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a b s t r a c t

LiNi0.5Mn1.5O4 with a high-voltage spinel structure is a potential cathode material for high-

energy lithium-ion batteries (LIBs). Y2O3 coated quasi-spheres of LiNi0.5Mn1.5O4 covered in

graphene (LNMO-YO-G) have been synthesized by a microwave-assisted chemical co-

precipitation technique. The coating of quasi-spheres with Y2O3 and subsequent wrap-

ping in graphene nanosheets does not modify the bulk structure and inhibits the pro-

duction of undesirable phases. Thermal analysis indicates that the developed materials

demonstrate good thermal stability. The material exhibits an initial capacity of

133 mAh g�1 at the C/10 rate with a capacity retention of 98% after 100 cycles. Remarkably,

a discharge capacity of 115 mAh g�1 is achieved in LNMO-YO-G at a 10C rate, reflecting its

extraordinary improvement in the rate capability. Furthermore, after 20 cycles at higher

temperature (55 �C), the cathode samples exhibit an excellent capacity of 132 mAh g�1.

Y2O3 coating reduces the leaching of ions from the electrode, but such coatings reduce the

electrical conductivity. Conversely, graphene increases the electrical conductivity, wraps

the active particles along an electrically conductive path, and prevents agglomeration.

Parasitic reactions are inhibited without compromising electrical conductivity due to the

synergistic material design and fast microwave synthesis method. The proposed material

synthesis strategy can be effectively extended to other classes of electrode materials to

improve their cyclic performance.
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1. Introduction

Energy science and storage have been one of the most

extensively investigated areas by the research community.

The energy cache is perhaps the only factor that can constrain

the development of society. The limited supply of fossil fuels

that take millions of years to form is depleting much faster

than the new sources are created or discovered. Society's
sustainability relies on the supply of electricity and the evo-

lution of systems capable of holding clean energy as a primary

and secondary source [1e3].

The electrode materials for secondary batteries must

comply with the strict battery requirements, such as suitable

for intercalation reactions, appropriate electronic and ionic

conduction, presence of intercalation sites in the crystal

structure, good redox potential, thermodynamic stability, low

cost, pronounced safety, and toxicity [4]. The compounds

capable of having the properties mentioned above are classi-

fied as intercalating materials. Intercalating materials are

further classified into three classes, i.e., one-dimensional

(olivine structures)-1D, two-dimensional (layered)-2D, and

three-dimensional (spinel)-3D. The preferential intercalation

sites in these compounds have minimal energy and permit

the free flow of ions through the crystal lattice. The avail-

ability of new sites and mechanisms changes the materials'
power performance, even those previously not considered

commercially viable [5].

LiNi0.5Mn1.5O4 is one of the most promising electrodes for

energy storage devices due to its high energy density, excel-

lent electrochemical performance, and low environmental

impact. However, the capacity fading with the progression of

chargeedischarge cycles, especially at higher temperatures

and voltage ranges, limits the large-scale applications. More-

over, their safety concerns also limit adaption in demanding

applications. The discharge capacity decline in LiNi0.5Mn1.5O4

is linked to the undesirable parasitic reactions and degrada-

tion of the electrode, particularly at higher temperatures. The

Mn3þ ions dissolution caused by the Jahn Teller effect de-

grades electrodes [6]. Moreover, the Mn2þ ions tend to dissolve

into the electrolyte and accumulate further on the anode

surface. Consequently, the accumulation raises the cell

impedance, causing the capacity to decay [7,8]. Over the years,

there have been many reported methods to modify and tune

the intrinsic reaction sites available for intercalation/de-

intercalation in the host structures [9]. The electrode's dura-

bility can be successfully increased at higher voltages by

developing improved electrolytes or coating the bare particles

with protective coatings [10].

Many studies have shown ways to minimize direct contact

with appropriate coatings between the LNMO electrode and

the electrolyte [11e13]. Several research groups have identi-

fied numerous coating materials, including oxides [14e16],

ionic conductors [17,18], polymers [19], and conductive car-

bons [20]. These coatings eliminate secondary reactions be-

tween the electrolyte and the electrode and improve the

electrochemical performance of the cell. Ceramic coatings, for

example, are inexpensive and have shown promising results

in improving the performance of cathode materials under

difficult operational conditions. Ceramic coating reduces the
leaching of ions from the electrode, but such coatings also

reduce the electrical conductivity. Also, the bulk of these

covering materials are electrochemically inactive, resulting in

composite materials with low-rate performance [21]. Smart

strategies may significantly improve electrochemical effi-

ciency without sacrificing capacity [22,23].

Rare-earth element oxides have higher electrochemical

performance and better electrical stability to the host ionic

species, making the movement of electrical and ionic species

more efficient. It is reported that Y2O3 is a viable coating ma-

terial, and LiCo1/3Ni1/3Mn1/3O2 coated with Y2O3 exhibited

excellent electrical efficiency as a cathode [24]. The remark-

able electrochemical properties, stable chemical characteris-

tics, and large specific surface area of graphene and its

compounds have been researched extensively. The synthesis

process has a profound impact onmicrostructures and crystal

structures, which have significant impact on the electro-

chemical performance of cathode materials. Microwave

heating is an effective technique for the preparation of

LiNi0.5Mn1.5O4 and can reduce time and energy costs. The

development of some other cathode materials (LiMn2O4, Li2-
FeSiO4, LiFePO4) using microwave-assisted techniques has

been reported [25e28]. Microwave irradiations play an essen-

tial part in grain growth duringmicrowave-assisted reactions.

During the heat treatment step, where microwave heating is

concurrently applied, microwave irradiation improves crystal

lattice structure and enhances cathode materials' capacity
[29]. It may also be inferred that microwave heating promotes

the development of spinel cathode materials.

In this study, using the established technology of metal

oxide, graphene hybrid coatings, and microwave heating, a

novel strategy is proposed to synthesize yttria (Y2O3) coated

LiNi0.5Mn1.5O4 quasi-spheres covered in graphene. First, mi-

crowaves are used with chemical precipitation to produce the

required cathode material, LiNi0.5Mn1.5O4. Next, the quasi-

spheres of LiNi0.5Mn1.5O4 are coated with yttria (Y2O3) using

the advantageous chemical precipitation method following

their wrapping in graphene. The physicochemical, structural,

and electrochemical properties of pristine LiNi0.5Mn1.5O4

(LNMO-P), Y2O3 coated LiNi0.5Mn1.5O4 (LNMO-YO), and (Y2O3)

coated LiNi0.5Mn1.5O4 quasi-spheres covered in graphenewere

investigated.
2. Experimentation

2.1. Preparation of the spinel LiNi0.5Mn1.5O4

The pristine LiNi0.5Mn1.5O4 (LNMO-P) was synthesized using

the microwave-assisted chemical co-precipitation method.

First, an aqueous solution was prepared by dissolving the

2.775 g manganese sulfate (MnSO4) and 0.8471 g nickel sulfate

(NiSO4) in 100 mL deionized water. Later, the solution

mentioned above was added with an equimolar volume of

sodium carbonate (Na₂CO3) solution. For homogeneity, the

solution was vigorously stirred (1000 rpm) at 80 �C for 12 h, the

pH of the solution was kept at 8 with dropwise addition of

ammonium hydroxide (NH4OH) as a chelating agent. After-

ward, the solution was diluted with 500 mL of D.I water.

Spherical (Ni0.25Mn0.75)CO3 precipitation was obtained by
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vacuum filtration, cleaned several times with the ammonia

solution, and finally washed with water. The obtained

spherical particles were heated in the microwave furnace

(VBCC HYTHERM, VBCC/MF/14/15) at 550 �C for 15 min by

short and repeated irradiation to decompose (Ni0.25Mn0.75)CO3.

For optimal mixing, a stoichiometric amount of lithium car-

bonate (Li2CO3) was added with the produced material and

blended. The precursors were then calcined again with short

recurrent irradiation at 800 �C for 15min. Finally, after cooling

to room temperature, black particles were collected. The

synthesis of LNMO-P is depicted schematically in Fig. S1(a).

2.2. Preparation of yttria (Y2O3) coated LiNi0.5Mn1.5O4

The microwave-assisted chemical precipitation method was

used to synthesize pure LiNi0.5Mn1.5O4 (LNMO-YO). First,

approximately 0.0121 g Y(NO3)3 was dissolved in 100 mL of

deionized water with continuous stirring. Afterward, the

LNMO-P was progressively added to the constantly stirred

Y(NO3)3 aqueous solution at room temperature. The initial pH

value was 7, which changed to 9 with the gradual addition of

the ammonium hydroxide (NH4OH) and ammonium chloride

(NH4Cl) buffer solution. Later on, the suspension was ultra-

sonically dispersed for 2 h. After that, the suspension was

heated at 80 �C to collect LiNi0.5Mn1.5O4 precipitates coated

with Y(OH)3. Finally, heatedwith short, repeated irradiation in

microwave furnace for 15 min at 600 �C to produce Y2O3

coated LiNi0.5Mn1.5O4. The synthesis of LNMO-YO is sche-

matically shown in Fig. S1(b).

2.3. Synthesis of graphene wrapped Y2O3 coated
LiNi0.5Mn1.5O4

LNMO-YO powder was mixed with 2 wt.% aqueous graphene

oxide at room temperature while stirring at a low speed

(200 rpm) to produce graphene-wrapped Y2O3 coated LiNi0.5-
Mn1.5O4. The mixture was then sonicated for 30 min for ho-

mogenization. The suspension was finally filtered and

vacuum dried at 60 �C. The filtrate was then heat-treated in

the tube furnace in the presence of argon at 600 �C to cure the

coatings. The difference in the dimensions of spherical/quasi-

spherical LNMO-YO and graphene nanosheets may not allow

the graphene to cover the whole surface of the quasi-spheres

but likely to wrap them. This treatment led to obtaining

graphene-wrapped Y2O3 coated LiNi0.5Mn1.5O4 preserving the

original spherical LiNi0.5Mn1.5O4 spinel particles. The synthe-

sis of LNMO-YO-G is schematically shown in Fig. S1(c).
3. Characterization

3.1. Physicochemical characterization

The interstitials and crystal structure configuration of syn-

thesized materials have been examined at a 2�/min scan rate

of 0.02 step-size by an X-ray diffractometer (XRD, PANalytical

diffractometer). A field emission scanning electron micro-

scope (FE-SEM, Hitachi S-4800) and high-resolution trans-

mission electronmicroscopy (HR-TEM, JEOL JEM) analyzed the

morphologies and microstructures of the samples. Energy-
dispersive X-ray spectroscopy (EDX) was used to determine

the elemental composition of the developed materials. Ther-

mogravimetric analysis was performed by the TGA analyzer

(Pyris 4000, PerkinElmer-USA) to evaluate the thermal stability

of the developed materials. The TGA profiles were recorded

from 25 �C to 700 �C at a heating rate of 10 �C/min in the

presence of nitrogen. XPS (AXIX Ultra DLD, Kratos, U. K) using

a monochromatic X-Ray Source e Al Ka source was used to

confirm the surface chemical composition. The binding en-

ergy of C 1s (284.6 eV) was applied as a reference. The energy

resolution was 160 eV, and the spatial resolution was 20 eV.

3.2. Electrode fabrication & electrochemical
measurements

Electrochemical experiments were performed utilizing coin-

type cells (CR2032). The cathode for the cells was fabricated

from a slurry containing 80 wt.% active material, 10 wt.%

acetylene black as a conductive agent, and 10 wt.% poly-

vinylidene fluoride (PVDF) dissolved in n-methyl pyrrolidinone

as the binding agent. The slurry was evenly coated on an

aluminum foil and dried in a vacuum oven at 120 �C for 12 h.

Then, a circular electrode (10 cm in diameter) was punched

from the coated foil. The cell assembly was carried out in an

argon-filled glove box (H2O and O2 content lower than 0.1 ppm)

using an ionic separator (Celgard 2325) soaked with 130 mL of

the electrolyte solution (1 M LiPF6 in ethyl carbonate (E.C.)/

dimethyl carbonate (DMC), 1:1 v/v). The cells were cycled be-

tween 3.5 and 4.9 V using WonAtech (WBCS 3000L) battery

cycler to study the electrochemical performance. Measure-

ments of the galvanostatic intermittent titration technique

(GITT) were recorded at a rate of C/10 using a galvanostatic

stage of 10min and a relaxation time of 1 h. Cyclic voltammetry

(CV) was performed using the electrochemical workstation

(VSP, BioLogic France) at scanning speeds of 0.05 mV/s. Mea-

surements of electrochemical impedance spectroscopy (EIS)

were also obtained on (VSP, BioLogic France) with a 10 mV si-

nusoidal signal over frequency ranges from 100 kHz to 0.1 Hz.

All EIS measurements were performed on samples that had

been discharged prior to recording the impedance spectra.
4. Results and discussion

The XRD spectra of the three samples, LNMO-P, LNMO-YO,

and LNMO-YO-G, are illustrated in Fig. 1(a). All spectra show

the characteristic peak of the LNMO-P structure (JPCD: 01-080-

2162). The distinct and sharp peaks confirm that samples are

highly pure and crystalline. All Bragg peaks can be indexed to

the spinel cubic Fd3m space group, in which the tetrahedral

(8a) sites are inhibited by lithium ions and the transitionmetal

ions (Mn and Ni) stay statistically in the octahedral (16d) sites

[24], except for a small diffraction peak at 26.2� (Fig. 1(b)). The
small diffraction peak at 26.2� associated with carbon con-

firms the existence of graphene nanosheets. This implies that

graphene oxide nanosheets are reduced to graphene nano-

sheets, packed together, and laminated on the particles before

being partially recovered to the ordered form. However, the

absence of the Y2O3 peak in the XRD spectra can be ascribed to

its low content (1%). The lattice constants of the prepared

https://doi.org/10.1016/j.jmrt.2021.07.038
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Fig. 1 e (a) XRD spectra of developedmaterials; LNMO-P, LNMO-YO, and LNMO-YO-G, (b) crystal structure of LiNi0.5Mn1.5O4 in

space group Fd3m in which lithium ions occupy the tetrahedral sites 8a, and the transition metal ions (Mn and Ni) reside at

the octahedral sites 16d.

Table 1 e Lattice parameters for LNMO-P, LNMO-YO, and
LNMO-YO-G.

Sample Lattice constant (�A) Volume (�A3)

LNMO-YO-G 8.16 543.338

LNMO-YO 8.18 547.343

LNMO-P 8.21 553.387
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materials are shown in Table 1. The value of the lattice con-

stant suggests that Y2O3 coating and subsequent graphene

wrapping of LNMO-P did not penetrate the spinel system but

are merely mounted on the particle surface, indicated by a

small change in the lattice constant. It also suggests that the

designed and optimized heat treatment would not modify the

parent spinel structure of LNMO-P.

X-ray Photoelectron Spectroscopy (XPS) was carried out to

analyze the surface chemistry, particularly Y2O3 coating and

the oxidation states of transition metals present in the syn-

thesized materials. The XPS spectra of Ni-2p, Mn-2p, and Y-3d

of LNMO-P, LNMO-YO, and LNMO-YO-G powders are shown in

Fig. 2. The XPS spectra were fitted using XPS-PeaksFit software

to evaluate the transition metals' oxidation state. The high-

resolution XPS spectra for yttrium (Y) suggests the absence of

Y2O3 coating on LNMO-P,while it confirms yttrium (Y) presence

in LNMO-YO and LNMO-YO-G, signals of binding energy from

the Y-3d3/2 (Y2O3, 157.45 eV) and Y-3d5/2 (Y2O3, 155.52 eV). Two

peaks of Ni-2p1/2 at 872.77 ± 0.20 eV and Ni-2p3/2 at

854.82 ± 0.10 eV are displayed by all powder samples. For all the

samples, the Ni-2p spectrum displays signals of Ni-2p3/2 with

binding energies of 854.0 eV, referring to the Ni2þ oxidation
state [30]. The binding energy of Ni-2p3/2 is 855.4 eV, and the

satellite peak is 861 eV, both of which are typical of Ni2þ [31]. It

should be noted that the binding energy of the MnLVV Auger

transitionwith Alk excitation is quite near to the peak of Ni2p3/

2; the mentioned peak is deconvoluted to Ni2p3/2 peak with the

satellite [32]. For manganese (Mn), two signals that can be

ascribed toMn-2p are seen in the range,Mn-2p3/2 at 641e642 eV

and Mn-2p1/2 at 652e654 eV. The Mn-2p3/2 signals are used for

the assessment of the surface oxidation state of Mn. The Mn-

2p3/2 signal with a binding energy of 642.5 eV corresponds to

Mn4þ, and the other signal with a binding energy of 641.6 eV

corresponds toMn3þ. The sample of LNMO-P showsMn-2p3/2 at

641.6 eV, suggesting that themajor oxidation state of Mn ions is

https://doi.org/10.1016/j.jmrt.2021.07.038
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Fig. 2 e High-resolution XPS spectra of LNMO-P, LNMO-YO, and LNMO-YO-G samples.
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Mn3þ, but the peak separation of Mn-2p3/2 peak achieves a

modest contribution of Mn4þ, it can be assumed that due to

higher intensity of Mn3þ, LNMO-P sample will suffer from Jahn

Teller Distortion [33]. However, LNMO-YO and LNMO-YO-G

samples display peaks of Mn-2p1/2 at 654.42 ± 0.28 eV and

Mn-2p3/2 at 642.66 ± 0.10 eV, which are compatible with the

existence of Mn4þ. It can be assumed that the presence of Y2O3

and graphene in the structure of LNMO-P suppress the exis-

tence of Mn3þ and promote the stability of Mn4þ. These results

agree with the previous studies [34] and electrochemical char-

acterization data of Fig. 6(a).

Thermal gravimetric analysis was used to evaluate the

preparedmaterials' thermal stability and estimate the amount

of carbon. The sample weight shift was tracked as a function

of temperature, which produced a difference in graphene

concentration. As seen in Fig. S2, LNMO-P and LNMO-YO

samples do not display any detectable weight loss during

the entire heating range. However, the LNMO-YO-G sample

shows someweight loss when heated from room temperature

(25 �C) to 700 �C. The TGA plot of the LNMO-YO-G sample re-

veals two weight reduction areas. Till 150 �C, the first weight

loss area is the moisture loss relating to the water's evapora-

tion in the powder sample. The second weight-loss area ex-

tends to 700 �C, which illustrates carbon degradation. The

maximum weight loss is only 3% in the entire heating range.

The overall calculated carbon loss for the LNMO-YO-G sample

in the studied temperature range is 2.0%. Moreover, all three

developed materials (LNMO-P, LNMO-YO, and LNMO-YO-G)

demonstrate good thermal stability till 700 �C.
The FE-SEM images of LNMO-P, LNMO-YO, and LNMO-YO-

G are presented in Fig. 3. The LNMO-P retains the inherent

spherical morphology, even after high-temperature micro-

wave calcination.

The LNMO-P sample is made up of quasi-spheres, having a

size of 2e5 mmdiameter. However, several minor holes on the

LNMO-P particles' surface can be found, possibly triggered by

CO2 escape during the calcination process. In comparison, the

FE-SEM images of LNMO-P and LNMO-YO do not differ

considerably, as the coating thickness is in the nanometric

range (Fig. 3(a and b)). For the LNMO-YO-G sample, the surface

of LNMO-YO coated particles is partially enveloped by gra-

phene; its wrinkled layer bears the morphology of nanosheets

(Fig. 3(c)).

EDX analysis of the LNMO-YO-G sample is shown in

Fig. 4(a), which confirms the presence of elements consti-

tuting the developed materials. Furthermore, the elemental

mapping of the sample (Fig. 4(b)) explicitly shows that “C” and

“Y” have the same distribution as the Ni, Mn, and O.

Further, it also suggests that LNMO-P spherical particles

are covered uniformly with Y2O3. The EDX analysis indicates

that LNMO-P particles have been successfully coated with

Y2O3 and wrapped with graphene nanosheets. The uniform

Y2O3 nano-coating is expected to avoid unnecessary interac-

tion between the electrolyte and the electrode interface, thus

may increase the cycling performance. In addition, the

nanoscale coating would not obstruct the internal pathways

so that the performance is not hindered. The LNMO-YO-G

microspheres consist of internal radial channels and provide

https://doi.org/10.1016/j.jmrt.2021.07.038
https://doi.org/10.1016/j.jmrt.2021.07.038


Fig. 4 e (a) EDX analysis of LNMO-YO-G sample, (b) E

Fig. 3 e FE-SEMmicrographs of the preparedmaterials; (a)

PristineLiMn1.5Ni0.5O4particles (b)YttriacoatedLiMn1.5Ni0.5O4

particles (c) Yttria coated LiMn1.5Ni0.5O4 particles partially

wrapped by graphene sheets, marked by arrows.
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a controlled electrolyte wettability, improved electronic con-

ductivity, and protection from ionic leaching.

High-resolution transmission electron microscopy (HR-

TEM) has been carried out to validate the existence of the Y2O3

coatings and graphene nanosheets on the surface of LNMO-P

particles. Fig. 5(a) shows HR-TEM micrographs, lattice fringes

(d ¼ 0.476 nm) with corresponding SAED patterns of the

LNMO-YO-G sample. The LNMO-P sample particles show a

smooth appearance (Fig. S3), but the gritty nature of the

LNMO-YO and LNMO-YO-G may be due to a nanofilm that

could be Y2O3 and multilayer graphene. On the outer surface

of LNMO-YO & LNMO-YO-G, it is evident that the nano-Y2O3

coating has a thickness of around 6e8 nm. Thus, the Y2O3

coatings will avoid the direct interaction between the active

material and the electrolyte, thereby reducing the undesired

reactions with the electrolyte. The existence of graphene im-

proves the electrical conductivity of the spinel LiMn1.5Ni0.5O4,

enhancing electrochemical performance. In general, the in-

crease in the thickness of the Y2O3 coating is followed by a

sharp increase in contact resistance and load transfer resis-

tance, especially when the coating is thicker than 10 nm [35].

In the present study, the Y2O3 coating thickness is 5e8 nm,

ensuring the successful circumvention of polarization and

power depletion.

The SAED pattern (Fig. 5(b)) of one independent LNMO-YO-

G particle shows its unique nature; higher crystallinity results

in a decreased energy barrier for Liþ ions insertion, enabling a

more comfortable and faster diffusion of the Liþ ions. It can be

further noticed that the divide between lattice fringes is

0.478 nm, which corresponds to the LNMO-P (111) plane's
interplanar division in conjunction with the XRD data. Thus,

based on EDX analysis and SAED patterns, it can be concluded
DX elemental mapping of LNMO-YO-G particles.

https://doi.org/10.1016/j.jmrt.2021.07.038
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Fig. 5 e (a) HR-TEM micrographs of graphene wrapped particles of LNMO-YO-G sample (b) lattice fringes (d ¼ 0.476 nm) with

corresponding SAED patterns of LNMO-YO-G sample.
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that high-phase purity materials are prepared through

microwave-assisted chemical co-precipitation technique.

Fig. S4 illustrates the protective mechanism of protective

coatings schematically. The coatings protect the particles

from ionic leaching (Jahn-Teller effect) and unwanted re-

actions with the electrolyte. The coated surface on the right is

protected from unwanted parasitic reactions at the electrode/

electrolyte interface. In contrast, the uncoated surface suffers
Fig. 6 e (a) Rate capability of LNMO-P, LNMO-YO, and LNMO-YO

different C-rates of (b) LNMO-P (c) LNMO-YO (d) LNMO-YO-G.
from degradation of the electrode due to ionic leaching and

other unwanted chemical reactions.

Fig. 6(a) shows the rate capability of LNMO-P, LMO-YO, and

LNMO-YO-G sample cells. To examine the performance of

increasing the current rate, the cells were charged and dis-

charged from 0.1C to 10C between 3.5 V and 4.9 V. Different

capacities are obtained, which can be attributed to the various

current rate applied and the governing electrochemical
-G at 25 �C, Galvanostatic charge/discharge curves at
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processes contributing to deteriorating the efficiency of the

cells. The discharge capacity of the LNMO-P cell is drastically

decreased from 139 mAh g�1 at 0.5C to 99.8 mAh g�1 at 5C and

55.3 mAh g�1 at 10C rate (Fig. 6(b)). However, the LNMO-YO

and LNMO-YO-G cells offer higher discharge capacities of

120 mAh g�1 and 126 mAh g�1, respectively, at 5C. More

importantly, a remarkable improvement in the discharge

behavior of LNMO-YO and LNMO-YO-G cells is noticed at 10 C,

exhibiting discharge capacities of 102 mAh g�1 and

115 mAh g�1, respectively (Fig. 6(c and d)). The rate capacity

results suggest that the electrochemical performance of

cathode materials at higher C-rates can be restricted by

resisting the charge transfer at the electrode/electrolyte

interface or lithium-ion mobility [35].

The findings indicate that the increased discharge capacity

of LNMO-YO and LNMO-YO-G may be due to the Y2O3 coating

and wrapping of LNMO-YO particles in graphene nanosheets.

This can be attributed to the direct effect of graphene to boost

electronic conductivity and reduce the diffusion path of

lithium ions [36]. Furthermore, the LNMO-YO and LNMO-YO-G

sample cells display excellent discharge stability and no

evident deterioration at each current input (C-rate) level

compared to the LNMO-P. Therefore, it can be concluded that

Y2O3 coating and wrapping of LNMO-YO particles in graphene

nanosheets have effectively improved the cycling efficiency of

LNMO-P at all C-rates, especially at the high C-rates.

Fig. 7 demonstrates the constant current charge/discharge

behavior of the LNMO-P, LNMO-YO, and LNMO-YO-G cells

operated between 3.5 V and 4.9 V at 0.1C. As the cycles prog-

ress, the lithium intercalation can be traced to the two-stage

extraction process; the charging plateau moves upwards to

higher potential due to the polarization of the cathode, while

the discharge plateau drops down to lower potential. The
Fig. 7 e (a) Cyclability of LNMO-P, LNMO-YO, and LNMO-YO-G,

LNMO-YO, and (d) LNMO-YO-G.
redox processes resulted in one plateau at ~4.0 V corre-

sponding to the Mn3þ/Mn4þ pair and the other dominant at

~4.7 V resulting from a redox pair Ni2þ/Ni4þ. Initially, the

LNMO-P cell (Fig. 7(a)) shows a higher discharge capacity than

LNMO-YO and LNMO-YO-G cells.

Although it has a high discharge capacity of 139mAh g�1 at

first discharge possessing well-defined plateaus, it loses its

discharge capacity to 114 mAh g�1 at 0.1C after 100 cycles. It is

reported that capacity in the first cycle is generally overlooked

since permanent power loss occurs at many separate posi-

tions during this phase. The most significant factor for this

cause is forming a solid electrolyte interface (SEI) layer, the

cathode/electrolyte interface [37]. As a result, the LNMO-YO-G

cell has a discharge capacity of 131 mAh g�1 after 100 cycles,

whereas the LNMO-YO and LNMO-P have 124 mAh g�1 and

114 mAh g�1 respectively, after 100 cycles. Additionally, the

LNMO-YO-G cell also demonstrates an improved discharge

capacity retention of 98.6% compared to LNMO-YO (96.7%) and

LNMO-P (81%) after 100 cycles, again confirming the useful-

ness of Y2O3 coating and graphene wrapping constituting the

novel structure of the LNMO-YO-G sample.

The electrochemical activity of the redox pairs was esti-

mated using cyclic voltammetry (CV). Fig. 8(a) compares the CV

curves of LNMO-P, LNMO-YO, and LNMO-YO-G. The dominant

peaks at 4.7 V are due to the redox pair of Ni2þ/Ni4þ, and other

peaks 4.0 V canbe attributed to the redoxpair ofMn3þ/Mn4þ. By
comparing the peak area at 4.0 V, the peak intensity of Mn3þ/
Mn4þ redox couple in LNMO-P is greater than that of LNMO-YO

and LNMO-YO-G, corresponding with the initial discharge po-

tential. In contrast to LNMO-P and LNMO-Y, the Ni2þ/Ni4þ

redox couple is more prominent for the LNMO-YO-G, and an

opposite trend is noticed in the case for Mn3þ/Mn4þ redox

couple. These findings suggest a higher Mn3þ contribution in
galvanostatic charge/discharge behavior, (b) LNMO-P, (c)
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Fig. 8 e (a) Comparison of cyclic voltammetry (CV) of LNMO-P, LNMO-YO, and LNMO-YO-G scanned at 0.05 mV/s, (b) GITT

curves of LNMO-P, LNMO-YO, and LNMO-YO-G sample cells measured at the C/10 rate between 3.5 V and 4.9 V.
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LNMO-P, which is consistent with XPS results. Furthermore,

the peak-to-peak differentiation is more significant for the

LNMO-YO-G cell, which implies that LNMO-YO-G shows better

electrochemistry and quicker intercalation kinetics.

Galvanostatic Intermittent Titration (GITT) measurements

were carried out to get an insight into the electrochemical

behavior of developed cathode materials. The cells were

charged/discharged in steps disrupted by rest periods to pro-

vide ample time for possible equilibrium [38,39]. As illustrated

in Fig. 8(b), measurements were recorded at C/10 to obtain the

quasi-equilibrium profile for the reaction kinetics. The com-

parison of GITT curves of LNMO-P, LNMO-YO, and LNMO-YO-

G samples indicate a smoother intercalation/de-intercalation

of lithium due to the negligible over potential or polarization

in the voltage window of Ni2þ/Ni4þ redox couple.

Lithium-ions in the LNMO-P spinel exist in 8a sites and

move in 8a-16c diffusion tracks across the empty octahedral
of 16c sites. An increase in the applied voltage has resulted in

slower lithium diffusion due to the large polarization in

LNMO-P, ascribed to Ni2þ/3þ and Ni3þ/4þ redox couples.

However, the Ni2þ/3þ and Ni3þ/4þ redox pairs lead to smoother

OCV profiles in LNMO-Y and LNMO-G-Y. Compared to the

pure LNMO-P, the brief relaxation spikes observed for the

LNMO-YO and LNMO-YO-G showing rapid reaction kinetics

with a limited polarization and fast equilibration. Until

lithium is 70% extracted, the smoother intercalation/de-

intercalation of lithium in the LNMO-YO and LNMO-YO-G

shows more electrochemical activity in these cathode mate-

rials. During the charging, the relaxation spikes are lower,

suggesting that the oxidation phase is outperforming. The

oxidation peak areas are comparatively more significant than

those of the reduction peak areas and are supported by the

asymmetry of the oxidation and reduction as shown in CV

curves.
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Fig. 9 e The Nyquist plot of LNMO-P, LNMO-YO, and LNMO-YO-G samples obtained after 50 cycles under constant current

chargeedischarge between 3.4 V and 4.9 V at C/10 rate at 25 �C.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 4 : 1 3 7 7e1 3 8 91386
Electrochemical impedance spectroscopic analysis of the

preparedmaterials after the 2nd and 50th cycles is reported to

understand better the beneficial impact of Y2O3 coating and

the graphene nanosheets wrapping around LNMO-P particles.

The Nyquist plot of LNMO-P, LNMO-YO, and LNMO-YO-G

samples obtained after fitting with the corresponding circuit

are shown in Fig. 9.
Fig. 10 e Constant current cycling at 0.1C and elevat
The Nyquist plots comprise three significant areas. Usu-

ally, a half-circle of the impedance spectra in the high-

frequency range is due to the development of the formation

of the solid electrolyte interphase or interfacial resistance

(RSEI); the low-frequency semicircle is due to an impedance of

the charge transfer (C.T) from the electrode to electrolyte

interface (RCT) [40,41]. Finally, in the low-frequency region, the
ed temperature (55 �C) (a) 1st cycle (b) 20th cycle.
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oblique line represents the Warburg impedance (Wo), which

relates to the diffusion of Liþ in the bulk of the electrode [42].

The LNMO-P cell has the lowest initial resistance due to the

high content of Mn3þ, as illustrated by XPS analysis. However,

with increasing the number of cycles, the impedance of the

LNMO-P cell significantly rises (RSEI ¼ 131 U). An increase in

the impedance value suggests the decrease in the electro-

chemical stability of LNMO-P, which can be attributed to the

parasitic reactions between the LNMO-P particles and the

liquid electrolyte. The interaction of LNMO-P particles with

the electrolyte leads to the continuous development of the

undesired SEI layer that is immune to ionic conduction and

thus results in degradation of intercalation kinetics [43].

Conversely, after the 50th cycle, the shift in impedance for

the LNMO-YO (RSEI ¼ 39 U) and LNMO-YO-G (RSEI ¼ 27 U) is

remarkably lower than that of the pristine LNMO (RSEI-

¼ 131 U), indicating that the Y2O3 coating and graphene

nanosheets wrapping of LNMO-P has circumvented the

parasitic reactions between the electrolyte and active elec-

trode material, suggesting the beneficial role of novel struc-

ture. Consequently, the formation of an unfavorable SEI layer

is retarded, and the kinetics of charge transfer has not dete-

riorated, leading to a significant increase in the battery's
electrochemical efficiency. These results are also consistent

with previous studies [44e46].

The cyclability and high-temperature galvanostatic

charge/discharge behavior of LNMO-P, LNMO-YO, and LNMO-

YO-G samples were studied at 55 �C, as shown in Fig. 10. The

discharge capacity of pristine LNMO-P degrades over 20 cycles

from 133 mAh g�1 to 108 mAh g�1 indicating capacity reten-

tion of 81%. In comparison, the discharge capacity of the

LNMO-YO declines from 126 mAh g�1 to 122 mAh g�1 after 20

cycles showing capacity retention of 96% retention. Remark-

ably, the discharge capacity of the LNMO-YO-G declines from

134 mAh g�1 to 132 mAh g�1 after 20 cycles showing capacity

retention of 98% retention. Well-defined redox plateau with a

significant separation compared to others (observed in LNMO-

YO-G) may be attributable to the excellent dispersion of gra-

phene nanosheets and suitable establishment of pathways to

allow more comfortable transport of electrons.

Moreover, a comparison of discharge profiles at 55 �C of

LNMO-P, LNMO-YO, and LNMO-YO-G clearly shows the

enhancement of high-temperature performance of LNMO-P by

Y2O3 coatings and graphene nanosheets wrapping, revealing

their suitability under harsh conditions. The capacity fading of

LNMO-P can be attributed partly to the loss of transition ele-

ments at elevated temperatures (55 �C), as the length of the

voltage plateaus decreases continually [47]. This is consistent

with the generally witnessed dissolution of manganese and

subsequent structural deterioration of the active material [48],

as illustrated earlier in Fig. 7. The decreased dissolution of

transition metals due to Y2O3 coating and wrapping of gra-

phene nanosheets has ensured the improved electrochemical

performance of LNMO. It is, therefore, confirmed that the

presence of Y2O3 coating and graphene wrapping serves as a

defensive layer against parasitic reactions. The significant

improvement in electrochemical performance indicates that

the proposed synthesis strategy is an effective way of

increasing the electrochemical performance of LiNi0.5Mn1.5O4.
5. Conclusion

Using microwave-assisted chemical co-precipitation, quasi

spheres of pristine LiMn1.5Ni0.5O4 (LNMO-P), Y2O3 coated

LiMn1.5Ni0.5O4 (LNMO-YO), and Y2O3 coated LiMn1.5Ni0.5O4

wrapped in graphene nanosheets (LNMO-YO-G) was synthe-

sized. The presence of Y2O3 coating and the wrapping of gra-

phene nanosheets significantly influence the electrochemical

performance of LNMO-P. The designed cathode material ar-

chitecture has resulted in remarkable cycling efficiency, ca-

pacity retention, and rate capability. After 100 cycles between

3.5 V and 4.9 V, the Y2O3 coated LiMn1.5Ni0.5O4 wrapped in

graphene nanosheets has themaximum discharge capacity of

131 mAh g�1 at 0.1 C, capacity retention of 98.4% after 100

cycles, but discharge capacity of pure LiMn1.5Ni0.5O4 is only

114 mAh g�1 with 82.3% efficiency. This improvement elec-

trochemical performance is due to (i) circumvention of the

parasitic reactions between the electrolyte and active elec-

trode material due to Y2O3 coating and graphene nanosheets

wrapping of LNMO-P, (ii) retardation of the formation of an

unfavorable SEI layer, (iii) prevention of Mn3þ dissolution due

to the Jahn Teller effect, and (iv) improvement in the kinetics

of charge transfer. Besides, even at higher discharge rates of

5 C and 10 C, the LNMO-YO-G delivered a significantly higher

discharge capacity of 125 mAh g�1 and 117 mAh g�1. The

discharge capacity of pristine LNMO-P degrades over 20 cycles

from 133 mAh g�1 to 108 mAh g�1 indicating capacity reten-

tion of 81%. In comparison, the discharge capacity of the

LNMO-YO-G declines from 134 mAh g�1 to 132 mAh g�1 after

20 cycles showing capacity retention of 98% retention. The

comparison of discharge profiles at 55 �C clearly shows the

enhancement of high-temperature performance of LNMO-P

by Y2O3 coatings and graphene nanosheets wrapping. The

proposed material architecture suppresses the parasitic re-

actions and thus improves the cyclic stability of the cathode.

The Y2O3 coating and then wrapping graphene over the quasi-

spherical surface of LiMn1.5Ni0.5O4 is an efficient approach to

increase both the cycle stability and rate performance of

LiMn2O4. The reported material development concept can be

effectively extended to other families of cathode materials.
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