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Abstract

The olivine structured LiNij, ,sMg, ,s . Cu PO, (x = 0, 0.05 and 0.1) cathode materials were synthesized by
solid state reaction method. The XRD, FTIR and FESEM studies were conducted to investigate the phase pu-
rity, crystal structure, lattice parameters and morphology, respectively. The powder X-ray diffraction studies
confirmed the single phase formation of the pure and doped compounds which are found to be orthorhombic
with the parent LiNiPO,,.. Morphology and grain sizes of the materials were investigated through FESEM. The
FTIR technique was used to characterize the stretching and bending vibrational modes of different functional
groups existing in the materials. The cathode properties were analysed through impedance spectroscopy and
indicated on improved electrical properties of the doped samples as compared to the pure LiNiPO,,. The con-
ductivity and modulus analyses of the samples were carried out at different temperatures and frequencies using
the complex impedance spectroscopy technique.
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I. Introduction ing of metal ions on either Li* or Ni** lattice site which
o . . have been remarkably used by several researchers to im-

In .re.:cent years, lithium-ion batt§r1§s are the most prove the electronic conductivity of olivine type materi-
promising power systems due to their high energy den- ;15 [10-14]. The electronic conductivity of LiNiPO,, is

sities, long life cycle, environmental friendliness and 04 {0 increase with substitution of nickel ions with
safety. The olivine structured LiMPO, (M = Fe, Co, 10at.% of Cu2* and Mg2+. So, it is of interest to study

Mn and Ni) materials are examined as an attractive the effect of Mg2+ and Cu®* doping on the electrical

gathode materials due to their higher theoretical capac- properties of LiNiPO,. Hence, this paper aims to inves-
1ty and/or energy density than that of other COMMEE™  ioate the effect of Mg?>* and Cu®* ion contents on the
cial cathodes [1-7]. Among the four types LiMPO,, electrical properties of LiNiPO, and to study the differ-

LiNiPO, is ex.pected to have t.h e highest operating volt- ent parameters at different temperatures by impedance
age (5.1V), high energy density as well as the smallest SPECtroscopy

volume change. However, the major drawback of the
slow kinetics of the electronic and lithium ion trans-
port for LiNiPO, cathodes restricts the development
of LiNiPO,. The performance of LiNiPO, can be im- The cathode compositions were synthesized by
proved by different synthesis methods, such as metal 5 solid-state reaction method from stoichiometric
doping on the lattice and carbon coating on the parti-  amounts of Li,CO, (Merck 99.9%), NiO (Merck
cle surface [8,9]. However, the main approach is dop-  99.9%), MgO (Merck 99.9%), CuO (Merck 99.9%) and
(NH,),PO, (Merck 99.9%). The solid state reaction
synthesis involved three steps. In the first, the precur-
sors, as raw materials, were well mixed and thoroughly

II. Preparation and experimental techniques
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Table 1. Lattice parameters, space group and cell volume for different compounds

Compound a [A] b [A] c [A] Space group  Cell volume [A3]
LiNi, ,sMg, ,sPO, 10.0341 5.8762 4.6669 Pnma 275.1785
LiNi, ,sMg, ,,Cu, ,sPO, 10.0131 5.8794 4.6667 Pnma 274.7377
LiNi, ,sMg, ;sCu, (PO, 9.9688 5.8745 4.6613 Pnma 272.98
5 =! ogy of the powders were observed using a field ef-
g 2 % fect scanning electron microscopy images taken from
= _ 9 _ Uy x=0 Carl Zeiss, EVOMA 15, Oxford Instruments, Inca Penta
& q g |78 FETx3.JPG. Fourier transform infrared (FTIR) spectra
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Figure 1. XRD patterns for LiNi, ;Mg ,; .Cu, PO,
(x =0, 0.05 and 0.1)

ground by using agate mortar and pestle, then subjected
to heat treatment at a temperature of 120 °C for 12 hours
and 500°C for 4 hours to dry the samples and make
them free from gases. The powder samples, with small
amount of polyvinyl alcohol (PVA) as a binder, were
ground and then pressed at 3 MPa pressure into a cir-
cular disk shaped pellet. The pellets were then sintered
at 850 °C for 20 h in air at heating and cooling rates of
5 °C/min.

The powder X-ray diffraction (XRD) data of the
prepared samples were collected on a Rigaku Cu-Ka
diffractometer with diffraction angles of 20° and 80°
in increments of 0.02°. The unit cell lattice parame-
ters were obtained by the unitcell software from the
26 and hkl values. Furthermore, the crystal size of
the samples was determined from XRD pattern by ap-
plying the Scherrer’s equation. The particle morphol-

.

-

LiNi, ,sMg,, ,sPO,

LiNij ;5Mg ,0Cuy ¢sPO,

were obtained on a Shimadzu FTIR-8900 spectrometer
using KBr pellet technique in the wave number range
between 400 and 1300cm!. The impedance study was
performed on the previously prepared sintered samples
by a Hioki 3532-50 LCR Hitester in the frequency range
50 Hz to 5 MHz at temperature range from room temper-
ature to 150 °C. The surface layers of the sintered pellet
were carefully polished and washed in acetone and then
the pellet was coated with silver paste on the opposite
faces which acted as electrodes.

III. Results and discussion

X-ray diffraction

X-ray diffraction patterns of the prepared
LiNi, ;sMg »5.,Cu PO, (x = 0, 0.05 and 0.1) powders
are shown in Fig. 1. The crystal phase of all the com-
pounds are identified to be LiNiPO, phase with ordered
olivine structure indexed by orthorhombic symmetry
with Pnma space group. It can be seen from the patterns
that all diffraction peaks are very sharp, which indicated
that the samples have good crystal structure. There
is no other phase except the orthorhombic LiNiPO,,
which means that entire copper ions entered the lattice
of orthorhombic LiNi;,sMg,,sPO,. The main peaks
for these prepared samples were labelled with hkl
indexes (Fig. 1) [15-18]. It has been observed that the
obtained 26 values are in good agreement with JCPDS
file number 88-1297.

The average crystallite size was calculated by the
Debye-Scherrer method and found to be 67, 71 and
60nm for LiNi, ;Mg s Cu PO, having x = 0, 0.05
and 0.1, respectively. The lattice parameters of all these
samples have been calculated and summarized in Ta-

10]

Figure 2. SEM images of prepared powders
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Figure 3. EDS spectra for different compounds
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Figure 4. FTIR spectra for LiNi, ,sMg ,; .Cu, PO,
(x =0, 0.05 and 0.1)

ble 1. Increase or decrease of lattice parameters are de-
pends on type and amount of doping ion. It has been
seen that the lattice parameter along b-axis increases in
LiNiPO, as the position of Ni** in the lattice is par-
tially replaced by Mg>*/Cu?*, which is favourable to the
transmission of lithium-ions for the lithium-ion trans-
mitting along b-axis. The reason is that the ionic radius
of Ni** (0.83 A) is smaller than that of Cu®* (0.87A)
and it caused the increase of length of b-axis. The vol-
ume of the unit cell for Cu doped LiNi,,sMg, ,sPO,
is larger than that of LiNiPO, which may be useful for
lithium to insert and de-insert process [19-21].

FESEM with EDS

The microstructure of LiNi, ;sMg,5 Cu PO, (x =
0, 0.05 and 0.1) powders calcined at 800 °C is shown
in Figure 2. The image clearly shows agglomera-
tion of submicron size particles. The samples with
Cu®* and Mg?* show different surface morphologies;
LiNi,,sMg 5. . Cu PO, (x = 0, 0.05 and 0.1) con-
sists of less agglomerated elongated particles. How-
ever, LiNi, ,sMg,, ,sPO, particles are hardly agglomer-
ated and are not in regular shape [22-24].

EDS is used for the quantitative chemical analysis
of the material, but it is unable to detect the elements
with atomic number less than four. EDS spectra of
LiNi, ;sMg, 55.,.Cu,PO, (x = 0, 0.05 and 0.1), presented
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in Fig. 3, show peaks corresponding to Ni, Mg, Cu, P
and O elements present in the material and no other im-
purity is observed. It was not possible to detect Li due
to the obvious reason that the X-ray fluorescence yield
is extremely low for the elements H, He, Li and Be.

FTIR

The orthophosphates show main bands at 1060-
1000cm™ and 580-520cm™'. Structure of phospho-
olivine consists of LiO, and MOy octahedra linked to
PO,*" polyanions. In LiNiPO, compounds, oxygen is
bonded to three octahedral cations i.e., two M?** and
one Li* ion. Splitting of v3 components of PO 43’ group,
observed in phospho-olivine is due to type of bonding
between oxygen and M octahedral cation. Although,
the spectra are dominated by vibrational features due to
phosphate ions, transition-metal ions also register their
presence in the middle region around 400-700cm™'.
The bands in the region of 700-850cm™ are due to
phosphate groups such as PZO74’ or extended pyrophos-
phate structures [25,26]. The bands near 750 cm’! indi-
cate the presence of bridging P-O—P groups due to the
impurity phase of pyrophosphates as shown in Fig. 4.
The vibrational spectra data and band assignments of
all the compounds are listed in Table 2.

Impedance spectroscopy

Impedance measurements are frequently used to
characterize the electrical properties of materials and it

Table 2. Vibrational spectra data and band assignments

Infrared wavenumber [cm™ ]

S.No Assignment
x=0 x=0.05 x=0.1

1 457 448 449 v (Li—0)
2 525 528 529 v (Ni-0)
3 548 547 546 v2 (PO,>)
4 569 578 579 v2 (PO,>)
5 649 648 647 vs (PO,*)
6 937 949 949 vi (PO,*)
7 1060 1057 1054 v3 (PO,*)
8 1091 1094 1089 v3 (PO,>)
9 1139 1137 1139 v3 (PO,*)
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Figure 5. Nyquist plots at various temperatures for different compounds

has proven to be a powerful tool particularly for de-
picting the electrical conductivity of ionic, electronic
and mixed ceramic materials. The frequency-dependent
conductivity and dielectric permittivity studies provide
important information on the ion transport and relax-
ation studies of fast ionic conductors. Thus, the complex
impedance spectroscopic technique was used to analyse
the electrical response of the polycrystalline samples in
a wide range of frequencies. AC electrical data may be
represented in any of the four basic formalisms which
are interrelated to each other.

The measured impedance data can be represented in
different forms, using the inter relations as follows:

7' =7 - jZ" complex impedance
M =M + jM" = jwCyZ*

complex permittivity

complex modulus

Sk ’ . 2
g =&-je

where j = V-1, Cy is the vacuum capacitance and
w = 2nf is the angular frequency. (Z’, M’, &’) and
(Z", M", &) are the real and imaginary components of
impedance, modulus and permittivity [27-29].

Figure 5 shows typical impedance diagrams of
LiNi, ,sMg, ,s Cu, PO, (x = 0, 0.05 and 0.1) at differ-
ent temperatures. The impedance spectrum comprises
of an internal resistance of the material at high fre-
quencies, a depressed semicircle at the middle frequen-
cies, characteristic of a charge transfer process at in-
terfaces or boundaries and a slope at low frequencies
representing the diffusion process for the charge trans-

port. The nature of the plots with the change in tem-
peratures ensures a distinct effect on the characteristic
impedance spectrum of the material by the appearance
of single semicircular arc arising due to the bulk prop-
erties of the material. These semicircular arcs appear in
distinct frequency ranges. This feature is almost simi-
lar at different temperatures, also with a difference in
radii of curvature of the arcs, which reduces with rise
in temperature. Nyquist plots show two semicircles in-
dicating bulk and grain boundary contribution to the
impedance behaviour for all temperatures. The semicir-
cular pattern in the impedance spectrum is a represen-
tative of the electrical processes taking place in the ma-
terial which can be expressed as an equivalent electrical
circuit comprising of a parallel combination of resistive
and capacitive elements. The presence of a semicircu-
lar arcs (i.e. the high frequency semicircle) arises due
to the contribution of bulk properties of the material.
The electrical processes taking place within the mate-
rial has been modelled for a polycrystalline system. This
provides convincing evidence that the electrical prop-
erties of LiNi, ,sMg s Cu, PO, are dependent on mi-
crostructural as well as temperature [30-33].

The variations of real (Z’) and imaginary (Z”’) part
of impedance with frequency at different temperatures
of LiNi,,sMg,s Cu, PO, (x = 0, 0.05 and 0.1) are
shown in Figs. 6 and 7. The Z’ and Z” values decreased
sharply with increase in frequency and display charac-
teristic dispersion at lower temperatures. In addition, the
Z' and Z"” values also decreased with the increase of
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Figure 6. Variation of Z’ with frequency for different compounds
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Figure 7. Variation of Z” with frequency for different compounds

Cu?* content. These observations indicate that there is
a spread of relaxation time and the existence of a tem-
perature dependent electrical relaxation phenomenon in
the material [34,35].

AC Conductivity studies

The AC conductivity is calculated from dielectric
data using the relation:

TAC =W &+ & - tano

where w = 2xf. The variation of AC electrical con-
ductivity of LiNij-,sMg,,s Cu PO, (x = 0, 0.05 and
0.1) as a function of frequency at different tempera-
tures is shown in Fig. 8. The conductivity spectrum dis-
plays characteristic conductivity dispersion throughout
the frequency range below 150 °C, i.e. a low frequency
independent plateau is observed, whereas in the higher
frequency region dispersion of conductivity is still re-
tained. The crossover from the frequency independent
region to the frequency dependent regions shows the on-
set of the conductivity relaxation, indicating the transi-
tion from long range hopping to the short range ionic
motion. The frequency of onset of conductivity relax-
ation shifts with temperature to higher frequency side.
The highest conductivity was observed in the sam-
ple without copper (LiNi, ,sMg, ,sPO,), whereas in the
copper substituted samples higher conductivity has the
sample with x = 0.1 (LiNi, ,sMg, ;sCu, ,PO,). The de-
crease in conductivity is most probably due to the “anti-
site” defect, where a small population of Li* and Ni**
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ions exchange their sites caused by the substitution
of Ni** with a divalent ion [36,37]. The conductivity
and activation energy values are listed in Table 3. It
is shown that the conductivities of LiNi, ;Mg ,sPO,,
LiNi, ,sMg, ,,Cu, ,sPO, and LiNi, Mg, sCu, PO,
at the room temperature are 2.95%x107, 2.83%10” and
2.86x10™ S/cm, respectively, indicating that an increase
of Cu doping concentration could definitely enhance the
electronic conductivity and promote the Li storage per-
formance.

Activation energy

The standard Arrhenius plots (log o versus 1/T) for
all the prepared compounds are presented in Fig. 9 in
accordance to the following equation:

_a

kgT

where E, is the activation energy. These results show
an increase of the conductivity with increasing temper-
ature for all compounds indicating a characteristic ac-
tivated behaviour over the complete temperature range
studied. Furthermore, plots of logo vs. 1/T are found
to be linear in the range of temperatures above 350 K.
The estimated values of E, are 0.6522¢V, 0.7057e¢V
and 0.7645¢eV for x = 0, 0.05 and 0.1 at 100kHz, re-
spectively. The type of temperature dependence of AC
conductivity indicates that the electrical conduction in
the material is a thermally activated process. It is well
known that the motion of oxygen vacancies gives rise

o = opexp [—

Figure 8. Variation of AC conductivity with frequency for different compounds
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Table 3. Activation energies for different compounds at 100 kHz

AC conductivity at RT ~ Activation energy

Compound
[S/cm] [eV]

LiNi, ,sMg, ,sPO, 2.95x10” 0.6522

LiNi, ;sMg, ,,Cu, ,sPO, 2.83x107 0.7057

LiNi, ,sMg, ;sCu, ,oPO, 2.86x10” 0.7645
5] and ionic) and relaxation (orientational and interfacial),
1 '\\\ are active and contribute to &. However, with the in-
T8 \\\ crease of frequencies the orientational polarization is
s0d e T less active in comparison to electronic and ionic po-
1 \‘\ - S larization. This decreases the value of dielectric con-
s i v x=0 stant (¢’) reaching a constant value at higher frequency

§, P LN e o [39,40].
= '\. o T The increase of dielectric constant (&) with temper-
587 Sy . ature can be attributed to the fact that the orientional
55 \_ polarization is related to the thermal motion of ions, so
1 \\.H dipoles can be easily oriented at higher temperatures.
'9'0'_ T, x=005 Thus, when the temperature is increased the orientation
92 i of dipole is facilitated and this enables easier orienta-
. T i T T T T T v T T T T T T 1

23 2.4 2.5 28 2.7 2.8 29 3.0 341
1000/T [K']

Figure 9. Arrhenius plots for different compounds

to activation energy of 1eV. In cathode materials, usu-
ally oxygen vacancies are considered as one of the mo-
bile charge carriers in olivine structure [38]. The ioniza-
tion of oxygen vacancies creates conducting electrons,
which are easily thermally activated. From the conduc-
tion results and the obtained activation energies it can be
concluded that the conduction in the higher-temperature
range is enhanced by the presence of oxygen vacancies.

Dielectric constant ()

Figure 10 shows the frequency dependence of di-
electric constant (&’) at different temperature for the
LiNi,,sMg »5.,Cu PO, (x = 0, 0.05 and 0.1) cath-
ode materials. It is clear from this figure that & de-
creases with frequency and increases with temperature.
The decrease of dielectric constant (¢”) with frequency
can be attributed to the fact that at low frequencies
all four types of polarization, deformational (electronic

|-m=atc:

354 ] 354

——blfC
ki 78

304 e 304 N

25+

204

tional polarization, which leads to increase of the dielec-
tric constant (&’) with temperature. The degree of crys-
tallinity also has influence on the dielectric constant.

Dielectric permittivity (g”)

Figure 11 shows the variation of imaginary part of
dielectric permittivity (&”’) with frequency for different
compounds at different temperatures. Generally, for all
samples £” decreases with frequency. The higher values
of dielectric loss (¢”’) at low frequency are due to the
free charge motion within the materials. Dielectric loss
increases in the lower frequency region in the samples
with copper, reflecting the enhancement of mobility of
charge carrier when Mg?" is substitute with Cu”*. Simi-
lar types of observations have been reported in literature
[41].

Dielectric tangent loss (tan §)

Figure 12 shows the variation of tangent loss with
frequency of LiNi, ,sMg;,s Cu PO, (x = 0, 0.05 and
0.1) cathode materials at different temperatures. Dielec-
tric tangent loss (tan 0) increases in the lower frequency
region in the samples with copper, what is similar be-

—— T T T T T
25 an 35 4.0 45 50 55 80 25 3D 35

log £ log £ bogf

LiNi, ,sMg,, ,sPO, LiNi, ;Mg ,0Cuy osPO, LiNi, ;sMg,, 15Cuy 1,PO,

Figure 10. Variation of dielectric constant with temperature for different compounds
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Figure 11. Variation of imaginary part of dielectric permittivity (£”’) vs. frequency for different compounds

haviour observed for dielectric loss (¢”). However, the
tangent loss spectra are characterized with a peak ap-
pearing at the characteristic frequency for all samples,
suggesting the presence of relaxing dipoles in the sam-
ples. The strength and frequency of relaxation depend
on characteristic property of dipolar relaxation [42]. The
tangent loss peaks shift towards higher temperatures for
the defined sample composition. In addition, the tangent
loss peaks shift towards the higher frequency with the
increase in copper content (x value). It is believed that
with addition of copper there is an increase in the amor-
phous content in the materials. The small and mobile
diluents units speed up the segmental motion by increas-
ing the available free volume, thereby reducing the re-
laxation time.

Electric modulus

The electrical response of the cathode materials can
also be analysed using complex electric modulus. Com-
plex impedance plots are more effective for the elements
with the high resistance, but can also be useful for small-
est capacitance elements. Using the complex electric
modulus data the inhomogeneous nature of polycrys-
talline ceramics can be separated into bulk and grain
boundary effects, which is sometime not clearly distin-
guished from complex impedance plots. One of the in-
teresting advantages of the electric modulus formalism
is that it suppresses the electrode effect. Figure 13 shows
the real part of electric modulus M’ vs. log f spectra ob-

0354 0354
D304
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Do

5
020 f\:\'\h‘

tand
tand

LALE

R

D354

tained from 20 to 150 °C for the LiNi ;sMg ,5 . Cu PO,
samples.

From these plots, it is observed that the shape of each
curve is non-Lorentzian type exhibiting a peak at the
relaxation frequency with a long tail extending in the
region of shorter relaxation time and a change in the
value of peak height and the position of peak frequency
were also observed for different doped materials [43].

IV. Conclusions

The paper investigates the structure and electrical
properties of olivine structured LiNi ,sMg ,5 ,Cu PO,
(x =0, 0.05 and 0.1) cathode materials. The structural
study was performed by X-ray powder diffraction and
Fourier transforms infrared spectroscopy. The morphol-
ogy of the surface and the grain sizes are analysed by
scanning electron microscope. Impedance spectroscopy
was used to establish microstructure-electrical proper-
ties relationship in the material. The crystal phase of all
the compounds are identified to be LiNiPO, phase with
ordered olivine structure indexed by orthorhombic sym-
metry with Pnma space group. The AC conductivity, di-
electric constant and dielectric loss of the studied com-
position are investigated. Both the dielectric constant &’
and dielectric loss £ increase with temperature and de-
crease with frequency through the studied ranges. The
dielectric constant may be attributed to orientation and
space charge polarization respectively, whereas the tem-
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Figure 12. Variation of tan § with temperature at different frequencies for different compounds
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Figure 13. M’ vs. frequency for different compounds

perature dependence of the dielectric loss is associated
with the conduction loss.
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