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HIGHLIGHTS

GRAPHICAL ABSTRACT

e A 10,440 type commercial LIB was
studied in operando by neutron
diffraction.

oA three-phase mixture of
Li(Ni,Mn,Co)0,, LiCoO, and LiMn,04
was identified as cathode.

e Graphite anode forms a series of
insertion-type lithiated derivatives,
including LiC18.

e On charging, a volume shrinkage is
observed for the Li- depleted
Li0.2(Ni,Mn,Co)0,.

e LiCoO, has a lower capacity and ex-
pands when transforming into
Li0.4Co0,.
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In situ neutron diffraction was employed to investigate the structural evolution of the electrode materials
in an ICR 10440 commercial cylindrical lithium-ion battery, which has a discharge capacity of 360 mAh
and a nominal voltage of 3.7 V. A three-phase mixture of Li(Ni,Mn,Co)0,, LiCoO, and LiMn;04 was
identified as the active material of the cathode, with graphite acting as the anode material. The study
revealed that the graphite anode underwent structural changes to form a series of insertion-type lithi-
ated derivatives, with up to 12.7% volume expansion for the Li-saturated compound LiCg. The charge-
discharge behavior was more complex for the cathode. Here, the charge process was associated with
partial lithium depletion from the initially Li-saturated compounds, leading to volume shrinkage for
Li(Ni,Mn,Co)05, in contrast to (Ni,Mn)-free LiCoO,. Electrochemical discharge experiments performed
under a fast regime (2 C) at 5, 25 and 45 °C revealed that the discharge capacity followed the trend of an
increased diffusion rate of Li* ions in the electrolyte and Li atoms in both electrodes, being highest for
45 °C. At the lowest tested temperature (5 °C), a rapid drop in the discharge capacity took place using the
same kinetic regime.

© 2016 Published by Elsevier B.V.

* Corresponding author. Institute for Energy Technology, Kjeller, Norway.
E-mail address: volodymyr.yartys@ife.no (V.A. Yartys).

http://dx.doi.org/10.1016/j.jpowsour.2016.06.105

0378-7753/© 2016 Published by Elsevier B.V.


mailto:volodymyr.yartys@ife.no
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2016.06.105&domain=pdf
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2016.06.105
http://dx.doi.org/10.1016/j.jpowsour.2016.06.105
http://dx.doi.org/10.1016/j.jpowsour.2016.06.105

94 N.S. Nazer et al. / Journal of Power Sources 326 (2016) 93—103

1. Introduction

Li-ion batteries (LIBs) provide high volumetric and gravimetric
energy densities, in the range 250—450 WhI™! and
100—210 Whkg !, well above the values for alternative recharge-
able batteries [1]. Nevertheless, LIBs require improvements in their
safety while also increasing their storage capacity, charge/discharge
rates, and lifetime.

Although LIBs have many attractive features, a few key issues
must be addressed to extend their practical applications, particu-
larly towards their use in electric and hybrid electrical vehicles
(HEVs), which require not only large energy storage capacity but
also high rates of charge and discharge. Use at high and low oper-
ating temperatures and at high charge/discharge rates lowers
charge/discharge efficiency, decreases the battery lifetime and can
cause serious safety problems [2—4]. Therefore, heat control and
management becomes an increasingly important issue for
improving the reliability of the LIBs.

Rechargeable LIBs undergo structural transformations during
charge-discharge cycles and, ultimately, face limitations in their
lifetimes, due to irreversible capacity losses, voltage fade and even
operational failures. LIBs operate by intercalation and de-
intercalation of lithium atoms into the anode and cathode,
commonly described as a “rocking chair” mechanism, involving
transport of Li* ions through the electrolyte and oxidation/reduc-
tion processes at the surface of the electrodes. During charge and
discharge cycles, lithium ions are extracted from and re-
intercalated into the electrodes, in processes where non-
stoichiometric compounds are formed [5]. In order to understand
the processes affecting battery operation, it is necessary to probe
the mechanism and kinetics of the phase-structural trans-
formations in the cathode and anode as a function of testing con-
ditions, such as charge-discharge current density, temperature and
cycling history. This also includes the battery status during over-
charge, when the thermal response of the battery is closely related
to the cathode chemistry. When all Li is removed from the cathode,
a rapid increase in heat generation can happen [6]. Overcharging
removes more Li from the cathode than the lower limit of Li
composition that allows reversible charge-discharge performance,
leading to permanent structural changes and often happens at
increased oxidation potentials.

Layered lithium cobalt oxide LiCoO, (LCO) is the predominant
cathode material presently used in commercial lithium batteries,
owing to its excellent cycle stability and low self-discharge. The
drawbacks of LCO are the high price of cobalt, its relatively mod-
erate specific discharge capacity (155 mAh/g) that is just half that of
the graphite anode, and safety concerns caused by oxygen evolu-
tion and thermal runaway that can result in battery fires [7].

The isostructural lithium nickel oxide LiNiO, (LNO) has a higher
reversible electrochemical capacity, forming LipgNiO, at the
highest state of discharge, which is 30% higher than LiCoO, [8].
Unfortunately, high lithium extraction leads to partial nickel sub-
stitution on the Li site, creating instabilities in the metal sublattice
that negatively impact cycle life. Mixed composition Li(Ni,Co)O2
and Li(Ni,Mn,Co)0, [9] are utilized to avoid the drawbacks for both
Co (low capacity) and Ni (low cycle stability) layered oxides, while
retaining the benefits from their strengths (favorable performance
at high current densities and long calendar life for Co and high
capacity for Ni layered oxides). Furthermore, partial substitution of
Mn for Ni and Co prevents thermal instability in the layered oxides
cathode, avoiding thermal runaway.

Various ratios of Ni, Mn and Co are selected and optimized to
suit their applications as commercial electrodes. These include
NMC 532 (LiNiO.5Mn0,3C00_202), NMC 422 (LiNiQ4M1‘10’2COQ,202) and
NMC 622 (LiNiggMng2Cop202) in addition to the equiatomic

composition Li(Nii;3Mny/3C01/3)02, which displays the highest
rechargeable capacity of 200 mAh/g. Optimization of the compo-
sition allows advanced electrochemical performance, combined
with a high stability, better performance and low cost, to be
achieved.

Another family of oxide-based cathode materials, based on the
environmentally friendly, safe and less expensive LiMn,04 [10],
crystallizes with a spinel type. The discharge capacity of LiMn;Qy is
rather low, not exceeding 120 mAh/g. However, its higher operating
voltage of 4.1 V compared with LCO (3.9 V) and NMC oxides (3.8 V),
together with rather high electric conductivity, beneficially affect
the electrode and battery performance of composite mixtures of
LiMn;04 and layered oxides, particularly beneficial when applied in
high power batteries.

Spinel type LiMn;04 electrodes are more stable, both structur-
ally and thermally, to Li extraction than Co and Ni based layered
oxides [11]. LiMny04 and its chemically related layered oxide
counterpart Li;MnOs, with higher Li content, together act as a
reservoir for excess lithium that can diffuse from the transition
metal layers into the adjacent lithium-depleted parts of the elec-
trode during charging, stabilizing the electrode structure and
enabling high practical capacities. This is caused by both the high
diffusion coefficient of Li in Mn-based lithiated oxide and the
presence of 3D Li + ion diffusion channels in spinel LiMnyOy,
ensuring excellent rate performance at high charge-discharge
densities [12]. An extra feature of LiMnO4 is in its structural
compatibility with the close packed oxygen array in the layered
oxide structures making the spinel material an ideal candidate for
integration into composite systems.

Integration of spinel LiMn;O4 [13] stabilizes the capacity and
voltage of Co and Ni based layered oxides. LiMn,04 enables LCO
domains to sustain an upper cut-off voltage as high as 4.8 V without
experiencing irreversible structural changes. At high applied
voltage, problems arising from irreversible structural phase tran-
sitions are typical challenges in utilizing many of the layered ox-
ides. Compositional tuning, surface coatings and metal doping are
possible ways of dealing with structural degradation [14]. The
available reference data show that integration of various materials
into a composite cathode allows retention of the properties of the
individual components and is a suitable pathway to build advanced
cathode electrodes that are superior to the constituent single phase
analogues.

The LIBs battery probed in the present study contain a mixture
of the layered oxides, Li(Ni,Mn,Co)O,, LiCoO, and LiMn;04 in the
cathode and graphite as the anode material. Layered transition-
metal oxides of the Li(Ni,Mn,Co)O, family belong to the most
popular cathode materials for the high voltage LIBs, where a two-
dimensional Li* ion diffusion takes place. In turn, natural
graphite is a standard, presently commercially used anode material,
with a high theoretical discharge capacity of 372 mAh/g. Interca-
lation and deintercalation processes of lithium into/from graphite
are well understood, with several staged phase transformations
identified as:

Stage 1. (C) < LixCqp; Stage 2. LixCi» < LiCy; Stage 3.
LiCy; < LiCg[15].

As a cathode of the LIBs, LCO is often used due to its high ca-
pacity (200 mAh/g) and good cyclability. A recent trend by the
battery manufacturers is utilizing a mixed nickel-manganese-
cobalt Li(Ni,Mn,Co)O, oxide, not only due to its high discharge ca-
pacity of 280 mAh/g, but mostly because of a combination of
strengths characteristic for the individual lithiated oxides formed
by cobalt, nickel or manganese. The nickel layered oxide is known
for its high specific energy but poor stability and manganese brings
the benefit of forming a spinel type structure to achieve a good
electric conductivity and low internal resistance but suffers from a
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low specific energy.

Neutron scattering allows in operando monitoring of the various
processes and properties involved upon cycling, due to the deep
penetration depth of neutrons into solid-state materials. A3 type
rechargeable batteries (diameter 10 mm; length 45 mm), which are
studied in the current work, are well matched with the experi-
mental layout of neutron scattering beamlines, for example SINQ
neutron source at Paul Scherrer Institute, Switzerland. The high
neutron flux allows study of processes on a relatively short time
scale. In the present study, neutron diffraction data sets were
accumulated, with a quality sufficient for full Rietveld refinement,
in just 3—5 min. Importantly, neutron powder diffraction is sensi-
tive to the light element lithium in the presence of heavier ele-
ments and can also be used to distinguish the neighbouring
transition metals — Mn, Fe, Co and Ni — thus overcoming inherent
limitations of X-ray diffraction technique [16]. These properties are
ideal to probe atomic positions of the species within each phase as
well as phase evolution.

Various aspects of in situ studies of Li ion batteries, based on the
use of synchrotron XRD, conventional XRD and NPD, including
design of the in situ cells, development of the electrode materials
and comparison of different in operando techniques, were recently
reviewed in Ref. [17]. In operando and in situ studies reveal the
evolution of the reactions occurring including probing formation of
intermediate phases, as well as yielding crystallographic data of the
phases present and their transformations at different applied
voltages and currents.

The vast majority of the reference works [18—26] on in situ NPD
characterization of commercial battery performances focused on
studies of the 18650 LIB (18.6 mm diameter x 65.2 mm length),
measuring discharge capacity between 1950 and 2600 mAh). This
cell type is used in Tesla electric vehicles, laptop batteries and
LED flashlights. Table 1 presents a summary of the data reported in
the reference works and includes the papers published in
2010—2015.

All commercial 18650 batteries studied used graphite as the
anode, while the cathode materials utilized three different types of
layered oxides. These included NMC oxide with two different
stoichiometries, an equiatomic LiNij;3Co1;3Mny30; oxide [18,19], a
532 type LiNig5Mng3C09 20, oxide [20] and LiCoO; [21—26].

Variable test temperatures and charge-discharge rates were
exploited. The most common case was maintaining the battery at
ambient conditions (though subzero test conditions (—20 and
—38 °C) and elevated temperature of 50 °C, were also applied),
while the current densities used varied between 0.01 Cand 1 C.

Table 1

The voltage window applied during charge-discharge most
frequently spanned the safest recommended by the battery pro-
ducers range of operation conditions - between 3.0 and 4.2
(3.0—4.2 V). However, overcharge up to 4.6 V and over-discharge to
2.0 V were also probed to investigate testing voltage and possible
degradation of the battery.

The mechanisms of the charge—discharge processes were
described in the reference data in detail for both cathode and
anode. The findings made in the literature can be summarized as
follows:

1.1. Cathode

The highest lithium content reached during discharge was
0.95 at.Li/f.u. LITMO; (TM = transition metal: Ni, Co, Mn) [22]. The
change of lithium content during the charge was associated with a
modulation of the unit cell parameters of the trigonal unit cells,
which underwent modifications, first a continuous increase of the ¢
lattice parameter before reaching maxima, with a follow-up
decrease of c at the latest stages of the process. In contrast, the a
lattice parameter decreased monotonically during the charge [20].
Cycling resulted in decreased discharge capacities, caused by nar-
rowing of the window for the reversible change in Li content be-
tween the saturated and depleted Li oxides, so the first became
smaller while the second increased [18]. Investigations of current
density-dependent fluctuations of lattice dimensions showed that,
at higher currents, an increase in the c unit cell parameter of the
charged cathode was smaller than that observed for the lower
currents. Cation mixing between Li ion and transition metals
(Ni,Mn,Co) in the NMC lattice was observed, with Li occupying the
3b sites in addition to the regular 3a sites [20]. A continuous phase
transition within a single phase region was observed for the NMC
oxide, while LiCoO, exhibited a phase separation with formation of
a (small) two-phase region during the charging [19,26]. During the
cycling of the LiCoO; cathode containing a mixture of the layered
oxide and a spinel oxide, similar changes in lithium content in these
phases were observed during the charge/discharge process.

1.2. Anode

Formation of the lithium intercalated derivatives LiCg
(maximum Li content) and LiC;, were reported in all studies. At low
lithium content, a number of Li-based intercalates (LixCsq4, LixCys,
LixCy4 ...) were obtained and characterized [ 18]. The mechanism of
their formation-decomposition was dependent upon the testing

Data presented in the reference papers on the in situ neutron diffraction studies of commercial LIB using layered oxides as cathode material.

Type of Cell capacity  Type of Voltage Temperature Regime of Transformations Transformations in cathode
cell (mAh) cathode range (V) (°C) discharge/ in anode
charge
18650 [18] 1950 NMC1 3-4.2 -20 0.2C/0.033C LixCs4, LixC1g .
18650 [19] 2250 NMC1 3-45 225 0.2C LiCyg .
18650 [20] 2200 NMC2 3—-4.2 RT 0.18C * Lip.26 (NMC)O>
18650 [21] 2600 LiCoO, 3-4.2 RT 0.058C/0.029C * o
18650 [22] 2600 LiCoO, 3-42 25/50 1C/0.15C * Lig.5/0.39C00>
18650 [23] 2500 LiCoO, 25-4.2 225 0.5C/-0.2C,0.8C LiCyg .
18650 [24] 2600 LiCoO, 3-4.2 26/46/-3/-23/-33/-  0.01C * .
38/-43
18650 [25] 2000 LiCoO, 3-42 RT 1C * Lio.82/0.77C00> (3.4 V. fresh/
3.6 V.fatigue) —Lio.17/0.00
(4.2 V,fresh/4.2 V fatigue)
18650 [26] 2500 LiCoO, 2—-4.6 RT 0.6C LiCyg .
Pouch cell [27] 40000 NMC-LixNiyMn,Co(1yy 2.7-42  RT 0.8C LiCq

NMC1 = LiNiy3C013Mny302; NMC2 = LiNigsMng3C00205.

*C o LiCjp < LiCg was reported in all reference data. ** Data is missing. ***Not studied in detail.
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conditions (current density, temperature, cycling) and different
types of Li ordering were observed. The in situ studies revealed that
the mechanism of transformations in the Li—C system is
temperature-dependent and that the ordered lithiated intercalates
do not form at subzero temperatures, where LiCq, directly trans-
forms into the graphite. At high lithium content in the Li in-
tercalates, the extent of completeness of the process of lithiation
LiC1; — LiCg was dependent upon the voltage applied [24]. At4.2 'V,
which is the highest recommended charge voltage for the LIB, LiC;»
and LiCg co-exist. However, when an overcharge potential of 4.6 V is
applied, all LiCy; was converted to LiCg [25].

A new electrochemical cell for the in situ NPD study of the
electrode materials was reported in Refs. [28], where the cell was
made from a null matrix Ti—Zr alloy, thus assuring collection of a
high quality NPD data. The neutron beam irradiated only the bot-
tom part of the cell where the powdered cathode electrode mate-
rials (LiFePOg4 or Li;1Mnq904) were located.

The objective of this work was to provide a full structural
characterization by in operando neutron diffraction of a commercial
Li-ion battery containing a composite multicomponent cathode
and a graphite anode. The aim was to study and characterize the
individual behaviors and performances of the various components
of the electrodes in order to establish their synergies.

The work performed was different from the earlier studies of the
LIBs in three important aspects.

First, the cathode was not a single phase material as in all earlier
works, but contained three electrochemically active constituents,
with LiCoO, and a 532 NMC oxide as majority phases and spinel
type LiMn;04 as minority phase. Secondly, the battery type was ICR
10440 (diameter 10 mm, length 40 mm; discharge capacity
360 mAh, nominal voltage 3.7 V), which was not probed in any
other published report. The battery capacity is 5—6 times lower
than in the reference works, with a diameter nearly half that of the
reference data. This gives a better chance to avoid space in-
homogeneities during in operando battery tests, thus allowing
characterization at conditions closer to thermodynamic equilib-
rium. Finally, low rates of charge and discharge were utilized, C/
12.5, to achieve better equilibrium in the battery electrodes.

NMC cathodes show better stability during the cycling, even at
elevated temperatures, and have a higher reversible capacity when
compared with the LiCoO, cathode. Upon Li extraction/insertion,
the structure of the NMC and LiCoO, cathodes distort, leading to
changes in the unit cell volumes. While NMC and LiCoO; were
studied separately in the reference works, their parallel evolution
when a competitive redistribution of lithium is allowed has not
been previously studied. A possible difference in the evolution of
the cathode materials during de/intercalation made our work more
challenging during analysis.

2. Experimental

A commercial cylindrical battery ICR 10440 (diameter 10 mm,
length 40 mm, discharge capacity 360 mAh, nominal voltage 3.7 V),
which was manufactured by Great Power Battery Co., Ltd. (H.K./
China), was used. Its electrochemical performance was tested by
galvanostatic cycling at temperatures from 5 to 45 °C and kinetic
regimes from 0.1 to 2C (where C/n denotes the rate at which a full
charge of the battery takes n hours). The morphology of the elec-
trodes as well as the composition and crystal structure of the
containing phases were analyzed for the as delivered battery prior
to the neutron diffraction measurements. For this purpose, the
battery was disassembled in a glove box and the electrodes were
rinsed with dimethycarbonate (DMC). Morphological and chemical
studies were performed using a Hitachi SU6600 scanning electron
microscope with energy dispersive X-ray spectroscopy (SEM/

EDAX). Structural analysis by X-ray Diffraction (XRD) was con-
ducted with a D8-Bruker diffractometer (Bragg-Brentano geometry,
Cu-K, radiation) equipped with a graphite rear-monochromator.
The electrodes were protected with a Kapton foil to avoid oxida-
tion in air.

The neutron diffraction experiments were conducted using
HRPT [29] diffractometer, at Paul Scherrer Institute, using a wave-
length of X = 1.494 A. The experimental setup for the diffraction
measurements is shown in Supplementary Information, Fig. S1.

Before the neutron experiments the as-received battery went
through a discharge-charge galvanostatic cycle at the Institute for
Energy Technology (IFE). The battery used in the NPD experiments
was charged to reach a cut-off voltage of 4.2 V, showing a charge
capacity of 345 mAh. Subsequently, the battery was discharged and
charged in situ at PSI in a potential window 3.0—4.2 V, galvanostatic
mode, using a portable SP50 potentiostat from BioLogic. The kinetic
regimes were fixed at C/12.5 with discharge/charge half-cycles
accomplished in 12.5 h. The NPD pattern under fully charged and
discharged conditions were measured for 0.6 h. Rietveld re-
finements of the diffraction patterns were carried out using the
GSAS suite of program with the EXPGUI interface [30,31].

2.1. Characterization of the battery electrodes

2.1.1. Characterization of the cathode material

2.1.1.1. X-ray diffraction study. The phase and structural composi-
tion of the active material of the cathode was studied by XRD. The
diffraction pattern is given in Fig. 1.

Indexing of the pattern showed that the sample contained two
Li-containing “layered oxide” type phases, crystallizing with the -
NaFeO, type of trigonal crystal structure (space group R3 m). The
values of the unit cell parameters were refined using GSAS to be:

Phase 1: a = 2.8120(1) A; ¢ = 14.226(1) A; V = 97.419(5) A3;
Phase 2: a = 2.8276(1) A; ¢ = 14.494(1) A; V = 100.357(8) A>.

In addition, one extra, minority oxide phase with a spinel type
crystal structure and unit cell parameter of the FCC unit cell of
a=8.220 (2) A; V= 555.4(5) A3, was identified.

The two layered oxides have similar unit cell parameters but the
small, yet significant, difference in the values of the values of aand ¢
result in splitting of the diffraction peaks with the same Bragg in-
dexes. Some characteristic XRD peaks and their splitting are
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Fig. 1. XRD pattern of the cathode material. The inset shows the splitting of the (101)
and (102) peaks.
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illustrated in Fig. 1.

Elemental analysis showed that three transition metals (TM), Ni,
Co and Mn, contribute to the composition of the layered oxides.
One layered oxide was identified as LiyCoO, (phase 1; see Fig. 3 and
the following subsection), while the second oxide phase was found
to contain all three TMs with a composition Li,(Ni,Mn,Co)O, (phase
2, Li(Nig 52Mng.24C00.24)02).

In the a-NaFeO, structure type (Ni,Mn,Co) and Li atoms form
alternating planes, which stack in an ABCABC sequence filling the
interstices of the oxygen anion framework. This structure contains
Li-ions in the 3q, the transition metal ions (Ni,Mn,Co) in 3b and O
ions in the 6c¢ sites (space group R3 m; see Fig. S2).

For the layered oxide structures, the occupancy on the Li site can
vary between complete filling and a partial occupancy. In the as-
delivered battery, the values of the unit cell parameters for phase
1 agree well with the reference data for the Co-based Lip75C00,
(a=2.823 A; c = 14.22 A) [32] with a 75% occupancy on the Li site.
In turn, a comparison with the reference data shows that the unit
cell parameters for phase 2, NMC oxide, are rather close to the
reference data for the 532 oxide with a composition
Li0.84(Ni0.5M1‘10_3C00.2)02 (a = 2.829 A, c = 14.495 A) [33], The
measured EDS chemical composition for phase 2, Lix(-
Nig52Mng24C00.24)0>, is also very similar to the reference values.

The minority oxide was identified as the Mn-based spinel
LiMny04, and showed a good agreement of the unit cell parameter
with the value of a = 8.220 A reported in Ref. [34] for LiggMny04,
with 80% occupancy on the Li site.

2.1.1.2. Morphology of the cathode material. The morphology and
composition of the active cathode material deposited on the
aluminum current collector were characterized by SEM and EDS. As
mentioned earlier, the active material consists of three oxide pha-
ses formed by three different TMs (Ni, Mn and Co). The micrograph
in Fig. 2 (see also Fig. S3) shows the elemental distribution maps of
the TMs. These exhibited spatial inhomogeneities indicating the
presence of the phase constituents enriched by Ni-, Co- and Mn-
rich oxides, displayed as green, red and blue colored regions
respectively. The relative amount was estimated from the respec-
tive area in the micrograph as 48 (Ni-rich NMC), 47 (LCO), 5
(LiMny04) %.

Fig. 2. Elemental X-ray mapping from SEM/EDS analysis (Ni in green, Co in red, Mn in
blue) of the cathode material containing three oxide phases: Phase 1, LiCoO; (red);
Phase 2, 532 type Li(Ni,Mn,Co)0O-, oxide (green), and LiMn,04 (blue). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

The EDS analysis of the TMs in the Ni-rich oxide was
52:25:23 wt% Ni:Mn:Co. In combination with the data of the XRD
analysis (see below), a composition of the NMC layered oxide was
calculated as LiNig55Mng 24C0g.2407. The Co-rich and Mn-rich ox-
ides each contained a single TM. Their compositions were deter-
mined to be LiCoO, and LiMn,04, respectively, from the EDS and
XRD analysis.

The three regions exhibited different morphologies. The Co re-
gion (Phase 1) consisted of dense particles, between 5 and 10 pm in
size, while the Ni-rich phase (Phase 2) was characterized by an
assembly of fine particles (<1 um) agglomerated into larger do-
mains about 10 um in size. The Mn-based phase displayed an in-
termediate particle size of 3—8 um.

2.1.2. Characterization of the anode material

The morphology and composition of the active material
deposited over the negative current collector were characterized by
SEM-EDS (Fig. 3). Morphological characterization confirmed a
uniform deposit with cracks and porosity. The major constituent
was found to be carbon; EDS analysis yielded C (71.6 wt %), and O
(26.4 wt %) and minor impurities such as F (1.6 wt %) and P (0.4 wt
%). The average size of the particles was 10 um. Presence of oxygen
was attributed to a short exposure of the electrode to the atmo-
sphere during its transfer to the SEM chamber. Fluorine and
phosphorus are residues from the electrolyte salt, LiPFg.

Two phase constituents were identified from the XRD analysis of
the anode electrode (see Fig. S4): lithiated graphite LiCy3, together
with metallic Cu (current collector; sp.gr. Fm3m; a = 3.6159 A).
Diffraction peaks from the LiCi; phase were indexed in the P6/
mmm space group with the unit cell parameters a = 4.288 A and
¢ = 7.063 A. The observed values of a and c are in excellent agree-
ment with the reference data, a = 4.287 A, ¢ = 7.066 A [35].

2.2. Electrochemical measurements

Influence of applied current density on the discharge capacity at
different temperatures

The battery was electrochemically cycled in a galvanostatic
mode with applied currents (kinetic regimes) of 0.035 A (0.1C), 0.07
A (0.2C), 0.17 A (0.5C), 0.35 A (1C), 0.75 A (2C) in the voltage win-
dow 4.2 - 3V at three different temperatures (5, 25 and 45 °C). At
applied testing conditions, the battery showed discharge capacities
in the range 153—340 mAbh illustrated in Fig. 4.

The capacity of the battery decreased in all cases with increase
of the charge-discharge rates. The discharge voltage profiles at low
C rates, 0.2 C and 0.5 C, displayed several plateaus at all tempera-
tures, a feature characteristic of the layered oxide cathodes.

For the cell tested at room temperature, the specific discharge
capacity of the cell at 0.1 C rate was 324 mAh and at 2 C it decreased
to 288 mAh.

The battery discharge capacity reached the highest value at
45 °C (339 mAh), where it delivered 94% of its rated capacity. We
assume that such a superior performance is due to the enhanced
electrochemical kinetics and increased diffusion coefficient of Li*/
mass transport of Li in the electrodes at this temperature.

The cell discharge voltage profiles revealed a very interesting
temperature-dependent behavior at high applied current densities.
As the temperature decreases, the discharge capacity at high cur-
rent dropped steeply. The observed capacity loss at low tempera-
ture may be due to the limitations imposed by a slower Li diffusion
[36,37]. At 2 Crate and 5 °C, the discharge capacity dropped and did
not exceed a half of its initial capacity, with a discharge curve
developing a kink after surpassing the discharge capacity of
20 mAh. The development of the kink at 3.4 V probably resulted
from temperature changes. The temperature at this point dropped
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Fig. 3. SEM images of the graphite anode.
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potentials of LiMn,04, LiCoO, and Li(NMC)O,, respectively.

below the setpoint value of 5 °C. However, after surpassing the
discharge capacity of 20 mAh, the battery warmed up, because of
the exothermic discharge process taking place, and therefore the
discharge curve significantly flattened.

From Fig. 4 it is clear that at lower discharge current densities,
voltage plateaus are observed at all temperatures. The voltage
plateau region (b) starting at 3.97 V is related to the delithiation of
LiCo0,.The voltage plateaus (a) at 4.05 V and (c) at 3.6 V are asso-
ciated with LiMn,04 and the mixed oxide Li(Ni,Mn,Co)O-, respec-
tively. The end-of-discharge step (d), where a rapid drop of the
potential takes place, is conventional for the battery behavior.

The discharge profiles of NMC, LiCoO; and LiMn;04 at a rate of
0.1 C, are presented in Fig. 5 based on the reference data [38—40]
and present further details of the cathode performances. The

potential profile of LiCoO, shows a sloping voltage plateau span-
ning the range 4.2 to 3.5 V. The spinel LiMn,04 has a double plateau
discharge behavior in the potential range 4.3—2.5 V vs. Li/Li+,
which indicates occurrence of a two-stage reversible intercalation/
deintercalation process of lithium. The voltage plateau of NMCis 1.8
times steeper than that for LiCoO,. Indeed, for the LiCoO», the slope
AV/AC is —0.0032 and for the NMC the slope AV/AC is steeper,
—0.0057. The voltage plateau for LiNigs5Mng3C0020; is around
3.6 V. The steepness AV/AC for this composition characterized from
the reference data, 0.0057, while from our data the measured
steepness in the region 3.9 V—-3.75 V is equal to 0.0018.

Even though NMC and LiCoO, have the same type of the layered
oxide structure, their reversible electrochemical capacity is
different. Only 0.61 at. Li/f.u. can be reversibly electrochemically
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Fig. 5. Discharge profiles of the layered oxides LiCoO,, Li(NiMn,Co)O,, and spinel
LiMn,04 at 0.1 C rate and at room temperature [38—40].

extracted from LiCoO, yielding Lig39Co0O; [41]. In contrast, a larger
amount of lithium, up to 0.74 Li, can be reversibly deintercalated
from NMC [19], which forms Lig26(NMC)O, thus resulting in a
higher capacity as compared to LiCoO,. The reason for the observed
differences is in the fact that manganese in Li(Ni,Mn,Co)O, is pre-
sent in a +4 oxidation state, which allows the nickel atoms to
remain in their stable +2 oxidation state This allows varying the
content of Li in a broader range without affecting the thermody-
namic stability of the lattice of the used NMC oxide.

From Fig. 4 (see also Fig. S5) it is obvious that the discharge
capacity steeply decreases at the lowest used temperature of 5 °C.
In contrast, at 45 °C, a stable performance of the battery is observed,
with no significant decrease in the discharge capacity even at the
highest current density of 2 C. The capacity drop at high current
densities is more pronounced at room temperature as compared to
the highest test temperature of 45 °C.

2.3. Neutron diffraction study of a fully charged and discharged
battery

In order to understand the structural changes in the constituent
electrodes, the neutron diffraction patterns were first collected at

Table 2

the fully charged and fully discharged conditions. The crystallo-
graphic characteristics of the phases present in the battery at the
end-of-charge (EOC) and end-of-discharge (EOD) conditions are
given in Table 2. Refined structural parameters are listed in Table 3.

Clear diffraction peaks (Fig. S6) from the cathode materials,
copper and aluminium current collectors, iron casing as well as
from graphite anode and lithium intercalated graphite derivatives
were observed.

For the fully discharged battery, besides diffraction peaks from
the Li(NMC)O, and LiCoO; cathode materials, we observed contri-
butions from the graphite anode (C) and from LiCy,. Presence of
LiCy; in the diffraction pattern indicates that the delithiation of the
anode was incomplete. In the fully charged battery, two lithiated
graphite derivatives, LiC;, and LiCg, co-exist and are observed with
nearly the same abundancies. Therefore, the graphite is not
completely lithiated at this stage. Both discharge and charge ob-
servations reveal that the capacity of the anode was over-
dimensioned as compared with that of the cathode by approxi-
mately 20%; i.e. that the mass of graphite in the anode is roughly
20% more than needed for complete rocking of Li between anode
and cathode electrodes.

As mentioned earlier, the main components of the cathode
electrode, Li(Ni,Mn,Co)O, and LiCoO; layered oxides, crystallize in
the trigonal unit cells (space group R3 m, a-NaFeO; type phase). The
refinements of the NPD pattern show that R3 m symmetry and type
of the structure are maintained throughout the charge-discharge.
However, the charge-discharge affects the values of the unit cell
parameters and occupancies of the Li sites. As a starting point of the
refinements of the lattice parameters of the anode and cathode
phases during the refinements of the NPD data, we have used the
data from XRD refinements of the data measured for the as deliv-
ered battery (see earlier in the paper).

Analysis of the NPD refinements allowed us to suggest the
electrochemical transformations taking place during the charge
and discharge of cathode and anode:

2.3.1. Anode
The lithiation/delithiation of the graphite anode leads to the
formation of a number of Li- intercalated graphite derivatives:

charge—discharge
—>

C +xLit + xe™ LiCy (x=6, 12, 18)

Crystallographic characteristics of the constituent phases at the end-of-charge (EOC) and at the end-of-discharge (EOD) obtained from Rietveld refinement of neutron powder

diffraction data.

Phase Space group Unit cell parameters(A) EOC EOD
Phase abundance (wt.%) Phase abundance (wt.%)

“Li(NMC)O, R3m a = 2.844(1) - 30(1)
c=14.41(1)

“Lig2(NMC)O2 R3m a=2.8182(8) 26(2) —
¢ = 14.467(5)

LiCoO, R3m a=2817(3) - 31(1)
¢ = 14.060(2)

Lip.4Co0; R3m a = 2.8100(3) 30(2) -
¢ =14.445(3)

C (graphite) P65/mmc a = 2.4620(1) - 31.1(3)
¢ = 6.7266(8)

LiCy P6/mmm a = 4.2905(7) 17.3(3) 7.9(5)
c =7.047(1)

LiCs P6/mmm a =4.3154(4) 26.7(3) —
c=3.702(6)

2 The ratio Ni:Mn:Co in the NMC phase was taken from the SEM-EDS data as 52:25:23 wt%. This data combined with XRD concluded that the composition of the NMC oxide
is Li(NigsMng 3C0g2)0-; this composition was used as an input into the NPD refinements. LiMn,04 was not included into the NPD refinements as its amount is very low and its

contribution to the neutron diffraction pattern is marginal.
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Table 3
Crystal structure data for the present phases.
Phase Space group, types of sites Occupancy
and atomic coordinates
Li(Ni,Mn,C0)0, R3m
Li in 3a (0, 0, 0) 1
M in 3b (0, 0, 14) 1
0 in 6¢ (0, 0, 0.2614) 1
Lio_z(Ni,Ml’l,CO)Oz R3m
Li in 3a (0, 0, 0) 0.2
M in 3b (0, 0, %4) 1
0 in 6¢ (0, 0, 0.2614) 1
LiCoO, R3m
Li in 3b (0, 0, 0) 1
Coin 3a (0,0, ) 1
0 in 6¢ (0, 0, 0.2396) 1
Lig.4Co03 R3m
Liin 3b (0, 0, 0) 0.4
Coin3a (0,0, %) 1
0 in 6¢ (0, 0, 0.2396) 1
Graphite P63/mmc
Cin2b (0,0, %) 1
Cin 2¢c (Vfs, %5, ¥4) 1
LiCqg P6/mmm
Liinla (0, 0, 0) 1
Cin 6k (0.3333, 0, %4) 1
Cin 12n(0.3333, 0, 0.1667) 1
LiCq» P6/mmm
Li in 1a (0, 0, 0) 1
Cin 12n(0.3333, 0, 0.25) 1
LiCg P6/mmm
Liin 1a (0, 0, 0) 1
Cin 6k (0.3333, 0, %4) 1

The Ujs, were fixed to 0.01*100 A? for atoms/phases and were not refined.
Li occupancies were fixed to the value obtained by comparing the lattice parameters
with the reference data and were not refined. Positional parameter for O (z = 0.2396
(LiCo0y), z = 0.2392 (NMC)) was taken from Refs. [32,19] and was not refined.

2 For the NMC phase, M = Ni + Mn + Co with the atomic ratio 0.5:0.3:0.2 was used
in the refinements.

2.3.2. Cathode
During the charging of the battery, the delithiation of the
layered cathode materials takes place, until a certain limiting level
of depletion of the layered oxide lattice by lithium takes place to
form a related layered oxide structure with a lower content of Li.
The delithiation/lithiation is a single step process for LiCoO, and
Li(Ni,Mn,Co)02:

discharge—charge
-—

LiCoO, Li;_, CoO, + XLiT +xe~ (x=0-0.6)

discharge—charge
~—

Li(Ni, Mn, C0)0
+xe~ (x=0-0.8)

Li;_y(Ni,Mn, C0)O + xLi*

In contrast, for LiMn;Oy4, the Li ion extraction/insertion is a two-
step process, as shown in Fig. 5.

Step 1
. discharge—charge . . -t _
Lan204<—>Ll]_x Mn204 + xLi" +xe (X =0-— 05)
Step 2
Li1,x Ml‘l204 discharge—charge Ml‘l204 i (1 _ X)Li+

+(1-x)e (x=05-0.8)

Both for 532 NMC oxide and for LiCoO», the charge of the battery
is associated with a delithiation process resulting in the formation
of Li-poor derivatives Li;.xCoO, and Li1.x(NMC)O,. For the Co-based

oxide, the refined lattice parameters at the end of charge are
a=2.8100(3) and ¢ = 14.445(3) A. They are in good agreement with
those reported for Lip4CoO, compound: a = 2.80886(3) and
c = 14.4457(3) A [22]. Thus, we concluded that the Li-depleted
derivative has a composition Lig4Co0,. For the NMC oxide, the
refined unit cell parameter for the lithium-depleted phase are
a=2.8182(8) and c = 14.467(5) A. The refined values of the unit cell
parameters well agree with the data for the Lig2Nigs5Mng3C00202
oxide with a reduced content of Li: a = 2.8176 and ¢ = 14.467 A [33].
Thus, we assumed the composition of the Li-depleted NMC phase
as Lig2(Ni,Co,Mn)0,.

For the minority phase constituent, LiMn;0g4, the depleted Li
content was assumed to be 0.75 Li atom/formula unit. This
conclusion is based on the analysis of the voltage-discharge ca-
pacity curve (Fig. 4), where the plateau observed at 4.05 V is
associated with this spinel phase. Based on the available reference
data [40], within the used voltage window, when reaching 4.05 V,
this phase is capable to be depleted by 0.25 Li atom/f.u only
resulting in the formation of Lip75Mn04 at the end of the charge
(see Fig. 5). The contribution of LiMn,04 into the diffraction pattern
is rather weak and because of that this phase was not included into
the refinements.

Electrochemical delithiation of the saturated by Li layered ox-
ides LiCoO; and Li(NMC)O, is accompanied by a deformation of
their unit cells. A partial replacement of Co in LiCoO2 by Mn and Ni
to form Li(NMC)O; leads to a significant expansion of the unit cell
(+4.5 vol %), with enlargement of both a and c taking place.

The changes taking place during the electrochemical delithia-
tion of the cathode are manifested by the shift of the (003) peaks of
both NMC and LiCoO, cathode phases towards the lower diffraction
angles, indicating an expansion of their unit cells along [001].

A complete reversibility of the intercalation-deintercalation
processes was observed for the layered oxides as the cathode
electrode. The weight abundancies of the constituent phases in the
fully charged and discharged battery obtained from Rietveld
refinement are shown in Fig. 6 (see also Fig. S7). The refined
abundancies of the cathode phases NMC: LiCoO, are slightly
different for the charged and discharged battery being 47:53 for the
fully charged state and 49:51 for the fully discharged state. How-
ever, this difference is considered as not significant accounting the
accuracies of both EDS and multicomponent Rietveld refinements
of the NPD data (around + 3%).

2.4. In operando NPD study of the battery during charge and
discharge

In situ NPD patterns were collected in a continuous acquisition
mode over the course of 25 h, during which the battery was cycled
at C/12.5 rates for both charge/discharge cycles. The data were
concatenated into diffraction patterns every 5 min and these were
integrated over 8 individual patterns. In total, 32 data sets were
collected.

A 2D plot of the diffraction pattern observed in the region 21° <
20 < 28°, showing the structural (see Fig. S8) changes in the anode
during the discharge and charge, is presented in Fig. 7.

During the discharge, when Li* ions are extracted, the intensity
of the (001) peak of LiCg rapidly decreases. The LiCg peak
completely vanishes after 3.5 h of discharge. Then, the (002) peak of
LiCq2 appears and its intensity steadily increases as discharge pro-
ceeds. Next, we can see a gradual shifting of the (002) LiCy; peak
towards the higher angles associated with a decrease of the ¢
parameter for LiCq,. This shift indicates a continuous phase change
witnessed by a step-by-step contraction of its unit cell associated
with Li depletion. Such a behavior indicates the occurrence of a
solid-solution phase, denoted hereafter as LixCq,, with composition
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ranging from x = 1 (LiCy2) to x = 2/3 (LiCyg). Finally, the (002) peak
from graphite appears after 10 h of discharge.

Gradual depletion of Li from LiyCq; was witnessed by the
appearance of the (003) peak (26 ~24.9°) of LiCyg (Lig,666C12) at 90%
of discharge (Fig. S9). This peak has been observed in a window
90—95% discharge. However, the refinements showed presence of
some traces of LiCi, which still exist in the anode in parallel with
LiCig during the process of discharge. This indicates presence of
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Fig. 7. Changes in the unit cell parameters (a and c) of the graphite anode during
charge and discharge, derived from Rietveld refinements of the diffraction data. Both a
and c of the lithiated graphite intercalates are normalized to the unit cell of graphite.
The lattice parameters for the remaining at the end of discharge LiC;; (>95% DOD),
being also present at the start of charge, are not shown here.

kinetic limitations hindering a completeness of a transformation
LiC]z — C

A broad peak at 26 ~24—26° (Fig. S9) develops at the last stages
of discharge (95% discharge), and corresponds to the overlapping
reflections from LiCyg (003) and graphite (002). The peak shape is
well described by assuming the presence of a mixture of LiC;g (38%)
and graphite (62%). A successful Rietveld modeling (Fig. S10) of the
shape of the peak confirms that, in the studied system, LiCyg is the
intercalate with the lowest Li content formed. Any composition
with a lower content than Li/C = 1:18 contains a mixture of LiCqg
and graphite. The unit cell parameters of LiCg (a = 4.289 (1) A,
¢ =10.571(4) A) well agree with the reference data [19] (a = 4.29 A,
10.42 A). For LiCyg, further to the (003), two resolved diffraction
peaks were observed at higher diffraction angles, including (110)
and (202), at 26 = 40.86° and 88.57°, respectively.

Previously, both Liclg (Lio.33C6) and LiCyy (Li0.25C6) were re-
ported in the reference data as individual intercalation derivatives
with the lowest content of Li [21,42]. The present study concludes
that LiCyg rather than LiCy4 is formed at the applied experimental
conditions.

The LiC;g reflection disappears after 95% of charge. At the end of
discharge (100% Depth of Discharge, DOD), the anode contains
graphite and traces of LiCqy, which implies that the process of
delithiation was not complete.

During the charge, the graphite first transforms into LiC;g and
then the content of lithium in the LiyCq» solid solution gradually
increases until reaching a composition LiCy,. Then, after 10 h of the
charge, the (001) peak of the LiCg phase appears manifesting an
onset of transformation of LiCq, into the LiCg.

A two-step lithiation intercalation process C — LixCi — LiCg
results in the formation of LiCg as the most Li-enriched product.
Interestingly, LiCg starts to develop only after reaching 70% of the
charging capacity. The coexistence of LiCy; and LiCg in the fully
charged battery shows that the phase transformation of LiCy; into
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LiCs has not been completed, as the anode has a larger charge ca-
pacity as compared to the cathode.

The changes in the intensities of the (002) LiCq and (001) LiCg
Bragg reflections (Fig. S11) manifesting the changes in their abun-
dances during the charge of the battery, illustrate the kinetics of the
transformations in the two phase region LiCq, + LiCg at the applied
charge rate of C/12.5. An intensity reduction for the graphite Bragg
peak (002) clearly shows the kinetics of the staged Li insertion into
the graphite. For the complete lithiation of graphite into LiCg, the a
axis slightly increases (Aaj/a = 1.2%) while an expansion of the
interlayer distances along [001] is much more significant (Ac/
¢ = 10.1%). Thus, in total, upon charging, formation of LiCg leads to a
volume expansion of ~12.7%.

On charging, intercalation of Li into graphite to form LiC;g re-
sults in a discrete increase of the a and c unit cell parameters
(Fig. 7). Further Li intercalation into LiCyg results in the formation of
LiyC12 (x = 2/3—1) solid solution and gives a gradual increase of both
a- and c- unit cell parameters. This increase is related to the
growing amount of Li in the lattice and follows the state-of-charge
of the battery. After reaching 70% of charge, the unit cell parameters
of LiCq; remain constant. While discharging, the changes in both a
and c unit cell parameters follow a reverse pathway, - until the
formation of graphite takes place.

For the cathode materials, a common feature for both layered
oxides is the expansion of the unit cells along [001] taking place
during the charging/delithiation. The shifts of the (003) peak of the
layered oxides as related to the different states of charge are shown
in Fig. 8. These peaks shift towards the lower angles while charging,
indicating the expansion of the unit cells along [001]. However, a
much more significant expansion along [001] takes place during a
transformation LiCoO, — Lig4C00; (Ac/c = 2.7%). The expansion is,
however, marginal for Li;_x(NMC)O3 (Ac/c = 0.40%).

A contraction of the unit cells takes place in the basal plane for
both Lig2(NMC)O, and for Lig4C005; the changes of Aa/a are also
uneven and are much more pronounced for the NMC oxide (—0.9%)
as compared to Lig4Co0; (—0.2%).

The lattice dilation of NMC is similar to the observations of [27],
where the reduction of the cell volume during the charging was
also observed. In the case of LiCoO;, an expansion of the unit cell by

Fig. 8. 3D plot of the in situ NPD pattern during the charging of the battery. A parallel
development of the (003) Bragg peak of the LiCoO, and Li(Ni,Mn,Co)O,, together with
graphite (002), LiC;, (002) and LiCg (001) peaks is shown.

2.2% upon cell charge is in agreement with [43].

Thus, similar lattice behavior in LiCoO, and NMC cathode results
in opposite unit cell volume changes, - an expansion of the unit cell
for Lip.4C005 and its contraction for Lig 2(NMC)O,. Such changes can
be explained by the higher valence state of Mn (+4) in Lij.x(MNC)
0, and the possibility to extract more Li by oxidizing Ni** to Ni**,
as compared to the (+3) valence configuration of Co in Lij-xCoO,.
The values of the unit cell parameters and volumes of the unit cells
at various stages of charge are listed in Table 4.

3. Conclusions

A commercial Li ion battery was characterized in operando
during its charge and discharge using neutron powder diffraction.
These studies revealed the mechanism of the transformations in
the graphite anode and in the multiphase cathode, which contained
Li(Ni,Mn,Co)0O, and LiCoO, as the major phase constituents in the
presence of spinel LiMny04. The processes taking place in this
multiphase commercial cathode were studied for the first time.

Exactly inverted pathways of transformation were identified for
the graphite anode during charging and discharging, with the in-
termediate formation of a solid solution phase LixCi between the
LiCy2 and LiCqg intercalates. During the charge/discharge, two
discrete phase transformations C < LiCyg and LiCy; < LiCg take
place in the graphite anode. The most Li-saturated stable graphite
intercalate phase LiCg starts to form only after reaching about 75%
of charge, causing a decrease in the amount of the LiC;; intercalate.
At the fully charged state, only 50% of the LiCy; converts to LiCg. This
is attributed to the chosen anode capacity being larger than that of
the cathode in the commercial battery.

The discharge voltage profiles show different plateaus, which
are associated with the redox potentials of the three cathode
phases. A more significant discharge of the NMC oxide than for the
LiCoO; is observed at the same final charge voltage of 4.2 V at a full
charge state of the battery, leading to the formation of Lig 4Co05 and
Lio.zNio_5Mn0.3C00'202.

We observed the expansion and contraction of the unit cells of
the LiCoO, and NMC (532) oxide during discharge of the battery,
showing that it is influenced by the chemistry of the transition
metal component.

The most significant change during the delithiation was
observed for LiCoO, where the cell volume increases by 2.2%,
which may be caused by the repulsion between the negatively
charged CoO; layers during the depletion of the lattice by Li, while
the NMC cathode demonstrates a volume shrinking of ~1.4%,
showing that the repulsion between the TMO, layers is less

Table 4
Comparison of lattice parameters of the layered oxides at different state of charge.
X in LiM'0,/Phase Lix(Ni,Mn,C0)0, LixCoO,
1 a = 2.844(1) a=2817(3)
c = 1441(1) c=14.060(2) A
V =100.94 A3 V =96.625 A3
0.84 a=28276(1) A -
c = 14.494(1) A;
V =100.357(8) A3
0.75 - a=28120(1)A
c=14226(1)A
V =97.419(5) A3
0.4 — a = 2.8100(3)
c=14.445(3) A
V =98.778 A3
0.2 a=2.8182(8) -
¢ =14.467(5) A
V =99.507 A®

* M-(Ni,Mn,Co), Co.
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significant in Liyx(Ni,Mn,Co)O,. The lattice dilation in NMC can be
explained in terms of the charge compensations in the transition
metal ions, i.e, the valence change of the transition metals changes
upon charge-discharge by Li. The NMC cathode contains Mn**,
Co>* and Ni** at the fully lithiated state. When the battery is close
to completely charged (i.e, Li ions are nearly fully removed from the
cathode), the valence of Ni ions changes to Ni** and the ionic radius
decreases. As a result of this, the edge sharing NiOg octahedra
shrink along in the basal plane and the NiOg slabs becomes posi-
tively charged and repel each other along the c axis. Thus, the lattice
expanded along the c axis. Even though the volumetric effects are
uneven in size for the two main cathode phases, most importantly,
these two oxides showed complete lattice reversibility during the
intercalation/deintercalation of Li atoms.

Studies of the battery discharge performance has shown that
the highest battery efficiency was reached at 45 °C when, even at
the highest discharge current densities of 2 C, the battery delivered
91% of the stored electrochemical capacity. In contrast, at the
lowest testing temperature (5 °C), the battery significantly reduces
the cell capacity at the discharge current density of 2 C. Interest-
ingly, even a small temperature increase results in a change of the
mechanism of the discharge processes, leading to a better battery
performance.

This work proves that in situ neutron diffraction studies of a
commercial Li ion battery during its charge and discharge generate
new insights into the complex mechanism and kinetics of struc-
tural changes in the anode and cathode materials during their
operation. This work will allow further optimization of the battery
performance through appropriate selection of the chemistry of
both electrodes and by suitable engineering of the battery setup.
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Diffractometer

Plastic stand for the battery .
Connection cables

Battery

Figure S1. Experimental setup for the in situ diffraction study of the battery cell (left) with a top view
of the HRPT diffractometer (SINQ, PSI) shown in the right part.
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Figure S2. Schematic view of the layered oxide - Li(Ni,Mn,Co)O, (space group R3m).
The MOsg octahedra are shown. For the isostructural LiCoO,, with Li depletion, the repulsion
between adjacent CoO," layers increases resulting in expansion of the unit cell along the c axis.
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Figure S3: SEM image and EDX elemental map distribution for the active material deposited on the
positive electrode.
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Figure S4. XRD pattern of the graphite anode showing that in the as-supplied battery the anode
material is in the form of a partially lithiated graphite LiCy..
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Figure S5. Discharge capacity as related to the applied discharge regime at 5°C, 25°C and 45°C in
the ICR10440 Li-ion battery.
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Figure S6. Neutron diffraction patterns for the fully charged (a) and discharged (b) battery along with
the results of the Rietveld refinements. Phase constituents, from bottom to top:

() Lig2(NMC)O,, Lip4C00,, LiCy,, LiCs, Cu, Fe, Al

(b) Li(NMC)Og, LiCoOg, LiCyy, C, Cu, Fe, Al.

Rwp=2.7%, R,=2.2%, ; y*=1.4 and Rwp=3.0%, R,=2.9% ; x’=1.6, respectively, with 13 refined
variables for the fully charged battery (a) and discharged battery (b).
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Figure S7. Normalized phase abundances obtained from the Rietveld refinements of NPD data.
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Figure S8. Structure of graphite and lithium intercalated graphite derivatives. The brown atoms are C
and the green atoms are Li. Li is intercalated into every third layer of graphene sheets in LiC,g (stage
1), every second layer in LiC;, (stage 2), and finally it resides in every layer in LiCg (stage 3).

Relationship between the unit cells of graphite and lithiated graphite intercalates.

LiCe LiCy, LiCys
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C=Cgraphite/2 C=Cyraphite C=Cgraphitex3/2
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Figure S9. Intensity evolution of the (00l) Bragg reflections for the lithiated graphite intercalates
during discharging (a) and development of the C (002) peak at the end of discharge (b).

3000
Lf_; + Observed
Calculated

2500
2
B
c
)
E

2000

1500 T T T T T T T T T

Figure S10. Rietveld refinement shows the deconvolution of the NPD peak at 20 ~24 to 26° into two

peaks coming from graphite and LiCi;s. The refined weight ratio C:. LiCyg is = 60:40.
Battery at 95% SOD.




14 400

28

A - LiCiz (002) a2 charging state
RN b .
12 _‘,-)"'“" N A L Al Lics (003) - ‘:W
e % N | 4 e 9 —— 3
o \ £ C(002) —— 60z
! N —— 55
- H -_ 9
14y ! A-LiC “-\ & 5000 LiCs (001) - 7
= v —AmLLy, ‘-,\ = A e
- \ i =i , = B { 4 —&— 80
5 84 % | * LIC‘i \“ i o 3 | . | e 95
§ i H —e—C 1Vl & 2R 9%
\ X 5 L
5 # PN £ i
! p “a = ——
1 K ol
/ » s
4 ‘-" s =l
‘- .,
i b4
24! G
= <
T T T T T T T T T T T 100 M
0 10 20 30 40 50 60 70 80 90 100 110
2 24 26
State of charge (SOC),% 26 (%)

Figure S11. Intensity evolution of the (00l) Bragg reflections for graphite and lithiated graphite

during charging of the battery.
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