT-LPO-NCM was similar to that of LPO-
NCM. The only difference was the addition of a ground mixture of
0.04 g CNT and 4 g pristine NCM instead of pristine NCM into the
phosphate alcohol solution.

A schematic diagram of the synthesis process for all powder
materials is illustrated in Scheme 1.

Material Characterization. The crystalline structures were
identified by X-ray diffraction (XRD, Bruker, D8 ADVANCE) with
Cu Ka radiation. The XRD data for Rietveld refinement were
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recorded in the range of 10—90° with a step length of 0.02° min™".

High-resolution neutron powder diffraction data were collected at the
VULCAN instrument at the Spallation Neutron Sources (SNS), Oak
Ridge National Laboratory (ORNL)."**” Data were processed by the
VDRIVE software;*® quantitative structural analysis was carried out
using the General Structure Analysis System (GSAS).>"** Field-
emission scanning electron microscopy (FE-SEM, JEOL, JSM-6700F)
and field-emission transmission electron microscopy (TEM, JEOL,
2010F) with energy-dispersive spectroscopy (EDS) mapping were
used to investigate morphological features of pristine NCM, LPO-
NCM, and CNT-LPO-NCM powders. The surface area was
measured with a specific surface analyzer (SSA, BeiShiDe, 3H-
2000). The X-ray photoelectron spectroscopy (XPS, Thermos Fisher,
ESCAlab250) measurement was carried out to analyze the chemical
information on material surfaces. The differential scanning calorim-
etry (NETZSCH, STA409PC) test conditions were 30—400 °C at a
heating rate of 5 °C min~". The dissolved cation concentration in the
electrolyte was tested by inductively coupled plasma mass
spectrometry (ICP-MS, Thermos Fisher, ICAP RQ).

Electrochemical Measurements. Preparation of the cathode
and assembly of the half cell (Li metal foil as the anode) and full cell
(graphite as the anode) were described previously."* Pristine NCM
and CNT-LPO-NCM were stored in open-capped glass vials for 2
weeks at room temperature with a humidity of 65% before storage
performance testing. The half or full coin cells were tested on a BTS-S
V10 mA cell testing instrument (Land Electronic Co., Ltd.) at
different rates of 0.5C, 1C, 2C, 5C, and 10C (1C =200 mA h ¢™') in
the voltage ranges of 3.0—4.3 and 3.0—4.5 V versus Li/Li" at room
temperature or at high temperature (55 °C). Before cycling, they were
charged—discharged at 0.2C for the initial two cycles. Cyclic
voltammetry (CV) data were collected between 3.0 and 4.5 V at a
rate of 0.1 mV s™'. The electrochemical impedance spectra (EIS)
were conducted in a frequency range from 5 MHz to 1 mHz. Both CV
and EIS were performed on an electrochemical instrument (Solartron,
1287&1260).

B RESULTS AND DISCUSSION

As shown in Figure la, all samples have typical layered
structures like a hexagonal a-NaFeO, single phase with the
R3m space group.”** The (108)/(110) distinct peak splitting
also demonstrate that all materials possess well-crystallized
layered structures, and no extra peaks can be detected. Figure
1b—d provide Rietveld refinements for three samples.
Compared with pristine NCM, LPO-NCM and CNT-LPO-
NCM keep almost unchanged 1(003)/(104) values, which
reflect the degree of Li/Ni cation mixing. All ¢/a ratios are
higher than 4.899, indicating that all samples have well-
crystallized layered structures.”>* Based on the above
discussion, it can be concluded that neither the Li;PO, nor
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Figure 1. XRD patterns (a) and Rietveld refinements for pristine
NCM (b), LPO-NCM (c), and CNT-LPO-NCM (d) with the
reference NCM diffraction pattern. The Rietveld refinements of
neutron diffraction data for pristine NCM (e) and CNT-LPO-NCM

.

the CNT-LPO coating layer affects the lattice structure of
NCM.

To further explore the Li/Ni cation mixing, a neutron
diffraction test was carried out on pristine NCM and CNT-
LPO-NCM.”*’ The refinements of neutron diffraction data are
given in Figure lef. As Figure lef show, there are no
significant changes in the 4, b, and ¢ values, which is consistent
with the XRD results. It is worth noting that a slight increase in
Li/Ni mixing for CNT-LPO-NCM is confirmed, which may
result from the heat-treatment process to form the multifunc-
tional coating.

The spherical secondary particles in Figure 2a—c are all
about 10 ym and the particle sizes are not affected by coatings.
Partial lithium residue and a coating on the pristine NCM and
LPO-NCM surface can be clearly seen in Figure 2de,
respectively. Figure Sla shows the EDS mapping results in
which the P element is uniformly distributed in LPO-NCM,
inferring a uniformly coated Li;PO, layer. In Figure 2f, a
coating similar to that in Figure 2e combined with CNTs with
500 nm length is distributed on the surfaces of CNT-LPO-
NCM. The synergy between the ultrahigh electron conduction
of CNTs and the ion conduction of Li;PO, may be
advantageous for NCM. Figure S1b shows the EDS mapping
of CNT-LPO-NCM, in which not only Ni, Co, Mn, and O but
also P and C elements are uniformly distributed. This further
confirms that the added CNTSs are uniformly distributed on
the CNT-LPO-NCM surfaces together with the Li;PO,
coating. More details of the layered oxides and coatings can
be observed by TEM results. The well-arranged lattice fringes
in Figure 2g indicate the high degree of crystallinity of NCM,
and the fast Fourier transform (FFT) results in Figure 2h also

\/\
(006)
2.360A

£ oy
2.444A;

Figure 2. SEM images of pristine NCM (a, d), LPO-NCM (b, ), and
CNT-LPO-NCM (g, f). Pristine NCM (g) and the corresponding
FFT patterns (h) taken from the selected region in (g). TEM images
of CNT-LPO-NCM (i).

confirm the layered structure. The measured interplanar
spacing widths of 2.032, 2.360, and 2.444 A are separately
corresponding to the crystal faces (104), (006), and (101).
From Figure 2i, we can see that CNT-LPO-NCM has a
uniform coating with a thickness of 4 nm.

It can be seen from Table 1 that LPO-NCM has the smallest
specific surface area. Although Li;PO, inhibits the corrosion of

Table 1. Specific Surface Areas of Pristine NCM, LPO-
NCM, and CNT-LPO-NCM

sample specific surface area (m* g™*)
pristine NCM 0.58
LPO-NCM 0.27
CNT-LPO-NCM 1.56

active substances by HF, the conductivity of Li;PO, is poor,
which is not conducive to the transmission of electrons at the
interface. The specific surface of CNT-LPO-NCM is the
largest because of the contribution of CNTs, and so side
reactions will not increase with increased specific surface areas
in this cast. CNTs provide a large number of electron transport
channels.

The C 1s spectra of both samples are obviously different in
Figure 3a. The binding energy of C 1s at 289.8 eV can be
attributed to the residual lithium (Li,CO;) on the surface of
pristine NCM, whereas no corresponding peaks are found in
CNT-LPO-NCM, which further demonstrates that H;PO,
does reduce the residual lithium on the particle surface. After
adding CNTs, not only the C—C peak (284.8 eV) but also the
C=O0 peak (288.0 eV) appeared. The C—C peak is assigned
to the CNT on the CNT-LPO-NCM surface, and C=0 is
produced by the oxidation of the terminal C during the heat
treatment. Besides the peaks at 531.4 eV and 528.6 eV in the O
1s spectrum corresponding to the residual lithium (Li,CO;,
LiOH) and lattice oxygen of NCM, a new peak at 533.0 eV for
CNT-LPO-NCM occurs in Figure 3b, which corresponds to
that of Li;PO,.*® The binding energy of P 2p at 133.1 eV in
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Figure 3. XPS spectra of pristine NCM and CNT-LPO-NCM: (a) C
Is, (b) O 1s, (c) P 2p, and (d) Ni 2p.

Figure 3c belongs to PO,*". In combination with Figure 3b,c, it
can be confirmed that Li;PO, is formed and coated on the
CNT-LPO-NCM surfaces. Ni 2p (Figure 3d), Co 2p, and Mn
2p (Figure S4) spectra of pristine NCM and CNT-LPO-NCM
did not change significantly, indicating that H;PO, did not
change the chemical environments on the surface of NCM.
The XPS results are in line with experimental expectations.

Figure 4a—c provide CV curves of pristine NCM, LPO-
NCM, and CNT-LPO-NCM between 3.0 and 4.5 V (versus
Li/Li*). All samples have significant redox peaks due to the
oxidation/reduction of Ni**/Ni* and Co**/Co*" correspond-
ing to the Li* extracting/embedding process.”” The three pairs
of oxidation and reduction peaks on their second and third
cycles are caused by three phase transitions during the charge—
discharge process. As Figure 4a—c show, the overlaps of CV
curves for LPO-NCM and CNT-LPO-NCM better indicate
the improved electrochemical reversibility. It is worth noting
that there are large differences in the oxidation—reduction
potential AV in the first cycles. The AV of LPO-NCM is the
largest among them because of the poor electronic
conductivity of the Li;PO, coating,®® whereas CNT-LPO-
NCM possesses the smallest AV owing to CNT's providing a
great deal of electron channels.

Figure 4d—g demonstrate the rate properties and corre-
sponding charge—discharge profiles in the voltage range of
3.0—4.3 V. Compared to pristine NCM, both modified samples
deliver better rate performances, especially at SC and 10C for
CNT-LPO-NCM (Figure 4d). The capacity retention of CNT-
LPO-NCM is 63.9% at 10C with a discharge capacity of 123.7
mA h g' as a result of the synergistic effect of CNTs and
Li;PO,, much higher than the values of 52.4 and 42.2% for
LPO-NCM and pristine NCM, respectively. Figure 4e—g also
illustrate that CNT-LPO-NCM has a significantly higher
discharge specific capacity whether at low or high rates.

Figure Sa,b present the cycling stability of all samples tested
under different cut-off voltages of 4.3 and 4.5 V at room
temperature. The cycle stability of CNT-LPO-NCM is greatly
enhanced both at low (43 V) and high (4.5 V) cut-off
voltages. At a low cut-off voltage of 4.3 V, the discharge
capacity of pristine NCM declines from 181.4 to 90.4 mA h g™
after 500 cycles with a capacity retention of 50.3%. However,
the initial discharge capacity of LPO-NCM with the Li;PO,
coating is 189.2 mA h g~' with a capacity retention of 76.4%
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Figure 4. First three cycles’ voltammetry curves for pristine NCM (a),
LPO-NCM (b), and CNT-LPO-NCM (c). Capacity retention of all
samples at various current densities (d). Charge—discharge curves at
different rates between 3.0 and 4.3 V at room temperature for pristine
NCM (e), LPO-NCM (f), and CNT-LPO-NCM (g). Differential
scanning calorimetry traces showing the heat flow from the reaction of
the electrolyte with pristine NCM, LPO-NCM, and CNT-LPO-NCM
charged to 4.3 V (h).

after 500 cycles. CNT-LPO-NCM exhibits the most excellent
cycling stability with an initial discharge capacity of 202.6 mA
h g7 and a capacity retention of 84.8% after 500 cycles, and
the discharge specific capacities do not substantially decrease
in the first 200 cycles. The corresponding initial charge—
discharge curves in Figure S2 show that the initial coulomb
efficiencies and discharge specific capacities of pristine NCM,
LPO-NCM, and CNT-LPO-NCM are 74.8, 80.7, 85.1% and
184.8, 193.8, and 202.8 mA h g, respectively. At a high cut-
off voltage of 4.5 V, the improvements in cycling stability
improvements for CNT-LPO-NCM become more prominent.
As shown in Figure 5b, the discharge capacities of pristine
NCM, LPO-NCM, and CNT-LPO-NCM are separately 72.3,
1204, and 142.8 mA h g™' after S00 cycles, corresponding to
capacity retention rates of 35.1, 57.1, and 68.6%, respectively.

Coin cells of the three samples were also tested in an
incubator at 55 °C to investigate the high-temperature cycle
stability, and the results are given in Figure Sc. For pristine
NCM, LPO-NCM, and CNT-LPO-NCM, the initial coulomb
efficiencies and initial discharge specific capacities are
separately 82.8, 86.7, and 87.2% and 193.5, 206.2, and 208.2

DOI: 10.1021/acsami.9b12578
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Figure S. Cycling performances of pristine NCM, LPO-NCM, and
CNT-LPO-NCM at 0.5C separately in the voltage ranges of 3.0—4.3
V (a) and 3.0—-4.5 V (b) at room temperature, 3.0—4.5 V at S5 °C
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the anode) (d), and at 0.5C in the voltage range of 3.0—4.3 V at room
temperature using the as-prepared cathode materials being exposed to
humid air (RH 65%) for 2 weeks (e).

mA h g7, respectively. The corresponding capacity retention
rates after 500 cycles are 28.3, 41.2, and 60.8%, respectively.

The thermal stability of lithium batteries is a most important
part of the battery performance. To discuss the effect of
coating on the thermal stability of NCM, all powder samples
were subjected to differential scanning calorimetry (Figure 4h).
The main exothermic peak for pristine NCM is 248.2 °C, while
they are separately 259.2 and 262.4 °C for LPO-NCM and
CNT-LPO-NCM. In addition, the starting point of the
exothermic peak for CNT-LPO-NCM is 256.8 °C, which is
much higher than the value of 242.0 °C for pristine NCM. The
enhanced thermal stability is attributed to the fact that the
CNT-LPO coating hinders the direct reaction of the
electrolyte with the active material and suppresses the
precipitation of oxygen in the bulk phase.

To further verify the possibility of CNT-LPO-NCM as the
cathode material in practical batteries, full cells are assembled
and tested with commercialized graphite as the anode at an N/
P ratio of 1.15:1 (see Figure 5d). It is obvious that CNT-LPO-
NCM delivers a significantly enhanced performance over
pristine NCM in both discharge capacity and capacity
retention.

Experiments on the continuous exposure of as-synthesized
materials to air for 15 days have also been performed to prove
the multifunctional coating’s effect on the storability, and the
results are given in Figure Se. After exposure to air, the specific
capacity and cyclical stability of pristine NCM decline rapidly
compared to the results in Figure Sa, which proves that the
layered oxide is unstable in air. The discharge specific capacity
of the pristine NCM after placement is 62.1 mA h g™,
corresponding to the capacity retention rate of 30.4%.
However, the first discharge specific capacity of 197.2 mA h
g~' of CNT-LPO-NCM is not significantly different from that
before placement, and the capacity retention rate is 79.7% after
500 cycles. It can be explained by the fact that the dense
multifunctional coating separates the active material from
harmful substances such as H,O and CO, in air.

To further analyze the action mechanism of the multifunc-
tional coating on NCM, the recycled pristine NCM and CNT-
LPO-NCM were tested by SEM, XRD, and ICP. The SEM
images of pristine NCM and CNT-LPO-NCM after 150 cycles
at 0.5C between 3.0 and 4.3 V are illustrated in Figure 6a,b. As
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Figure 6. SEM images of pristine NCM (a) and CNT-LPO-NCM (b)
after 150 cycles. XRD patterns (c) of pristine NCM, LPO-NCM, and
CNT-LPO-NCM after 100 cycles.

Figure 6ab show, there are obvious differences in their
morphologies. Many cracks on the pristine NCM particle can
be cleanly seen, but CNT-LPO-NCM maintains the original
spherical morphology well. The multifunctional coating has a
positive effect on preventing cracking and avoiding further
corrosion. The XRD images of pristine NCM and CNT-LPO-
NCM after 100 cycles at 0.5C between 3.0 and 4.3 V are
provided in Figure 6c. In Figure 6c, the (006)/(102) and
(108)/(110) split peaks of pristine NCM are almost
amalgamated, whereas their splitting is obvious for CNT-
LPO-NCM. The larger the distance, the more pronounced the
layered structure. The results illustrate further that the CNT-
LPO coating helps protect the layered structure of NCM. The
effect of the CNT-LPO coating on the dissolution of metal
ions was investigated by ICP-MS after S0 cycles. The cycled
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batteries were disassembled, and all components were
immersed in DMC for 3 days.” From Figure 7, we can find

Il Pristine NCM

B LPO-NCM

I CNT-LPO-NCM

3227

Metal ions concentration (ppm)

Figure 7. Dissolved transition metal cation in the electrolyte.

that the dissolved metal cations of LPO-NCM and CNT-LPO-
NCM are basically the same and much less than those of
pristine NCM, which confirms that the coatings can inhibit the
decomposition caused by HF and reduce the dissolution of
metal cations in the electrolyte, thereby improving the cycle
stability. This is in line with previous experimental works.*’
Figure 8 presents the EIS results at the charged state (4.3 V)
after 5 and 50 cycles at 0.5C between 3.0 and 4.3 V. As shown
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Figure 8. Nyquist plots and the fitting results of pristine NCM, LPO-
NCM, and CNT-LPO-NCM after S cycles (a) and SO cycles (b) at
the charged state. Relationship between Z real and @™"/? of pristine
NCM, LPO-NCM, and CNT-LPO-NCM (c).

in Figure 8a,b, all Nyquist diagrams consist of two semicircles
and an oblique line. The first semicircles in the high-frequency
region represent the Li* migration resistance (Ry;) through the
surface membrane on the layered Ni-rich oxides, the starting
point of which represents the electrolyte resistance (R;). The
second semicircles located in the high-to-medium-frequency
region are associated with the charge-transfer resistance (R).
The slant lines in the low-frequency region are related to the
Warburg impedance representing the Li" diffusion in the
cathode material. The fitting results of R, Ry, and R are listed
in Table 2. As can be seen from Table 2, the total resistances
(R, + R4 + R,,) for CNT-LPO-NCM are the smallest whether
for the Sth or the 50th cycle, and the corresponding increment
from the Sth to the 50th cycle is also much lower than those of
others.

The lithium ion diffusion coefficient (D;;) in the bulk phase
is an important indicator of the dynamic performance of
lithium-ion batteries, which can be calculated from the
Warburg impedance coefficient using formulas 1 and 2 by
the EIS technique*"**

. RT?
Li 2ﬂ4F4AZCEi+62 (1)
Z' =R, + R, + o0 "/ )

here, R represents the gas constant, T represents the absolute
temperature, F represents the Faraday constant, n represents
the number of charge transfers, A is the active electrode area,
and C is the concentration of lithium ions. The Warburg factor
(o) can be calculated from the fitting results in Figure 8c by
formula 2.

The calculated Dy values of pristine NCM, LPO-NCM, and
CNT-LPO-NCM are 1.26 X 107'2, 242 x 1072, and 5.91 X
1072 cm 57}, respectively. It is obvious that Dy ;- of CNT-LPO-
NCM is the largest one. The results further confirm that the
CNT and Li;PO, composite conductive coating reduces the
resistances of electrodes and increases the Li* diffusion rate.

Based on the above discussion, CNT-LPO-NCM possesses a
superior cyclical stability, rate performance, and storability,
even under worse operating conditions such as a high cut-off
voltage and high temperature, which may be ascribed to the
following aspects. First, the inactive lithium residues (Li,CO5/
LiOH) on the surface of NCM are reduced by chemical
reactions. Second, the uniform and thin multifunctional
coating layer protects the active material from corrosion by
HF. Third, the Li;PO, coating layer with high ionic
conductivity is beneficial to Li* delivery at the interface.
Fourth, CNTs with excellent linear conductivity help improve
the electron conductivity of the Li;PO, coating and reduce the
charge-transfer resistance. Finally, the combination of CNTs
and Li;PO, has some synergistic effects. CNTs are fixed by
Li;PO, on the surface of the layered oxide and do not fall off
easily; the superior flexibility of CNTs may be able to reduce
stress cracking of the Li;PO, coating and maintain the integrity

Table 2. Electrochemical Impedance Spectra Fitting Results of R, Ry, and R, of Pristine NCM, LPO-NCM, and CNT-LPO-
NCM Cathode Materials after the Sth and the 50th Cycles, Respectively

pristine NCM LPO-NCM CNT-LPO-NCM
R/Q Ry/Q R./Q R/Q Ry/Q R./Q R/Q Ry/Q R./Q
Sth 3.4 S51.7 87.5 3.0 24.8 62.4 2.8 24.7 32.6
50th 9.4 72.1 280.5 6.1 70.2 110.1 3.4 26.8 70.2
36747 DOI: 10.1021/acsami.9b12578

ACS Appl. Mater. Interfaces 2019, 11, 36742—36750


http://dx.doi.org/10.1021/acsami.9b12578

ACS Applied Materials & Interfaces

Research Article

of the multifunctional coating under a long circulation and
high rate."®**~* The result confirms that the CNTs
composited with lithium phosphate are promising coatings
for high-energy-density lithium ion batteries.

To further understand the role of the multifunctional
coating, a four-phase interface model was proposed. The
interface involves four phases including NCM, CNTs, Li;PO,,
and the electrolyte. The multifunctional coating, consisting of
CNTs and Li;PO,, helps prevent the layered oxide cathode
materials from HF attack, so as to reduce the dissolution of the
active material in the electrolyte (Figure 9a), which has been

Figure 9. Schematic diagram of the working mechanism of CNT-
LPO-NCM (a) and the corresponding reaction mechanism of the
four-phase interface (b) obtained from the selected region in (a).

confirmed by ICP-MS tests as shown in Figure 7. CNTs
connect NCM and conductive carbon black or current
collectors, securing fast electron transportation (Figure 9b).
Li;PO, provides a large number of lithium ion channels,
securing fast lithium ion migration. The four-phase cathode
electrolyte interface shows a well-reduced impedance with fast
transportation of ions and electrons at the same time. As a
result, the NCM with the CNT-LPO coating demonstrates an
excellent storage capacity, rate performance, and cycling
stability at room and high temperatures.

B CONCLUSIONS

A multifunctional coating, consisting of Li;PO, and CNTs
with high electronic and ionic conductivity, is constructed on
the surface of LiNiy3Cop;Mny;O0, (NCM) as the cathode
material for lithium ion batteries. CNT-LPO-NCM shows an
excellent rate performance and cycle stability, even at high
temperatures and high cut-off voltages, which is attributed to a
four-phase cathode electrolyte interface consisting of NCM,
Li;PO,, CNTs, and the electrolyte. A specific discharge
capacity of 168.8 mA h g™' after 500 cycles at 0.5C rate
between 3.0 and 4.5 V is achieved for CNT-LPO-NCM. It also
delivers 154.2 mA h g™" at the 500th cycle after being exposed
to air with high humidity for 2 weeks. The excellent
electrochemical and storage performances are attributed to
the multifunctional coating, the construction of a four-phase
cathode electrolyte interface, and the availability of rich
electronic pathways and ion channels in addition to preventing
NCM from the HF attack. Constructing a multifunctional four-
phase cathode electrolyte interface is an effective method to
improve the electrochemical performance of Ni-rich layered
oxide cathode materials for lithium ion batteries. This novel
strategy may shed light on exploring high-performance
electrode materials with an effective coating for electro-
chemical energy storage and conversion.
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