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Abstract Glycine nitrate combustion technique was investi-
gated for synthesizing Li(Ni;;3sMn;3Co,5., Na,)O,, x = 0—
0.11 based transition metal oxide cathode materials for the
rechargeable Li-ion battery (LIB) under this study. X-ray dif-
fraction and scanning electron microscopy analysis showed
that the synthesized powder samples were well crystalline
rather spherical secondary particles. These secondary particles
were composed of softly agglomerated nano-scale primary
particles. The room temperature electrical conductivity of
these Na-doped materials was significantly higher than that
of the base material (2.60 x 10”7 S/cm). Among them, the
x = 0.04 material reported the highest electrical conductivity
of 1.02 x 107 S cm™'. The half-cell assembled with cathode
fabricated from Li(Ni;sMn;3Co;/;3)O, base material showed
an initial discharge capacity of 187 mA h™' g~! with
25mAh™! g ! irreversible capacity loss and 88.47% columbic
efficiency at C/5 rate with a cut-off voltage of 2.5-4.6 V at
25 °C. The electrochemical behavior of the x = 0.04 cathode
showed a comparable initial discharge capacity as of the base
material but with improved capacity retention.
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Introduction
General background

Rechargeable lithium-ion batteries (LIB) have now emerged
as the preferred power sources for portable electronic devices
and specially for electric vehicles, mainly because of their
high volumetric and gravimetric energy densities. A majority
of commercially available lithium ion batteries uses lithiated
transition metal oxide such as LiCoO,, LiFePO4, and
LiMn,0,4 as the cathode material. Recently, the layered
Li(Ni;;3Mn;/;3Co0;,3)O, has been investigated extensively as
an alternative cathode material because of its favorable fea-
tures such as high capacity, structural stability, thermal stabil-
ity, low cost, and safety [1, 2]. This material with a theoretical
capacity of 278 mAh g~ ' has been shown to deliver
150 h™' g! cycled between 2.5 and 4.2 V and close to
200 mA h ' g ! when charged to 4.6 V [1-5]. Tetravalent
Mn in Li(Ni;s3Mn;3Co,3)0, is electrochemically inactive
and plays an important role of supporting the host structure
during Li* de-intercalation resulting structural stability [2].
Time-resolved X-ray diffraction in a wide temperature range
from 25 to 600 °C implies that the initial layer structure chang-
es first to a LiM,Oy type spinel in a temperature range from
236 to 350 °C, and then to M304-type spinel from 350 to
441 °C, and remains this structure up to 600 °C [1, 6].
However, high irreversible capacity during the first cycle
and poor long-term cycling behavior are some disadvantages
of Li(Ni;3Mn;3Co1.3)0; [3-5].

Recent studies show an improvement in rate capabilities in
nanostructured Li(Ni;sMn;;3Co;/3)O, electrode materials [7,
8]. This was attributed to increased electrochemically active
surface due to the combined effect of smaller particle size and
higher internal porosity [6]. However, nanosized particles can
be harmful for battery applications because of their high
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reactivity with the electrolyte [4]. Therefore, sub-micron size
Li(Ni; 3Mn;3Co4/3)0O; particles with primary nano-scale par-
ticles can be desirable as they can be more chemically stable
than the nano-size particles and possess a greater rate capabil-
ity than the micron size particles due to its high active surface
area compared to volume [8].

Substitution of Na for Li in three component layered tran-
sition metal oxides of Ni, Mn, and Co (NMC) has been iden-
tified as an effective method to improve the electrochemical
performance recently [3, 9]. The ionic radii of Na* (1.02 A) is
considerably larger than that of Li* (0.76 A), which may in-
crease the interlayer space and make the intercalation and de-
intercalation of lithium faster. Moreover, it is expected that
doping of Na into the NMC oxides may activate the reduction
process of Mn** to Mn*? after initial charge providing addi-
tional vacancies for Li insertion with higher discharge capac-
ity [9]. For example, Na-doped
Lig.9s5Nag ¢5sNi; 3Co13Mn; 50, was synthesized by hydroxide
co-precipitation. This electrode material shows higher initial
discharge capacity under current density of 27 mA g !
(250.5 mA h™"' g") and better electrochemical performance
than Li(Ni; sMn;5Co0,3)0, (1554 mA h™ gfl) in the poten-
tial range of 2.0-4.5 V [3]. Na-substituted Li;_,
Na,(Ni; 3Mn; 3Co;/;3)O, material synthesized by molten salts
method showed initial discharge capacity of 175.8 mAh™' g’
forx=0.00,174.0mAh ' g ' forx=0.001,1709mAh ' g’
for x = 0.01, 172.7 mA h™' g ' for x = 0.03 and
166.5 mA h™' g ' for x = 0.05 between 2.7 and 4.4 V under
current density of 16 mA g ' [10]. Na-substituted Li;_,
Na,(Nij3Mn;,3Co,3)0, materials also showed improved rate
capability and cycling performances compared to pure
Li(Ni;,3Mn;/3C0;,3)O;, [10]. Study based on Li; 5.
«Na,(Nig 13Co; 3Mng 54)0, material synthesized by simple
polymer-pyrolysis method delivers higher discharge capacity
(307 mA h™' g "), improved rate capability (139 mAh™' g
at 8C, and cycling stability (89% capacity retention after
100 cycles) than Li; ,(Ni0 ;3Co; 3Mng 54)O, electrode within
a voltage range of 2.0-4.8 V vs. Li*/Li [11]. However, the
effect of Na addition to Li(Ni;3sMn;;3Co;,3)O, has not ade-
quately been investigated.

Material synthesis by the glycine nitrate combustion
technique

The synthesize route employed will deeply affect the mor-
phology and particle size, which govern the electrochemical
performance of the cathode material [7, 12]. Traditionally, the
cathode active materials are prepared by solid state methods
and wet chemical routes [8, 13—15]. Furthermore, combustion
methods have also been successfully used to synthesize cath-
ode materials. Among the combustion synthesis methods, gly-
cine nitrate combustion (GNC) is a self-sustaining combustion
process which uses a metal nitrate as the oxidizer and glycine
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as the fuel [15-18]. Further, glycine, is known as a
complexing agent for a number of metal ions [17]. In this
GNC synthesis process, the vigorous gas evolution from the
combustion reaction often produces highly open, nanostruc-
tured powders. Wet chemical routes such as hydroxide co-
precipitation and molten salts method were employed to syn-
thesize Na-substituted Li;_Na(Ni;;3Mn;;3Co;,3)O, materials
[3, 9—11]. However, GNC synthesis process was not used to
synthesize Na-substituted Li(Ni;3sMn;,3Co;,3)O,. Hence, this
study was devoted to explore the Na-doped
Li(Ni; sMn; 3Co;/3)O, base material system by investigating
novel Li(Ni;;3Mn;5Co;;3..Na,)O,, x = 0—1.1, materials syn-
thesized by GNC process.

Experimental

Powder synthesis by the glycine nitrate combustion
method

Li(Ni; sMn; 3Coy 5., Na,)O,-based oxide powders were syn-
thesized by the glycine nitrate combustion (GNC) method
while keeping the glycine: nitrate as 0.6 [15—18]. For that,
stoichiometric amounts of metal nitrates, LiNOs, Ni(NOs),
6H20, CO(NO3)2'6H20, Mn(NO3)2'4H20, and NaNO3
(Merck, Germany) were added to distilled water. The precur-
sor solution was then thoroughly mixed using a magnetic
stirrer hotplate at room temperature for 2 h. Then, it was mixed
at 60 °C for 1 h and at 100 °C another 1 h. Then, the solution
temperature was increased stepwise (25 °C) from 100 to
300 °C. As the temperature increases, dark violet color foam
was formed. Combustible gases such as N,O, NH3, and CO,
were observed liberating as the heating continued, and the
process of heating was continued further [16—19]. Then, exo-
thermic decomposition began due to the possible heat disinte-
gration reaction of glycine accompanied by the evolution of
volatile combustible gases eventually resulting in an ash prod-
uct. Finally, the ash product was calcinated at 900 °C in air for
2 h to obtain the final oxide powder. While cooling down after
the calcination, the powders were kept at 800 °C for 1 h.

Powder characterization

X-ray diffraction (XRD, Siemens D5000) using CuK« radia-
tion was used to phase analysis, and the scanning electron
microscopy (SEM, FEI Quanta 200 FEG-ESEM) was
employed to study the particle size and morphology of the
synthesized powder. Thermogravimetric analyses (TGA)
were performed using a Perkin-Elmer TGS-2
Thermogravimetric System by heating the synthesized pow-
ders up to 800 °C in a platinum pan at a rate of 5 °C min
under nitrogen atmosphere.
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Powder densification and electrical characterization

Solid pellets of 12 mm diameter and 0.5 mm in length were
pressed by cold uni-axially at 200 MPa and subsequently
sintered at 1000 °C for 2 h in air. For the conductivity mea-
surements, first, the flat end surfaces of the sintered pellets
were pasted with a thin layer of the gold paste (G3535, Agar
Scientific Ltd., England). After allowing to drying, the pasted
pellets were kept in a box furnace (brand) and heat treated at
750 °C for 2 h in air. The idea behind this gold pasting was to
improve the contacts between the specimen pellets and the
platinum electrodes of the sample holder. The d.c. four probe
electrical conductivity measurements were performed on
these prepared pellets in the temperature range between 25
and 200 °C.

Electrochemical characterization

For electrochemical characterization, electrodes were pre-
pared using the slurry containing 85 wt% of the prepared
Li(Ni;3Mn, 5Co, 5., Na,)O, active material with 5 wt% car-
bon black (Sigma-Aldrich) and 10 wt% PvDF (KynarFlex
2801) in Acetone (Sigma-Aldrich). The prepared slurry was
then manually tape cast onto an aluminum-foil by the doctor
blade method. After drying, circular disks electrodes were cut
from the fabricated tapes.

Coin cells (Type CR 2032) were assembled in an argon-
filled glove-box (<1 ppm O, and H,O) with the developed
cathode electrodes, Li-foil (Sigma-Aldrich) as the reference
and counter electrodes and Cellgard 2400 as the separator
and the non-aqueous electrolyte of 1 M LiPFg in ethylene
carbonate (EC)/diethyl carbonate (DEC)/dimethyl carbonate
(DMO) (1:1:1 wt%) (Selectilyte LP71, BASF, USA). Finally,
the charge-discharge study of assembled cells was carried out
at C/5 rate with a cut-off voltage of 2.5-4.6 V at 25 °C using
Scribner 580 Battery Testing System controlled by BCycle 2.0
program.

Results and discussion

Li(Ni1/3Mn1/3C01/3_x Nax)Oz, X = 0.00, 0.04, 0.08, and 0.11
synthesized by GNC method

Figure 1 shows the X-ray diffractograms obtained on
(Li(Ni1/3MIl1/3C01/3_x Nax)02, X = 000, 004, 008, and 0.11
materials prepared in this study. In this figure, existence of the
appropriate R3m phase of «-NaFeO, layered structure of
Li(Ni; 5Co;/3Mn;3)O, phase can be seen in all these powder
samples [2].

In order to study the effect of Na addition to the
Li(Ni;3sMn;3Co,,3)O, base material, where Co is partially
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Fig. 1 X-ray diffractograms of Li(Ni;;3Mn;,3Coy/5., Na,)O,, x = 0.00,
0.04, 0.08, and 0.11 materials

substituted by Na, the Li(Ni;;3sMn;,;3Co4/5., Na,)O,,
x =0.04, 0.08, and 0.11 compositions were synthesized and
characterized. The X-ray diffractograms obtained for the
Li(Ni1/3MIl1/3C01/3_x Nax)02, X = OOO, 004, 008, 0.11 mate-
rials prepared in this study are also presented in Fig. 1. In all
these diffractograms, the peaks are sharp and well-defined,
suggesting that the materials are well crystallized. These dif-
fraction peaks could be indexed on the basis of a hexagonal
structure of «-NaFeO, (space group R3m) [3]. No traces for
secondary phases can be seen in these XRD patterns, indicat-
ing phase pure materials [3]. Further, clear splitting of the
(006) and (102) as well as (108) and (110) diffraction peaks
indicates an orderly distributed lithium and transition-metal
ions in the structure as explained elsewhere [17]. This may
result due to the ability of GNC synthesis process to homoge-
neously mix metal ions at the atomic scale.

The lattice parameters, a and ¢ of the prepared
Li(Ni;sMn,;;3Co4/3.,Na,)O, materials, are given in Table 1.
Accordingly, the lattice parameter ¢ and the ratio c/a increase
with Na* content from x = 0 to 0.04. This behavior suggests
that Na® (1.02 A) has been well substituted for
Li(Ni; sMn; 5Coy/3..Na,)O, resulting uniform solid solution
[3]. Further, the increase in c-parameter provides a direct ev-
idence of the expansion of the Li layer, which is beneficial for

Table 1  Variation of lattice parameters a, ¢, c¢/a, and electrical
conductivity of the prepared Li(Ni;sMn;/;3Coy/5., Na,)O, materials

xin aA) c¢@) c/la 1(003)/  Electrical

Ll(Nl 1/3MH1/3C01/3, I( 1 04) Conductivity
+Na)O, (Sem™)

0.00 2.8712 142781 49728 1.0587 2.06 x 10’
0.04 2.8589 143112 5.0057 1.0562 1.02x10°
0.08 28626 14.2732 49860 1.1681 7.98x107°
0.11 28618 14.2354 49743 13518 8.61x107°
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the Li* diffusion between oxygen layers [3]. The c/a value of
Li(Ni1/3Mn1/3C01/3,0.04 Na0.04)02 is hlgher than that of
Li(Nij3Mn;5Co4,3)O, indicating a reduction in the degree
of cation mixing due to reduction of Ni** in Li layer with
the occupation of Na* [3].

Further, this XRD study indicates that during the substitu-
tion of larger Na* (1.02 A) for smaller Li*(0.76 A), from
x=0.08 tox=0.11, the ¢ lattice parameter has decreased from
14.2732 to 14.2354. Qiu et al. reported that the excessive Na*
leads to the formation of impure Nay;MnO,,, phase when
the Na* content passes its limit in the host structure and this
was inferred from the observed reduction of lattice parameter
[8]. However, no impurity phases can be seen in the XRD
pattern of Li(Ni;sMn;;3Coy/3., Na,)O,, x = 0.08 and 0.11
materials prepared in the present study, as given in Fig. 1.

Figure 2 shows the SEM images obtained on
Li(Ni1/3Mn1/3C01/3_x Nax)02, X = 000, 004, 008, and 0.11
materials. The SEM images indicate that all the powder sam-
ples comprise of well crystallized particles. Rather, quasi-
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spherical particles with two different particle sizes can be
clearly identified in all these materials. The bigger secondary
particles are seen as soft agglomerates of the size of few mi-
crons formed by agglomerating nano-scale primary particles.
These primary particles are rather spherical in shape, with
particle size in the nano-scale. The primary particles of
Li(Nij3Mn;3Coy/5.r Na,)O,, x = 0.00 are characterized by
uniform sizes (~200 nm). In contract, somewhat spherical
primary particles with two different particle sizes (400—-1000
and 100-300 nm) can be clearly identified from the Na-doped
Li(Ni; sMn;3Coy /5., Na,)O,, x = 0.00, 0.04, 0.08, and 0.11
materials. Furthermore, size of the primary particles increases
with the increasing level of Na substitution. This kind of mor-
phology that is sub-micron size secondary particles composed
with primary nano-scale particles can enhance the electro-
chemical performance of a material. Firstly, the higher surface
area resulting from nano-scale primary particles provides
more active sites for the necessary electrochemical reactions
without decreasing the tapping density [8, 12]. The submicron

Fig. 2 Scanning electron micrographs obtained on Li(Mn;3Ni;3Coy/3., Na,)O,, x = 0, 0.04, 0.08, and 0.11 materials
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size secondary particles create appropriately fine internal po-
rous structure, the capillary action of which will facilitate
proper wetting of the electrode material by the liquid
electrolyte.

Further, the energy dispersive spectrum (EDS) obtained on
these prepared materials show the presence of only Ni, Co,
Mn, and O (Li cannot be detected by EDS) without any other
impurity peaks. Moreover, the chemical compositions of all
these materials are close to their stoichiometric ratios of the
empirical formula. Specially, the atomic ratio of Ni/Mn/Co/Na
was found to be approximately 7.58:7.36:6.02:0.46,
7.72:7.13:6.86:0.96, and 7.91:7.32:6.49:1.28 for x = 0.04,
0.08, and 0.11 composition, respectively. These results show
that the chemical compositions of these synthesized materials
are close to their stoichiometric ratios given by the chemical
formula.

Hence, this study implies that the GNC process is a prom-
ising method to synthesize the phase pure
Li(Ni;3Mn; 5Co;,3)O,-based materials. The main advantage
of this method is the possibility of synthesizing the desired
highly crystalline material within a short calcination period
compared to other previously investigated traditional synthe-
sis methods [3-5, 8]. Furthermore, the resulting particle mor-
phology of the present study consists of nano-scale primary
particles with high surface area, softly agglomerated to form
micron size secondary particles. Hence, this will be a much
favorable particle morphology leading to higher electrochem-
ical performance.

Figure 3 shows the thermogravimetric analysis (TG) of
different materials. The TG curve shows that weight loss takes
place in several steps. The weight loss step in the TG curve
between room temperature and 100 °C is attributed to the
evaporation of adsorbed water [1, 20]. Two weight loss steps
between 100 and 400 °C resulting exothermic peaks around
195 and 285 °C can be clearly identified in Na-doped
Li(Ni;,;35Mn;,35C0,,5)0,. TG curve of the
Li(Ni;;3Mn;,3Co;/3)O, base material shows nearly steady
weight loss over the temperature range between 100 and
400 °C as reported by other workers [1, 19]. Komaba et al.
reported the irreversible phase transformation at temperature
between 100 and 400 °C for Na-doped layered oxide by high-
temperature XRD [20]. Therefore, exothermic peaks in
Li(Ni; sMn;5Coy 5., Na,)O, materials may be related to irre-
versible phase transition [20]. All samples show weight loss
between 550 and 800 °C. This stage corresponds to exother-
mic peak in differential thermogravimetric plots (dW/dT
plots) at 700 °C for x = 0.00, 775 °C for x = 0.04, and
725 °C for x = 0.08 and 0.11 materials. Furthermore, weight
losses occurring between 550 and 800 °C for x = 0.04, 0.08,
and 0.11 materials are relatively lower (between 0.28 and
0.38%) compared to the weight loss of 1.21% that occurs in
Li(Ni;;3Mn;/;3Co0,,3)O,. The weight loss in this temperature
range is attributed to the evolution of oxygen from the material
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Fig. 3 Thermal gravimetric analysis (TGA) curves (above) and
differential thermal analysis (DTA) curves obtained on
Li(Ni;/sMn;/3Co, /5., Na,)O,, x = 0.00, 0.04, 0.08, and 0.11 materials
(below). The measurements were taken from 25 to 800 °C with a
heating rate of 5 °C min' under nitrogen atmosphere

[1]. Therefore, the materials synthesized in this study by
adding Na have better thermal stability at higher temperature
than the base material.

Electrical conductivity of the prepared materials

The electrical conductivity was determined by the d.c. four
probe technique, and Fig. 4 shows the temperature depen-
dence of the conductivity of Li(Ni;;sMn;3Co;3.. Na,)O, for
x=0.00, 0.04, 0.08, and 0.11 materials. In all these materials,
the electrical conductivity increases exponentially with the
measuring temperature indicating the semiconducting nature
of these materials [15].

The room temperature (25 °C) electrical conductivity of
Li(Ni1/3Ml’ll/3C01/3_x Nax)Oz, X = 000, 004, 008, and 0.11
is given in Table 1. As given in Table 1, the room temperature
electrical conductivity of Li(Ni;3Mn;5Co,,3)O, is in the or-
derof 107 Sem ™.

@ Springer



Tonics

4.0x10™
_ | —e—x=004 ]
"= | —2—x=0.08
S30x10™ a1
g | —v—x=0.00
2 )
2 2.0x10™
s [
S
£ 1.0x10™ /
m ./Z/
/ /l
0.04 &—/‘ v
T T T T T

T L e |
20 40 60 80 100 120 140 160 180 200
Measured Temperature (°C)

Fig. 4 The temperature dependence of the electrical conductivity of
Li(Ni; sMn;3Co, 3., Na,)O,, x = 0.00, 0.04, 0.08, and 0.11 materials

However, for the Na-doped materials, the electrical con-
ductivity is significantly higher, by a factor of about 10* for
x = 0.04 compared to that of base material (x = 0). The elec-
trical conductivity of semiconductors partially depends on the
charge carrier concentration [21]. When Na™ is added to
Li(Ni;sMn;;3C0;,3)0,, the amount of Ni*? in Li layer may
reduce, and in return, the Ni*%/Ni + ? in transition metal layer
increases [3]. Hence, the increase of electrical conductivity
due to Na* substitution in the present study may be attributed
to the increased number of Ni**/Ni*? ions in the transition
metal layer, which act as effective charge carriers to enhance
the electrical conductivity.

So far in the present study, phase pure Li(Ni;3sMn;,3Co1 3.,
Na,)O, materials were successfully synthesized by the GNC
process by calcining at comparatively lower temperature
(900 °C) and lower calcination period of 2 h. Moreover, it
resulted a powder particle morphology more appropriate for
LIB cathode application. Therefore, the present study has al-
ready possessed two main advantages on synthesizing Na-
doped Li(Ni;sMn;,3Co;,3., Na,)O, cathode materials.
Firstly, it shows the possibility of addition of cheaper Na on
behalf of highly expensive Co in Li(Ni; 3Mn;,3Co0,,3)O, struc-
ture, which has not been reported yet to the authors’ knowl-
edge. Secondly, the production cost of the new material can be
lowered significantly by the GNC process due to the consid-
erable reduction of calcination temperature and period.

Electrochemical behavior of the prepared
Li(Ni1/3Mn1/3C01/3)02 base material

Galvanostaic cycling of coin cells fabricated with cathodes
from synthesized Li(Ni;;3Mn;;3Co4,3)O, material and Li foil
as the counter and reference electrode was carried out between
2.5and 4.6 VatC/5rate (1C=140m A" g '). Figure 5 shows
the first 10 cycles of charge/discharge profile of
Li(Ni; 5Co;/3Mn,3)O,. The first cycle charge and discharge
capacity is 212 and 187 mA h™' g, respectively. The initial
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Fig. 5 First 10 cycles of the charge/discharge profile for
Li(Ni;/3Co;,3Mn;3)O, cathode at C/5 rate with a cut-off voltage of 2.5—
4.6 V, at room temperature

irreversible capacity is thus 25 mA h™' g™' with columbic
efficiency of 88.47%. During the second cycle, the irreversible
capacity decreased to 5 mA h™' ¢! with columbic efficiency
0f 97%. This could be attributed to the elimination of part of
oxide ion vacancies and corresponding number of lithium
sites, formation of SEI layer, and site reaction with electrolyte
at very high operating voltage [4, 22]. As explained earlier, the
SEM analysis (see Fig. 2) shows that the prepared Li(Ni; 3
Mn,3Co0;,3)O, consists of quasi-spherical, micron size sec-
ondary particles formed by agglomorating nano-scale primary
particles. Therefore, the high irreversible capacity loss report-
ed here during the first cycle may be due to higher reactivity of
the electrolyte with the large surface area resulting from nano-
scale primary particles leading to formation of a thicker solid
electrolyte interface [4].

In order to identify the electrochemical redox reaction
which might occur during the charge and discharge processes,
dQ/dV values (Q is the specific capacity and Vis the voltage of
the cell) were calculated from the numerical data obtained
from Fig. 5 and the resulting d0/dV vs. V plots are shown in
Fig. 6. It can clearly be seen that this Li(Ni;;3Co;,3Mn;,3)0,
material exhibits two oxidation peaks and one reduction peak
during the first cycle. However, there is only one oxidation
peak and one reduction peak observed in the second and tenth
cycles. The sharp oxidation peaks at 3.8 V may be associated
with the oxidation of Ni from Ni*? to Ni** and oxidation of Co
from Co™ to Co™ in order to compensate the charge balance
in the lithium de-intercalation process [12]. During the dis-
charge process, when lithium is intercalated back into the
structure of the electrode, one reduction peak is distinguish-
able at around 3.7 V corresponding to the reduction of Ni** to
Ni*? and Co** to Co™ [12]. This implies that the reversibility
of the redox reaction is associated with the lithium intercala-
tion and de-intercalation [6, 12]. Furthermore, the absence of
oxidation or reduction peaks below 3.5 V in the charge
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Fig. 6 Differential capacity versus voltage plots of
Li(Ni;;3Mn;3Co4/3)O, for the first, second, and tenth cycles

discharge profiles indicates that the Mn ions are electrochem-
ically inactive [8].

The second oxidation peak appears at a potential above
4.5 V for the first cycle. However, there is no clear corre-
sponding reduction peak for this process. This indicates the
irreversibility for the reaction at this potential during the oxi-
dation [12]. Differential capacity plots of the second and tenth
cycle (see Fig. 5) imply that this oxidation peak is absent from
the second cycle. The irreversible oxidation process occurring
during the charging process at potentials above 4.5 V can be
interpreted as the loss of oxygen with excess Li extraction
from the layered structure, and the process is completed dur-
ing the first charge [24].

Figure 7 shows rate capability of Li(Ni;;;Co;3Mn;3)0,
with the rate ranging from C/5 to 1C rate at room temperature.
The cell was first cycled at 0.2, 1, and 0.5 C for 3 cycles and
back at 0.2 C. Subsequently, the cell was cycled at 0.2 C up to
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Fig.7 The rate capability of Li(Ni; 5Co;3Mn;3)O, with the rate ranging
from C/5 to 1C with a cut-off voltage of 2.5-4.6 V at room temperature

20 cycles. The Li(Ni;3Co1,3Mn;3)O, cathode material ex-
hibits a high initial discharge capacity, at C/5 rate. The dis-
charge capacity decreases from 187 to 181 mA h™' ¢! during
the first 3 cycles at C/5 rate.

The discharge capacity decreases with increasing charge
discharge rate, to 147 mA h™' g”' when the cycle starts at
1 C rate and decreases further to 140 mA h™' g~ within two
consequent cycles. Then, the discharge capacity increases to
155 mA h™' g ! with the increasing of C rate to C/2, and
discharge capacity is retained at a constant value. Again, the
discharge capacity increased to 164 mA h™' g™! at the 10th
cycle since the current decreases to C/5. The tested cell ex-
hibits 84% of capacity to its second discharge after the 20th
cycle. This implies that a significant rate capability of
Li(Ni; 5Co;/3Mn, 3)O, results due to the ordered crystal struc-
ture and optimum microstructure as already explained by the
XRD and SEM analysis of the present study [6, 7, 11].

Samarasinghe et al. had synthesized phase pure
Li(Ni;3Co;,3Mn; 3)O, by the Pechini method and by calcina-
tion at 900 °C for 4 h [2]. The microstructure of this material
was a sponge-like agglomerate with large primary particles
(0.8-1 pm). Further, the cell testing had given an initial dis-
charge capacity of ~160 mA h™' g™' at C/5 rate between 3 and
4.5 V. In contrast, the Li(Ni;3Co;,3Mn,;;3)O, synthesized by
GNC method in the present study gives an initial discharge
capacity of ~187 mA h™' g™' at C/5 rate between 2.5 and
4.6 'V, showing considerable improvement in rate capability
as discussed above. This may be attributed to the higher sur-
face area resulted from agglomerating nano-scale primary par-
ticles to form secondary micron size particles. Therefore,
Li(Ni; 5Co;/3Mn; 3)O, material synthesized by GNC process
in the present study resulted powders with microstructure
more suitable for LIB cathode and ended up with improved
electrochemical performance.

Electrochemical behavior of Na-doped
Li(Ni;;3sMn;/;3Coy/3.. Na,)O, materials

Initial charge-discharge curves of Li(Nijs3Mn;3Co01,3.«
Na,)O, (x = 0.00, 0.04,0.08, 0.11) at C/5 rate with a cut-off
voltage of 2.5-4.6 V at room temperature are shown in Fig. 8.
All these cells exhibited very smooth and consistent charge/
discharge curves and a voltage profile similar to those reported
in the literature [3]. Further, it is clearly seen that the discharge
capacity decreases monotonically with the increase of Na con-
tent. The initial discharge capacity of Li(Ni;;sMn;3Coq/3.,
Na,)O,, x = 0.00, 0.04, 0.08, and 0.11 are 187.7, 182.6,
111.8, and 27.2 mA h™! gfl, respectively (Table 2). Here,
the addition of Na at a higher concentration (x = 0.11) leads to
a drop in the discharge capacity to 27 mA h™' g, Previous
studies on Na-substituted Li;_Na,(Ni;3sMn, 3Co1,3)O, report-
ed the decreases of initial discharge capacity with the increas-
ing of Na substitution (175.8 mA h™' g™' for x = 0.00,
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Fig. 8 Initial charge/discharge curves of the Li(Ni;,3Mn;,3Coy/3, Na,)O,
(x=0.00, 0.04, 0.08, 0.11) at C/5 rate with a cut-off voltage 0f 2.5-4.6 V,
at room temperature

1740 mA h™' ¢! for 0.001, x = 1709 mA h™' ¢! for 0.01,
1727 mA h' g™! for x = 0.03 and 166.5 mA h™' g™' for
x = 0.03 between 2.7 and 4.4 V under current density of
16 mA g ') [9]. Another study showed higher initial discharge
capacity Na-doped Li0.95Na0,05Ni1/3C01/3Mn1/302
(250.5 mA h™' g ') than Li(Ni,;3Mn;,3Co0,,3)0>
(155.4 mA h™' g") under current density of 27 mA g ' in
the potential range 0f 2.0-4.5 V [3]. Qiu et al. reported that the
discharge capacity of Na-substituted Li; ,.
+Na,Nig 13C0q 13Mng 540, system increases compared to the
unsubstituted system from x = 0.005 to x = 0.02 due to the
increase in d-spacing with the substitution of Li" sites by a
small amount of Na* ions [8]. Further, they reported that at
x = 0.05, the initial discharge capacity was equal to the
nonsubstituted (x = 0 .00) material. Qiu et al. reported that

Table 2 The first, second, and tenth cycle charge-discharge data of
Li(Ni1/3Mn1/3C01/3,XNax)02, X = 004, 008, and 0.11

xin Cycle Charge Discharge  Columbic Irreversible
Li(Niy/3 no. capacity ~ capacity efficiency capacity
M, 5Co) 5. (mAhg™) (mAhg™) (%) (mAhg™)
« Na,)O,
0.00 1 2122 187.7 88.5 24.4
2 189.1 183.5 97.0 5.59
10 1574 154.1 97.9 32
0.04 1 2329 182.6 78.4 50.2
2 199.6 184.2 922 15.4
10 161.9 159.9 98.7 2.0
0.08 1 200.0 111.8 55.8 88.2
2 113.4 105.9 93.4 7.4
10 92.0 91.7 99.7 0.2
0.11 1 50.3 27.2 54.1 23.0
2 342 28.6 83.6 5.5
10 27.9 26.3 94.1 1.6
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the discharge capacity of Na-substituted Li; ;.
Na,Nij 13C0¢.13Mng 540, system increases compared to the
unsubstituted system from x = 0.005 to x = 0.02 due to the
increase in d-spacing with the substitution of Li" sites by a
small amount of Na* ions [8]. It has earlier been reported that
the differences in the radii of the Na* and Li* cations lead to
occupation of Li in the transition metal layer in the precursor
[23]. Therefore, reduction of discharge capacity with increase
in Na concentration may be due to a combination of decreas-
ing lithium content in the Li layer [23] and the inhabitation of
lithium diffusion due to occupation of high amount of Na in
the lithium layer [8].

Table 2 summarizes the results of the charge/discharge
study conducted using the prepared Li(Ni;sMn;3Coq/3.,
Na,)O, (x = 0.00, 0.04, 0.08, and 0.11) of the present study.
Initial irreversible capacity of x = 0 materials is 24 mA h™' g
with columbic efficiency of 88.47%. The first cycle irrevers-
ible capacity of x = 0.04, 0.08, and 0.11 materials is 50, 88,
and 23.05 mA h™' ¢!, respectively, with the columbic effi-
ciency of 78.4, 55.87, and 54.16%. This implies that the irre-
versible capacity during the first cycle of Na-doped materials
is higher than that of the unsubstituted (x = 0) material and
columbic efficiency decreases with increasing Na level in
Li(Ni;sMn,3Co /3« Na,)O,.

This significant increase in irreversible capacity in the first
cycle may be caused by several factors such as (i) the de-
intercalated lithium cannot re-intercalate into the host because
the crystal lattice of the host is slightly changed during the first
cycle [4], (ii) irreversible loss of oxygen from the lattice [22],
and (iii) irreversible charge consumed by the electrolyte de-
composition during the first cycle [4]. Those effects are related
to the crystal structure and microstructure of the cathode ma-
terial. The SEM micrographs given in Fig. 2 show the forma-
tion of nano-scale primary particles resulting higher internal
surface area. Size of the primary particles increases with the
increasing level of Na substitution. A large particle size might
cause higher polarization and affect the Li* ion diffusion in
solid phase resulting lowering the columbic efficiency with
increasing particle size [11]. This might be one reason for
the considerably higher irreversible capacity losses in the pres-
ent case. Furthermore, inhabitation of lithium diffusion due to
occupation of high amount of Na in the lithium layer [8] and
occupation of Li in the precursor in transition metal layer
might be other reasons for the increase in irreversible capacity
during first cycle with the increase level of Na doping.
However, reasons for the higher irreversible capacity loss
due to the increase of Na addition are not well understood yet.

In order to identify the electrochemical redox reactions,
which might occur during the charge and discharge process,
dQ/dV values were calculated from the numerical data ob-
served in Fig. 8, and the corresponding dQ/dV vs. V plots
are presented in Fig. 9a, b. It can be clearly seen that the
Li(Ni]/3MH|/3CO]/3_X NaX)Oz with x = 0.04 and 0.08 exhibits
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Fig. 9 Differential capacity versus voltage for Li(Nij;3Mn;3Co/35.,
Na,)O, x = 0.04 (a) and 0.08 (b) for the first, second, and tenth cycles

two oxidation peaks and one reduction peak during the first
cycle. Sharp oxidation peaks, at 3.77 V forx =0.04 and 3.8 V
for x = 0.08, are observed from these differential capacity plots
of each cycles. This peak may be associated with Ni oxidation
from Ni*? to Ni** and Co oxidation from Co**to Co** com-
pensating the charge balance due to lithium de-intercalation
[24]. During the discharge process, when lithium is inserted
back into the structure of the electrode, one reduction peak is
distinguishable at 3.7 V corresponding to the reduction of Ni*
* to Ni*? and Co** to Co™ [24]. This implies the reversibility
of the redox reaction associated with the lithium intercalation
and de-intercalation [24, 25]. Previous studies reported that
the Na doping may activate the Mn in the layered transition
metal oxides contributing additional discharge capacity [8].
However, the absence of oxidation or reduction peaks below

3.5 Vin the differential capacity plots of x = 0.04 and x = 0.08
in the present study indicates that the Mn ions are electro-
chemically inactive.

As seen in Fig. 9, the second oxidation peak appears
around 4.5 V for the first cycle. However, there is no obvious
corresponding reduction peak for this process, indicating the
irreversibility of the reaction at this potential during the oxi-
dation. The irreversible oxidation process occurring during the
charging process at potential around 4.5 V can be interpreted
with the loss of oxygen with excess Li extraction from the
layered structure, and the process is completed during the first
charge [22]. The second oxidation peak at potential around
4.5 V in the first and second cycle charging process of
Li(Ni; 3sMn,; 3Coy/5., Na,)O,, x = 0.04 results from the irre-
versible capacity of 50 and 15 mA h™' g™! for the first and
second cycles, respectively. However, this peak had disap-
peared from the third cycle. Intensity of the second oxidation
peak is very high in x = 0.08 material compared to the x = 0.00
and 0.04 materials. This suggests that there is a very high first
cycle irreversible capacity loss (882 mAh™' g') inx = 0.08
material. However, the differential capacity plots of the sec-
ond and tenth cycles indicate the absence of this oxidation
peak from the second cycle.

Although the Li(Ni;;3Mn;;3Co0,,3)0, (x = 0) material (as
discussed under “Electrochemical behavior of the prepared
Li(Ni;3Mn;;5Co04,3)O, base material” section) delivered the
highest initial discharge capacity of 187.73 mA h™' g ' at
the C/5 rate, it showed gradual fading of capacity down to
154 mA h™! gfl after 10 cycles (see Table 2). In contrast, the
initial discharge capacity of Li(Ni;3Mn;;3Co1,5., Na,)O,,
x = 0.04 material was 182.6 mA h™' g, and its discharge
capacity fades only to 159.9 mA h™' g ! after 10 cycles.
This shows a slightly improved cycle performance with the
Na doping. Also, the Na-doped Li(Ni;sMn;;3Co/., Na,)O,,
x = 0.08 material shows 94.3% capacity retention of'its second
cycle discharge capacity. The improved cycle performance of
the Na-doped materials could be ascribed to the combination
of several factors such as (i) increase of c-parameter with the
substitution of Li* by a small amount of Na* ions, which is
beneficial for the Li* diffusion, and (ii) reduction of degree of
cation mixing as evident by XRD data [3, 8, 9]. The enhanced
cycle performance implies the advantage of substitution of
low-cost Na for costly Co in low level doping to
Li(Ni;3sMn,3C0/3)0,.

The x = 0.04 material synthesized by GNC exhibits a dis-
charge capacity much closer to that of the base material (x = 0)
and shows an improved electrochemical performance. In this
study, Co was substituted by Na to explore the possibility of
lowering the amount of expensive Co and get the advantage of
high discharge capacity induced by the Na doping as proposed
by previously with Li;_Na,(Ni;3Co;,3Mn;;;0,) materials [3,
8, 9]. Eventhough the initial discharge capacity of
Li(Ni; sMn;5Coy /5., Na,)O, x = 0.04 material synthesized in
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this study (182 mA h™' g~! between 2.5 and 4.6 V) is consid-
erably lower to that of LiOA95N30.05Ni1/3C01/3Mn1/302
(250 mA h™' g " between 2.0 and 4.5 V) [3], it is still compa-
rable with the Lio_gggNao_OOINi1/3C01/3Mn1/302
(174.0 mA h™" g! between 2.7 and 4.4 V) [10]. Therefore,
this study shows a new direction of Na substitution to
Li(Ni1/3Ml’11/3C01/3)O2 System.

Na-substituted Li;_, Na,(Ni; sMn;;3Co;/3)O, material syn-
thesized by molten salts method showed initial discharge ca-
pacity of 175.8 mA h™'g™! for x = 0.00, 174.0 mA h 'g ! for
x=0.001,1709mA h 'g' forx=0.01,172.7mA h 'g"" for
x=0.03 and 166.5 mA h™'g™" for x = 0.05 between 2.7 and
4.4 V under current density of 16 mA g ' [10].

Altogether, an alternative cathode material prepared by re-
placing a part of costly Co by cheaper Na, and possessing
higher electrical conductivity while preserving the appropriate
layered structure, both of which are decisive economic and
materials factors for the LIB cathode, is generally interesting.
Specially, the Li(Ni; 3Mn;,Co., Na,)O, x = 0.04 cathode
material investigated in this study showed a comparable initial
discharge capacity together with improved capacity retention
compared to those of the Li(Ni; 3Mn;,3Co,,3)O, base material,
which in turn already a better competitor to the presently used
state-of-the-art LiCoO, cathode in LIB [1, 2, 4-7]. Therefore,
Li(Ni; sMn;5Coy /5. Na,)O, x = 0.04 material, synthesized by
the GNC technique is cost-effective and performance-
enhanced cathode material for LIB.

Conclusions

Phase-pure Li(Ni; 3sMn;5Coy/3.. Na,)O, (x = 0.00, 0.04, 0.08,
and 0.11) material, formed by the softly agglomerated nano-
scale primary particles, was successfully synthesized by the
glycine-nitrate combustion (GNC) process at a comparatively
low temperature of 900 °C under a shorter calcination time of
2 h. The X-ray diffraction study further elaborated an increase
in c-parameter in the x = 0.04 material. This could be benefi-
cial for the Li diffusion between oxygen layers and reduction
of degree of cation mixing. The electrical conductivity of the
Na-doped materials significantly increases by a factor of 10*
for x = 0.04 and 10 for x = 0.08 and 0.11 compared to that of
the Li(Ni;;3Mn;,3Co;,3)O, base material (with
2.06 x 1077 S cm ! at 25 °C). The increased number of Ni*
3/Ni+? ions, which act as charge carrier due to the reduction of
Ni*? in Li layer by Na substitution, may be the reason to
enhance the COHductiVity. The Li(Ni1/3Mn1/3C01/3)O2 material
showed initial discharge capacity of 187 mA h™'g™" with
25mA h™'g ! irreversible capacity loss and 88.47% columbic
efficiency at C/5 rate with a cut-off voltage of 2.5-4.6 V at
25 °C. More interestingly, the Li(Ni;;3Mn;;3Co,/5.,Na,)O,,
(x = 0.04) cathode showed a comparable initial discharge ca-
pacity but interestingly with substantially improved capacity

@ Springer

retention. This could be resulted due to decreased cation
mixing and an increased Li slab dimension in this Na-doped
material compared to Li(Ni;3Mn;;3Co;,3)O, base material.
Altogether, this study showed the potentiality of
Li(Ni; 3Mn; 5Co;,3Nax)O, materials synthesized by glycine
nitrate combustion method with promising particle morphol-
ogy and electrochemical behavior for the rechargeable Li-ion
battery cathode.
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