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ABSTRACT: In this work, we introduce LiNi0.8Mn0.15Al0.05O2 (NMA),
which is cobalt-free and has a high nickel content, and a conductive
composite material to NMA by supporting it with a three-dimensional
(3D) graphene aerogel (GA). With an easy freeze-drying approach,
NMA nanoparticles are properly dispersed on graphene sheets, and GA
creates a strong and conductive framework, significantly improving the
structure and conductivity. The structure of the pure NMA and NMA/
graphene aerogel (NMA/GA) composite was investigated by X-ray
diffraction (XRD) and field emission scanning electron microscopy (FE-
SEM). XRD and FE-SEM analyses clearly indicated that ultrapure NMA
structures are homogeneously dispersed among the GAs. In addition, the
composite structure was examined using transmission electron
microscopy (TEM) to determine the dispersion mechanisms. The
electrochemical cycling performance of the pure NMA and NMA/GA
composite was evaluated by rate capacitance, cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS). The
synthesized NMA/GA was able to provide 89.81% specific capacity retention after the 500th cycle at C/2. The average charge/
discharge rates of the obtained cathode show good electrochemical results and exhibit capacities of 190.2,186.3, 185.2, 176.2,
161.2,142.6, and 188.5 mAh g−1 at C/20, C/10, C/5, C, 3C, 5C, and C/20, respectively. EIS data showed an improvement in the
impedance of the composite containing GA. According to the results of the electrochemical tests, NMA nanoparticles formed a
conductive network with its porous structure thanks to GA, formed a protective layer on the surface, prevented the side reactions
between the cathode and the electrolyte, decreased the impedance of the cathode, and increased the redox kinetics. In addition, the
changes in the structure were investigated in the NMA/GA composite cathode by XRD, FE-SEM, and Raman analyses at the end of
the 50th, 250th, and 500th cycles. In summary, the NMA/GA cathode is expected to play an important role in lithium-ion batteries
(LIBs) by taking advantage of its easy synthesis and excellent cycle stability.

■ INTRODUCTION
LIBs have beneficial properties such as high storage capacity,
enhanced performance life, excellent rate capability, and eco-
friendliness. Applications of LIBs in plug-in electric vehicles,
hybrid electric vehicles, and electric vehicles (EVs) have been
limited because of the low capacity of positive electrodes such
as LiMn2O4, LiCoO2, and LiFePO4. For this reason, it is
necessary to produce new cathodes with high energy density
and specific capacity.1−14

Recent ly , L iNi 1 − x− yCo xAl yO2 (NCA) and Li -
Ni1−x−yMnxCoyO2 (NMC) layered metal oxides have attracted
more attention than conventional LiCoO2 due to their
improved structural stability and electrochemical properties.
Cathodes with high Ni contents are the preferred materials for
new-generation high-energy lithium-ion batteries.15,16 This
new generation of layered oxides with high nickel contents
contributes to the extraordinary growth of the electric vehicle

market as they reach energy densities of approximately 650 Wh
kg−1.17 The crystal structures of NCA and NMC have layered
phases similar to the LiNiO2 rhombohedral phase (R-3m) with
Ni ion substitution.18 Ni2+, which is found together with Ni3+

during the calcination process, occupies the 3b regions with
their ionic radius of 0.69 Å, as they are close to the radius of Li
ions (0.76 Å).19,20 Cobalt in NMC and NCA cathodes is
extracted as a byproduct in copper or nickel mines. For these
reasons, cobalt is known as an expensive and rare metal.21

Figure 1 shows the price fluctuations of cobalt on the London
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Metal Exchange since 2016.22−25 Existing research is trying to
further reduce production costs by eliminating cobalt depend-
ence in cathode materials.26 Tesla announced that it will
develop and use cathodes with a cobalt content of less than 3%
for LIBs used in EVs. Cobalt-free cathodes have been seen as
an alternative to commercial Ni-layered oxide cathode
materials, but there are still challenges in their practical
application. The terms “Co-free” and “Ni-rich” refer to a return
to the LiNiO2 family, which was researched many years ago
and cannot be used commercially because of the many
problems with its natural stoichiometry.27 Low-Ni-content
cathodes have lower energy compared to Ni-rich cathode
materials such as NMC and NCA due to their low Coulomb
efficiencies,28 Ni3+ instability,29 Li+/Ni2+ cation mixing,30 and
thermal instability.31 Because of these disadvantages, Co-free
high Ni-layered oxides such as Mn4+ and Al3+, which are stable
and have a high specific capacity with suitable doping, should
be developed.32,33

Here, a new nickel-rich Li-ion battery cathode material with
the general formula LiNixMnyAlzO2 (x ≥ 0.8, x + y + z = 1)
belonging to the NMA layered cathode class is presented. The
NMA crystal structure, which has a layered structure, is similar
to NMC and NCA, with O2− ions in the 6c site, Li+ in the 3a
site, and transition metal (TM) (Ni, Mn, Al) ions in the 3b site
(Figure 2).34 These new cobalt-free NMA cathodes reduce

cost and increase capacity (≈200 mAh g−1) while retaining the
structural stability and safety advantages afforded by
manganese and aluminum and the high capacity offered by
nickel.

It has been shown that Mn4+ in the structure is effective in
improving thermal stability as it suppresses the large
exothermic reaction. However, the Mn element cannot reduce
the cationic mixture of Li+ and Ni2+ because of the magnetic

dipole−dipole interaction in the TM layer. To reduce this
mixing, the Al3+ element with unpaired electrons is needed as
an alternative to Co, which prevents cation mixing.32 In the
study by Zheng et al.,35 it was mentioned that the enthalpy of
the formation of Al is higher than that of Ni. It shows that Al
enhances structural stability, minimizes harmful phase
transition, can be used to optimize thermal and electro-
chemical properties, and thus is sufficient to improve thermal
stability even without Co in the structure. The strong covalent
Al−O bond prevents the moisture/carbon dioxide-induced
reaction on the oxide surface.36 In addition, 33−50 mol % Mn
can be added to Ni-based layered oxides,37 and the use of Al is
generally limited to ≤5−6% mol % to avoid secondary
phases.38

However, NMA cathodes with high nickel contents have
poor electrical conductivity, which degrades the performance
of batteries. Therefore, to improve the performance of the
battery, a carbon matrix supplement can play a supporting role
in increasing conductivity.

Graphene, one of the 2D carbonaceous materials, is seen as
an ideal electrode additive material due to its unique
mechanical properties and enhanced electrochemical perform-
ances. The functional groups on graphene sheets act as radical
centers to store Li ions at high potential. Graphene composite
cathodes have porous morphology and high electrical
conductivity. The well-connected developed pores in the
graphene cathodes and the C�O functional groups evenly
distributed in the material act as a redox center for the storage
of Li ions. By partial reduction of graphite oxide, the
appropriate amount of C�O bonds to be used in the cathode
material is expected to increase the electrical conductivity
while maintaining the redox center.39,40 However, the
graphene sheets exhibit much lower electrochemical perform-
ance than expected, as they are restacked into a graphite-like
structure during the preparation/storage process. One solution
to overcome this is to transform two-dimensional graphene
sheets into a 3D structure.41 GA-based composites can be
formed as a result of the 3D structure and large surface area
provided by GA, providing more active sites and fast electron
transport kinetics.42−45 The interlocking 3D macropores of GA
can improve the transport pathway of Li+ ions, allowing better
penetration of the electrolyte and thereby increasing the
electrode capacity and significantly accelerating the electron
transfer necessary to further increase the rated capacity of
lithium-ion batteries.46 Tian et al.47 developed a new 3D
porous graphene aerogel composite to increase the contact
area of the LiNi0.6Co0.2Mn0.2O2 nanoparticle with the cathode
and electrolyte and showed superior electrochemical properties
compared to pure LiNi0.6Co0.2Mn0.2O2.

Herein, we report for the first time NMA nanoparticles were
synthesized by the sol−gel method. GA used to construct a
novel 3D porous stucture wrapped with NMA nanoparticle
was synthesized via reduction of graphene oxide (GO). A
modified Hummers technique was applied to prepare GO
using graphite powder. Ascorbic acid was used as the reducing
agent to prepare the graphene hydrogel. A rational design and
fabrication of lightweight 3D hierarchical porous NMA/GA
composites with a 3D porous network architecture were
investigated. A 3D conductive GA-reinforcing NMA composite
was successfully prepared. Our electrochemical tests clearly
demonstrated that the unique 3D architecture from the
produced NMA/GA results in tremendous battery perform-
ance at up to 500 cycles.

Figure 1. The market price of cobalt, nickel, manganese, and
aluminum.

Figure 2. Schematic representation of the NMA crystal structure.
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■ EXPERIMENTAL PROCEDURE
Synthesis of NMA Nanoparticles. NMA nanoparticles

used as active materials were synthesized via the sol−gel
method (Figure 3). In this process, 1.02 g of LiCH3COO2·

H2O, 1.99 g of Ni(CH3COO)2·4H2O, 0.367 g of Mn-
(CH3COO)2·4H2O, and 0.187 g of Al(NO3)3·H2O were
dissolved in 100 mL of distilled water followed by the addition
of 1 mmol of citric acid as complexing agent into the solution.
The solution was unceasingly stirred at 85 °C until a
transparent semifluid gel was obtained. The obtained gel was
dried in an oven for 24 h at 60 °C. The product was calcined at
700 °C for 8 h in the furnace.

Preparation of the NMA/GA Composite. The modified
Hummers method was used in the synthesis of GO produced
from natural flake graphite. Ultrasonication was used to
prepare the GO aqueous suspension with 3.0 mg mL−1 of GO
(30 wt %). L-Ascorbic acid (L-AA, 180 mg) was dispersed into
20 mL of GO solution and sonicated for 30 min. Then, 140 mg
of prepared NMA (70 wt %) nanoparticles was added into GO
solutions and sonicated for another 30 min. Then, the mixture
was subjected to heating at 65 °C for 8 h with no stirring to get
the graphene hydrogel (Figure 4). After naturally cooling, the

cylinder formed spontaneously and was then washed with
distilled water to remove excess L-AA. The hydrogel was then
freeze-dried to obtain GA. Finally, it was freeze-dried to form
3D porous NMA/GA.

Cell Preparation. Pure NMA and NMA/GA cathodes
were prepared by the classical slurry preparation method.
Polyvinylidene fluoride binder (10 wt %) in 4 mL of N-methyl-
2- pyrrolidinone solution, 10 wt %. conductive additive, and 80
wt %. active materials were stirred for 2 h to form a
homogeneous slurry. The prepared slurry was uniformly

coated onto the aluminum foil using a doctor blade and
dried overnight at 65 °C for 12 h in a vacuum oven.

Material Characterizations. The characterizations of the
crystalline structures of pure NMA and NMA/GA cathodes
were carried out using the Rigaku DMax 2200 XRD within the
range of 10−80°. FE-SEM (FEI Quanta Q400) and energy-
dispersive X-ray spectroscopy (EDS) were used to investigate
the morphologies and chemical composition of the samples.
TEM images were taken using a Tecnai T20 microscope with a
200 kV electron source. The specific surface area and pore size
distribution were identified by nitrogen adsorption/desorption
measurement. Fourier transform infrared spectra (FTIR) were
recorded on an FTIR spectrometer. The thermal behavior of
the produced composites was evaluated by thermal gravimetric
analysis (TGA) with the Netzsch STA 441 Jupiter in the range
of 30−900 °C at a heating rate of 5 °C min−1 in the air
atmosphere. X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha) was used to identify the chemical
compositions and surface electron structure of the samples.
The specific surface area was calculated by the multipoint
Brunauer−Emmett−Teller (BET) method.

Electrochemical Analysis. Electrochemical performance
tests of pure NMA and NMA/GA cathodes were performed in
a half-cell configuration using a button cell battery (CR2032)
with Li metal as the counter electrode. The test cell was
collected in a glove box under an Ar atmosphere using
polypropylene (pp) as the separator and 1 M LiPF6 as the
electrolyte. The electrochemical performance of NMA and
NMA/GA electrodes was analyzed at room temperature (25
°C) using a computer-controlled battery tester between 2.5
and 4.5 V at C/2 rate.

■ RESULTS AND DISCUSSION
Physical Characterization, Surface Morphology, and

Composition of NMA and NMA/GA Cathodes. According

Figure 3. Synthesis of NMA nanoparticles by the sol−gel method.

Figure 4. Synthesis of the NMA/GA composite. Figure 5. XRD patterns of the NMA and NMA/GA.

Figure 6. FE-SEM images of NMA nanoparticles: (a) 50,000× and
(b) 200,000×.
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to the XRD patterns shown in Figure 5, the NMA peaks are
indexed as layered oxide based on the highly sharp and well-
defined α-NaFeO2-type hexagonal structure (space group R-
3m, JPDS Card No. 070-4312). No impurity could be detected
in the prepared sample. Li sites are partially engaged by Ni ions
that have similar ionic radii (Ni2+ 0.69 Å and Li+ 0.76 Å). The
intensity ratio I(003)/I(104), which is calculated based on the
intensity value that is the area under the corresponding peak,
gives information about the degree of cation mixing of Li+/
Ni2+ (partial Ni2+ ion occupation on Li+ sites) and the measure
of the electrochemical reactivity of the cathode material.48 As
shown in literature publications, the Li+/Ni2+ mixing degree is
defined as “acceptable” when the cation mixture value (003)/
(104) is >1.2. The cation mixing ratio of the produced NMA
nanoparticles was calculated as 1.25.49 The ratio I(003)/I(104) of
the NMA particles produced by the sol−gel method is above
the limit value, expressly showing that there is no cation
mixture in the structure. The lattice parameters of NMA
nanoparticles were calculated, and a = 2.8824 Å and c =
14.2395 Å values were obtained. The ratio of the c parameter
and a parameter (c/a) is defined as lattice distortion, and the
c/a value was found to be 4.94. The peaks (006/012) and

(108/110) in all samples were clearly defined at 2θ = 38 and
65°, respectively, indicating that the NMA nanoparticles had a
layered structure. NMA and NMA/GA hybrid cathode
materials have both high purity and strong layered structure.
The Scherrer equation is used to determine the size of crystal
particles.50

=D
k
coshkl

In the above equation, D is the crystal size, λ is the X-ray
wavelength, k is the shape factor (k = 0.9), β is the full width at
the half maximum of the diffraction width (FWHM), and θ is
the Bragg angle. According to the values calculated from the
Scherrer equation, the average crystallite size is found to be
∼24 nm. In the XRD patterns of the NMA/GA hybrid
cathode, the peak at around 26° is attributed to the (002) of
the GA.51

The FE-SEM images of NMA cathode active materials at
two magnifications (50,000 and 200,000×) are given in Figure
6. The particles are composed of polycrystalline aggregates
with very fine morphology. It is seen that the particles calcined
at 700 °C have a multisurface morphology, and these particles’
diameters are approximately 30−70 nm. With the decreasing
calcination temperature of NMA particles, smaller particles are
formed. It was observed that NMA nanoparticles formed in a
macroporous structure after the calcination process. The
uniform distribution of nanoparticles can increase the cathode
electrolyte contact surface area and facilitate the transfer of Li+
ions and electrons. The homogeneous distribution of NMA
nanoparticles is also confirmed by EDS analysis. As can be seen
from the point mapping analysis in Figure 7, a homogeneous
distribution of Ni, Al, and Mn is observed. As can be seen from
the FESEM image in Figure 8, a 3D graphene aerogel structure
with high macro- and mesopores was obtained. A three-
dimensional porous structure consisting of micron-sized
channels and a cross-linked thin layer of graphene can be
observed, and NMA is adhesively dispersed homogeneously on
the surface of the graphene.

Because of the low ratio of graphene in the GA/NMA
composite structure, the importance of the electrostatic van
der Waals forces between NMA particles and graphene

Figure 7. EDS dot-mapping images and EDS analysis of NMA.

Figure 8. FE-SEM images of the NMA/GA nanocomposite: (a) 5000×, (b) 30,000×, (c) 100,000×, and (d) 200,000×.
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becomes important. Porous and interconnected graphene
networks expand the cathode/electrolyte interfaces while
facilitating lithium ion diffusion during insertion and
deinsertion processes.52 Figure 9 demonstrates the EDS dot-
mapping images of the NMA/GA composite electrodes. The
particles of NMA are homogeneously distributed between the
graphene nanosheets. Ni clusters in Ni-rich layered cathodes
are randomly distributed and tend to form more Ni−Ni bonds
when interacting with the graphene surface.53 The three-
dimensional structure of the GA area allows more Ni clusters
to interact with graphene. The next Ni atom added can bind to
the larger cluster, forming more Ni−Ni bonds.54,55 Thus,
clumps only grow on the side of the plate with minor defects.
This increase in Ni clusters enables Ni clusters to be seen
clearly in the EDS dot-map analysis.

NMA nanoparticles reinforced with transparent graphene
are shown in TEM images in Figure 10a,b. NMA is present in
the further enlarged interior of the structure. Figure 10c shows
the interface of the NMA nanoparticle. The layer thickness of
the NMA particle corresponding to the (003) plane was
measured as about 0.471 nm. According to the selected field
electron diffraction (SAED) model of NMA shown in Figure
10d, the (006) and (003) planes have the same axial direction
but different diffraction rings. The simulation of the geometric
relationship between the crystal planes ((006), (003), (102),
and (104)) of NMA is shown in Figure 10e. Figure 10f,g shows
TEM-EDS dot-mapping and TEM-EDS analyses, respectively.
According to the analysis, Ni, Mn, Al, O, and C elements in the
NMA/GA composite structure were homogeneously distrib-
uted, and the composite was successfully synthesized. In
addition, the GA layers wrapped tightly the NMA particles.

The FTIR spectra of NMA and NMA/GA shown in Figure
11 were used to define the appearance of the major functional
groups in the structure. The band obtained at 540 cm−1

expresses the expansion of Li−O in the LiO6 octahedra,56

whereas the band around 595 cm−1 is attributed to the
asymmetric stretching of the M−O bonds in the MO6
octahedra.57 The peaks at 861 and 1432 cm−1 are an
indication of the presence of the Ni−O bond.58 The band
1070 cm−1 corresponds to the Li−Mn−O.59 The peak at 1485
cm−1 is attributed to the bond energy of Ni�O, which tends
to be close as a result of the homogenization of the valence
electrons.60 All NMA characteristic bands appear weaker in the
structure of the NMA/GA composite. In addition, in the FTIR
spectra of NMA/GA, none of the oxygen-containing functional
groups are visible, indicating that the oxygen-containing
functional groups were almost removed in the reduction
process and GO is completely converted to graphene. The
presence of two peaks at 3010.78 and 2851.64 cm−1 indicates
the sp3 C−H bond, which proves the presence of hydro-
carbons in the structure of the product.61

The thermal behavior of the NMA powders and NMA/GA
composite was also analyzed by TGA in air atmosphere and is
shown in Figure 12a. For pure NMA nanoparticles, the weight
remained unchanged even after heating, whereas for the
NMA/GA composite, the weight decreased continuously up to
500 °C because of carbon decomposition and CO2 release.62

The obtained result indicates that the amount of graphene in
the composite structure for NMA/GA composite is approx-
imately 30.7%. N2 adsorption/desorption analyses were
performed to investigate the porous structural properties of
the samples, and its graph is shown in Figure 12b. The pore
size distribution calculated by the Barrett−Joyner−Halenda
(BJH) desorption cumulative pore size of pure NMA and
NMA/GA samples are given as 0.039 and 0.196 cm3 g−1,
respectively. Also, the BET surface areas were measured as 10.1
and 113 m2 g−1 for NMA and NMA/GA, respectively. These
results show that the NMA/GA composite significantly
increases the surface area thanks to GA. The increased contact
area allows these composites to show good electrochemical

Figure 9. EDS dot-mapping images and EDS analysis of NMA/GA.
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performance even at high current density when used as a
cathode in Li-ion batteries.

To investigate the chemical bond and valence value of
manganese, aluminum, and nickel, XPS analyses of NMA and

Figure 10. (a−c) TEM images; (d) SAED pattern of the NMA/GA nanocomposite; (e) atomic structure schematic of the NMA: Li (white), Ni,
Mn, Al (red), and O (blue); (f) TEM-EDS dot-mapping images; and (g) TEM-EDS analysis of NMA/GA.
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NMA/GA materials are shown in Figure 13. The energy band
values of Li (1s), Al (2p), C (1s), O (1s), Mn (2p), and Ni
(2p) for pure NMA are 54.93, 74.03, 285.0, 531.38, 642.24,
and 855.51 eV, respectively. For the NMA/GA composite
structure, the approximate energy bands corresponding to the
elements Li (1s), Al (2p), C (1s), O (1s), Mn (2p), and Ni
(2p) are 54, 69.08, 285.10, 532.07, 642.52, and 856.37 eV
(Figure 13a). Elemental spectral regions were probed with
higher resolution than probes to distinguish specific oxidation
states. The Li 1s spectrum at 54.5 eV, the peak corresponding
to Li2CO3 or LiOH, almost disappears with graphene
supplementation (Figure 13b).63 The amount of Ni in the
NMA cathode directly affects the Li ion diffusion coefficient.
Li+/Ni2+exchange usually occurs in this system. During the
formation of NMA, unstable Ni3+ ions turn into Ni2+,
hindering the Li diffusion pathways.64 Li diffusion decreases
because of the Li+/Ni2+ cation mixture formed as a result of the
migration of Ni2+ ions in the 3b site to the Li+ in the 3a site.

In addition, Ni2+ ions migrate to the surface of the material
and destabilize the structure, resulting in reduced rate
performance and loss of capacity.65 Therefore, it is important
to understand the relationship between Ni2+ concentration and
Ni3+ concentration to optimize layered NMA materials. Partial
oxidation of Ni2+ over the surfaces gives lower Ni2+/Ni3+ ratios
in NMA/GA than in pure NMA due to the slower
decomposition reaction of graphene in the structure. In the
NMA structure, Ni3+ and free Ni2+ exist together. Ni2+ with a
relatively high ion diameter causes cation mixing at the
cathode. GA, which is a good absorbent, was used to prevent
the free Ni3+ from dissolving from the structure. GA

contributes to the improvement of electrochemical perform-
ance by relatively preventing the migration of Ni2+ from the
structure. During graphene production, the hydrophobic
structure formed as a result of the oxidation of graphite by
OH− ions and partial functionalization with oxygen (C−OH/
C−O/C�O) prevents the contact of Ni-rich oxide structures
with hydrophilic lithium hydroxyls/carbonates.66 In addition,
the electrostatic attraction between Ni2+ and graphene and the
defects in graphene bind with Ni2+ to form a strong graphene/
NiO composite. Thus, the dissolution and migration of Ni2+
are slowed down.67,68 The Ni 2p3/2 peak position is recorded at
855.5 eV, whereas the Ni 2p1/2 peak is at 872.7 eV (Figure
13c). Ni exists as both Ni2+ and Ni3+, whereas Al and Mn
remain as Al3+ and Mn4+, respectively. For the thin spectra of
Mn, there are two peaks corresponding to Mn 2p1/2 and Mn
2p3/2, respectively (Figure 13d).69 In the Al 2p spectrum, it can
be defined as the AlO2 bond at 74 eV (Figure 13e),70 whereas
the other peak can be defined as a 72 eV Co 3p element.71 In
O 1s spectra, a single peak is assigned at 531.2 eV of the
metal−oxygen bond and Li2CO3/LiOH (Figure 13f). As
shown in Figure 13g, the C 1s peak at 284.8 eV belongs to
hydrocarbon (C−H), and the peak at 288.9 eV corresponds to
Li2CO3.

72 They represent the three major peaks centered at
284.87, 286.60, and 288.77 eV assigned to the C−H, C−O,
and C�O of graphene. After the addition of graphene, the
oxygen-containing C−O and C�O peaks were significantly
reduced, indicating that the oxygen-based functional groups
were greatly reduced.

Cyclic Voltammetry Curves of NMA and NMA/GA
Cells. The cyclic voltammogram curves for the pure NMA and
NMA/GA cathodes recorded at a scan rate of 0.1 mV s−1 from
2.5 to 4.5 V for five cycles are displayed in Figure 14. Ni2+/Ni4+
anodic peaks, which occur in NMA and NMA/GA and are
formed as a result of the redox reaction, are observed at
approximately 4.15 and 4.14 V, respectively. The cathodic
peaks are observed at approximately 3.47 and 3.49 V,
respectively, formed by the Ni4+/Ni2+ redox couples. In
addition, the absence of any reduction peak around 3.0 V in
the sample indicates that Mn ions remain stable in the +4
oxidation form in the structure.73,74 Polarization voltages of the
NMA and NMA/GA electrodes were calculated according to
the CV data. Results calculated from CV analysis are presented
in Table 1. According to the data, the NMA electrode has the
largest polarization voltage, whereas the NMA/GA hybrid
electrode has a lower polarization voltage. This means that the
electrode polarization is greatly reduced as a result of the rapid
electron transfer property of the conductive GA. High

Figure 11. FTIR spectra of the NMA and NMA/GA nanocomposite
cathodes.

Figure 12. (a) Thermogravimetric curves and (b) nitrogen adsorption/desorption isotherm curves of NMA and NMA/GA.
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Figure 13. (a) XPS spectra of NMA and NMA/GA. (b−g) High-resolution XPS spectrum of Li 1s, Ni 2p, Mn 2p, O 1s, and C 1s of NMA and
NMA/GA.
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polarization voltage is known to have a detrimental effect as it
reduces battery performance.

Figure 14. Cyclic voltammetry of (a) NMA and (b) NMA/GA cathodes.

Table 1. Peak Parameters Obtained as a Result of CV
Analysis (First Cycle) of NMA and NMA/GA Cathodes

Epa1 (V) Epc1 (V) ΔEp1 (V)

NMA 4.15 3.47 0.68
NMA/GA 4.14 3.49 0.65

Figure 15. (a) Electrochemical impedance spectroscopy curves and (b) diffusion coefficient graphs of pure NMA and NMA/GA. (c) EIS analysis
of the NMA/GA half-cell before a cycle and after 50, 250, and 500 cycles. (d) Graph of the relationship between Zreal vs ω−1/2 of the NMA/GA
half-cell before a cycle and after 50, 250, and 500 cycles.

Table 2. Rs, Rct, and Li+ Diffusion Coefficient (DLi+) for the
NMA and NMA/GA Half-Cell before the Cycle and after
the 50th, 250th, and 500th Cycles

samples RS (Ω) Rct (Ω) σ D (cm2 s−1)

NMA 2.816 146.6 71.72 1.71 × 10−9

NMA/GA precycle 2.717 61.52 17.43 1.27 × 10−8

NMA/GA 50th cycle 4.31 96.40 20.95 1.19 × 10−8

NMA/GA 250th cycle 7.904 196.75 31.89 1.13 × 10−8

NMA/GA 500th cycle 9.36 250.4 41.94 3.39 × 10−9
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Impedance Analysis. To examine in detail the charging/
discharging kinetic effects of GA addition to NMA, EIS
analysis has also been applied and is shown in Figure 15 with

the frequency range of 10−2−106 Hz. The large semicircle
indicates the charge transfer resistance of the cell, whereas the
lower semicircle represents the diffusion of Li-ions to the active

Figure 16. The galvanostatic discharge−charge curves of (a) pure NMA and (b) NMA/GA cathodes, voltage−time curve for the first three cycles
of the (c) pure NMA and (d) NMA/GA cathodes, (e) cyclic performance of pure NMA and NMA/GA, (f) specific discharge capacity−cycle
number of NMA and NMA/GA cathodes at different charge/discharge rates, (g) electrochemical characterization of NMA and NMA/GA at C/20,
and (h) dQ dV−1 curves at the first C/20.
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materials. In addition, the linear line obtained at lower
frequencies is attributed to the Warburg impedance, which
indicates Li-ion movement between the electrodes.

Nyquist plots were fitted in an equivalent circuit inset in
Figure 15a. In the circuit, Rs is related to the ohmic resistance
of the electrolyte, Rint represents the polarization resistance,
and Rct is the charge transfer resistance of the active material
interface.75 The charge transfer resistance of the electrode was
obtained as around 145.6 and 61.52 Ω for pure NMA and
NMA/GA nanocomposites, respectively. The reduction of the
charge transfer resistance could be attributed to GA reinforce-
ments. GA reinforcements significantly improved the electrical
conductivity of the NMA cathode.

The Li-ion diffusion coefficient was calculated from the data
formed in the impedance spectra.

=D R T
A n F C2

2 2

2 4 4 2 2

D is the Li-ion diffusion coefficient, T represents the absolute
temperature, R indicates the molar gas constant, A depicts the
working area of the cathode, n signifies the electron transfer
number, F is the Faraday constant, C (1 M LiPF6) denotes the
molar density of Li-ion in an electrode, and σ is the slope on
the diffusion state of EIS measurement.76,77 The linear
relationship between Z’ and ω−1/2 (angular frequency) is
displayed in Figure 15b. The Warburg constant σ is obtained
from the slope of the simulated curve. The Li-ion diffusion
coefficient values calculated for NMA and NMA/GA electro-
des according to the aforementioned equation are summarized
in Table 2. The results given in Table 2 show that the high
conductivity, large specific area, and porosity of the 3D GA
structure increased the transfer rate of electrons and
accelerated the diffusion of Li+.

The EIS and diffusion coefficient curves of the 50th, 250th,
and 500th cycles of the NMA/GA hybrid composite are shown
in Figure 15c. Warburg coefficients and Li diffusion coefficient
values calculated from the slope of the graph shown in Figure
15d are 1.19 × 10−8, 1.13 × 10−8, and 3.39 × 10−9 cm2 s−1 for
the 50th, 250th, and 500th cycles, respectively. Although the
input and output of Li ions after the cycle decreased the
diffusion coefficient values, they did not undergo a significant
change thanks to the GA unique structure. It confirms that
GAs not only improve the electrical conductivity of the
resulting NMA/GA material but also greatly increase the
electrochemical activity of NMA nanoparticles.

Charge−Discharge Performance of NMA and NMA/
GA Cathodes. In Figure 16, galvanostatic charge/discharge
graphs and differential capacity (dQ/dV) of NMA (Figure
16a) and NMA/GA (Figure 16b) positive electrodes are given.

Figure 16c,d shows the voltage−time curve of the first three
cycles of the NMA and NMA/GA electrodes. The cells were
cycled between 2.5 and 4.5 V at C/2 rate. With an initial
capacity of 174.8 mAh g−1, the NMA exhibits a capacity of
143.58 mAh g−1 after 500 cycles. Moreover, for the NMA/GA
electrode, the initial capacity is 183.8 mAh g−1, which
decreases to about 165.08 mAh g−1 after 500 cycles (Table
3). Because the high electrical conductivity and 3D porous
structure of GA facilitate Li diffusion and relatively prevent the
dissolution of Ni2+, a decrease in peak shift and an increase in
peak intensities were observed with increasing cycle number.
The results show that the pure NMA and NMA/GA samples
have shown a stable cycling performance after 500 cycles even
though the total capacity losses of NMA and NMA/GA are
only 17.86 and 10.18%, respectively (Figure 16e). The
obtained data show that the electrochemical cycling perform-
ance of NMA/GA has been significantly improved. Thanks to
the nanosize of NMA and 3D conductive structure and larger
surface of the GA, it provides more paths for Li+ ion movement
in the electrode/electrolyte interface and reduces polarization.
Figure 16f compares the capacitances for NMA and NMA/GA
cathodes in the 2.5−4.5 V range at different C rates of C/20,
C/10, C/5.1C, 3C, and 5C, respectively. The NMA/GA
positive electrode exhibits a capacity value of 188.5 mAh g−1

when the current ratio is reduced to C/20 after 30 cycles. This
can be attributed to their porous nanostructures, which provide
a larger surface area to store more Li ions, buffer the large
volume change to some extent, and simultaneously reduce the
diffusion length of Li+. The NMA/GA composite with a 3D
porous conductive architecture provides outstanding advan-
tages such as better rate capability over pure NMA at different
ratios. Especially at 3C and 5C, the differences between the
two cathodes are more pronounced. This is due to decreased
polarization and increased Li+ diffusion by GA. The NMA/GA
cathode showed average capacities of 190.2, 186.3, 185.2,
176.2, 161.2, and 142.6 mAh g−1 at current densities of C/20,
C/10, 0.2C, 1C, 3C, and 5C, respectively (Table 4). To better
understand the electrochemical behavior, galvanostatic charge/
discharge analysis results at C/20 rate of NMA and NMA/GA
electrodes are presented in Figure 16g. NMA and NMA/GA
electrodes showed a discharge capacity value of 187.9 and
194.4 mAh g−1, respectively, at the end of the first cycle. The
differential capacity curves dQ/dV obtained from these curves
are shown in Figure 16h. As can be seen from the figure,
because of the high electrical and ionic conductivity of
graphene, the NMA/GA composite showed less polarization
difference and higher electrode reaction reversibility than the
NMA electrode.

Structural Characterization of Postcycle Electrodes.
Aging leads to capacitance and power reduction and electrode
degradation in LIBs. The main cause of degradation is related
to material loss during the insertion/deinsertion of the active
material. Such losses may occur over time or cyclically. A
potential cause of loss of capacity during the electrochemical
cycle is irreversible mechanical failures. Figure 17 shows XRD
patterns of the NMA/GA electrode charged at the 50th, 250th,

Table 3. Galvanostatic Discharge−Charge Values of Pure
NMA and NMA/GA

samples
1st cycle

(mAh g−1)
250th cycle
(mAh g−1)

500th cycle
(mAh g−1)

NMA 174.8 149.8 143.58
NMA/GA 183.8 170.4 165.08

Table 4. Specific Discharge Capacity-Cycle Numbers of NMA and NMA/GA Electrodes at Different Charge/Discharge Rates

samples C/20 (mAh g−1) C/10 (mAh g−1) C/5 (mAh g−1) C (mAh g−1) 3C (mAh g−1) 5C (mAh g−1) C/20 (mAh g−1)

NMA 185.8 179.9 176.8 160.8 142.2 124.2 184.2
NMA/GA 190.2 186.3 185.2 176.2 161.2 142.6 188.5
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and 500th cycles from 2.5 to 4.5 V against Li/Li+. All samples
are indexed to a hexagonal structure of type α-NaFeO2 with
lattice parameters. In the figure, the peaks (006/012) and
(108/110) at 2θ = 38 and 65°, respectively, are clearly defined,
indicating that the NMA particles in all samples have a layered
structure. Also, a relatively broad peak observed in the range of
2θ = 25 to 28° is the characteristic peak of GA. Because the
obtained electrodes were plastered on an aluminum foil, the
44, 65, and 78° peaks seen in all XRD analyses belong to the
aluminum peaks.78 During the charge−discharge process, an
amorphous structure between 20 and 25° emerged in the
structure. XRD measurements show the difference in the
lattice parameters a and c due to the volume change in the unit
cell as the cycle continues. The lattice parameters initially
decrease slightly compared to the precycled cathodes. A

shrinkage in the “a” lattice parameter is also obtained as a
result of the decrease in the bond distances and oxidation
nature of TMs.79

The unit cell expands in the c-direction for the lattice
parameter representing the distance between transition metal
layers when lithium is removed as a result of increased
electrostatic repulsion between oxygen atoms. This clearly
indicates that lattice expansion has occurred in the lattice. The
decrease in peak intensity is associated with lower crystallinity
in the structure. The degree of crystallization was calculated
using Imax and β data (Table 5). Here, Imax represents the
maximum intensity of the peak, and β represents the FWHM
value. Figure 17b shows that as the cell ages (003), the oxide
peak moves to a smaller 2θ; this behavior is consistent with the
broadening of the c-axis parameter resulting from the removal
of Li-ions from the oxide.

To examine the structural behavior during the cycling, the
Raman analysis of the NMA/GA electrode at the precycle and
at the 50th, 250th, and 500th cycles is shown in Figure 18. The
G band at ∼1350 cm−1 and plane of all sp2 carbon atom pairs
are attributed to intracranial stress.80 D bands appearing at
approximately 1620 cm−1 are associated with defect-induced
Raman features. The degree of deformation in the GA is
determined using the band density ratio of ID and IG (ID/IG).
The ID/IG ratio was calculated as 1.16 for the NMA/GA
composite sample, and this calculated value shows that most of
the oxygen-containing functional groups in the graphene oxide
structure were removed from the structure. The ID/IG ratio for
the precycle slurry for the NMA/GA sample was calculated as
1.06. Because the positive electrode contains super P carbons,
this value is lower than expected for the GA-assisted
composite. Then, after the 50th, 250th, and 500th cycles, the
ID/IG ratios were calculated, and these values were given as
1.065, 1.067, and 1.068, respectively. As the number of cycles

Figure 17. (a) XRD analysis of NMA/GA cathodes precycle and at the 50th, 250th, and 500th cycles. (b) Extended views of X-ray diffraction data
[003] of the NMA/GA precycle and NMA/GA at the 50th, 250th, and 500th cycles.

Table 5. The Lattice Parameters of NMA/GA Electrodes Precycle and at the 50th, 250th, and 500th Cycles

2θ d(003) d(110) a c c/a degree of crystallinity

NMA/GA precycle 18.82 4.7114 1.4321 2.8642 14.1342 4.9347 380.2281369
NMA/GA 50th cycle 18.739 4.7316 1.4320 2.864 14.1948 4.9546 362.318840
NMA/GA 250th cycle 18.719 4.7365 1.4280 2.856 14.2095 4.9753 218.4713376
NMA/GA 500th cycle 18.679 4.7464 1.4260 2.852 14.2392 4.989 199.8601399

Figure 18. Raman spectra of the NMA/GA and NMA/GA slurry after
the 50th, 250th, and 500th cycles of NMA/GA cathodes.
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continues, the ID/IG ratio increases as the positive electrode
undergoes structural irregularities.

FE-SEM images of the NMA/GA electrode after the 50th,
250th, and 500th cycles of charge/discharge are given in

Figure 19. FE-SEM images of the NMA/GA nanocomposite cathodes (a) at precycle and after the (b) 50th, (c) 250th, and (d) 500th cycles at
5000× magnification.

Figure 20. FE-SEM images of the NMA/GA nanocomposite cathodes (a) at precycle and after the (b) 50th, (c) 250th, and (d) 500th cycles at
100,000× magnifications.
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Figures 19−21. After the 50th cycle, it was observed that there
was no crack on the electrode surface and the electrode
preserved its structural integrity. After the 250th cycle, there
was no morphology change in the electrode structure, and no
crack formation was observed. At the end of the 500th cycle,

the morphology differences in the electrode structure are not
different, so the structural integrity of the electrode is not
impaired. Moreover, there was no deterioration in the structure
of NMA/GA cathodes, and agglomeration occurred in NMA
particles as the number of cycles increased. In addition, it is

Figure 21. FE-SEM images of the NMA/GA nanocomposite cathodes (a) at precycle and after the (b) 50th, (c) 250th, and (d) 500th cycles at
200,000× magnifications.

Figure 22. FE-SEM images of the section thickness measurements of the electrodes of the NMA/GA sample (a) before the cycle and after the (b)
50th, (c) 250th, and (d) 500th cycles.
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thought that salt residue is formed in the structure as a result of
the electrolyte remaining on the electrodes.

In Figure 22, FE-SEM images of the section thickness
measurements of the NMA/GA sample at precycle and at the
50th, 250th, and 500th cycles are given, and their thicknesses
were measured as 43.36, 49.15, 54.76, and 62.05 μm,
respectively. The reasons for the increase in thickness can be
considered as the c/a change, the fact that all lithium ions do
not return to the main structure during the charge−discharge
process, and the increase in the distance between the graphene
layers.

■ CONCLUSIONS
In this study, LiNi0.8Mn0.15Al0.05, which does not contain cobalt
and has a cheap high Ni ratio, was produced. NMA
nanoparticles were synthesized via the sol−gel method as a
cathode active material. GA was prepared using ascorbic acid
as the reducing agent. Then, synthesized NMA powders were
dispersed with ultrasonication in the GA solution. The
successfully prepared LiNi0.8Mn0.15Al0.05 nanoparticles were
supported by a 3D porous and conductive GA skeletal
network. Thanks to the new composite created, the contact
area between the cathode and the electrolyte has increased and
the conductivity of the material has been improved. According
to XPS analysis, it was observed that the valences of Al3+ and
Mn4+ used did not change and Ni was found as Ni2+ and Ni3+.
As can be concluded from the data, the residual lithium
compound was removed by rinsing the particles after the sol−
gel process. The superior cycle stability of the NMA/GA
cathode remained up to 165.08 mAh g−1 after 500 cycles.
Impedance tests have also proven that GA reinforcement has a
positive effect on the electrochemical properties. The a and c
lattice parameters were calculated after the 50th, 250th, and
500th cycles based on the XRD results, and it was observed
that the c lattice parameter increased during cycling. The
decrease in the a parameter is related to the oxidation of the
transition metals. In general, the structure of the cathode
material with high Ni content did not deteriorate. It was
observed that as the number of cycles applied to the electrodes
increased, the ID/IG ratio of the electrodes increased, and so
the structural defects in the electrode increased.
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