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Layer structured Li1.10(Ni0.32X0.01Co0.33Mn0.33)O2 (X = Dy/Gd/Ho) compounds were synthesized via the microwave 

assisted solvothermal route. The impacts of doping on the electrical and electrochemical properties of Li1.10

(Ni0.32X0.01Co0.33Mn0.33)O2 compounds were investigated. Rietveld refined XRD pattern showed Li1.10 

(Ni0.32X0.01Co0.33Mn0.33)O2 compounds with layered hexagonal structure. SEM images revealed the compounds with 

micrometer sized grains. The Li1.10 (Ni0.33Co0.33Mn0.33)O2 compound delivered an initial discharge capacity of 197 mAh/g at 

0.2C and retained a capacity of 163mAh/g after 50th cycle in the voltage window of 2.5-4.6V. The cycling stability of 

Li1.10(Ni0.33Co0.33Mn0.33)O2 compound was improved with rare earth doping. Li1.10(Ni0.32Dy0.01Co0.33Mn0.33)O2 compound 

delivered the discharge capacity of 166 mAh/g after50th cycle in the potential window 2.5-4.6V at 0.2C with 100% capacity 

retention. AC impedance studies displayed the electrical conductivity in the order of 10-6 S/cm. Wagner polarization analysis 

revealed the improvement in electronic transference number via rare earth doping. 
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1 Introduction 

High voltage cathode materials are in great demand 

in order to develop higher energy density lithium ion 

batteries
1-12

.Among several high capacity ternary 

oxides, the lithium nickel cobalt manganese oxide, 

Li(Ni0.33Co0.33Mn0.33)O2 has received a considerable 

attention due to its excellent properties such as low 

cost, high safety and high reversible capacity since it 

was first proposed by Ohzuku et al.
13

. But, it has 

some drawbacks such as poor cycling stability due to 

the cationic exchange between Li
+
/Ni

2+
ions and by its 

poor electrical conductivity
14

. Hence, in order to 

improve its performance various preparation conditions 

were considered and reported in literatures
15-17

. Cedar 

et al.
18 

and Levasseur et al.
19 

reported that the excess 

lithium in layered LiCoO2 impacts its electrochemical 

properties. Similarly, the effect of excess lithium in 

layered LiNi0.5Mn0.5O2 was studied by Myung et al.
20

and Shlyakhtin et al.
21

. Though they did not find any 

significant difference in the crystal structure between 

stoichiometric and non-stoichiometric compounds, the 

electrochemical properties were improved by excess 

lithium. Following the above reports, the electrochemical 

properties of excess lithium in Li (Ni0.33Co0.33Mn0.33) 

O2compounds were suggested by Todorov et al.
22

,

which resulted in good electrochemical properties. 

However, the basis of the improved electrochemical 

properties by excess lithium was not clarified by any 

authors.Recently our group studied the structural, 

electrical and electrochemical characteristics of 

lithium excess Li1+x(Ni0.33Co0.33Mn0.33)O2 (x=0/0.05/ 

0.10/0.15/0.20 mol) compounds
23

.We found that there 

was no large difference in the lattice parameters and 

in the electrical conductivity (10
-6

 S/cm) observed. 

However, the specific charge/discharge capacity and 

cycling stability of the lithium excess compound 

Li1.10(Ni0.33Co0.33Mn0.33)O2 was found superior than 

the stoichiometric compound LiNi0.33Co0.33Mn0.33O2. 

Few reports were seen on the influence of rare 

earth doping on stoichiometric LiNi0.33Co0.33Mn0.33O2 

compound, as below. Ding et al.
24

 reported on 

Li(Ni1/3Co1/3Mn1/3)1-xXxO2 (X = La/Ce/Pr) materials 

and discussed on improved discharge capacity and 

cycling stability due to rare earth doping. Zhong 

et al.
25

 and Ding et al.
26 

investigated the effect of 
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cerium (Ce) and lanthanum (La) on the electrochemical 

characteristics of Li(Ni1/3Co1/3Mn1/3)O2, respectively. 

But, to the best of our knowledge, there was no 

literature found on the impact of rare earth doping in 

lithium excess layered structured Li1+x(Ni0.33Co0.33 

Mn0.33)O2 compounds. Hence, in this work, we have 

prepared a series of lithium excess cathode materials 

Li1.10(Ni0.32X0.01Co0.33Mn0.33)O2 (X = Dy/Gd/Ho) for 

lithium ion battery. The intention of this paper is to 

study the influence of lanthanide elements on the 

structural, electrical and electrochemical performances 

of the lithium excess Li1.10(Ni0.32X0.01Co0.33Mn0.33)O2 

(X = Dy/Gd/Ho) cathode materials and hence to find 

the role of dopants. 
 

2 Materials and Methods 

Layer structured Li1.10(Ni0.32X0.01Co0.33Mn0.33)O2  

(X = Dy/Gd/Ho) compounds were synthesized via the 

microwave assisted solvothermal method and the 

preparation method was reported in our earlier 

reports
23

.Lithium acetate, nickel acetate, manganese 

acetate, cobalt acetate and rare earth oxides were used 

as starting materials. The sample codes were fixed as 

NMC(Li1.10(Ni0.33Co0.33Mn0.33)O2), NMCD (Li1.10(Ni0.32 

Dy0.01Co0.33Mn0.33)O2), NMCG (Li1.10(Ni0.32Gd0.01 

Co0.33Mn0.33)O2) and NMCH (Li1.10(Ni0.32Ho0.01Co0.33 

Mn0.33)O2) for bare and doped compounds, respectively. 

The phase purity of the product was studied  

by X-Ray Diffractometer (Bruker D8) with Cu  

K-adiation in the 2θ range 10-80
o 

at a scan rate of 

0.02
o 

s
-1

.TOPAS 4.2 was used for the refinement. The 

surface morphology was examined using SEM (JEOL 

JSM-6700F). MALVERN Zeta sizer ZS-90 particle 

size analyser was used for analysing the particle size. 

Tristar 3000 (Micromeritics USA) was used for 

measuring BET surface area of the powders. Raman 

analysis was carried out using Raman spectrometer 

(Model Lab ram HR Evolution, Horiba Scientific) 

with λ = 514 nm, and power of 100 mW.XPS studies 

were made using AXIS ultra DLD spectrometer with 

monochromatic Al Kα radiation (KratosAnalytica) in 

the ranges 0 - 1200 eV, and Casa XPS software was 

used to analyse XPS spectral data. 

The electrical conductivity of the as prepared 

powder materials were calculated by AC impedance 

spectroscopy techniques using CH-Instrument within 

the range of 40 Hz - 1MHz at ambient temperature. 

Amplitude voltage was fixed as 50 mV. Wagner 

polarization analysis and DC conductivity was 

calculated by a Keithley 4001 source meter and  

4-probe instruments, respectively. Galvanostatic 

charge-discharge and cyclic voltammetry (CV) studies 

were carried out with fabricated 2016 size coin cells 

in Arfilled glove box (MBraun, Germany). The 

lithium metal was used as the reference and 1 M LiPF6 

in EC and DMC (1:1, v/v) (Merck) as the electrolyte. The 

slurry was prepared by mixing 70% prepared cathode 

powder with 15% Super P conductive carbon black 

and 15% PVdF (Kynar 2801) in N-methylpyrrolidone, 

which was coated on aluminium foil. The charge 

discharge analysis and CV studies were examined 

using a Bitrode multiple battery testers (Model SCN, 

Bitrode, USA) and Macpile II (Biologic, France), 

respectively.  
 

3 Results and Discussion 

In order to verify the hexagonal layered structure  

of the obtained Li1.10(Ni0.32X0.01Co0.33Mn0.33)O2 (X = 

Dy/Gd/Ho) compounds and to identify the percentage 

of Li
+
/Ni

2+
 cation exchange, a Rietveld refinement 

was executed based on the powder XRD pattern as 

given in Fig. 1(a-d).The crystalline structure based  

on the layered α-NaFeO2 structurewith space group 

R3-m, was used for refinement. During the refinement, 

the tenancy of the 3a sites by Co and Mn was stable 

as 0.33 for each ion. The total amount of Li and  

Ni was also observed to be static. All the diffraction 

peaks were relatively narrow revealing good crystalinity 

of the compounds. Good crystalline nature ensures the 

formation of the oxide. All the compounds show well 

clear peak splitting at the plane (006/012) and (018/110), 

which indicate well-ordered layer structure.  

A trace amount of Dy2O3, Gd2O3 and Ho2O3 phase 

was also observed around 2θ ~ 30
o
 for the samples 

NMCD, NMCG and NMCH, respectively. The 

calculated lattice parameters are presented in Table 1. 

The crystal parameter ‘a’ and ‘c’ values were found to 

be increased due to doping and closely matched with 

the previous reports
27-30

. A significant change was 

observed in cell volume, which may be ascribed to the 

higher ionic radii of the dopants (Dy
3+

/Gd
3+

/Ho
3+

) 

than (Ni
2+

) host ions. This significant change in cell 

volume is expected to improve the cycling stability of 

cell, as to be discussed under electrochemical studies. 

Increase in cell volume paves way for easy movement 

of lithium ions which will lead to increase in electrical 

conductivity and hence the electrochemical performance. 

In all the cases, the integrated intensity ratio (I003/I104) 

was calculated to be around~ 1.2, resulting in lower 

cation mixing of the compounds. The lower the cation 

mixing better would be the pathway for the lithium 

ion movement. The presence of Ni ions in place 
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lithium sites will block the pathway for the lithium 

ion movement through the lattice. This indicates that 

the method adopted for the preparation of material 

favours the cation ordering. On comparison, the 

sample NMCD has higher I003/I104 value which shows 

that doping reduces the cation exchange. The ‘c/a’ 

ratio was found to be around ~ 4.98 for all the 

compounds under study revealing better hexagonal 

layer structure. This indicates the formation of better 

layered structure. 

The SEM images of the samples NMC, NMCD, 

NMCG and NMCH are shown in Fig. 2(a). The 

sample NMC shows that it has polyhedral shaped 

particles with less agglomeration in its surface. 

Whereas, the samples NMCD, NMCG and NMCH 

have shown highly agglomerated irregular bulk 

particles along its surface. Among the doped samples, 

NMCD shows lower particle size. Particle size 

distribution spectra are depicted in Fig. 2(b) and the 

average particle size are given in Table 1 along  

with BET surface area. The average particle size 

distribution was found to be 288 nm for the sample 

NMC. The particle size distribution was 515, 570 and 

776 nm for the samples NMCD, NMCG and NMCH, 

respectively. The BET surface area was found to be 

0.85 m
2
/g for the sample NMC and the surface area of 

NMCD, NMCG and NMCH samples were observed 

to be 0.65, 0.34 and 0.11 m
2
/g, respectively.  

To further investigate the crystal structure of the 
samples Raman scattering measurements were carried 

out on the prepared powder samples and the spectra 
are  shown  in  Fig. 3.  The  sample  NMC  shows two  
 

 
 

Fig. 1 — Rietveld refined XRD profiles of a) NMC, b) NMCD, c) NMCG & d) NMGH samples 
 

Table 1 — Comparison of Rietveld Refined XRD lattice parameters 

Sample code a (A ) c (A˚) V (A˚)3 surface area  

(m2/g) ( ± 0.01) 

Average particle 

size (nm) 

NMC 2.841 14.145 98.82 0.85 288 

NMCD 2.848 14.185 99.65 0.65 515 

NMCG 2.853 14.205 100.15 0.34 570 

NMCH 2.845 14.167 99.26 0.11 776 
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Raman bands around 585 and 485 cm
-1

corresponding 
to M-O bond vibration (M = Ni/Co/Mn) leading to 
Raman active vibrational modes of A1gand Eg, 

respectively. For the samples NMCD, NMCG and 
NMCH, A1g and Eg bands were observed around 590 

and 478 cm
-1

, respectively
23

. In the case of doped 
samples, the band corresponding to Eg mode had 
shifted to lower wave number when compared to 
sample NMC and this was attributed to the decrease 
in Ni-O covalency upon doping. In the case of 
samples NMC and NMCD, a broad weak band 

(indicated by * symbol) located around 420 cm
-1

 was 
attributed to Li2MnO3 superlattice, whereas the weak 
band located at 370 cm

-1
 (indicated by diamond 

symbol) for the sample NMCH was attributed to 
Re2O3 phase. Overall, Raman spectra reconfirm the 
hexagonal layered structure of the bare and doped 

compounds. 
The assembled coin cells made with NMC, 

NMCD, NMCG and NMCH samples were tested at a 
current density of 0.2 C rate in different voltage 
ranges 2.5 to 4.4V, 2.5 to 4.6 V and 2.5 to 4.8 V at 
room temperature. The initial charge discharge 

profiles and cycling stability plot for all the samples 
are shown in Fig. 4 (a & b), respectively, in a 

 
 

Fig. 4(a) — Charge-discharge curve and (b) cycling stability 

curves of the cells made with NMC, and NMCD samples in the 

voltage range 2.5 – 4.6 V (inset: cycling stability curves of the 

cells made with NMC, NMCD, NMCG and NMCH samples in 

the voltage range 2.5 – 4.6 V) 

 
 

Fig.2(a) — SEM images of samples NMC. (copyright permission 

from Elsevier Ref .23) 
 

 
 

Fig. 2(b) — Particle size distribution spectra of samples NMC, 

NMCD, NMCG and NMCH 

 

 
 
Fig. 3 — Raman spectra of NMC, NMCD, NMCG and NMCH 

samples 
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potential window of 2.5 to 4.6 V. The sample NMC 
delivers an initial specific discharge capacity of 197 
mAh/g. The doped samples NMCD, NMCG and 
NMCH possess first cycle specific discharge capacity 
of 156, 138 and 114 mAh/g, respectively. The 

discharge capacity values at various cycles are given 
in Table 2. The sample NMC exhibited a lower cell 
polarization than that of the doped compounds. This 
may be due to the presence of small percentage  
of Dy2O3, Gd2O3 and Ho2O3, in case of NMCD, 
NMCG, and NMCH, respectively. All the samples  

exhibit single charge/discharge voltage plateau region 
(~ 3.7 V), which was consistent with the CV results, 
to be discussed later. On comparison, the initial 
irreversible capacity (ICL) was lower (~5 mAh/g) for 
the samples NMC, and NMCH. The ICL value was 
found to be 25 and 33 mAh/g for the samples NMCD 

and NMCG, respectively. 

As seen from the Fig. 4(b) and Table. 2, the sample 

NMC delivers the first cycle discharge capacity  

of 197mAh/g and gives 176 mAh/g at the end of  

40
th
 cycle with 93 % capacity retention in 2.5 – 4.6 V 

range. The samples NMCD, NMCG and NMCH 

deliver the initial discharge capacities of 151, 138 and 

114 mAh/g, respectively. The sample NMCD, NMCG 

and NMCH deliver the discharge capacities of 161, 

138 and 113 mAh/g at the end of 40
th
 cycle. The 

capacity retention after 40
th
 cycle was found to be 100 

% for all the doped samples. In comparison with 

sample NCMD, sudden drop in discharge capacity 

was found for the sample NCM after 40
th
cycles. The 

specific discharge capacity was found to be 163 

mAh/g and 166 mAh/g for the samples NMC and 

NMCD, respectively at the end of 50
th
 cycle. This 

may be ascribed with the enhancement in the 

electronic conduction for the later one.  

The galvanostatic cycling behavior of the samples 

NMC, NMCD, NMCG and NMCH in 2.5 – 4.4/4.8 V 

range at a current rate of 0.2 C are shown in Fig. 5(a 

& b), respectively. The initial cycle discharge 

capacities was found to be 170, 105, 82 and 87 mAh/g 

in 2.5 – 4.4 V range for the samples NMC, NMCD, 

NMCG and NMCH, respectively. The capacity 

retention was found to be 94 % for the sample NMC, 

whereas all the doped samples deliver excellent 

capacity retention of 100 % at the end of 40
th
 cycle. 

This indicates the importance of doping for the 

structural stabilization of the compound under 

investigation. This was mainly due to the increased 

volume of the unit cell as observed from the lattice 

parameters, as discussed under the XRD analysis. 

When the volume of the unit cell increases, it paves 

way for the easy intercalation and deintercalation of 

lithium ions, and hence the structural stability was 

maintained by doping. Similarly, the initial cycle 

discharge capacities was found to be 257, 174, 160 

and 161 mAh/g in 2.5 – 4.8 V range for the samples 

NMC, NMCD, NMCG and NMCH, respectively. The 

Table 2 — Comparison of Discharge capacity  

Sample code Discharge capacity (mAh/g) (± 3 mAh/g) 

Voltage range: 2.5-4.6 V at 30 mA/g 

Capacity retention 

(%) 

1st cycle 5th cycle 10th cycle 20th cycle 40th cycle 50th cycle 

NMC 197 191 188 183 176 163 93 

NMCD 156 161 162 165 161 166 100 

NMCG 138 133 135 139 138 137 99 

NMCH 114 107 110 115 113 110 98 

 
 

Fig. 5 — Cycling stability graphof the cells made with NMC, 

NMCD, NMCG and NMCH samples in the voltage range  

(a) 2.5 – 4.4 Vand (b)2.5 – 4.8 V 
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capacity retention was found to be 64 % for the 

sample NMC, whereas all the doped samples deliver 

excellent capacity retention of 80 % at the end of 40
th
 

cycle. In all the cases (2.5 – 4.4/4.6/4.8 V),though the 

initial discharge capacity of all the doped samples are 

lower than that of NMC, better capacity retention has 

been obtained at the end of 40
th
 cycle even at higher 

potential window. This indicates that rare earth 

doping suppress the capacity fading. The reason for 

the improved cycling stability was due to the 

enhancement in electronic conductivity upon doping, 

which is to be discussed in electrical studies section.  

To understand the electrode kinetics of the 

prepared layered oxide materials cyclic voltammetry 

studies were carried out. The second cycle CV plots 

for the CR2016 coin cells made with the samples 

NMC and NMCD/NMCG/NMCH in a potential 

window of 2.5 to 4.4 V at a scan rate of 0.058 mV/s 

are displayed in Fig. 6(a & b), respectively. In the 

case of NMC, the anodic and the cathodic peaks were 

observed at 3.85 and 3.73/3.55 V, respectively. The 

observed anodic and cathodic peaks were due to the 

electrochemical active participation of Ni
2+

(Ni
2+

/Ni
4+

 

redox) ions
23

. The anodic peaks were broader in 

nature and shifted to higher potential 4.07 V and  

4.15 V for the samples NMCD and NMCG/MNCH, 

respectively, which was corresponding to the redox 

behavior of Co
3+

/Co
4+

. Whereas the two cathodic 

peaks observed at 3.73/3.55 V in NMC were merged 

as a single broad peak around 3.66 V for the doped 

samples, which was corresponding to the reduction of 

Ni
4+

 ions. In the case of NMCD/NMCG/NMCH, a 

weak broad oxidation peak was observed around 3.36 

V, which was due to the oxidation of Mn
3+

/Mn
4+

 ions. 

Overall, CV result indicates that rare earth doping 

enhanced the electrochemical participation of transition 

metal ions Ni
2+

/Co
3+

, but doping significantly reduced 

the reversibility of the NMC sample. Also doping 

changed the oxidation state of the manganese ions in 

LiNi1/3Co1/3Mn1/3O2 compound, which is to be 

discussed in XPS analysis part. These findings are 

consistent with the lower discharge capacity with 

excellent cycling stability of the doped compounds. 

Bulk resistance of the prepared pellet sample was 
measured using AC impedance techniques in the 
frequency range of 1 MHz – 40 Hz at ambient 
temperature. The cole-coleand frequency dependent 
conductivity spectra of the samples NMC, NMCD, 
NMCG and NMCH are shown in Fig. 7(a & b), 
respectively. In Fig. 7(a), the sample NMC shows two 
regions: semicircle arc followed by inclined line. 
High frequency semicircle arc was related to the 
parallel combination of RC element and spike region 
was related to the effect of bulk electrodes

31-32
. In the 

case of samples NMCD/NMCG/NMCH, it shows 

 
 

Fig. 6 — Cyclic voltammograms of the cells made with (a)NMC 

and (b) NMCD, NMCG and NMCH samples in the voltage range 

2.5 – 4.4 V at 0.058 mV/s 

 
 

Fig. 7 — (a) Nyquist plot & (b) conductivity spectra of NMC, 

NMCD, NMCG and NMCH samples 
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high frequency suppressed semicircle along with low 
frequency semicircle arc, which was due to the effect 
of grain and grain boundary region. The bulk 
resistance (Rb) was calculated using the intercept of 
the low frequency region on the x-axis, and it was 
found to be 15 kΩ for the sample NMC. The  
bulk resistance was found to be 38, 40 and 45 kΩ for 
the samples NMCD, NMCG and NMCH, 
respectively. The electrical conductivity was 
measured using the relation σ = (L/RbA), where ‘L’ is 
the thickness and ‘A’ is the area of the pellet 
specimen. The total electrical conductivity values are 
given in Table 3. 

In Fig. 7(b), all the samples show three regions: 
dispersion at low frequency range, plateau at mid 
frequency followed by dispersion at high frequency 
region. The mid frequency section characterizes dc 
conductivity of the specimen and it was calculated by 
extrapolating the plateau to y-axis. The electrical 
conductivity values are presented in Table 3, and the 
values were accorded with the Nyquist plot results. In 
both cases, NMC delivers higher electrical conductivity 
than other compounds which was due to the lower 
particle size and absence of impurity phase of the 
compound, resulting in highest discharge capacity as 
discussed earlier. 

Hall studies were carried out to compare the  
2-probe electrical conductivity with 4-probe DC 
conductivity and the values are given in Table 3. The 
4-probe DC electrical conductivity values closely 
match with the results obtained from 2-probe AC 
impedance analysis. This validates our measurements. 
Ionic and electronic contribution to the total electrical 
conductivity was calculated by Wagner polarization 
method and the values are given in Table 3.Overall 
electrical conductivity of all the compounds was 
found to be in the order of 10

-6
 S/cm, but the 

proportion of conductivity contributed by the  
ionic and electronic conduction were observed to 
change in each compound. The ionic and electronic 
transference number was found to be 0.56 and 0.44 
for the sample NMC. Whereas, the ionic and 
electronic transference number was found to be 

0.54:0.46, 0.53:0.47 and 0.51:0.49 for the samples 
NMCD, NMCG and NMCH, respectively. This reveals 
that the improvement in mixed conducting nature of 
the NMC due to the volume expansion via rare  
earth doping and hence resulted in excellent 
electrochemical stability of the cells made with 
NMCD/NMCG/NMCH as discussed in cycling 
behavior. 

To analyze the elemental oxidation state of the 

prepared powder samples NMC, NMCD, NMCG and 

NMCH, XPS studies was carried out. Figure 8(a-d) 

shows the XPS spectra of Ni2p3/2, Mn2p3/2, Co2p3/2, O1s 

and Li1s of pristine NMC, NMCD, NMCG and NMCH 

samples, respectively. Figure 8(e (i-iii)) shows the XPS 

spectra of Dy4d3/2, Gd4d3/2 and Ho4d3/2 for the samples 

NMCD, NMCG and NMCH, respectively. The main 

binding energy of Ni2p3/2 was located at 854.85, 854.62, 

854.58 and 854.89 eV for the samples NMC, NMCD, 

NMCG and NMCH, respectively. The main binding 

energy of Co2p3/2 and Mn2p3/2 were located at 779.92, 

779.71, 779.89, 779.75 eV and 642.08, 642.05, 642.33, 

642.27 eV for the samples NMC, NMCD, NMCG  

and NMCH, respectively. As for the B.E. of O1speaks 

one peak was located around 529 eV, which  

was corresponding to the lattice oxygen M-O (M = 

Ni/Co/Mn), while another peak was located around 531 

eV indicated the existence of surface hydroxyls
33-35

. On 

comparison, the samples NMCH have high intensity 

O1s peak at 531 eV, resulting in very lower discharge 

capacity as discussed earlier.  

The main binding energy of Li1s was observed as a 

broad and weak signal around 54 eV for all the 

compounds. The observed main binding energy 

values of Ni2p3/2, Mn2p3/2, Co2p3/2, O1s and Li1s 

closely match with the literatures
36-39

. The XPS 

spectra of Ni2p3/2 show two satellite peaks (S1 and 

S2) in all the samples, which was related to the Ni
2+

 

ions in nickel based oxide materials. The XPS spectra 

of Dy4d3/2, Gd4d3/2 and Ho4d3/2 peaks were observed 

as a weak signal in terms of intensity due to the low 

level of doping and confirm the 3+ oxidation state  

of the rare earth compounds
40

. In the case  of  NMCD,  

Table 3 — Comparison of Electrical conductivity 

Sample code Conductivity (S/cm) (± 0.1) Transference number   (± 0.02) 

Ionic  

(ti) 

Electronic 

(te) Nyquist plot Conductivity spectra DC 4-probe 

NMC 9.12×10-6 9.31×10-6 1.12×10-5 0.56 0.44 

NMCD 4.96×10-6 4.83×10-6 5.04×10-6 0.54 0.46 

NMCG 2.13×10-6 2.31×10-6 2.45×10-6 0.53 0.47 

NMCH 1.81×10-6 1. 73×10-6 1.98×10-6 0.51 0.49 
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Fig. 8(a) — XPS spectra of NMC (i) Ni2p, (ii) Mn2p, (iii) Co2p3/2, (iv) O1s and (v) Li1s peaks. (copyright permission from Elsevier Ref .23). 
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Fig. 8(b) — XPS spectra of NMCD (i) Ni2p, (ii) Mn2p, (iii) Co2p3/2, (iv) O1s and (v) Li1s peaks. 
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Fig. 8(c) — XPS spectra of NMCG (i) Ni2p, (ii) Mn2p, (iii) Co2p3/2, (iv) O1s and (v) Li1s peaks. 
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Fig. 8(d) — XPS spectra of NMCH (i) Ni2p, (ii) Mn2p, (iii) Co2p3/2, (iv) O1s and (v) Li1s peaks. 
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Fig. 8(e) — XPS spectra of (i) Dy4d, (ii) Gd4d and (iii) Ho4d peaks. 

 

NMCG and NMCH, the weak signal (indicated by 

arrow marks in the XPS spectra of (Mn2p3/2)) was 

observed at 647 and 658 eV, which was attributed to 

the presence of Mn
3+

 ions. The negligible presence of 

Mn
3+

 ions were identified in the CV plot. This validates 

our measurements. The ratio between Ni
2+

/Ni
3+

 was 

found to be 95:05 for the sample NMC, whereas it 

was found to be 90:10, 88:12 and 80:20 for the 

samples NMCD, NMCG and NMCH, respectively. The 

higher in Ni
2+

/Ni
3+

 ratio resulting in higher discharge 

capacity due to the better lithium intercalation and 

deintercalation as discussed in charge discharge analysis.  
 

Conclusion 

In summary, bare and rare earth doped Li1.10 

(Ni0.32X0.01Co0.33Mn0.33)O2 (X = Dy/Gd/Ho) compounds 

were prepared by microwave assisted solvothermal 
route. Rietveld refined XRD patterns have shown the 

layered stacking arrangements of the atoms in a lattice 
point which were enhanced by rare earth doping.  
The unit cell volume of the compound Li1.10 (Ni0.32 

X0.01Co0.33Mn0.33)O2 was expanded by doping owing 
to the higher ionic radii of dopants. SEM images  
have shownthat the doped compounds have higher 

particle size/agglomeration than the pristine compound. 
Raman scattering spectra confirmed the layered 
hexagonal structure of the Li1.10 (Ni0.32X0.01 Co0.33Mn0.33) 
O2 (X = Dy/Gd/Ho) compounds through the presence 
of active A1gand Eg modes. The prepared coin cells 
were tested for its electrochemical performance at 

different voltage windows of 2.5 - 4.4/4.6/4.8 V at 
0.2C rate. The parent compound Li1.10(Ni0.33 
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Co0.33Mn0.33)O2 delivered first cycle discharge 
capacity of 197 mAh/g in the potential window of 
2.5-4.6 V. The capacity retention of was identified to 
be 93 % after 40

th
 cycle. The exclusive reason for the 

highest discharge capacity was due to lower particle 

size of 288 nm and its higher conductivity of  
9.12 × 10

-6
 S/cm. The parent compound Li1.10 

(Ni0.33Co0.33 Mn0.33)O2 delivered discharge capacity  
of 163 mAh/g at the end of 50

th 
cycle. Among the 

three rare earth doped compounds, Li1.10(Ni0.32Dy0.01  

Co0.33Mn0.33)O2 delivered highest specific capacity of 

166 mAh/g at the end of fiftieth cycle with 100 % 
capacity retention. Irrespective of dopants, all the 
doped compounds were found to be valuable in terms 
of electrochemical cycling stability even at higher 
potential window. The reason for the excellent cycling 
stability of the doped compounds was identified to be 

better mixed conducting nature than the parent 
compound under investigation. Overall, the present 
work reveals that the further optimization of the 
doping level, doping sites and choice of dopants is 
necessary in order to improve the electrochemical 
performance and the work is underway. 
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