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Abstract

High-purity NMC111 nanoparticles are obtained by sol-gel synthesis. NMC111/MWCNTs freestanding hybrid composite
cathodes are produced by a simple vacuum filtration process without detriment to both the crystalline and morphologic struc-
tures of the NMC111 nanoparticles. NMC111/MWCNTs freestanding hybrid composite cathode materials exhibit enhanced
cycling stability, long cycle life, and high specific discharge capacity compared with pure NMC111 electrode, which is
prepared by the classic slurry method. After 1000 cycles, within 2.5-4.6 V working potential range (at 1 C-rate), the spe-
cific discharge capacity of NMC111/MWCNTs freestanding hybrid composite cathode is 118.5 mAh g~! with a capacity
loss rate of 44.2%, considerably higher than the result of pure NMC111 cathode electrode (84.9 mAh g~! with a capacity
loss rate of 59.2%). NMC111/MWCNTs freestanding hybrid cathode has shown lower polarization and good cyclic sta-
bility when compared with the pristine NMC111 cathode electrode in the cyclic voltammetry (CV) analysis. MWCNTs in
the electrode have high electron conductivity and easies the electron transfer during the electrochemical charge/discharge.
Graphite@NMC111/MWCNTs full cells were fabricated to support results acquired with the half cells. To analyze the work-
ing of MWCNTs-reinforced freestanding composite cathode in full cell, graphite @ NMC111/MWCNTs combination was
constituted and obtained a specific discharge capacity of 150.7 mAh g~! with a capacity loss of 30.4% after 1000 cycles.
Extreme cycling and structural stability increased conductivity, and a high cycle number is reached by compressing the
NMCI111 nanoparticles between MWCNTSs. Highly electrical conductive MWCNTs, which are homogeneously dispersed
on around the NMC111 nanoparticles, are employed as both structural strengthening components and surface improvers for
NMCI11 cathode electrodes, not only for enhancing the electrical conductivity but also supplying powerful guarding to the
side reactions with the liquid electrolyte. The results have shown that the MWCNTs-based freestanding electrode form can
be widely used electrode type for high-level featured lithium-ion batteries.

Keywords NMC111 (LiNig33Mng33C003302) - MWCNTSs (multi-wall carbon nanotubes) - Freestanding - Cathode - Li-ion
battery

1 Introduction order to stand out in the battery market, more performance

improvements should be made to achieve a longer driving

In recent times, the use of Li-ion batteries as a power source
for electric vehicles (EVs) has become widespread [1]. In
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range of EVs, and there should be a significant reduction in
costs [2, 3]. The realization of this target largely depends
on the cathode active material; among the potential cath-
ode materials, layered LiNixMnyCo,02 (x +y + z = 1),
lithium nickel manganese cobalt (NMC) oxide, is one of the
most attractive cathode materials [4]. NMC cathode materi-
als are the common solid composition of LiNiO», LiMn, Oy,
and LiCoO,, which are crystallized in a structure similar
to a-NaFeO, in the R™3 m space group [5]. Ni compo-
nent advances the reversible capacity, Co component reduces
cation mixing, and Mn component increases structural stabil-
ity; thus, NMC is the most popular cathode materials [6]. This
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cathode material has a layered structure in which Li* ions
deposited in between the consecutive layers of edge-shared
MOg octahedra. In this layered structure, the electrochemi-
cal transport of Li* ions happens by oxidation/reduction of
NiZ*/Ni** and Co®*/Co** ions [7]. However, Mn** ions are
inactive and Mn stabilizes the host structure during Li* ions
input/output. LiNig 33C00.33Mng 3302 (NMC111) exhibited
a specific capacity 160 mAh g~! between 2.5 and 4.3 V
and 200 mAh g~! between 2.8 and 4.6 V [7, 8]. Its lay-
ered structure with changing volume less than 2% provides
high specific capacity and good stability during Li* inser-
tion/extraction [9—11]. However, lithium transition metal
oxides, such as NMC, show nominal electrical conductivity
between 1077 and 102 S cm™! in different states of charge.
Polymer binders, which are generally electrically insulat-
ing, reduce electronic conductivity, even more, when mixed
with other substances [12]. Electronic transmission is the
speed-limiting parameter for power performance at cathodes
without conductive reinforcement. To increase electronic
conductivity, conductive additives (usually carbon black) are
used in cathode production. Particularly, constituents of the
electrolyte are responsive to high temperatures [13].

Carbon black particles (OD) generate electronic paths
owing to the point-to-point contact between them and the
effective substance particles in the electrodes. For this rea-
son, great amounts of carbon black are used in the electrode
composition to arrive desired electrical conductivity. Large
amounts of conductive carbon black are required during
electrode production to obtain the expected electronic con-
ductivity from the electrode [12]. One-dimensional CNTs
from other conductive additives are researched by many
researchers to improve both electrochemical and structural
properties of cathode electrodes [14]. MWCNTSs’ “line-
to-line” touch with others and “line-to-point” touch with
effective material grains constitute three-dimensional (3D)
conductive networks in the internal structure of the elec-
trode [15, 16]. Du et al. NMC532 observed that when CNTs
were supplemented to the cathode electrode, the cycle per-
formance was improved by approximately 99.4% capacity
retention after 200 cycles. They also reported that CNT's sup-
plement reduced battery cost [17, 18].

Recently, the improvement of high energy density, high
discharge capacity long cycle life performance, light and
binder-free electrodes for Li-ion battery systems used in more
light electric/hybrid vehicles and portable electronic appli-
ances have been expedited. Recently reported studies have
been declared as light, high discharge capacity, long cycle
life, and binder-free, flexible freestanding electrodes for sec-
onder battery systems [19, 20]. Additionally, in electrolyte
solution of commercial LIBs, even though the amount of the
water in LiPFg salt is negligible, it accelerates the corruption
of the LiPFg salt at higher temperatures than 40 °C and at
elevated potentials (> 4 V vs. Li/Li*). HF has consisted as
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a by-product during the decomposition of the salt, thus, the
LiPF¢ salt decomposes non-stop. Although solutions con-
taining LiPFg salt passivated under alkyl carbonate, metallic
current collectors corrode, because of their reaction with HF
throughout the lifetime of the battery [21].

In this study, the generation, and electrochemical effects
are reported based on a 3D electronic conductive network
by MWCNTs in the freestanding cathode electrode produc-
tion of NMC111. Sub-micron particles, the fast, basic, and
low-cost sol-gel are preferred for producing NMC111. In
the freestanding electrode, produced NMC111 particles have
domiciled between MWCNTs by vacuum filtration method
to evolve cathode conductivity and rate performance. The
influences of the MWCNTSs on the electrochemical per-
formance of the both coin cell and full cell are explored.
The electrochemical performances of the NMCI111 clas-
sic electrode, and NMC111/MWCNTs freestanding hybrid
composite cathode electrodes in the half cell, and full cell
formed with NMC111/MWCNTs freestanding cathode and
a graphite anode have been examined along 1500 cycles, at
2.5-4.6 V.

2 Experimental Works

The following different successive stages are explained for
the achievement of the procedure in this work.

2.1 Synthesis of NMC111 Particles

NMCI111 particles were synthesized via sol-gel (Fig. 1).
In this process, 1 M Li-nitrate (CH3C00)0.2H,0),
Ni-acetate (Ni(CH3CO00);-4H,0), Mn-acetate
(C4HeMnO4-4H>0-Cy4), Co-acetate (C4HgCoO4-4H,0)
(0.33:0.33:0.33) were employed as beginning materials, and
citric acid (C¢HgO7) was also utilized as a gelling agent.
Beginning materials and citric acid were dispersed in 100 ml
bidistilled water and stirring has proceeded until a clear
viscous gel was formed at 90 °C. The gel is dried for 24 h
at 85 °C and then calcined at 400 °C for 3 h and 900 °C for
12 h in the air.

2.2 Electrode Fabrication

In this study, pristine NMC111 cathode and graphite anode
were prepared by the classic slurry preparation method, while
NMCI111/MWCNTs freestanding electrodes were prepared
by vacuum filtration method. In the classic slurry preparation
method, a slurry containing active particles (90 wt%), carbon
black (5 wt%), and PvDF binder (5 wt%) dissolved in an N-
methyl-2-pyrrolidinone solution (NMP). The final anode and
cathode slurries were then coated onto the thin copper foils
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Fig.1 The preparation process of NMCI111/MWCNTs freestanding
composite cathode electrode

(thickness 18 wm, MTI, USA) and aluminum foils (10 pwm,
MTI, USA) by Doctor Blade.

In freestanding cathode electrode preparation, 25 mg
NMCI111 cathode active particles, 50 mg MWCNTs, 60 mg
SDS (sodium dodecyl sulfate) (Sigma-Aldrich), and PVA
(Polyvinyl alcohol) (Sigma-Aldrich) was added in 50 mL
bidistilled water and sonicated for 40 min. The mixing
then was vacuum-filtered by depositing on filter paper. The
deposited electrode material was peeled-off from paper and
dried in a vacuum at 60 °C (see Fig. 1). The NMC111 load-
ing of tested classic electrode was 8.12 mgnmc1 11/cm? with
an electrode thickness of &~ 110 pm. For the freestanding
electrode, NMC loading of the freestanding cathode elec-
trode was 7.21 mgNMClU/crn2 with an electrode thickness
of ~ 50 wm. The copper foil was used as a current collector
(10 pm, MTI, USA) from which electrodes with a diam-
eter of 9 mm diameter were cut. For graphite@NMC111
cells, the graphite amount was 7.1 mggraphite/cm2 (thickness
of &~ 90 pwm).

2.3 Materials Characterization

The shape and size of the NMC111 nanoparticles and section
morphology of NMC111/MWCNT were examined using a
field emission scanning electron microscope (FE-SEM, FEI
Quanta Q400). The phase compositions and crystallinity of
the NMC111 nanoparticles and NMC111/MWCNTs free-
standing electrodes were controlled by X-ray diffraction
technique (XRD, Rigaku DMax 2200) using a diffractome-
ter equipped with a Cu anticathode (Ko 2). Raman spectra
were collected using a Kaiser RXN1 instrument. The laser
wavelength was 785 nm in this study.

2.4 Electrochemical Characterization

Electrochemical tests were applied on a CR2032 coin type
cell, assembled in an argon-filled glove box, produced
NMCI11 and NMCI111/MWCNTs as the working elec-
trode, lithium metal as the opposite electrode, 1 M LiPFg

solution (Sigma-Aldrich, battery grade) as the electrolyte,
and polypropylene membrane (Celgard 2400) as the sepa-
rator. Galvanostatic charge/discharge tests were performed
between 2.5 and 4.6 V (vs. Li/Li*), at 1C (0.3 mA/cm?) state
of charge conditions (1C = 279 mAh g~!) at room tem-
perature. Cyclic voltammetry (CV) was performed between
2.4 and 4.6 V (vs. Li/Li*) at a scan rate of 0.25 mV/s. The
electrochemical impedance spectrum (EIS) was tested in a
frequency range from 100 kHz to 0.01 Hz.

3 Results and Discussion

Figure 2 shows the XRD patterns of cathode materials
NMCI111 powders and NMCI111/MWCNTs freestanding
electrode. A layered structure based on a hexagonal a-
NaFeO, structure with R3m space group is observed for
NMCI111 powders without any obvious impurities and sec-
ondary phases [28]. Lattice parameters of NMC111 powders
were calculated as a = 2.861 A and ¢ = 14.153 A by least
squares method and the results are presented in Table 1. The
¢/a ratio is defined as the lattice distortion and this ratio is
4.947 in our work.

The increase in the c/a ratio indicates that the distortion
in the crystal lattice structure is reduced [8]. The split peaks
of (006)/(102) and (108)/(110) are difficult to separate from
each other, suggesting a more developed crystalline layered
structure [18]. The R-factor ((Zoos) + I(012))/1(101)) of the
NMCI111 powders was calculated as 0.437, which is less than
previous studies. The lower R-value indicates a better hexag-
onal layered structure [27]. Moreover, I (003)/I(104) intensity
ratio of all samples demonstrated cation mixing (Li*/Ni%*)
[29]. In previous investigations, the ratio 1(903y/I(104) is less
than 1.33, and hence, they are expressed that unwanted cation
mixture existed in structure [25, 26], whereas in our study the
1 003)/I (104) intensity ratio is 1.653. This ratio clearly shows
that there is no cation mixture in the structure. Pure NMC111
powders and NMC111/MWCNTs freestanding hybrid elec-
trodes have both high purity, regular and sturdy layered
structures. In the XRD pattern of the hybrid electrodes, peaks
ataround 26° are attributed to the (002) of the MWCNTs [30].

Raman spectroscopies of the NMCI11 and
NMCI11/MWCNTs freestanding electrodes are shown in
Fig. 3. Raman spectra of NMC111 and NMC111/MWCNTs
freestanding electrodes before cycling were measured in
the air within ~ 1 h with the samples not treated prior to
measurements.

The bands in Raman spectra; (i) the vibrational features of
NMC111 with Ni-O mode at 471 cm™~! and the broadband
at 599 cm~! are attributed to the Co—O/Mn-O stretching
modes; (ii) two broad Raman bands of the carbon caused
by MWCNTs are associated with the D-band, G-band, and
2D-band at 1380, 1589 and 2700 cm™!, respectively. The
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Fig.2 XRD patterns of the pristine NMCI1 powders and

NMCI111/MWCNTs freestanding hybrid electrodes

Table 1 The lattice parameters of pristine NMC111 powders

Lattice parameters NMCl111 The lattice
parameters of
NMCI11 in the
literature
aA) 2861 ~ 2864 [22-24]
c(A) 14,153 ~ 14247  [22-24)
c/a 4947 4976 [8, 22-24]
L003)/1(104) 1.653 >1.33 [25, 26]
R ((Iosy + L012))/1101))  0.437 ~0.45 [27]

D-band (disordered carbon band) is defined as a double reso-
nance peak generated by the fault or irregularity in the carbon
sequencing and the G-band (graphitic band) arises from the
in-plane vibration of sp2 carbon atoms [31]. D and G-bands
have high intensity owing to the powerful Raman scattering
of carbon.

Figure 4 shows FE-SEM images of as-synthesized
NMCI111 particles, pure NMCI111 electrode, and
NMCI11/MWCNTs freestanding electrode at various
magnifications. From Fig. 4a, NMCI111 particles have a
polyhedral form, and the sizes of particles are between 80
and 150 nm. Figure 4b, bl presents that NMC111 particles
agglomerated, because of PVDF binder when classic slurry
preparation. PVDF ensures enough adhesion between the
NMCI111 particles and between the electrode components
and the Al foil.

Figure 4c, cl, and c2 indicates cross section images
of NMC111/MWCNTs freestanding electrodes at various
magnifications. These images express that MWCNTs wrap
NMCI111 particles and thus prevent to agglomeration of uni-
formly distributed NMC111 particles. MWCNTSs not only
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Fig.3 Raman spectra of the pristine NMCI11 powders and
NMC111/MWCNTs freestanding hybrid electrode

serve as a conductive agent, but also keep together NMC111
nanoparticles like a binder. In addition, the conductive MWC-
NTs act as a structural skeleton supporting the electrode total-
ity and provide a developed porous structure. Thus, a binder
and current collector-free electrode preparation become pos-
sible and this process does not contain dangerous solvents
[32, 33]. Figure 4d shows that the energy-dispersive X-ray
spectroscopy method has analyzed the chemical composition
distribution images of NMC111/MWCNTs. NMC111 parti-
cles are homogeneously decorated between the conductive
network of MWCNTs throughout the cross-sectional area.
The electrochemical performance of NMCI111 and
NMCI111/MWCNTs cathode electrodes are analyzed in the
potential range of 2.5-4.6 V (vs. Li/Li*) with a scan rate
of 0.25 mV/s by cycle voltammetry (CV). NMCI111 and
NMCI111/MWCNTs cathodes are working electrodes, metal-
lic Li is counter and reference electrode. In Fig. 5a, CV curve
of NMC111, only one couple of wide peaks are suitable to
the redox reactions of Ni>*/Ni**. The peaks at ~ 3.85 V
and 3.63 V are connected to the anodic/cathodic reaction
of Ni**/Ni** [34]. Shaju et al. expressed that the Ni2*/Ni**
redox reactions happened in 3.7-3.9 V, while for Co>*/Co**
anodic reaction was executed about at 4.5 V and also Mn**
ions did not join in redox reaction in this voltage window [35].
Hong et al. informed that the oxidation of Ni occurred in two
steps: first step Ni2* — Ni** at 3.7-3.9 V, the second step is
Ni** — Ni** at 3.9-4.4 V. That’s why the reaction of Ni dur-
ing charging/discharging is accepted as oxidation of Ni2* —
Ni#* [34]. CV curves of the NMC111/MWCNTSs composite
cathode electrode are shown in Fig. 5b. The polarization of
each cycle does not have clear differences between the anodic
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Fig.4 FE-SEM images of (a) pristine NMC111 powders, (b) NMC111
electrode produced by traditional method, (b1) FE-SEM image of
NMC111 electrode produced by traditional method at higher magni-
fication, (c) cross section of NMC111/MWCNTs freestanding hybrid

Fig.5 Cycle voltammetry curves
of the (a) NMCI111 electrode and
(b) NMC/MWCNTs
freestanding hybrid electrode

Current (pA, a.u.)

(a)

electrode, (c1, ¢2) FE-SEM images of NMC111/MWCNTs freestand-
ing hybrid electrode at higher magnification and (d) EDS dot-mapping
images of NMC111/MWCNTs freestanding hybrid electrode
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and the cathodic reaction peaks at around 3.5 V and 3.82 V.
The cathodic peak around 3.0 V explains reduction peak of
Mn** to Mn. The exactly oxidized Mn** ions stabilize the
lattice structure due to inactive [22]. NMC111/MWCNTs
freestanding cathode and shown lower polarization and good
cyclic stability when compared with the pristine NMC111
cathode electrode. MWCNTs in the electrode have high elec-
tron conductivity and easies the electron transfer during the
electrochemical charge/discharge [36].

The electrochemical performance of NMC111/MWCNTs
freestanding cathode electrode was controlled by used
in both half cell and full cell. Figure 6a presents the
galvanostatic charge—discharge results of the NMCI111
electrode, NMC111/MWCNTs freestanding electrode, and
NMC111/MWCNTs@Graphite full cell which indicate typ-
ical properties of an NMC111-based composite cathode in
between 2.5 and 4.6 V at 1C-rate. Galvanostatic charge—dis-
charge results of cathodes demonstrate a characteristic work-
ing potential of NMC111 at around 3.7 V.

In Fig. 6a, b, NMCI111 cathodes electrode exhibits
208 mAh g~!, 154.6 mAh g~!, and 84.9 mAh g~! at first
cycle, 500th cycle, and 1000th cycle. NMC111/MWCNTs
composite freestanding electrode demonstrates
212 mAh g !, 180.8 mAh g~!, and 118.5 mAh g~! at
first cycle, 500th cycle, and 1000th cycle. At the end of
1000th cycle, the discharge capacity of NMC111/MWCNTs
freestanding electrode is higher than discharge capacity
of NMC111 electrode due to the addition of the MWC-
NTs with superior conductivity. The nested cylindrical
conductive channels of MWCNTSs have reduced the polar-
ization, because of eased electron transfer during the
charge—discharge process. The larger specific area of
the MWCNTSs provides more ways for the Li* transfer
between the cathode and electrolyte [12]. At the same
time, MWCNTSs serve as an electronic conducting binder
by replacing conventionally used carbon black and poly-
meric binders in the freestanding electrode [37]. Figure 6¢
shows electrochemical performance results of graphite
@NMC111/MWCNTs full cell, which 216.5 mAh g~!,
177.3 mAh g~', and 150,7 mAh g=! at the first cycle,
500th cycle, and 1000th cycle, respectively. The discharge
capacity of NMC111/MWCNTs@graphite full cell is lower
than the discharge capacity of NMC111/MWCNTs half cell
after 500 cycles. The causes of this reduction in capacity
are likely formation of CEI (cathode electrolyte interphase),
electrolyte oxidation, and the formation of the SEI (solid
electrolyte interphase) which is composed in the first cycles
[38]. In Fig. 6d, NMC111, NMC111/MWCNTs half cells,
and graphite@NMC111/MWCNTs full cell gives capacity
loss of 59.2%, 44.2%, and 30.4% vs. to the initial specific
discharge capacity, after 1000 cycles. The results compared
in Table 2 approved that freestanding electrodes reinforced
with MWCNTs improved the electrochemical performance
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of Li-ion batteries because of the 3D porous and flexible
structure.

The smaller NMC111 particle size and the conductivity of
the MWCNTs facilitated the electron/ion transfer during the
anodic—cathodic reactions because they prevented Li*/Ni*
mixing [22, 39]. Owing to, large surface area, the high con-
ductive and 3D porous structure of MWCNTSs supply more
transfer paths for the Li* ion diffusion between the cathode
and electrolyte, decreasing the polarization [40, 41].

Also, the electrochemical resistance of NMC111 cathode,
NMCI111/MWCNTs freestanding composite electrode, and
graphite @ NMCI111/MWCNTs full cell is examined using
electrochemical impedance spectroscopy in Fig. 7. The semi-
circles represent the SEI impedance and the diameter of the
semicircles defines charge transfer impedance at the elec-
trode and electrolyte interface.

The sloping line indicates Warburg impedance which dif-
fusion resistance of Li* in the electrode. Nyquist plots are
fitted to an equivalent circuit and shown in Fig. 7. In the equiv-
alent circuit, R, symbolizes the electrolyte resistance and Rg¢
and CPEg; symbolize resistances and capacitances of SEI
film R and CPE,; symbolize resistances and capacitances
of the interface, respectively, and W symbolizes Warburg
impedance [42]. The charge transfer resistances of NMC111,
NMCI111/MWCNTs, and graphite@NMC111/MWCNTs
are obtained 61 €2, 29 2, and 37 2, respectively. The charge
transfer resistance of cells is significantly improved with the
addition of MWCNTs. The electronic and ionic transfer have
speeded up and charge transfer resistance has decreased,
because of the MWCNTSs added to NMC111 [43]. Also,
MWCNTs have improved the electrochemical performance
of graphite @ NMC111/MWCNTs full cells.

In addition, the lithium-ion diffusion coefficient was
further calculated according to Eq. (1), where D is the
lithium-ion diffusion coefficient, o, is the slope of War-
burg curve, R is the gas constant (8.314 J mol~! K=1), T
is the absolute temperature (298.15 °K), A is the electrode
area, n is the number of electrons transferred per molecule
during the electrochemical reaction, F is Faraday constant
(96,485.33 C mol 1), and ¢ is the molar concentration of Li*
and accepted as 1 mol L~ [42].

D = R’T?)2A%n* F4c?o2. 1)

By using this equation, the lithium-ion diffusion coef-
ficients of the NCMI11l, NMCI111/MWCNTs, and
graphite @ NMC111/MWCNTs ARE calculated as 1.04
x 10710 cm? s71, 7.62 x 107! em? 571, 7.07 x 107!
cm? s~! and 3.89 x 107! cm? s, respectively (Table 3).
NMCI111/MWCNTs half cell displays the highest lithium-
ion diffusion coefficient, which proves that the 3D electronic
conductive network formed by MWCNTSs is convenient
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Fig.6 Galvanostatic charge/discharge tests of (a) NMC111 electrode, (b) NMC111/MWCNTs half cell, (¢) graphite @ NMC111/MWCNTs full
cell, and (d) cycle number specific discharge capacities of NMC111 (black), NMC111/MWCNTs half cell (red), and graphite @ NMC111/MWCNTs

full cell (blue)

Table 2 Specific discharge capacity values and capacity loss ratios of NMC111, NMC111/MWCNTs, and graphitt@NMC111/MWCNTs

Electrode Initial capacity (mAh g~!) After 500th cycle, After 1000th Capacity loss ratio
specific discharge cycle, specific (%)
capacity (mAh g~ !) discharge capacity
(mAh g!)
NMCI111 208 154.6 84.9 59.2
NMCI111/MWCNTs 212 180.8 118.5 442
Graphite @NMC111/MWCNTs 216.5 177.3 150.7 30.4

for facilitating the lithium-ion transfer throughout the elec-
trode. Graphite @ NMC111/MWCNTs full cell shows lower
lithium-ion diffusion coefficient than NMC111/MWCNTs
half cell, because of SEI layer (solid electrolyte interphase)
in between electrolyte and graphite anode [22].

4 Conclusions

In this paper, NMC111 powders with nanodimensions and
high purity are successfully synthesized by the sol-gel

method. NMC111/MWCNTs free-standing hybrid elec-
trodes that are prepared by a vacuum filtration method
without encroaching on the morphology and crystal struc-
ture of raw NMC111. By the method, NMC111 nanoparticles
are decorated homogeneously between the highly conduc-
tive MWCNTs. MWCNTs not only present the electrode
with a higher electrical conductivity but also effectively
increase the cyclic stability of the cathode electrode com-
pared to pure NMC111. After 1000 cycles at a 1 C rate,
the specific discharge capacity of NMC111/MWCNTs free-
standing hybrid electrode is 118.5 mAh g~!, improved by
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Table 3 Resistance values and diffusion coefficients of NMCI111,
NMCI111/MWCNTs, and graphite@NMCI111/MWCNTs after cell
assembly

Sample Ri(R) Ra(Q) Dui*
NMCI111 3.1 61 1.72 x
10—10
NMCI111/MWCNTs 1.0 29 5.06 x
10711
Graphite@NMC111/MWCNTs 29 37 7.57 x
10°!

39% than pure NMC111 electrode (84.9 mAh g~ !). Elec-
trochemical impedance spectroscopy has shown that the
charge resistance of cathode electrodes reduces by MWC-
NTs reinforcement. Graphite @NMC111/MWCNTs full-cell
was produced after the advanced electrochemical perfor-
mance of NMC111/MWCNTs half-cell tests. In the full cells,
NMCI111 and MWCNTs-based freestanding electrode type
supplied a discharge capacity of 150.7 mAh g~ after 1000
cycles, certifying that this electrode type could improve the
total battery performance.

Funding This study was funded by Sakarya University of Applied
Sciences.
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