STAM

Science and
Technology of
Advanced
Materials

.79 « PEmpa

Science and Technology of Advanced Materials

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tsta20

Taylor & Francis

Taylor & Francis Group

Determining phase transitions of layered oxides
via electrochemical and crystallographic analysis

Katja Frohlich , Isaac Abrahams & Marcus Jahn

To cite this article: Katja Frohlich , Isaac Abrahams & Marcus Jahn (2020) Determining phase
transitions of layered oxides via electrochemical and crystallographic analysis, Science and
Technology of Advanced Materials, 21:1, 653-660, DOI: 10.1080/14686996.2020.1814116

To link to this article: https://doi.org/10.1080/14686996.2020.1814116

8 © 2020 The Author(s). Published by National
Institute for Materials Science in partnership
with Taylor & Francis Group.

[N
h View supplementary material (&'

ﬁ Accepted author version posted online: 25
Aug 2020.
Published online: 15 Sep 2020.

N
[:J/ Submit your article to this journal &

||I| Article views: 160

A
& View related articles &'

@ View Crossmark data (&'

o
£
£

B

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=tsta20


https://www.tandfonline.com/action/journalInformation?journalCode=tsta20
https://www.tandfonline.com/loi/tsta20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/14686996.2020.1814116
https://doi.org/10.1080/14686996.2020.1814116
https://www.tandfonline.com/doi/suppl/10.1080/14686996.2020.1814116
https://www.tandfonline.com/doi/suppl/10.1080/14686996.2020.1814116
https://www.tandfonline.com/action/authorSubmission?journalCode=tsta20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tsta20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/14686996.2020.1814116
https://www.tandfonline.com/doi/mlt/10.1080/14686996.2020.1814116
http://crossmark.crossref.org/dialog/?doi=10.1080/14686996.2020.1814116&domain=pdf&date_stamp=2020-08-25
http://crossmark.crossref.org/dialog/?doi=10.1080/14686996.2020.1814116&domain=pdf&date_stamp=2020-08-25

SCIENCE AND TECHNOLOGY OF ADVANCED MATERIALS
2020, VOL. 21, NO. 1, 653-660
https://doi.org/10.1080/14686996.2020.1814116

Taylor & Francis
Taylor & Francis Group

8 OPEN ACCESS | ® check forupsstes

Determining phase transitions of layered oxides via electrochemical and

crystallographic analysis

Katja Frohlich?, Isaac Abrahams® and Marcus Jahn?

2Electric Drive Technology, AIT Austrian Institute of Technology GmbH, Vienna, Austria;
bSchool of Biological and Chemical Sciences, Queen Mary University of London, London, UK

ABSTRACT

The chemical diffusion coefficient in LiNi;,3Mn;,3C04,30, was determined via the galvanostatic
intermittent titration technique in the voltage range 3 to 4.2 V. Calculated diffusion coefficients
in these layered oxide cathodes during charging and discharging reach a minimum at the
open-circuit voltage of 3.8 V and 3.7 V vs. Li/Li*, respectively. The observed minima of the
chemical diffusion coefficients indicate a phase transition in this voltage range. The unit cell
parameters of LiNi;;3sMn;,3C0,,30, cathodes were determined at different lithiation states
using ex situ crystallographic analysis. It was shown that the unit cell parameter variation
correlates well with the observed values for chemical diffusion in NMC cathodes; with a notable
change in absolute values in the same voltage range. We relate the observed variation in unit
cell parameters to the nickel conversion into the trivalent state, which is Jahn-Teller active, and

to the re-arrangement of lithium ions and vacancies.
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Ex situ X-ray diffraction
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1. Introduction

Li-ion batteries are the leading electrochemical storage
systems for both small and large-scale applications,
from mobile phones up to electric vehicles (EVs).
Their energy density, among other important factors,
is influenced by the cathode material, which is not
only the main contributor to the overall cost, but
also the major determining factor for the cell capacity
[1,2].

Mixed layered oxide cathodes are one of the most
promising candidates to meet future requirements for
EV applications. LiNi;;3Mn;;3Co;,50, (NMC), as the
most common representative, has already been stu-
died extensively [3,4], including work aimed at
improving the materials’ properties by employing stra-
tegies such as doping and coating [5-7]. Among other
cathode materials such as LiNiysMn; ;0, (LNMO)
spinels [8], NMC has already found its way into com-
mercialization within the automotive sector, with
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Nissan being a prominent adopter of this material
from the start.

LiNi;;3Mn,;3C0,,30, (NMC) exhibits the delafos-
site (NaCrS,) structure in space group R-3 m and is
based on a cubic close packed oxide ion array with
transition metal cations occupying all the octahedral
sites in alternate layers. The Li" cations are located in
the remaining octahedral sites between the transition
metal oxide layers (Figure 1). The layered structure
thus provides two-dimensional diffusion pathways for
Li* ion insertion and extraction during discharging
and charging, respectively.

It is widely agreed that the oxidation states of the
framework cations are Ni**, Mn*" and Co®" in the
fully lithiated, discharged cathode material LiNi,;
Mn, 5Co0,,30, [9]. However, the literature is inconsis-
tent regarding the charge compensation reaction.
Even though most agree that charge compensation
during extraction of Li" is related to Ni oxidation, i.e.
Ni*" — Ni’* at lower potentials and Ni** — Ni*" at
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Figure 1. Structure of LiMeO,, showing metal (Me) octahedra
(blue) and positions of oxygen (red) and lithium (green) atoms.

higher potentials, some results indicate that the Ni’
*/Ni** redox pair is not active in the applied cycling
range [10]. This would explain the irreversibility of
nickel-rich NMC cathode materials, which naturally
exhibit a higher amount of Ni**, and therefore are
only stable during cycling at lower cut-oft voltages,
depending on the overall amount of Ni in the structure
[11,12].

In addition, the role of Co is not fully clarified.
Early work based on a combined experimental and
theoretical study by Ceder’s group states that Co oxi-
dation from 3+ to 4+ occurs only in highly delithiated
NMC [13]; whereas recent work suggests that the Co”
*/Co*" redox couple is active over the whole cycling
range even at higher lithiated states [14].

The inconsistency of the published data regarding
different NMC compositions reveals that a deeper
understanding of structural changes in combination
with charge compensation during cycling is needed to
improve future NMC cathode materials for automotive
applications.

The lithium ion diffusion coefficient (Dy;,) is a key
indicator of charge kinetics, as the mobility of Li* ions
in electrode structures is crucial for efficient charging/
discharging of battery cells. The crystal structure of the
corresponding electrode materials therefore deter-
mines the reaction kinetics.

Different methods have been applied for the deter-
mination of the diffusion coefficient in NMC, such as
cyclic voltammetry (CV) [15,16], electrochemical
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impedance spectroscopy (EIS) [17-19] and galvano-
static intermittent titration technique (GITT) mea-
surements [20-23]. The observed absolute values in
previously published work differ considerably, ranging
from 107'° to 107"% cm?® 7.

The reason for the wide variation in absolute values
lies in the differences between the corresponding
methods, electrode fabrication and porosity, as well
as the estimation of several parameters needed to
calculate the diffusion coeflicient. In addition, the
influence of the experimental setup is often under-
estimated, especially for impedance measurements.
The porosity of the electrodes in combination with
small size, as is the case in most studies, can lead to
reproducibility problems in terms of absolute values of
chemical diffusion coefficients. Furthermore, to calcu-
late the diffusion coefficient, one must know the effec-
tive reaction surface area, which is not directly
accessible and therefore estimated, e.g. via gas adsorp-
tion measurements.

Among these methods for analysing the diffusion
behaviour in cathode materials, GITT serves as
a powerful, tool linking charge kinetics and thermo-
dynamics in insertion compounds. Even though the
method has some general assumptions, such as one-
dimensional Ficksian diffusion, uniform particle size
and shape, concentration dependence and homoge-
neous surfaces, it is useful for analysing phase trans-
formations and structural changes due to its
combination of steady and transient states during the
measurement. To interpret the calculated diffusion
coefficient curves for charging and discharging over
the cycling range, parallel analysis of the crystal struc-
ture variation can help in understanding the variation
of the chemical diffusion coefficient.

The description of structural changes and their rela-
tionship to the electrochemical properties is seen as an
essential part of research on next generation host
matrices for Li*-ion batteries [7]. Several studies have
focused on structure variation during cycling involving
in situ and in operando measurements [20,24-28].
Problems such as the large incoherent scattering of
hydrogen for neutron diffraction measurements, analy-
sis of the diffraction from multiple components, the
design and construction of specially adapted cells,
including electronically insulating windows and/or
equipment, make these studies comparatively difficult.

Ex situ diffraction investigations on NMC and
other insertion compounds also have been performed
[29-31], sometimes in combination with other char-
acterisation techniques or in situ methods. In the case
of NMC, trends in the lattice parameters at different
lithiation states have been identified. Nevertheless,
none of the aforementioned studies linked the unit
cell parameter variation to the OCV, but rather to x in
Li;_xNi;;3Mn;3C04/30,.
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The aim of the present work is to clarify the phase
behaviour of NMC during cycling. To achieve this, GITT
has been applied to determine the open-circuit voltage
(OCV) at different lithiation states of NMC and to cal-
culate the chemical diffusion coefficient, D, over the
whole cycling range. It is found that D exhibits minima
at the oxidation/reduction peaks during charging and
discharging. This type of behaviour is commonly related
to phase transitions or structural re-arrangements.

To prove structural re-arrangement, ex situ X-ray
powder diffraction (XRD) measurements of NMC
cathodes were carried out using adapted coin cells,
and the unit cell parameters were fitted via Rietveld
analysis. In this way, the lattice parameter variation
was linked with the OCV curve obtained from the
GITT measurement, allowing for conclusions regard-
ing  phase  transformation  during  charge
compensation.

2. Experimental details
2.1. Synthesis

Lithium nickel manganese cobalt oxide, LiNi;;3Mn;,3
Coy30, (NMC), was synthesized via a co-
precipitation route. Aqueous solutions (0.2 mol
dm™) of Mn>*, Ni** and Co®" were prepared from
Mn(NO,),-4H,0 (Merck, 98%), Ni(NO3),-6H,
O (Merck, 99%) and Co(NOs3),-6H,O (Alfa Aesar,
98%), respectively, to give the desired stoichiometry.
The solutions were then mixed, and concentrated
ammonia was added in a 6:1 ratio with respect to the
total cation content. Following this, NaOH (2 mol
dm ™) was successively added in a dropwise manner
to the solution to initiate the precipitation reaction.
The total amount of NaOH used was calculated to give
a 2:1 ratio with respect to the total cation content. The
resultant precipitate was then filtered and washed sev-
eral times with deionized water before drying for 14 h
at 120°C in air. The dried powder was then milled with
excess (3 mol%) LiOH-H,O (Alfa Aesar, 98%) in a pla-
netary ball mill and then placed in a zirconia boat at
500°C for 5 h under flowing synthetic air. After the
heat treatment, the sample was cooled to room tem-
perature, ground in an agate mortar then placed in
a zirconia boat at 900°C for 10 h in flowing synthetic
air. All heating and cooling measurements were car-
ried out at a rate of 5°C min ™', Elemental composition
was determined by inductively coupled plasma optical
emission  spectroscopy  (ICP-OES; PerkinElmer
OPTIMA 7300 DV, Massachusetts, USA) and the
data analysed using WinLab32 for ICP. The powders
were chemically pulped using a concentrated nitric
and hydrochloric acid mixture under constant heat-
ing. Argon was used as the analysis gas and the equip-
ment was calibrated prior to the analysis.
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2.2. Electrochemical measurements

Cathodes were prepared with a 85:8:2:5 mass ratio of
synthesized NMC as active material, carbon black -
Super P (Timcal), SFG6L graphite (MTI) and PVDF
binder (MTI) and coated onto an aluminium current
collector to achieve a final coating thickness of 50 pm.
The dried and calendared cathodes were assembled
into 2032 type coin cells for half-cell measurements
against metallic lithium. 1 M LiPF¢ in EC/DMC 1:1
(w/w) (LP30, BASF) was used as electrolyte. All elec-
trochemical tests were performed using a Maccor
Series 4000 battery tester (Oklahoma, USA).

Galvanostatic  intermittent titration technique
(GITT) measurements were performed to determine
the chemical diffusion coefficient in the NMC cathodes
over the whole cycling range from 3 to 4.2 V. After two
formation cycles at 0.1 C, current pulses of 600 s at
0.1 C were applied and the relaxation time of the cell
after each pulse was set to 2400 s. The open-circuit
voltage (OCV) was directly derived from the experi-
ment, whereas the chemical diffusion coefficient in the
cathode was calculated accordingly as first described by
Weppner and Huggins [32], based on Fick’s second
law. If the time scale of the pulse is considerably smaller
than the length of the electrode divided by the chemical
diffusion coefficient, D can be calculated via:

2
- 4 2\ 2
D= = mp V, AUOCV (1)
T MB S T(d_U)
dv/t

Where 7 represents the duration of the pulse, mjp the
active mass of the electrode, V,; the molar volume of
the active material, Mg the molecular weight, and S the
active specific surface area of the electrode. AUpcy
represents the open-circuit voltage difference before
and after the pulse; whereas AU, is the actual change of
the voltage during the pulse, neglecting the IR-drop.
Cyclic voltammetry (CV) measurements were per-
formed prior to the crystallographic analysis with a scan
rate of 0.1 mV s~ up to 4.5 V. Cycling was stopped at
different lithiation states and cells were assembled and
disassembled under inert atmosphere in an argon filled
glove box (Mbraun, Germany). After disassembly, the
cathodes were washed with dimethyl carbonate (BASF,
Germany) to remove residual lithium salts. For the
powder-XRD measurements, the dried cathodes were
sealed in a specially adapted coin cell covered with
Mylar film to prevent air exposure during the measure-
ment period (see Fig S1 in supplementary information).
Powder X-ray diffraction data were recorded on
a PANAlytical X’Pert Pro diffractometer (United
Kingdom), with an X’Celerator detector in the 20
range 5-120° with a step width of 0.0167° and an
effective count time of 200 s per step. Ni filtered Cu-
Ka (A = 1.5418 A) radiation was used with the sample
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in flat plate 6/6 geometry. Structural analysis was
carried out using the GSAS (General Structure
Analysis System) package [33] with the EXPGUTI inter-
face [34]. In all cases, a polynomial background, scale
factor, zero point, absorption correction, preferred
orientation, coefficients for the peak shape function
and cell parameters were refined. The structure of
LiNij;3Mn;,3Co;,30, presented by Nazar et al. [35]
was used as a starting model (see Table SI,
Supplementary Information).

Due to the number of distinct phases present in the
cathode samples, reference patterns of the graphite
and aluminium current collector used were recorded
and fitted by Rietveld analysis. The results obtained
were used in the Rietveld analysis of the cathode
samples as secondary phases. In these multiphase
refinements the structural parameters of the secondary
phases were fixed. The actual lithiation state of the
NMC samples was calculated from the specific capa-
city of each cathode material. These values were used
in the structural model for the Rietveld refinement.

3. Results and discussion
3.1. Cyclic voltammetry (CV)

Figure 2: Cyclic voltammogram of NMC. The sharp
peaks correspond to the redox couples of the charge
compensation reaction. shows a cyclic voltammogram
at a scan rate of 0.1 mV s~'. The polarisation between
the oxidation peak at 3.8 V and the reduction peak at
3.7 V is 100 mV. Only one anodic and one cathodic
peak are present. The absence of a peak at 3 V implies
that no Mn>" was present in the synthesized NMC
cathode structure [36]. The oxidation and reduction
peaks correspond to the charge compensation reaction
during Li" extraction and insertion, whereas the small
polarisation reflects the reversibility of this process.

3.2. Galvanostatic intermittent titration
technique (GITT)

Figure 3: shows the 10th and 11th voltage profiles of
charge and discharge pulses during GITT

Voltage [V]
®
3

3.724

3.714

370 T T T T
84.0 84.5 85.0 85.5 86.0

Time [h]
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24
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Figure 2. Cyclic voltammogram of NMC. The sharp peaks
correspond to the redox couples of the charge compensation
reaction.

measurements, respectively (full voltage range profiles
are given in Fig. S2 in the supplementary
information).

The voltage changes during the pulses for both
charging and discharging show linear behaviour,
such that the formula for D simplifies to:

4 (mp V,\? (AUocv 5
n.T<M38>< U; > @
The open-circuit voltage (OCV) as obtained from
GITT measurements over the cycling range for the
charging case is presented in Figure 4. It shows the
typical plateau region of NMC cathodes between
3.7 and 3.85 V. In this experiment, approximately
half of the lithium ions were reversibly extracted
from the structure according to the measured cell
capacity.

Figure 5 displays the chemical diffusion coefficient

b:

D for both charging and discharging over the mea-
sured open-circuit voltage. Both curves show a V-type
shape, where D on discharging reaches a minimum at
the OCV of 3.7 V, whereas the charge diffusion has its
minimum at 3.8 V.

Volta
w
©
8
-

3.88-| \
\

387 T T T T 1
126.0 126.5 127.0 127.5 128.0 128.5

Time [h]

Figure 3. Measured voltage curves for the 10th and 11th charge (left) and discharge (right) pulses of synthesized NMC from the

GITT measurement.
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Figure 5. Calculated chemical diffusion coefficient in NMC
over the OCV during charging and discharging.

The value of D for charging is significantly higher
compared to that for discharging up to 3.8 V. Whilst
the lithium ion diffusion coefficient Dy;, would be
expected to show similar values for charging and dis-
charging, D contains several components and these
would not necessarily be expected to show the same
behaviour. The chemical diffusion coefficient reflects
all species and, especially in combination with phase
transformations as observed for other Li" insertion
materials [37,38], can differ for charge and discharge
cases as observed from the presented GITT measure-
ments. The calculated thermodynamic factor as well as
the component diffusion coefficient Dy;, are presented
in the supplementary information in Fig S3.

The calculation of D requires the estimation of the
reaction surface area of the corresponding electrode.
Even though this leads to an unknown scaling factor
and wide range of published absolute values, the over-
all tendencies of the diffusion coefficients for insertion
and extraction of lithium ions are evident. The reac-
tion area is solely incorporated as a linear parameter

K. FROHLICH et al.

and therefore slightly shifts the curves over the mea-
sured voltage range.

Local diffusion coefficient minima observed by
other groups [4,37-39] are usually associated with
structural changes such as phase transitions in combi-
nation with the charge compensation reaction during
Li" insertion/extraction. In the case of LiNi;;sMn, ;3
Co1/30,, little detail is known regarding possible phase
transitions or structural changes over the cycling
range used in the present study. Significant structural
changes in NMC type cathodes usually occur at much
higher voltages above 4.5 V [40-42]. Only Shaju’s
group stated that a phase transition takes place in
this voltage range, which must be reversible as no
significant decay in capacity is visible [21]. The good
cyclability of NMC; even at 5 C over 200 cycles [43], or
when new production routes are applied [2]; indicates
the reversible nature of the structural rearrangement.

The oxidation/reduction peaks from the cyclic vol-
tammetry measurements correlate well with the varia-
tion of the diffusion coefficients for the charge and
discharge cases, where the minima of D were observed
at the peak positions and all nickel ions are supposed
to be in the 3+ state. The Ni*>* ion is Jahn-Teller active
and can therefore trigger distortion or lead to phase
transformation in combination with Li* ion vacancy
ordering such as in LiNiO, [44].

3.3. Exsitu XRD

To investigate the structural rearrangement, crystal-
lographic analysis of cycled cathodes at different lithia-
tion states in the same voltage range was performed.
The corresponding X-ray diffraction profiles are given
in the supplementary information as Fig. S4. The fitted
XRD pattern of the synthesised powder (Fig. S5, with
corresponding crystal and refinement data in Table S2
and refined parameters in Table S3) confirms the
phase purity of the synthesized NMC, while ICP ana-
lysis confirms the calculated stoichiometry (Li
6.9 + 0.1 wt% Ni 20.2 + 0.2 wt%, Mn 19.3% + 0.1 wt
% and Co 20.1% * 0.2 wt%).

Figure 6 shows the variation of the unit cell para-
meters and the c/a-ratio with open-circuit voltage. The
a-axis (representing the intra-slab distance) shows
a small decreasing trend with increasing OCV up to
3.8 V, with a sharp decrease between 3.8-3.9 V. During
charging of the cell, the amount of Li" in the structure
decreases, and charge compensation in the NMC
structure occurs via the oxidation of Ni** ions [45].
The decreasing a-parameter is related to the smaller
ionic radii of Ni** and Ni** compared to Ni** with
values of 0.60 A (HS), 0.48 A and 0.69 A, respectively,
for the ions in six-coordinate geometry [46]. In con-
trast, the c-axis (representing the inter-slab distance,
where the lithium ions are intercalated) shows an
increase between 3.8 and 3.9 V.



Sci. Technol. Adv. Mater. 21 (2020) 658

287+

A 41445

2.86
1 14.40

— 2854 4 —
< 14.35 <
©

114
2.84 0

A - 14.25

283+
[]

T T T T 14.20
0.0 0.2 0.4 0.6 0.8

x in Liy,(Ni;,3Mn,,5Co4,3)0,

B 003

Counts
.

K. FROHLICH et al.

101.50 4
101.25 4
101.00 -
100.75

100.50 -

Volume [A3]

100.25

100.00 - -

99.75 T T T T
0.0 0.2 0.4 0.6 0.8

xin Lig,(NiygMny5C04,5)0,
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[b] unit cell volume, both vs. open-circuit voltage (estimated standard deviations are smaller than the symbols used) and [c] detail
of diffraction profiles for NMC cathodes showing the characteristic [003] peak.

The extraction of Li* ions from a host structure
would usually be associated with a decrease of the
interlayer-spacing and therefore the observed increase
is unexpected. Existing arguments regarding electrical
repulsion between the MeOg-layers are valuable [47],
but would likely show a steady increase rather than
a sudden change as observed. The present data indi-
cate a sudden structural re-arrangement of the lithium
ions and vacancies between the layers, leading to an
abrupt decrease of D just before the observed unit cell
parameter change.

The variation in unit cell volume is dominated by the
change in the a-axis, with a sharp decrease in the range
3.8-3.9 V. The overall unit cell volume changes only
slightly by ~ 1%, which is favourable for electrode mate-
rials to avoid cracking, as can happen in Li-excess NMC
and at higher cut-off voltages [48]. Similar trends were
observed by other groups in ex situ XRD studies on cycled
NMC and other cathode materials, but less pronounced
in terms of sudden changes in lattice parameters than
seen here [29-31]. In addition, previous studies have
focused on variation of diffusion coefficient with compo-
sition rather than the OCV of the cell and therefore, the
abrupt changes in lattice parameters are less visible.

Significant unit cell volume decay has been
reported for various layered oxide cathodes com-
pounds, such as NMC811 [12], LiNiO, [49], and
LiCoO, only at higher potentials [50], where it was
mainly related to the irreversible phase transition
between the two hexagonal phases H2 — H3. The

presented data suggest structural re-arrangement at
x = 0.64. In pure LiCoO,, only about half of the Li*
ions can be reversibly extracted, due to lithium/
vacancy ordering, which leads to a structural transfor-
mation from the hexagonal to the monoclinic phase
[51]. Reversibility is lost in LiCoO, above this state,
whereas NMC can be reversibly cycled up to 4.3 V
against Li/Li"; corresponding to ~ 2/3 of the total
lithium content.

The characteristic change of the unit cell para-
meters in the range of 3.8-3.9 V is correlated to the
determined minimum in D. In this voltage range, Li"
ion diffusion is lower, and the kinetics for both lithium
ion extraction and insertion, reach their minimum.

NMC can be described as a solid solution of the
parent lithiated transition metal oxides LiNiO,,
LiCoO, and LiMnO, and therefore exhibits character-
istics of the corresponding phases [52]. Cobalt oxida-
tion in LiCoO,-rich regions of NMC, where only half
of Li* can reversibly be extracted, is frustrated where
the structural re-arrangement occurs and the calcu-
lated D reaches its minimum. Reversible crystal struc-
ture transformation between the hexagonal and
monoclinic phases of NMC during the charge com-
pensation reaction have previously identified for
LiNiO, [49,53,54]. The observed phase change is
related to the charge compensation reaction and
therefore reduces Li* ion diffusion at the oxidation/
reduction potentials of both Ni*" and Ni’* with some
contribution of Co’*/Co** redox pairs.
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The coincidence of the presented data, the typical
plateau region during cycling, the observed minimum
of D for both charge and discharge, which correlate
with the oxidation/reduction peaks as well as the abrupt
change in unit cell parameters, lead to the conclusion
that a phase transition and/or reversible phase separa-
tion occurs at an OCV of approximately 3.8 V, which
might be induced by the Jahn-Teller active Ni’*-ions.

4. Conclusions

The variation of the chemical diffusion coeflicient and
crystal structure in LiNi;;sMn,;,3Co;/30, was measured
during electrochemical cycling against Li/Li" in 2032
coin cells over the OCV range 3.0 to 4.2 V. It was shown
that the D of the NMC cathodes exhibits minima at
3.8 V and 3.7 V for charging and discharging, respec-
tively. The obtained minima are in the same region as
the oxidation/reduction peaks from cyclic voltammetric
measurements, indicating that structural changes
related to phase transformation occur during the charge
compensation reaction via the Ni**** redox couple.
These structural changes are associated with abrupt
changes in lattice parameters, which occur just after the
minima in D. These are suggested to be due to sudden
changes in the Li’-ion/vacancy distribution at critical
OCYV values. Thus, NMC appears to undergo a phase
transition and/or phase separation during cycling in the
range 3.0 to 4.2 V, which is associated with the charge
compensation reaction during Li* extraction and inser-
tion. These changes during the redox process limit the
Li*-ion diffusion in the cathode material and must there-
fore be fully understood before work towards less stable
Ni-rich and low-Co NMC cathode materials continues.
The simple experimental setup used here could
be easily applied to many electrochemical measure-
ments under realistic conditions. The presented
experimental methodology represents a relatively
facile way to study structural changes at higher cut-
off voltages and could help in understanding how
to stabilise future host structures at higher voltages.
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