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A combined electronic and ionic interparticular modification strategy is designed for the improvement of lithium storage in the
layer structured ternary Ni-Co-Mn oxide (LiNigCop2Mng20;) in the form of spherical particles. In this design, a thin layer of
the ion conducting polypropylene carbonate is applied to wrap the individual oxide particles for three purposes: (1) prevention of
direct stacking and packing between oxide particles that will otherwise impede or block ions from accessing all the surface of the
oxide particles, (2) provision of additional ionic pathways between the oxide particles, and (3) stabilization of the oxide particles
during lithium storage and release. The design includes also the use of nitrogen doped carbon nanotubes for electronic connection
between the polymer coated individual spheres of the layered nickel-rich LiNip¢Cop2Mng20>. According to the physicochemical
and electrochemical characterizations, and laboratory battery tests, it can be concluded that the LiNip Co2Mng 20, composite has a
unique porous structure that is assembled by the polymer coated ternary oxide microspheres and the nitrogen-doped carbon nanotube
networks. Significant improvements are achieved in both the ionic and electronic conductivities (double or more increase), and in
discharge specific capacity (201.3 mAh-,g,”l at 0.1 C, improved by 13.28% compared to the non-modified LiNip Cop2Mng202),
rate performance and cycling stability (94.40% in capacity retention after 300 cycles at 1.0 C).
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Lithium-ion batteries (LIBs) are widely applied in the daily life
and the 3C products for their advantages of high energy density, excel-
lent cycling performance and environmental friendliness.'™* Electrode
materials are a key component of LIBs, and the development of high
capacity positive electrode materials is imminent due to the increased
requirements of energy/power density for the forthcoming wide appli-
cation of electric vehicles. A particularly interesting example is arange
of layer structured nickel-rich oxides of LiNi;x.,Co,MnyO, (x +y <
0.5), which possess relatively higher energy density compared to the
widely used LiCoO, and LiNi,;3Co;;3Mn; 30, electrode materials.>
However, these nickel-rich oxides usually display poor cycle life
and rate performance because of the structure and thermal instability
and the low electronic and ionic conductivities against the electrode
reactions.>*!” To overcome these shortcomings, various doping and
surface modifications have been developed. For example, coating the
particulates of LiNi;_.,CoMn,O, with inorganic materials such as
Al,03, ZrO,, CeO,, MgO, Co;0,, TiO, or LaPO, was reported to be
effective in resisting the attack of HF, reducing the side effects, and in-
creasing the specific capacity and cycling stability.!'~!7 The initial spe-
cific discharge capacity of the 5-nm TiO, coated LiNig 3C0g 15Al9.0sO02
particulates was found to be 189.9 mAh-g~! at 1.0 C, and the reten-
tion was 90.2% after 100 cycles.'® Similarly, the 4 wt%-LaPO, coated
LiNij5Co0p,Mng 30, retained 95.2% of its initial discharge capacity of
144.8 mAh-g~! at 1.0 C after 100 cycles.!” However, these inorganic
coatings usually behave as an inert layer regarding ionic conduction,
and tend to be discontinuously deposited onto the surface, leading to
a limited coverage of the active materials.

Modification of the parent electroactive materials with a con-
ductive polymer was found to be advantageous for coating
uniformity and ion accessibility.'®??> For instance, the lithium
inserted ternary oxide, LiNipsCop,Mng,0, (NCM622), displayed
an initial discharge capacity of 171.3 mAh-g~! at 0.5 C and a
capacity retention of 93.5% after 100 cycles after modification
with the poly(3,4-ethylenedioxythiophene)-co-poly(ethylene glycol)
(PEDOT-co-PEG).?> Among a wide variety of conductive polymers,
poly(propylene carbonate) (PPC) seems to be more promising because
of its demonstrated excellent conductivity to lithium ions through the

“E-mail: zhouyk @wust.edu.cn

mechanism of crystal vacancy diffusion.”> However, PPC is not elec-
tronically conductive and should be used together with electronically
conductive materials for more balanced and efficient electronic ki-
netics. In this line, graphene and carbon nanotube, particularly those
doped with nitrogen could assist not only electron conduction, but also
electrolyte wetting and affinity.”*?

In this work, a novel combined strategy of inter-particular ionic
and electronic modifications is proposed for performance improve-
ment of electroactive materials in general, and demonstrated using
the spherical particulates of the layer structured LiNigCog2Mng,0;
(NCM622) in the positive electrode of LIB as a particular example.
The NCM622 powder was first prepared by a co-precipitation tech-
nique, and was then coated with a thin layer of PPC which would
play three roles. It improves the ionic conductivity of the active mate-
rial, decreases the occurrence of surface side reactions, and prevents
agglomeration of the active particles which otherwise would reduce
the effective contact area between the electrolyte and electroactive
material. The PPC coated NCM622 particles were further modified
with nitro-gen-doped carbon nanotubes (NCNT) by a dispersing and
freeze drying process, leading to the production of the final composite
for making the positive electrode. Compared to the unmodified materi-
als, the NCNT and PPC dual-modified NCM622 (p-NCM622/NCNT)
demonstrates greatly increased discharge specific capacity, rate per-
formance and cycle stability, promising desirable capacity, power and
durability improvement in LIBs.

Experimental

Preparation of materials.—The NiyCog,Mng,(OH), precursor
was synthesized by a co-precipitation method. CoSO4, MnSO, and
NiSOy (2:2:6, molar ratio) were dissolved in deionized water to obtain
a 1.5 M solution of the metal ions. The solution was pumped into a
continuously stirred tank (capacity 1.0 L) at a flow rate of 2 rpm using
a peristaltic pump under argon. In the meantime, solutions of 0.9 M
NH3-H,0 and 4.0 M NaOH were separately pumped into the reactor
at such rates that the pH of the mixture was maintained. The pH,
temperature and stirring speed were set at 11.2, 55°C and 400 rpm,
respectively. After reaction for 25 h, the precipitate was filtered and
repeatedly washed with deionized water to remove the residual ions,
followed by drying in an oven at 80°C for 24 h. The obtained hydroxide
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Figure 1. Schematic illustration of the synthesis process for the p-NCM622/NCNT composite: (a) The dispersion of NCM622 and PPC; (b) The PPC-coated
NCM622 after evaporation of the solvent; (c) The dispersion of p-NCM622 and NCNT; (d) The freeze-casting process to form the p-NCM622/NCNT beads in
liquid nitrogen; (e) The composites obtained after freeze-drying; (f) The partially enlarged region from (e), depicting the NCNT networks wrapped p-NCM622

composite.

precursor and LiOH (5% excess) were thoroughly mixed in an agate
mortar. The mixture was firstly calcined at 550°C for 4 h in air, and
then heated at 820°C for 12 h in an oxygen atmosphere to obtain the
NCM622 powders.

The preparation of the p-NCM622/NCNT composite was carried
out in accordance with the procedures shown in Figure 1. The PPC
powder of 7.6 mg was dissolved in 10 mL acetone and then 380 mg
NCM622 was added. The mixture was stirred at room temperature for
3 h, and then stirred at 60°C to evaporate the solvent, before drying in
a vacuum oven at 80°C for 20 h. The obtained PPC-coated NCM622
(p-NCM622) powder was then added to a NCNT tert-butanol suspen-
sion (2 mg/mL), which was stirred for 15 min to obtain a uniform
mixture. The mixture was then slowly dropped into liquid nitrogen
using a pipette to form uniformly dispersed beads. Upon evaporation
of liquid nitrogen, the collected beads were dried at —64°C for 48 h
in a vacuum freeze dryer, to obtain the final p-NCM622/NCNT prod-
uct for tests and analyses. In the p-NCM622/NCNT composite, the
percentage of PPC coating is 2 wt% of the active material, and the
percentage of NCNT is 5%. For comparison, the NCN622 modified
with NCNT was also prepared by the same procedures for further
characterization and measurements.

Structural characterization.—The crystal structures of the pris-
tine and modified NCM622 materials were analyzed using X-ray
powder diffraction (XRD, Xpert Pro MPD) with Cu Ka radiation
(Ka = 0.15418 nm) between 10° and 80°. The morphologies were
inspected on a scanning electron microscope (SEM, PHILIPS XL30
TMP, 15 kV). The microstructure of the samples were also checked by
transmission electron microscopy (TEM, FEI Tecnai G20, 200 kV).
The element distribution in the sample was measured by energy dis-
persive spectroscopy (EDS, OXFORD IET200).

Electrochemical measurements.—Electrochemical analyses of
the samples were performed in the CR2032-type coin cells with a
metallic lithium film as both the counter (negative) and reference elec-
trodes. The electrolyte was 1.0 M LiPF; in mixed dimethyl carbonate
(DMC)-ethylene carbonate (EC)-diethyl carbonate (DEC) soaked in
a microporous polypropylene membrane separator (Celgard 2400).
To fabricate the positive electrode, 70 wt% of the as-synthesized
NCM662, 15 wt% of polyvinylidene difluorride (binder), and 15 wt%
of the Super-P conductive carbon black were dispersed into an ap-
propriate amount of N-methyl-pyrrolidone (NMP) and then stirred for
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10 h on a magnetic stirrer to obtain a slurry, which was evenly coated
on an Al foil and dried overnight at 100°C in vacuum. After that, the
coin cells were assembled in an argon filled glove box.

Galvanostatic charge and discharge (GCD) tests were performed
on the cells using the computer-controlled battery tester (Neware BTS,
5V, 50 mA) between 2.80 and 4.25 V at different specific currents or
mass normalized currents (against the total mass of active materials
loaded on the positive electrode) at 25°C. An electrochemical worksta-
tion (Bio Logic VMP3) was used to study the cells by electrochemical
impedance spectroscopy (EIS, amplitude: 10 mV; frequency range:
10 mHz to 100 kHz) and cyclic voltammetry (CV, voltage/potential
range: 2.80 to 4.25 V; scan rate: 0.1 mV/s).

Results and Discussion

The obtained materials were subjected to morphology and struc-
ture characterization and electrochemical performance evaluation. X-
ray diffraction patterns of the pristine NCM622, NCM622/NCNT and
p-NCMO622/NCNT are shown in Figure 2. There is no detectable impu-
rity phase and all diffraction peaks match with those of the a-NaFeO,
layered structure (R3m).?® There is nearly no difference between the
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Figure 2. XRD patterns of NCM622, NCM622/NCNT and p-NCM622/
NCNT.
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Figure 3. SEM images of (a, b) NigeCopoMng2(OH),, (c, d)
LiNip.6Cop2Mng,0;.

three samples, demonstrating that the surface modification with PPC
and NCNT does not change the crystal structure of the host electrode
material. In general, the intensity ratio of Ipps/I;04 can be used to de-
termine the degree of cation distribution in the crystal lattice, and
it is greater than 1.2 for all the samples, indicating a low degree of
cation mixing and lattice distortion. The clear split of the 006/102 and
108/110 peaks implies a well-developed hexagonal layered structure
similar to that of the well-ordered a-NaFeO,.””:?

The SEM images of the NijCop,Mng,(OH), precursor show ir-
regular or pseudo-spheres of 8~14 um in size (Figure 3a), composed
of loosely packed acicular primary particles (Figure 3b). After cal-
cination, the secondary particle size and shape are basically retained
(Figure 3c), but the primary particles entirely change to densely packed
rhombic crystallites (Figure 3d). For comparison, Figures 4a—4d ex-
hibit the SEM images of the p-NCM622/NCNT sample, and a digital
photo of the formed composite bead with a size of ca. 4 mm (insert
of Figure 4a). The NCNTs are intertwined with each other and the
p-NCM622 microspheres are uniformly dispersed, forming a three-
dimensional porous structure. Figure 4d displays results from EDS
mapping, confirming the uniform distribution of Ni, Co and Mn in
the p-NCM622/NCNT sample. More C is found around the pseudo-
spheres than at the center, probably due to the PPC thin coating and
the NCNT conductive networks around the particles.

Under high resolution TEM, the pristine NCM622 particle displays
a round and smooth surface, as shown in Figure 5a. When loaded on
the NCNT networks by the freeze-drying technique, the NCM622 par-
ticles are firmly attached with NCNTs. After the dual modifications,
the TEM image of p-NCM622/NCNT reveals a 10 nm thick homoge-
neous coating of PPC on the surface of NCM622 and some NCNTs
that are well connected (Figure 5b).

The unique structure of p-NCMG622/NCNT as revealed by both
SEM and TEM deserves more discussion. NCM622 and similar ma-
terials with good lithium storage capacities are often unable to deliver
the expected discharge performance. This problem is known to mainly
result from the intrinsically poor electronic and ionic conductivities of
NCM622 that prevent the full material utilization. Whilst there are re-
ported efforts in using carbon additives, such as CNTs and graphenes,
to improve electron conduction, this approach does not help ion ac-
cess to regions between the stacked particles. However, upon coating
a thin layer of PPC on individual NCM622 particles, the regions be-
tween stacked particles become open to ion access. Thus, itis expected

Figure 4. (a-c) SEM images of p-NCM622/NCNT. The insert in (a) is a digital
photo of the freeze-dried bead, and the insert in (b) is a high magnification SEM
image. (d) EDS elemental mappings corresponding to Ni, Co, Mn and C of (c).

that the unique structure of p-NCM622/NCNT would benefit electron
and ion conduction, and improve the discharge specific capacity and
rate performance.

The electrochemical performance of the pristine and modified
NCM622 positive electrode materials was evaluated at room temper-
ature. Figure 6a presents the charge-discharge curves of the pristine
NCM622, NCM622/NCNT and p-NCM622/NCNT at 0.1 C in the
voltage range of 2.80 to 4.25 V. All the samples exhibit a diagonal volt-
age plateau from 3.60 to 4.25 V, and the specific discharge capacities
of the pristine NCM622, NCM622/NCNT and p-NCM622/NCNT are
177.7, 185.4 and 201.3 mAh-g~!, respectively. These results demon-
strate that the specific capacity of the PPC and NCNT modified
NCM622 composites has been significantly improved. It can be at-
tributed to the greatly enhanced ionic and electronic conductivities af-
ter coating PPC and wrapping NCNT on the NCM622 microspheres
to form the three-dimensional porous composite structure.?*-!

The formation of a transient cross-linking complex through the in-
teraction of Li™ and some carbonyl oxygen of PPC may enable faster
migration of Li* than that coordinated with the ether chains.?*?* The
nitrogen doping can reduce the HOMO and LUMO energy levels of
the graphitized CNTs and enhance the electron mobility in the con-
duction band, which significantly increases the electronic conductiv-
ity. In addition, the introduction of the nitrogen-containing functional
groups with strong electron affinity can activate the surfaces of CNTs,
increase the wettability and affinity of carbon nanotubes with the elec-

NCM622

Figure 5. TEM images of (a) NCM622 and (b) p-NCM622/NCNT.
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Figure 6. (a) Charge-discharge plots at 0.1 C for NCM622, NCM622/NCNT, and p-NCM622/NCNT; (b) Charge-discharge plots of p-NCM622/NCNT measured
consecutively at the indicated increasing specific currents; (c) Rate capability, and (d) cycling performance for NCM622, NCM622/NCNT and p-NCM622/NCNT

at the rate of 1.0 C.

trolyte, to further improve the lithium-ion transport/diffusion kinetics
and enhance the approachability of the electrode materials.?*3334
Figure 6b presents the charge-discharge profiles of p-NCM622/
NCNT at various rates. The specific discharge capacities of p-
NCM622/NCNT are determined to be 201.3, 198.1, 190.8, 183.7,
169.1 and 137.0 mAh-g*l at0.1,0.2,0.5, 1.0, 2.0, and 5.0 C, respec-
tively. Figure 6¢ compares the rate capabilities of the three samples.
As the discharging rate increases, the discharge specific capacity of all
the three samples decreases, but the capacity of p-NCM622/NCNT re-
mains higher than those of NCM622 and NCM622/NCNT at all rates
applied. For instance, the discharge capacity of p-NCM622/NCNT is
169.1 mAh-g~! at the rate of 2.0 C, much higher than 149.9 mAh-g~!
for NCM622. Though the p-NCM622/NCNT electrode displays
greatly increased cycle performance and much higher discharge spe-
cific capacity within the rate range of 0.1 to 2.0 C, the higher rate
capability advantage of the p-NCM622/NCNT composite tends to di-
minish at 5.0 C compared to NCM622/NCNT. This phenomenon is
probably ascribed to the fact that the ion/electron conductor mod-
ified layered electrode materials here are relatively limited at high
current densities, as the Li transport limitations may become pro-
nounced, the Li diffusion coefficient may decrease rapidly due to the
collapse of the interlayer spacing and the increased electrostatic re-
pulsion between Li ions and the oxidized transitionmetal cations at
rates higher than 5.0 C.*> Further optimizations of the composition
and structure, such as the ratio of NCM, PPC and NCNT, the thick-
ness of PPC coating, and the size of the microsphere, would bring
even higher rate performance. Figure 6d displays that the capacity
retentions of cells with NCM622/NCNT and p-NCM622/NCNT are
90.42% and 94.40% after 300 cycles at 1.0 C, respectively, much
higher than 82.60% of NCM622. The specific discharge capacity and

the capacity retention of p-NCM622/NCNT (198.1 mAh-g~! at 0.2
C, and 94.4% after 300 cycles at 1.0 C) are also higher than those of
the typical NCM composites reported in the literature. For instance,
the three-dimensional NCM523/MWCNT supramolecular assemblies
(163.5 mAh-g~! at 0.2 C, 74.0% after 300 cycles at 1.0 C),*® the
nano-polypyrrole coated NCM622 composite (155.9 mAh-g~! at 0.2
C),¥ and the dual-conductive polymer modified NCM622 composite
(184.3 mAh-g~! at 0.2 C, 93.9% after 100 cycles at 0.5 C).?!

The above reported results and analyses demonstrate convincingly
that the dual- modification of NCM622 by PPC and NCNT has resulted
in significant improvement in specific capacity, rate capability and cy-
cling stability. Evidently, the dual modification was inter-particle in
nature, leading to the three-dimensional porous composite electrode
structure. The NCNT network provides sufficient electronic contacts
between the NCM622 particles, facilitating charge transfer reactions.
PPC is known to be a good conductor for lithium ions.?* Thus, the PPC
coating on each NCM622 particle prevents direct stacking between
the particles, and enables lithium ions to access more reaction sites
in the electrode. These two effects combine to reduce the electrode
polarization reactions and improve the kinetic and rate performance
of the electrode.*>** In addition, PPC is a Lewis base which is more
likely to bond with the Lewis acid product (PFs) from the possible
decomposition of the electrolyte. The PPC coating may also help pre-
vent attack of the electrode by HF probably formed during charging-
discharging due to trace moisture in the cell. These protective functions
of the PPC coating would hence help increase the cycle stability of
the battery.?* As the cycling performance of NCM is closely related to
the structural stability and thermal stability, the PPC and NCNT co-
modification may effectively delay the thermal decomposition of the
LiNijCo>Mng,0, materials, reduce the heat generation due to the
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Figure 7. (a) Cyclic voltammograms (scan rate: 0.1 mV s~ 1, and (b) electrochemical impedance plots of NCM622, NCM622/NCNT and p-NCM622/NCNT.

increase of the exothermic oxidation reaction temperature and block
the release of oxygen from the nickel-cobalt-manganese ternary ma-
terial particles, resulting in the greatly increased cycling stability of
the p-NCM622/NCNT composite electrode. 04!

To further elucidate the enhancement of the electrochemical re-
versibility of the p-NCM622/NCNT electrode, cyclic voltammograms
(CVs) of the cells were recorded between 2.80 and 4.25 V at a scan
rate of 0.1 mV s~!. As shown in Figure 7a, all of the three elec-
trodes display a pair of redox peaks, which can be attributed to the
insertion/extraction of lithium ions during charge-discharge, indicat-
ing absence of phase transition from hexagonal to monoclinic.'**’ For
the p-NCM622/NCNT electrode, the oxidation and reduction peaks
appear respectively at 3.70 and 3.79 V. The potential gap is around
92 mV and which is much smaller than that of NCM622 (164 mV)
and NCM622/NCNT (104 mV). This is evidence of improved electro-
chemical reversibility and lower polarization of p-NCM622/NCNT.
Compared with the other two electrodes, the areas under redox peaks
of the p-NCM622/NCNT electrode are much larger, confirming the
substantially increased specific capacity of the dual modified compos-
ite due to the significantly increased reversibility and reactivity.

Electrochemical impedance spectroscopy (EIS) was applied to
compare the charge transfer properties of NCM622, NCM622/NCNT
and p-NCM622/NCNT. Figure 7b shows three features (or parts) on
all the three impedance plots in addition to the high frequency inter-
cept of each plot at the Zre axis that should have resulted from the total
o resistance (Rs) of the electrolyte and the electrode. Decreasing the
frequency leads to the appearance of two semicircles corresponding to
the kinetic barriers at the interfaces. Its higher frequencies, the semi-
circle on the left is likely due to the transfer of Li* ions into the surface
film (Rf) of NCM622. The semicircle in the mid-frequency region may
correspond to the charge transfer between the electrolyte and electrode
(Rct). The straight line in the low-frequency region seems to match the
Warburg impedance (Zw).'**? The impedance spectra can be reason-
ably fitted using the equivalent circuit in the inset of Fig. 7b. The Rs
Rf and Rect values of the p-NCM622/NCNT composites are derived
to be respectively 1.67, 131.40 and 44.65 Q cm?, much smaller than
those of the unmodified NCM622 material (4.35, 240.80 and 159.10
cm?). These results manifest that the PPC modification facilitates the
ion transport, and the NCNT networks increase the electron conduc-
tivity of p-NCM622/NCNT, leading to the greatly reduced electrode
and interfacial resistances for quicker and more complete charging
and discharging.

Considering the possible particle separating effect of super P
in the electrode, to further prove the function of PPC to increase
the utilize areas that are blocked by particle stacking in pristine
NCM, control experiments have been designed to replace PPC coat-
ing with the same weight percentage of super P. Namely, in the
control electrode, the ratio of NCM622/NCNT, super P and PVDF

was adjusted from 70:15:15 to 68:17:15 (the obtained sample was
abbreviated as sp-NCMG622/NCNT), the same ratio of NCM622-
NCNT, PPC + super P and PVDF in the PPC and NCNT co-
modification p-NCM622/NCNT composite electrode. The test results
of sp-NCMG622/NCNT are displayed in Figure S1. As shown in Fig-
ure Sla and b, the sp-NCM622/NCNT electrode displays discharge
specific capacities of 185.9 mAh-g~! at 0.1 C and 162.4 mAh-g~! at
2.0 C, slightly higher than that of NCM622/NCNT (183.8 mAh-g~!
at 0.1 C and 160.6 mAh-g~! at 2.0 C), but still much lower than
the p-NCM622/NCNT composite electrode (201.3 mAh-g=! at 0.1
C and 169.1 mAh-g~! at 2.0 C), and the same trend is observed at
the other test rates. The sp-NCM622/NCNT electrode also displays
higher polarization and lower charge transfer ability compared to that
of p-NCM622/NCNT (102 mV vs. 92 mV; 123.52  cm? vs. 44.65
Q cm?), though a little improvement is observed in comparison to
NCMG622/NCNT (102 mV vs. 104 mV; 123.52 © cm? vs. 138.70
cm?), as shown in Figure Slc and d. These results indicate that the
addition of PPC not only increases the utilization of the blocked area
owing to particle stacking, but also effectively enhances the ionic con-
ductivity of the NCM622 material.

From the above results and analyses, the unique inter-particle elec-
tronic and ionic modifications of NCM622 has proven to be effec-
tive for significant improvement in specific capacity, rate capability
and cycling stability. As described in the schematic model shown in
Figure 8, the mechanisms behind the observed electrochemical per-
formance enhancement can be ascribed to several aspects: (1) The
PPC coating offers high ionic conductivity and accelerates the lithium
ion transport between the NCM622 microspheres and the electrolyte;
(2) The surface PPC modification effectively enables ion access to re-
gions between stacked NCM622 particles and reduces side reactions
between the active materials and the electrolyte, and increases the
electrochemical stability; (3) The three-dimensional interconnected
porous NCNT networks provides fast electron transfer pathways; (4)
The NCNT networks also increase the wettability of the electrolyte,?*
expand the electrode/electrolyte reaction interface and enhance the
accessibility of the active materials.

Conclusions

We have synthesized a novel ion conductive PPC and electron
conductive NCNT co-modified LiNigCop>Mn,O, electrode mate-
rial using co-precipitation and the following coating and freeze-drying
processes. The composite positive electrode material exhibits higher
discharge specific capacity, rate performance and capacity retention
in contrast to NCM622 and NCM622/NCNT. The PPC coating not
only remarkably increases the ionic conductivity, but also effectively
retards the corrosion and reduces the surface side reaction of the elec-
trode materials. The NCNTs intertwine with each other to form a three-
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Figure 8. Mechanisms of the Li-ion/electron transport and the HF corrosion
of (a) the un-modified NCM622, and (b) the co-modified p-NCM622/NCNT
composite.

dimensional porous network structure, which improves the electronic
conductivity and promotes charge transfer between the electrode/
electrolyte interface. Therefore, the polarization of the electrode is
greatly reduced and the kinetic process is improved. The unique com-
posite structures are promising for application in lithium-ion power
batteries and the facile strategy can be applied to synthesize other
high-performance electrode materials.
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