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Ni-rich layered lithiated transition metal oxides Li[NixCoyMnz]O2 (x + y + z ¼ 1) are the most promising

materials for positive electrodes for advanced Li-ion batteries. However, one of the drawbacks of these

materials is their low intrinsic stability during prolonged cycling. In this work, we present lattice doping as

a strategy to improve the structural stability and voltage fade on prolonged cycling of

LiNi0.6Co0.2Mn0.2O2 (NCM-622) doped with zirconium (+4). It was found that LiNi0.56Zr0.04Co0.2Mn0.2O2

is stable upon galvanostatic cycling, in contrast to the undoped material, which undergoes partial

structural layered-to-spinel transformation during cycling. The current study provides sub-nanoscale

insight into the role of Zr4+ doping on such a transformation in Ni-rich Li[NixCoyMnz]O2 materials by

adopting a combined experimental and first-principles theory approach. A possible mechanism for a Ni-

mediated layered-to-spinel transformation in Ni-rich NCMs is also proposed.
1. Introduction

Current applications of Li-ion batteries (LIBs) range from
portable electronic devices to electric vehicles (EVs) due to the
excellent performance of these batteries in terms of power and
energy density.1–3 Numerous promising positive electrodes
(cathodes) for LIBs are based on lithiated transition metal
oxides of the general formula Li[NixCoyMnz]O2 (i.e. NCM).
Within the NCM-family of materials, Ni-rich variants (i.e. x >
0.5) have emerged in recent years as an alternative to the mature
LiCoO2. In spite of tremendous promise, these materials still
face various challenges in practical commercialization for EVs.
Key concerns are how to effectively stabilize the structure of
these materials during prolonged charge/discharge cycling,
increase their electrochemical activity and rate capability,
reduce the heat evolution of the electrodes in a charged state,
and lessen capacity fading. One of the prevailing approaches to
tackle these concerns is doping Li[NixCoyMnz]O2 with cations.4
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In this respect, several mono- and multi-valent doping cations,
like Ag+, Na+, Co2+, Cu2+, Mg2+, Zn2+, Ba2+, Al3+, Fe3+, Cr3+, Ga3+,
Zr4+, Ti4+ etc., as well as non-metallic ions (boron, uorine),
were explored for layered, spinel, and olivine structure cathode
materials.4–10 In spite of much effort in identifying optimal
dopants, doping electrode materials with various cations and
anions still remains an important and challenging method-
ology that can signicantly improve Li+ intercalation/dein-
tercalation characteristics.9,11

In order to improve doping of layered oxide cathodes, a deep
atomic-level understanding of the effect of impurity on the host
material is essential. Recently, Manthiram et al.,12 demon-
strated that the segregation of dopants M ¼ Cr, Fe, and Ga to
the surface in the doped high-voltage spinel LiMn1.5Ni0.5�xMx-
O4 decreased the unwanted surface electrode/solution reac-
tions, suppressed the formation of a solid electrolyte interface
(SEI) layer and improved the cycle life at elevated temperatures.
These authors also suggested that doping reduces the cationic
ordering and thus enhances the rate capability of the electrodes
due to an increase in the electronic and Li+-ion conductivities.
Kim and Amine proposed that doping with cations like Ti4+

suppresses the migration of Ni2+ in the Li layer.13,14 Guilmard
et al. performed extensive studies on LixNi0.89Al0.16O2 and Lix-
Ni0.7Co0.15Al0.15O2, and proposed a possible Al3+ migration to
tetrahedral lattice-sites, thereby suppressing layered-to-spinel
transformation.15,16 In a recent study,17 we demonstrated that
minute Al-doping in LiNi0.5Co0.2Mn0.3O2 reduces capacity
fading of the Al-doped electrodes upon cycling, reduces aging of
the cells in a charged state (4.3 V) at 60 �C, and produces a more
J. Mater. Chem. A, 2016, 4, 16073–16084 | 16073
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stable mean voltage behavior. These favorable attributes were
ascribed to the chemical and structural modications of the
electrode/solution interface. Recently, the improvements in the
performance of cathode materials were achieved by surface
uorination and by the formation of core–shell structures.18,19

A particularly promising dopant for NCM is Zr, although its
effect is still in dispute in the literature. There are several papers
that demonstrate, for instance, superior cycling performance of
the doped Ni-rich material LiNi0.8Co0.18Zr0.02O2, compared to
the undoped one, especially when the electrodes were charged
to higher cut-off potentials.20 Sun et al. demonstrated superior
performance of Zr-doped LiNi0.45Co0.1Mn0.45O2 and supported
the hypothesis of suppression of Ni2+ migration on high-valent
cation doping.21 An increase in the Li diffusion coefficient on Zr
doping in LiNi0.33Co0.33Mn0.33O2 has also been observed.22 It
was suggested that the Zr4+ dopant ion can act as a structural
focal point that decreases the cationic mixing and helps main-
tain the original hexagonal structure during the Li+ extraction–
insertion processes.20 Majumder et al.23 proposed that Zr4+ ions
can occupy lithium sites in LiNi0.8Co0.15Zr0.05O2 and behave as
supporting “pillars” that minimize the local constriction of the
lithium-ion paths, hence stabilizing the layered structure and
enhancing the cycling performance of doped electrodes.

Despite the considerable research of the above materials, an
atomic level understanding of the effect of dopants is still
limited. Yet, this information is essential for the rational design
of new and efficient positive electrode materials for LIBs. In the
current paper, we adopt a combined experimental and
computational electrochemical approach to pinpoint the role of
Zr4+ in doped LiNi0.6Co0.2Mn0.2O2. We synthesized undoped
LiNi0.6Co0.2Mn0.2O2 and Zr-doped LiNi0.56Zr0.04Co0.2Mn0.2O2

materials using a self-combustion reaction, and studied elec-
trochemical kinetics, surface lm (Rsf) and charge-transfer (Rct)
resistances, and discharge capacities during cycling. We also
performed structural analysis during cycling using nano-beam
electron diffraction patterns to determine whether a phase-
transition occurred or not. To better understand the properties
of these novel cathode materials and the mechanism of phase
transformations, we compute voltage proles, material stabili-
ties, and Li-ion diffusion proles using density functional
theory (DFT). This paper is organized as follows: rstly, we
characterize the undoped LiNi0.6Co0.2Mn0.2O2 and Zr-doped
LiNi0.56Zr0.04Co0.2Mn0.2O2 materials, describe the thermody-
namic substitution preference for the Zr4+ dopant and the
oxidation states of the transition metals; secondly, the electro-
chemical behavior of undoped and Zr-doped materials is pre-
sented along with structural analysis of the cycled electrodes in
connection with layered-to-spinel transformation of the above
materials studied experimentally by electron diffraction and by
computational diffusion paths of Ni2+ ions.

2. Computational methods

The Vienna ab initio simulation package24–26 (VASP) was
employed to perform DFT electronic structure calculations with
spin polarization and antiferromagnetic spin ordering. The
generalized gradient approximation (GGA) with the PBE27
16074 | J. Mater. Chem. A, 2016, 4, 16073–16084
exchange–correlation functional was used with plane-wave
projector augmented wave28 (PAW) based pseudo-potentials.
The kinetic energy cutoff was set to 520 eV. To nd the relaxed
lattice parameters, the volume of the unit cell was optimized
and the geometries considered minimized when the
maximum force was found to be less than 0.01 eV per atom.
The calculation setup was made with 5 � 4 supercells with 60
formula units of the R�3m space group with an a-NaFeO2 type
structure. Due to the very large super-cells (240 atoms), the
calculations were performed using gamma k-point only. To
perform GGA+U calculations, U values were selected based on
previous studies29–31 on a similar class of materials. In partic-
ular, we employed U ¼ 5.96, 5.00 and 5.10 eV for Ni, Co and
Mn, respectively. To incorporate dispersion effects, we
employed the optPBE-vdW method as implemented in the
VASP code.33,34

The preference for substitution of Zr at different cation sites
in NCM-622 was computed using the substitution energy, which
is dened by the following equations:

Esubs-Ni ¼ 1

3

��
ELi60Ni33Zr3Co12Mn12O120

þ 3ELiNiO2

�
� �

ELi60Ni36Co12Mn12O120
þ 3ELi þ 3EZrO2

��
(1)

Esubs-Co ¼ 1

3

��
ELi60Ni36Zr3Co9Mn12O120

þ 3ELiCoO2

�
� �

ELi60Ni36Co12Mn12O120
þ 3ELi þ 3EZrO2

��
(2)

Esubs-Mn ¼ 1

3

��
ELi60Ni36Zr3Co12Mn9O120

þ 3ELiMnO2

�
� �

ELi60Ni36Co12Mn12O120
þ 3ELi þ 3EZrO2

��
(3)

where E represents the total energies of corresponding systems,
ELi represents the total energy of bulk lithiummetal, and EZrO2

is
the total energy of bulk monoclinic ZrO2. Bulk LiCoO2, LiNiO2

and LiMnO2 are taken as the reference states for Ni, Co and
Mn.

Average intercalation potentials were computed using the
following equation:

V ¼
�
EðLixþdxNCMÞ � EðLixNCMÞ

dx
� EðLibccÞ

�
(4)

where E(Lix+dxNCM) and E(LixNCM) represent the total energy
per formula unit of the system before and aer lithium de-
intercalation. Various Li congurations were taken into consid-
eration, and we selected the most stable structure for calculating
the de-intercalation voltage proles. Because of computational
limitations, a slightly higher concentration of Zr was adopted for
in silico doped materials (LiNi0.55Co0.2Mn0.2Zr0.05O2) compared
to experimental materials (LiNi0.56Co0.2Mn0.2Zr0.04O2).

The Nudged elastic band (NEB)35 method was used to study
cation migration with 400 eV kinetic energy cutoff. For NEB
calculations, the lattice parameters for defect structures were
xed at the relaxed lattice parameters obtained using PBE. All
the NEB calculations were performed using PBE (without U), as
PBE+U oen results in mixing of the diffusion barrier with
a charge transfer barrier.36 The dispersion corrections were not
This journal is © The Royal Society of Chemistry 2016
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Table 1 Crystal structure data for (a) LiNi0.6Co0.2Mn0.2O2, Rwp ¼ 9.03,
GOF ¼ 1.32, RBragg ¼ 2.52. SG. R�3m, a ¼ 2.8703(1) Å, c ¼ 14.2134(4) Å.
(b) LiNi0.56Zr0.04Co0.2Mn0.2O2, Rwp ¼ 10.4, GOF¼ 2.685, RBragg ¼ 4.29.
SG. R�3m, a ¼ 2.8709(1) Å, c ¼ 14.2264(4) Å

(a) LiNi0.6Co0.2Mn0.2O2
a

Atom Site x y z Occ Bizo

Li 3b 0 0 1/2 0.944(4) 1.3(2)
Ni 3b 0.056(4) 1.3(2)
Ni 3a 0 0 0 0.543(3) 0.97(4)
Co 3a 0.2 xed 0.97(4)
Mn 3a 0.2 xed 0.97(4)
Li 3a 0.056(3) 0.97(4)
O 6c 0 0 0.2581(3) 2 1.37(5)

(b) LiNi0.56Zr0.04Co0.2Mn0.2O2
b

Atom Site x y z Occ Boverall

Li 3b 0 0 1/2 0.982(1) 2.28(4)
Zr 3b 0.018(1) 2.28(4)
Ni 3a 0 0 0 0.55 xed 2.28(4)
Co 3a 0.2 xed 2.28(4)
Mn 3a 0.2 xed 2.28(4)
Li 3a 0.028(1) 2.28(4)
Zr 3a 0.022(1) 2.28(4)
O 6c 0 0 0.2592(2) 2 2.28(4)

a 3b-O distance 2.110(2) Å, 3a-O distance 1.969(2) Å. b 3b-O distance
2.117(2) Å, 3a-O distance 1.965(2) Å.
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included in the NEB calculations as these calculations are per-
formed close to the fully delithiated level.

3. Results and discussion
3.1 Morphological and structural characterization

3.1.1. Experimental characterization. A typical morphology
image measured by SEM of Zr-doped LiZr0.04Ni0.56Co0.2Mn0.2O2

(annealed at 900 �C, 1 h) is shown in Fig. S1.† The particle size
ranges from 100 to 500 nm, they are faceted and partly form
agglomerates. In this gure, we also present the energy-
dispersive analysis spectrum (EDAS) of the material, demon-
strating distinctive peaks of Ni, Co, Mn, and Zr. The ratio
(atomic percentage) of the elements was found to be
55.5 : 19.8 : 20 : 4.5 close to the desired one from the self-
combustion reaction (SCR) (see the Experimental section in
the ESI†).

Fig. S2† presents XRD patterns of LiNi0.6Co0.2Mn0.2O2 ther-
mally treated for 1 h at different temperatures, as indicated. The
effect of increasing the annealing temperature on the evolution
of the layered structure towards separation of transition metal
(TM) ions and Li ions into their respective planes is clearly seen.
Rietveld analysis revealed, however, that materials obtained
aer heat treatment at 600, 700 and 800 �C showed a high level
of cationic mixing between the Li and 3d-metal layers. For
example, the presence of 3d metal ions in the Li layer was found
to be as high as 0.25 for the NCM-622 material heated at 700 �C.
A satisfactory cationic ordering for the layered materials is ob-
tained only aer heat treatment at 900 �C. The mean crystallite
size of both materials shows a slight increase within the
temperature range of 400–700 �C from 8–9 nm to 15–16 nm. A
sharp increase in the crystallite size occurs during heating at
900 �C, where the mean crystallite size increases to 80 nm for
the undoped and 105 nm for the Zr-doped samples. The results
of Rietveld renement of the crystal structure of LiNi0.6Co0.2-
Mn0.2O2 are shown in Table 1.

Synthesis of the Zr-doped compound by SCR resulted in the
formation of LiNi0.56Zr0.04Co0.2Mn0.2O2 (dominant phase) and
a minor amount of a secondary phase. The dominant phase is
a layeredmaterial with a LiNiO2 type structure, while the second
phase in the sample is Li2ZrO3, which is present in a very small
amount. The structure of Li2ZrO3 is built of layers of octahe-
drally coordinated metal cations. Contrary to the layered LiNiO2

type structure, where Li and TM-cations are separated into two
adjacent layers, in Li2ZrO3 the layers perpendicular to the c-axis
are identical, with Li and Zr ions present in a ratio of 2 : 1. The
mass fraction of the Li2ZrO3 phase is found to be around 2.5%,
which means that the atomic fraction of zirconium in the
layered type structure is about 0.04, which is in agreement with
the results published by Luo and Dahn.32 An additional indi-
cation that Zr is present in the crystal structure of the layered
phase is the greater unit cell parameters of the doped sample
compared to the undoped one.

Determining the distribution of Zr between lithium (3b) and
3d-metal (3a) sites on the basis of the XRD pattern is a difficult
task, since the quantity of Zr in the structure is minute.
Rening Li, Ni and Zr quantities in both layers, as free (even
This journal is © The Royal Society of Chemistry 2016
constrained) parameters, resulted in very high standard devi-
ations for the corresponding occupancies. Hence, we per-
formed some renement with different xed distributions of Ni
over the two positions, allowing Li and Zr occupancies to vary
in a constrained manner to ll both cation positions. In this
case, the reliability factor, RBragg, was the indicator for the t.
Fig. S3† represents the relationship between RBragg and the
amount of Ni in the Li layer. As can be seen from this gure, the
minimal value for RBragg is obtained with zero occupancy of Ni
in the 3b position. The crystal structure parameters for the best
t are presented in Table 1b. We may conclude that the
increase in the unit cell parameters upon Zr substitution is
mainly due to an increase in the metal–oxygen distances within
the lithium layer, and this correlates well with DFT calculations
presented below.

3.1.2. Computational characterization. Lithiated layered
oxide electrodematerials based on Ni, Co, andMn, are shown to
have limited ordering due to the difference in oxidation states of
each ion. It was suggested previously that such ordering is
driven by electrostatic interactions,37 and many authors have
proposed a (O3 � O3)R30 type of ordering in the above class of
materials.38–42 Recently we proposed a multi-scale approach to
predict low-energy cationic ordering in layered oxides based on
prescreening of various O3-ordering structures with classical
atomistic simulations, followed by DFT rescoring of the lowest
energy structures.43 We adopted this funneled approach to
predict the most stable structure with optimal cationic ordering
(Fig. 1).
J. Mater. Chem. A, 2016, 4, 16073–16084 | 16075
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Fig. 1 (a) The supercell of LiNi0.6Co0.2Mn0.2O2, in which Li atoms are marked in green; (b) most preferred cation ordering.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
3 

Se
pt

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

Sc
ie

nc
e 

E
du

ca
tio

n 
&

 R
es

ea
rc

h 
K

ol
ka

ta
 o

n 
7/

23
/2

02
0 

5:
49

:0
7 

PM
. 

View Article Online
Subsequently, we turned our attention to the prediction of
the preferred Zr-doping site. Fig. S4† shows the most preferred
Zr substitution positions, whereupon it replaces Ni, Co or Mn.
Based on the computed substitution energies, the thermody-
namic substitution preference for Zr4+ follows the order Ni
(Esubs ¼ �1.63 eV per dopant, TM Layer) > Co (Esubs ¼ �1.62 eV
per dopant) > Ni (Esubs ¼ �1.36 eV per dopant, Li Layer) > Mn
(Esubs ¼ �1.18 eV per dopant). As discussed in the previous
section, EDAS results conrm that Zr is doped preferentially at
Ni-sites. We note that the substitution energies are negative for
substitution of Ni by Zr in both TM and Li layers. Furthermore,
results of Reitveld renement also suggested that Zr is present
in both TM and Li layers.

Table 2 presents the calculated lattice parameters of Lix-
Ni0.6Co0.2Mn0.2O2 (x ¼ 1, 0). We obtain reasonable agreement
between the calculated and experimental parameters corre-
sponding to the fully intercalated state (x ¼ 1). For the fully
delithiated material (x ¼ 0), the c lattice parameters are higher
than expected44,45 because of the inability of the PBE functional
to account for dispersion interactions. As noted recently,43,46

dispersion becomes important in the low lithiation limit, and
inclusion of dispersion results in a characteristic dip in the
computed c lattice parameters at x < 0.50 (Fig. S5†). Inspection
of the parameters for Ni0.56Co0.2Mn0.2Zr0.04O2 shows clearly that
both a and c lattice parameters increase on Zr doping. The
increase in the c lattice parameter can be attributed to the
greater Zr–O average distance (2.11 Å) compared to the Ni–O
average distance (2.06 Å) at the same octahedral site. A slight
Table 2 Calculated a and c lattice parameters (Å) for undoped and Zr-d

a c a

LiNi0.6Co0.2Mn0.2O2 LiNi0.55C

x ¼ 1.00 2.89 14.25 2.90a

2.90b

x ¼ 0.0 2.84 14.99 2.86a

2.83b

a Zr doped in the TM layer. b Zr doped in the Li layer. c The experime
parenthesis are for Zr-doped NCM-622.

16076 | J. Mater. Chem. A, 2016, 4, 16073–16084
increase in the a lattice parameters on Zr doping was also
found. This latter increase is irrespective of the positions of Zr
in the TM or Li layer.

The dispersion-corrected PBE results clearly demonstrate
that from x ¼ 1.00 to x ¼ 0.00 the net change in the c lattice
parameter is lower for the Zr-doped (in the Li layer) material
than for the undoped material. Such a low overall change in the
c lattice parameter on Zr doping in the Li layer indicates the
suggested “pillar” effect of Zr. Visual inspection of the fully
delithiated structure of the Zr-doped (in the TM layer) material
reveals that the Zr atoms have moved signicantly above the TM
plane (for both GGA and dispersion-corrected GGA) (Fig. S6†),
suggesting that Zr has some interlayer interaction with the
oxygen atoms.
3.2 Electronic structure characterization of undoped and Zr-
doped materials

The calculated magnetic moments and projected density of
states (PDOS) for LiNi0.6Co0.2Mn0.2O2 and LiNi0.55Co0.2Mn0.2-
Zr0.05O2 suggest that Ni exists in two different formal oxidation
states, Ni2+ and Ni3+ (Fig. 2). Careful analysis of the PDOS
(Fig. 2a, b and S7†) suggests that Ni2+ and Ni3+ have electronic
congurations corresponding to t62g(|Y[|Y[|Y[|) e2g(| [| [|)
and t62g(|Y[|Y[|Y[|) e

1
g(| [| |), respectively. As expected, due to

the greater number of unpaired electrons in Ni2+ than in Ni3+,
Ni2+ has greater exchange splitting. The absence of exchange
splitting and magnetic moment on Co ions suggests a +3
oped NCM-622 using the PBE functional

c a c

o0.2Mn0.2Zr0.05O2 Exp.c

14.33a 2.87(2.87) 14.21(14.22)
14.28b

14.65a

14.59b

ntal values correspond to LiNi0.56Co0.2Mn0.2Zr0.04O2 and the values in

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Schematic projected density of states (PDOS) for (a) LiNi0.6-
Co0.2Mn0.2O2 and (b) LiNi0.55Co0.2Mn0.2Zr0.05O2 materials using PBE.
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valence state and an electronic conguration of t62g(|Y[|Y[|Y
[|) e0g(| | |). In both doped and undoped materials the valence
band maximum consists of Ni (Ni2+-eg and Ni3+-eg) and Co
(Co3+-t2g) states, whereas the conduction bandminimum (CBM)
primarily consists of Ni3+-eg states. The spin-singly occupied t2g
states of Mn and a magnetic moment higher than 2 mB suggest
a half-lled t2g state and a +4 valence state, corresponding to
a t32g(|Y |Y |Y |) e0g(| | |) electronic conguration. The existence of
mainly Ni states near the Fermi level suggests a primary role of
Ni in the electrochemical activity of NCM-622. Noticeably on Zr
doping the band gap of NCM-622 vanishes due to broadening of
the Ni and Co states. The broadening appears due to excess
electrons donated by Zr4+ when compared to Ni2+.

In Fig. 3 we present oxidation states for the transition metals
estimated based on the calculated magnetic moments and
PDOS. We note that upon Zr-substitution at Ni sites, the
number of Ni2+ ions increases while the number of Ni3+ ions
decreases to compensate for the excess positive charge origi-
nating from the aliovalent Zr4+ dopant. In the radial pair
distribution function of the pristine material (Fig. S8†), the
existence of two peaks in gNi–O and a peak near 1.95 Å conrms
the presence of a Ni3+ Jahn–Teller distortion. We also note that
This journal is © The Royal Society of Chemistry 2016
in the Zr-doped material this gNi–O peak is lowered, providing
evidence that the amount of Ni3+ ions is indeed reduced on Zr
doping. The slight increase in the a lattice parameters on Zr
doping mentioned above could be rationalized based on this
increase in the number of Ni2+ ions (ionic radius 0.69 Å) and
decrease in Ni3+ ions (ionic radius 0.56 Å) on Zr doping. Zr
substitution at Mn4+ sites does not result in a change in the
number of Ni2+ and Ni3+ ions, as expected due to the isovalent
nature of the substitution. On Zr substitution at Co3+ sites, the
number of Ni2+ ions is increased while the number of Ni3+ ions
decreases to compensate for the extra positive charge from Zr4+.
Clearly, Ni is the main redox active ion, which serves as a charge
modulator. Hence, the increase in the specic capacity on Zr
doping could be attributed to the higher ratio of Ni2+ (two redox
electrons/ion) to Ni3+ (one redox electron/ion) in the doped
material.
3.3 Electrochemical redox behavior of electrodes comprising
LiNi0.6Co0.2Mn0.2O2 undoped and Zr-doped materials

The positive effects of Zr-doping are reected in the improved
electrochemical performance of electrodes comprising Zr4+

doped materials, as presented in the following section, in which
we demonstrate more stable cycling behavior, faster kinetics,
lower impedance and voltage fade of the doped samples.

3.3.1. Computational characterization. The average inter-
calation voltage is one of the primary properties of any LIB
cathode material. The voltage proles calculated using PBE
(shied) and the dispersion corrected PBE (shied) show good
agreement with the experimental data (Fig. 4). As shown in our
recent study on NCM-523,43 the PBE+U method is not able to
reproduce the voltage trends of NCMmaterials. We suggest that
the inability of the PBE+U method in computing the voltages is
not a failure of the PBE+U method itself but it is mainly due to
change in electron correlation of NCM-622 as a function of Li
de-intercalation and due to the requirement of different U
values for cations at different states of charge.43

3.3.2. Experimental characterization. First, we established
that electrodes made from the Zr-doped material demonstrate
advanced electrochemical performance compared to their
undoped counterparts. This is demonstrated in Fig. 5 and 6,
which present, respectively, typical selected voltage proles
measured at various charge–discharge cycles from NCM-622
undoped (a) and zirconium doped (b) materials. These gures
also show the cycling behavior of these electrodes at various
current densities. We note that both Zr-doped and undoped
materials show similar voltage proles, as predicted by DFT
calculations.

However, we have established that Zr-doped materials
deliver slightly larger discharge capacities, especially at higher
rates of 1C–4C, implying thus enhanced Li intercalation/dein-
tercalation of these electrodes. The increased capacity of Zr
doped NCM-622 could be attributed to the greater Ni2+/Ni3+

ratio in this material compared to the undoped one, as dis-
cussed in the previous section. The positive effect of Zr-doping
is conrmed by much lower polarization in discharge upon
cycling, as shown in Fig. 5, and by obvious stabilization of the
J. Mater. Chem. A, 2016, 4, 16073–16084 | 16077
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Fig. 3 Oxidation states of transition metals in undoped and NCM-622 with Zr doped at Ni, Co or Mn sites.

Fig. 4 Calculated and experimental voltage profiles for undoped and Zr-doped LixNi0.6�yCo0.2Mn0.2ZryO2 materials at different delithiation
levels. The values of PBE and PBE with dispersion correction are rigidly shifted up by 0.9 eV and 0.6 eV, respectively. The black line represents the
experimental voltage for LixNi0.6Co0.2Mn0.2O2 taken from ref. 47; y¼ 0.00 and y¼ 0.05 represent the undoped and doped systems, respectively.
The experimental curve is plotted by considering a specific capacity of 250 mA h g�1 in the fully delithiated state.
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mean voltage on discharge, as represented in the inset to Fig. 6.
We demonstrate in Fig. 7, families of cyclic voltammograms
measured with undoped and Zr-doped electrodes, (a) and (b),
respectively, at a scan rate of 0.1 mV s�1 in the potential range of
2.8–4.3 V.

These results show that Zr-doped electrodes develop sharper
anodic and cathodic voltammetric peaks, higher currents
implying thus faster kinetics. They also reach stable quasi-
equilibrium behavior even aer the 1st cycle and demonstrate
less charge over-potential for the subsequent CVs. In addition,
16078 | J. Mater. Chem. A, 2016, 4, 16073–16084
Zr-doped LiNi0.56Co0.2Mn0.2Zr0.04O2 electrodes exhibit much
lower potential difference between anodic and cathodic vol-
tammetric peaks, DE ¼ Ea � Ec (compare the results shown in
the insets to Fig. 7), indicating faster electrochemical kinetics
both during the course of the rst cycles and aer 50 consec-
utive charge/discharge cycles. This was conrmed by the results
of impedance measured from undoped and Zr-doped electrodes
at various potentials during charge from 3.7 V to 4.3 V (Li-
deintercalation), Fig. 8a–d. Much lower total impedance of
LiNi0.56Co0.2Mn0.2Zr0.04O2 electrodes, both aer initial cycling
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Selected voltage profiles measured at 30 �C from electrodes comprising (a) undoped NCM-622 and (b) zirconium doped NCM-622
materials at the 1st cycle (C/15 rate, 10.6 mA h g�1), and at 5th, 25th and 50th cycles (C/3 rate, 53.3 mA h g�1). The irreversible capacity loss
calculated from the first cycles is �9% for the above electrodes.

Fig. 6 Discharge capacity measured at various C rates (1C rate: 160 mA h g�1) at 30 �C from electrodes comprising undoped NCM-622 and
zirconium doped NCM-622 materials. These electrodes exhibited capacity retention of �93 and �96%, respectively, at a C/3 rate. The average
discharge voltage as a function of the current density applied upon cycling of the above electrodes is shown in the inset.
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at 30 �C and aer 50 charge/discharge cycles at 45 �C, points to
lower resistance of the Li+ migration through surface lms (Rsf)
formed, as reected in Fig. S9,† and to enhanced electro-
chemical charge-transfer reactions (Fig. S10†).

We also conclude from this gure that the charge-transfer
resistance (Rct) of Zr-doped electrodes remains unchanged upon
Li+ deintercalation and is constant during consecutive galva-
nostatic cycling at a moderate current density, in comparison to
undoped electrodes. The lower resistances Rsf and Rct of
LiNi0.56Co0.2Mn0.2Zr0.04O2 electrodes can be attributed to some
extent to their modied and stable interface comprising the
Zr4+-enriched surface layer due to the dopant segregation and
This journal is © The Royal Society of Chemistry 2016
highly Li+-conducting species with Zr–O bonds, like Li2ZrO3.48

The latter were found to be present in the doped material as
a minor phase detected by X-ray and electron diffraction
studies. A similar phenomenon related to stabilization of the
electrode/solution interface of doped cathode materials was
also established in previous reports.10,12,49 The modied inter-
face of Zr-doped LiNi0.56Co0.2Mn0.2Zr0.04O2 electrodes is re-
ected furthermore by the much lower total exothermic heat
around 320 J g�1 of this material in reaction with an EC-EMC/
LiPF6 solution (as measured by differential-scanning calorim-
etry in a 190–400 �C range) compared to that of the undoped
counterpart (�870 J g�1). A detailed study of the thermal
J. Mater. Chem. A, 2016, 4, 16073–16084 | 16079
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Fig. 7 Cyclic voltammograms (CVs) measured at 30 �C (scan rate 0.1 mV s�1) from electrodes comprising (a) undoped NCM-622 and (b)
zirconium doped NCM-622 materials. Shown are the initial five CVs (1–5, as indicated) and those measured after 50 consecutive galvanostatic
cycles at a C/5 rate (45 �C). The insets to (a) and (b) demonstrate the potential difference DE ¼ Ea � Ec of the anodic and cathodic voltammetric
peaks measured as a function of cycles of undoped and Zr-doped electrodes, respectively.

Fig. 8 Families of impedance spectra (Nyquist plots) measured at 30 �C at several potentials upon charge (Li+-extraction) from electrodes
comprising undoped NCM-622 and zirconium doped NCM-622 materials: (a) and (c) after 5 initial CVs and (b) and (d) after consecutive 50
galvanostatic cycles at a C/5 rate, at 45 �C, respectively. Selected frequencies are shown on the spectra. Note that the scale of charts (c) and (d)
(Zr doped material) is smaller by an order of magnitude compared to that of charts (a) and (b) (undoped material).
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behavior of the two materials in pristine and charged states will
be reported in a separate paper from our groups. In the
following section, we demonstrate by structurally sensitive X-ray
and electron diffraction measurements how Zr-doping inu-
ences the structural stability of the layered oxide material sub-
jected to electrochemical cycling.

Fig. 9 compares XRD proles of undoped and doped pristine
NCM-622 materials (black and blue colors, respectively), which
were subjected to heat treatment at 900 �C for one hour. Also
demonstrated in this gure are the XRD patterns obtained from
16080 | J. Mater. Chem. A, 2016, 4, 16073–16084
these materials aer electrochemical cycling (50 consecutive
cycles at 45 �C) terminated by charge to 4.3 V.

All reections in these patterns can be attributed to the rhom-
bohedral (R�3m) Li(TM)O2 phase, although overlapping peaks at 2q
¼ 38.5�, 44.7� and 65.1� also include Al111, Al200 and Al220 peaks,
respectively, that arise from the Al substrate. Due to the preferred
orientation of the Al grains the reection Al220 is rather strong,
while the contribution of the peaks Al111 and Al200 is negligible.

Careful inspection of the diffraction patterns (Table S1†)
reveals that the splitting of the (006)/(012) and (018)/(110) peaks
This journal is © The Royal Society of Chemistry 2016
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Fig. 9 XRD patterns measured from undoped LiNi0.6Co0.2Mn0.2O2 and Zr-doped pristine LiNi0.56Co0.2Mn0.2Zr0.04O2 materials and from cycled
electrodes (black and blue profiles, respectively). The strong peak at 2q ¼ 65.1� arises from the Al-foil current collector.
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remains aer electrochemical cycling. Moreover, in the doped
material, the splitting of the (018)/(110) peaks is noticeably
greater. This indicates that hexagonal ordering persists sug-
gesting that the cycled material still possesses a layered struc-
ture. Although XRD patterns from both undoped and doped
cycled materials did not contain any indication of the structural
transformation to the spinel phase, TEM examinations of some
individual particles of undoped cycled material revealed,
however, the presence of the spinel phase. Fig. 10 shows an
example of the TEM image of the particle of the cycled material.
The nano-beam electron diffraction (Fig. 10b) taken from the
area marked “sp” on the periphery of the particle, which is
outlined by a blue dashed line, clearly demonstrates that
transformation from the layered to the spinel structure takes
place, and the transition starts at the particle surface. The
Fig. 10 TEM analysis of undoped LiNi0.6Co0.2Mn0.2O2 material subjecte
particle; the blue line separates the original rhombohedral layered structu
pattern from the area marked “sp”; (c) CBED pattern taken from the interi
unit cell of Li(TM)O2. Reflections of the rhombohedral phase are labeled

This journal is © The Royal Society of Chemistry 2016
structure of the interior of the particle still remains rhombo-
hedral, as illustrated by the corresponding indexed CBED
diffraction shown in Fig. 10c.

Interestingly, analysis of the diffraction patterns of 15 cycled
Zr-doped particles of this material did not reveal the presence of
a spinel. All the particles were indexed in terms of the rhom-
bohedral R�3m phase (Fig. 11a and b).

It is noteworthy that the above mentioned presence of
insignicant amount of the Li2ZrO3 phase in the dopedmaterial
(demonstrated by XRD) was also detected in TEM. Among the
CBED patterns recorded from the samples of doped material,
some patterns could be uniquely indexed to the structure of
Li2ZrO3, as demonstrated in Fig. 11c. Apparently, this phase,
which appears in the material as a minor impurity, is formed
while synthesizing the doped Li1Ni0.56Zr0.04Co0.2Mn0.2O2.
d to 50 galvanostatic cycles at 45 �C: (a) TEM image of the individual
re material from the material transformed to the cubic spinel; (b) CBED
or of the particle, which was indexed on the basis of the rhombohedral
as Rh.

J. Mater. Chem. A, 2016, 4, 16073–16084 | 16081
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Fig. 11 The CBED patterns taken from the Zr-doped LiNi0.56Zr0.04Co0.2Mn0.2O2 electrode material after 50 consecutive galvanostatic cycles at
45 �C. Patterns (a) and (b) were indexed on the basis of the unit cell of the rhombohedral (Rh) phase. The pattern in (c) shows the presence of
Li2ZrO3 as a secondary phase from the self-combustion synthesis of the Zr-doped material.
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3.4 Layered-to-spinel structural transformation

To understand why the Zr-doped samples do not show any
layered to spinel transformation, we investigated the possible
mechanism for such transformation in undoped and Zr-doped
NCM-622. For transformation from a layered to a spinel struc-
ture to occur, 25% of the ions are required to migrate from the
TM layer to the Li layer into adjacent octahedra.50 Such layered-
to-spinel transformations have been extensively studied in Lix-
MnO2-based materials.50,52 In the current case, Ni2+ migration is
the most likely scenario leading to a layered-to-spinel trans-
formation,51,53 and hence we investigated the Ni2+ migration
energy barriers in NCM-622. In particular, we computed
Fig. 12 Energy profiles for Ni migration obtained using PBE. Oh to Td Ni m
site and (b) tri-vacancy near the Ni Td site. (c) Oh–Td–T0

d Ni migration bar
(above the migrating ion layer). (d) Suggested mechanism for Ni2+ migra
oxygen atoms and grey-Ni atoms, violet-Mn atoms, blue-cobalt atoms.

16082 | J. Mater. Chem. A, 2016, 4, 16073–16084
diffusion paths from octahedral (Oh) sites (in the TM layer) to
the corresponding tetrahedral (Td) sites (adjacent to the Li
layer). As the diffusion barriers are dependent on the Li-ion
concentration,54 we varied the number of Li vacancies to
understand their effect on cation migration barriers. For
instance, the Ni2+ migration barrier is high (>1 eV) in the case of
two Li vacancies near the migrating Ni Td site and a single Li
vacancy at an adjacent octahedral site (Fig. 12a and d with Li
present at encircled Li sites). Moreover, the Td site is energeti-
cally less favorable compared to the Oh site. Interestingly, in the
case of three Li vacancies (at lower lithium loading) near the
migrating ion and one Li vacancy at the nal migration site, the
igration barrier in undoped NCM-622with Li (a) di-vacancy near a Ni Td
rier in undoped NCM-622 with Li tri-vacancy with one Ni at the T0 0

d site
tion leading to a partial spinel nucleus. Color codes for spheres: red-

This journal is © The Royal Society of Chemistry 2016
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Ni2+ migration barriers drop to 0.23 eV and the Td site becomes
signicantly more stable compared to the corresponding Oh site
(step 1, Fig. 12b and d with Li absent at the encircled Li sites).
These results suggest rapid and irreversible Ni2+ ion migration
upon lowering of the Li-ion concentration. It appears surprising
that the Td site becomes thermodynamically preferred over the
Oh site, as the preliminary qualitative argument of crystal eld
stabilization energy suggests that Ni2+ has slight octahedral
preference over tetrahedral sites. However, with four vacancies,
Ni(O)6 becomes distorted (Fig. S11b†) relative to the corre-
sponding lithiated state (Fig. S11a†). This Ni(O)6 asymmetry
lowers the stability of the Oh site compare to the Td site.

Based on the above results we may suggest the following
mechanism: initially, Ni2+ from one TM layer rapidly migrates
from an Oh to a corresponding Td site (step 1, Fig. 12b), followed
by an Oh to Td migration of a second Ni2+ (in an adjacent layer)
(step 2, Fig. 12c and d). This Ni can further migrate to a corre-
sponding T0

d site (Td–T0
d), with a somewhat higher barrier of

�0.7 eV (step 3, Fig. 12c and d). Since the stability of the Td site
is lower than that of the Oh site with lowering in the amount of
Li vacancies, the last stage of Ni2+ migration from a T0

d site to an
Oh site (in the Li layer) can be achieved by further cycling or via
a Li concentration gradient, although this step was not modeled
in the current study. Structures involved in this migration
mechanism are shown in Fig. S12.†

To avoid layered-to-spinel transformations, one may dope
the NCM lattice with a high-charge state cation, such as Zr4+.
NEB calculations show that the optimal Ni2+ migration paths do
not involve Td sites in the presence of Zr4+ in the lithium layer
due to destabilization of the Td sites due to strong electrostatic
interaction with nearby Zr4+ ions. In the presence of Zr4+, Ni2+

migration occurs via an Oh site (TM layer) to an Oh site (Li layer),
involving a high-energy barrier of 1.52 eV (Li tri-vacancy) and
1.46 eV (Li tetra-vacancy). The high barrier is likely due to the
involvement of an energetically unfavorable oxygen dumbbell
transition state,50,55 as well as repulsive electrostatic interaction
with Zr4+. Moreover, the presence of Zr4+ in the TM layer also
destabilizes T0 0

d sites.
Hence, our computational results suggest that Ni2+ migra-

tion is hindered due to doping of Zr4+ at Ni sites near the
dopants. A second important effect of the high charge state
dopant is the reduction of the number of Ni3+ ions on doping, as
these Jahn–Teller active ions (Ni3+) could result in instability in
the layered structure.

4. Conclusions

In this work, we presented a combined computational and
experimental study aiming to understand the impact of high
charge-state dopants, such as Zr4+, on the structural stability
and electrochemical behavior of the lithiated transition metal
oxide LiNi0.6Co0.2Mn0.2O2. It was established that Zr-doped
LiNi0.6�xCo0.2Mn0.3ZrxO2 electrodes possess faster electro-
chemical kinetics, much lower surface lm, and charge-transfer
resistances measured from impedance spectra in the potential
range of 3.7–4.3 V. These electrodes also exhibited higher
discharge capacities during cycling at 45 �C, especially at high
This journal is © The Royal Society of Chemistry 2016
rates. An important nding of our work is that Zr-doped
LiNi0.6�xZrxCo0.2Mn0.3O2 material retained its structure upon
electrochemical cycling, in contrast to the undoped one, which
underwent partial layered-to-spinel structural transformation,
evidenced from analysis of nano-beam electron diffraction
patterns.

Computational studies suggest that irreversible migration of
Ni-ions in LiNi0.6Co0.2Mn0.2O2 upon the Li+ deintercalation
could result in partial structural layered-to-spinel trans-
formation, hence explaining the experimentally observed
change. Comparison of ion-diffusion paths in the undoped and
doped materials presents a rational for how Zr can stabilize
layered structures. In particular, we suggest that Zr plays a two-
fold role in inhibiting the above transformation: destabilization
of Ni tetrahedral sites and reducing the concentration of Jahn–
Teller active Ni3+ ions. The current ndings are expected to aid
in the rational design of improved cathode materials for Li-ion
batteries.
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