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Abstract: Positron annihilation spectroscopy using lifetime and Doppler broadening allows the
characterization of the lithiation state in LiCoO, thin film used in cathode of lithium-ion batteries.
The lifetime results reflect positron spillover because of the presence of graphite in between the oxide
grains in real cathode Li-ion batteries. This spillover produces an effect in the measured positron
parameters which are sensitive to delocalized electrons from lithium atoms as in Compton scattering
results. The first component of the positron lifetime corresponds to a bulk-like state and can be used
to characterize the state of charge of the cathode while the second component represents a surface
state at the grain-graphite interface.

Keywords: Li-ion battery; positron annihilation spectroscopy; positron annihilation lifetime spec-
troscopy; doppler broadening spectroscopy; cathode materials; Li diffusion and intercalation

1. Introduction

Li-ion batteries are dominating the market of energy storage devices in the portable
electronic and electric vehicle fields [1]. The development of novel and high-performing
materials in this technology is an urgent need. In this regard, the research is primarily
focused on: (i) the transition from the costly and capacity limited graphite anode towards
silicon and lithium metal [2-6], (ii) the designing of solid-state ceramic and polymer
electrolytes endowed with a wide electrochemical stability window and stable towards the
Li-metal anode [7-16], and (iii) the development of high-voltage and high-energy cathode
materials [17-23]. This latter component (i.e., the cathode) typically limits the energy
density of the resulting full cell, thus becoming one of the most important materials to
focus attention on. Therefore, a fundamental understanding of the processes occurring
during the operation of the battery, with particular attention at the changes resulting from
the Li* insertion and extraction reactions is required in order to assist the designing of the
materials. Moreover, the development of battery management systems (BMSs) is becoming
one of the most prolific topics in the applied research in the battery field [24-27]. Thus,
the identification of suitable signals to be monitored during the battery cycling is needed
in order to analyze and predict the state of health (SOH) and state of charge (SOC) of
the device.

The introduction of a one-step non-invasive technique that allows probing of cathode
materials acts as a true game changer for this field of applied research. Positron annihilation
spectroscopy (PAS) is an established technique in materials science with widespread uses in
metals and metal alloys [28], porous materials [29], semiconductors [30-32], solar cells [33],
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etc. In the PAS technique, positrons e*, positively charged antiparticles of electrons,
are implanted into the studied material and annihilate either as free positrons with the
electrons in two 511 keV gamma-rays or in the form of a positron-electron bonded state
called positronium. PAS has been recently applied in the battery field in order to investigate
the structure and properties of the materials at an atomistic scale [34]. PAS is able to detect
the formation of vacancies and defects in the cathode lattice during the Li* insertion and
extraction electrochemical processes [35,36]. This ability is the result of the defect-specific
variation of the e+—e— annihilation properties which arise when e+ are trapped at the
free-volume type defects [37,38]. Vacancies can be both positively or negatively charged,
as they occur when oxygen or cation vacancies are present, respectively [39].

In this paper, positron annihilation spectroscopy (PAS) has been used as a diagnostic
technique to investigate the influence at the mesoscale of morphology on the electrochemi-
cal behavior of a conventional cathode material.

2. Results and Discussion
2.1. Structure and Morphology

The structure of pristine LCO is studied by means of powder wide-angle X-ray diffrac-
tometry (WAXD); the results are shown in Figure 1a. The investigated material reveals a
trigonal crystal system with an R -3 m space group, which is the typical structure of LiCoO,
observed in the literature [40]. In particular, Co atoms are present into CoOg octahedra,
and lithium ions are hosted into octahedral cavities formed by a suitable displacement of
oxygen atoms. In this way, the layered structure of LCO is suitable for the intercalation and
de-intercalation of lithium ions during the operation of the battery system. During charge,
when Li* ions are extracted from the cathode, Co®* metal centers are oxidized to Co**, thus
modifying the whole electronic structure of the investigated material. During the discharge
process, Li* ions intercalate into the crystal system and cobalt ions are reduced backwards
to their Co®* oxidation state, repristinating the initial electronic arrangement.

Further details on the high crystallinity of LCO are given by high-resolution transmis-
sion electron microscopy (HR-TEM) images (Figure 1b,c) and the selected area diffraction
(SAD) pattern (Figure 1d). The LCO material investigated in this work consists of single-
crystal particles of ca. 2 um diameter. Well-defined lattice fringes are observed in HR-TEM
images (Figure 1c), thus revealing a high crystallinity. In particular, a d-spacing of ca. 2.46 A
is determined, which is consistent with the 100 (hkl) reflection also detected in WAXD
studies. The SAD pattern (Figure 1d) is coincident with that expected for a LiCoO, cathode
material, since the d-spacings resulting from this investigation are coincident with the 101,
012, 110, and 113 (kkl) reflections observed in the WAXD diffractogram.

2.2. Positron Annihilation Lifetime Spectroscopy
2.2.1. Reference Samples

For a better understanding of the thin cathodes results of positron annihilation lifetime
spectroscopy (PALS), two reference materials were measured. One of them is the aluminum
foil used as the substrate of the cathodes and the other is the graphite powder used in the
mixture of cathode grains. To perform the measurement, the aluminum foil was folded
on itself many times and then it was slightly pressed to prevent air remaining between
the Al foils. Thus, a 1.5 mm thick sample with a surface of about 1 cm? was obtained. The
PALS measurement of the Al foils was compared to that of a high purity polycrystalline Al
sample (99.999%) annealed. A long lifetime component (228-235 ps, in Table 1) appears
in both samples, associated to vacancies or vacancy-like defects [41]. The rolled material,
which is used as a current collector, contains a high dislocation density due to the important
plastic deformation during production, and the intensity of this long lifetime component
is about 85%. Positrons trapped at dislocations tend to diffuse inside them, and then to
be localized and annihilated in an open volume like a vacancy (as a dislocation crossing).
Instead, the polycrystalline Al annealed sample has a low intensity of this long lifetime
component (~4%), which is an indication that it contains a low density of thermal vacancies
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and dislocation. Table 1 shows that the rolled material has an average lifetime of 208 ps,
near 30% higher than the undeformed Al (162 ps). Both Al samples well follow the trapping

model with a bulk component of about 161 ps, according to the literature [41].
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Figure 1. (a) Powder wide-angle X-ray diffractogram of pristine LCO material. ikl indices are reported into the figure on
the top of the corresponding peaks. (b,c) HR-TEM images and (d) SAD pattern of the LCO material. The particle size
distribution obtained from TEM images for this material is reported in the inset of Figure 1b.

Table 1. Reference materials especially relevant for the lifetime analysis. The cathodes were deposited
on the Al foil. The Al foil results are compared with an Al polycrystal sample of high purity (99.999%)

after a thermal treatment. The graphite powder used in the cathode preparation was sintered and
measured.

References 71 (ps) T2 (ps) I (%) I (%) Thulk (PS) Tav (ps)

Al foil (rolled) 60 (5) 228 (3) 15 (2) 85 (2) 162 (4) 208 (3)
Al (polycrystallyne) 158 (1) 234 (3) 96 (1) 4(2) 161 (2) 162 (2)
Graphite (C) 107 (4) 400 (5) 13 (3) 87 (2) - 362 (5)

The graphite powder was sintered in two tablets (4 mm thick and 1.5 cm? area) to
perform the PALS measurement. This sample possesses two lifetime components: (i)
the long lifetime component (~400 ps), the dominant one (87%), is associated to “free
volume” where ortho-positronium is formed which annihilates by pick-off in two gamma-
rays; and (ii) the shorter component in part is due to the graphite microstructure and
para-positronium contribution. The average lifetime of the graphite sample is 362 ps.
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2.2.2. Cathode Samples

The PALS measurements were performed in real LixCoO, cathodes used in batteries
and produced with a thickness devoted to improving the battery performance. The mea-
surement represents a challenge from the PALS point of view, as the dimensions are not
optimized to avoid annihilation in extra-cathodic zones. This cathode material was studied
previously by means of PALS [37] using more idealized materials. Figure 2a shows the
schematic setup used for the PALS measurements. These were performed using a sandwich
setup, in which two pairs of identical cathode samples were placed with the 2?Na source of
positrons in between. Two external annealed Al samples (1.5 mm thick) close the sandwich.
The mean mass density of the LiCoO, cathode samples were obtained from gas pycnome-
ter measurements (4.52 4 0.01 g/cm?). Table 2 shows that the thickness of the cathode
electrodes is about 60 um and the Al foil substrate 15 pm (d; and d; in Figure 2a). After
the subtraction of the Kapton and spurious components from the spectra (see Materials
and Methods section), following the formulation of Brandt [42] with an approximative
version of a multilayer formulation used for the * emission ?Na profile, it was possible
to estimate the fraction of positrons implanted into the LixCoO; grains embedded with a
low percentage of graphite and polyvinyl difluoride (PVDF) (see Materials and Methods
section). This fraction, after the subtraction of the Kapton contribution, results about 91
(3)%; the other positron fraction is implanted inside the Al supporting foil and into the
external Al polycrystalline sample. Considering the thicknesses of the materials and the
typical diffusion length inside the crystal oxide (~60 nm, see Table 3 in Section 2.3) and
in the Al support (~100 nm), we can assume that the implantation fraction practically
corresponds to the annihilation fraction.

1
Al ;

Kyax=17 keV

he——3

Zyax < 1um
(a) (b)

Figure 2. Schematic set-up for the LixCoO, measurements. (a) PALS measurements using a sandwich
configuration; here, the positrons are emitted from the 2*Na source located between two Kapton foils
(7.5 um each). In this case, positrons are emitted with a continuous distribution of kinetic energies
up to 546 keV. (b) Doppler measurements using a positron beam with variable implantation energy.
Each Doppler measurement is performed with a fixed energy with positrons implanted with a range
of kinetic energies from 1 to 17 keV. In this case, the maximum mean implantation depth is about
1 pm.
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Table 2. Thickness, positron lifetime components, relative intensities and average positron lifetime
obtained in the cathode oxides. The initial thickness of the LiCoO, and graphite/PVDF mixture is
the same 59 (2) nm, after the charge process the macroscopic thickness is increased about 14% in the
case of the mixture with Lip 5CoO, grains.

Cathode Thickness (um) 71 (ps) T2 (ps) I; (%) 1, (%) Tav (ps)
LiCoO, 59 (2) 163 (2) 315 (3) 66 (2) 34 (2) 215 (4)
Lip5C00O, 67 (2) 181 (2) 327 (3) 73 (2) 27 (2) 220 (4)

The PALS spectra measured in the composite oxide LixCoO; samples have a complex
unresolved distribution that can be analyzed with two lifetime components; the longer
of about 315-327 ps (Table 2) is mainly associated to the contribution of the Al foil (Tay
~208 ps, Table 1) and the graphite contribution near the grain boundary of the crystal oxides
(Tay ~362 ps, Table 1). It is important to note that the LixCoO, grain average dimension is
about 2 um (Figure 1b). Appendix A shows the Langevin function and Figure A1 shows an
estimation of the probability (1 — 7) to reach the grain boundary as a function of the rate
between the grain diameter and the positron diffusion length. Following this estimation,
we consider that only a low percentage of near 3% of the positrons implanted into the
grains can reach the grain boundary. On the other hand, the weight fraction of the mixture
graphite/PVDF is about 6.25 wt.%; therefore, positrons implanted in the extra-grain zone
annihilate in this zone and mainly form part of the long lifetime component. Another
factor to be considered is linked to the charge process of the battery cathode. During this
process, the electrolyte takes contact with the grain boundary of the LixCoO; crystal and
the graphite/PVDF mixture. Therefore, a fraction of electrolyte after charging remains near
the Lip 5C0o0O; grain boundary. This process affects the extra grain substance producing
a macroscopic effect that increase the cathode thickness in about 14% and presumably
mainly also affects the long lifetime component.

It is interesting to note in Table 2 that the intensity of the long lifetime component
I, is significant. The value of this intensity is close to 30%, while the prediction based
on the diffusion model describing the fraction of positrons reaching the LiyCoO; grain
boundary is lower, as proposed by the Langevin formula (Appendix A). An important
factor to consider understanding the microstructure of cathodes “in operando” is a possible
effect near the grain boundary and inside the grain due to the influence of graphite present
outside this domain. Presumably, this effect could change the potential energy of the grain
and can affect the properties of the cathode oxide, including the positron lifetime.

The first lifetime component instead is mainly associated to the cathode crystal oxide.
However, a minority contribution of the Al foils, the short graphite component, and the
external Al sample is not excluded as previously indicated. Table 2 shows that the first
lifetime component of the LiCoO, cathode sample is 163 ps. Instead, the lifetime of the
Lig5C00; cathode is 181 ps. The intensity of this component is about 70%, a little higher in
the case of low Li contents (i.e., Lig 5C00,). Theoretical calculations using the generalized
gradient approximation (GGA) [34] give an estimation of the expected positron lifetime
values in these cathodes measured in ideal conditions. The GGA lifetime values in LiCoO,
is 131 ps, and in the case of Lip5C0QO, there are two possible lifetimes: (i) for isolated Li
vacancies, the value is 179 ps; and (ii) for Li vacancy clusters, the value is increased to 214 ps.
The comparison between the measured and calculated values indicates a correspondence,
within the experimental error, in the case of Lig 5C0O; for isolated vacancies. A contribution
of the vacancy clusters inside to the long unresolved lifetime component is not excluded.
Instead, the measured value turns out to be much higher than the calculated one in the
case of the discharged battery for the LiCoO, structure. It is important to note that thermal
Li vacancies and, in general, a minor vacancy concentration or other defects present in the
grain microstructure could influence the measured value of the first lifetime component
(t1). This effect introduces uncertainty when determining the exact vacancy concentration,
or percentage of charge in the battery, if this were the objective of the measurements.
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Presumably, other short components discussed before can affect the measured value of
11 (as the Al contribution). In any case, the measured values follow the trend indicated
by the theoretical calculations, which leads us to think that the description is going in the
right direction.

The criteria of the PALS analysis previously studied by Parz et al. [37] is different.
These authors used a different criterion for the Al contribution subtraction. However, the
results of the cathode oxide follow the same tendency of the average positron lifetime
result found in the present work (Table 2).

2.3. Doppler Broadening

Figure 3 shows the evolution of the S parameter measured for the LixCoO, cathode
samples as a function of the positron implantation energy. These measurements were
performed by means of a positron beam. Figure 2b shows the set-up scheme. Positrons
are implanted at different energies with a characteristic implantation profile that depends
on the mass density of the studied material. The implantation depth of the positrons
was lower than 1 um for the higher energy used. The S parameter is mainly correlated
with the annihilation of the valence electrons of the material, and its values are associated
with the chemical environment surrounding annihilation sites. The reference sintered
graphite measurement results almost constant and the average value (Sgpnite = 0.509 (1))
is indicated with a dashed black line. For implantation energies higher than 3 keV, the S
parameter of the discharged cathodic material (LiCoO,, green symbols) tends to be higher
than the partially charged material (Lip 5CoO;, brown symbols), although the differences
are not significant within the experimental error. A higher value of the central part of the
peak as a function of the Li contains was observed by Barbiellini et al. [43] using X-ray
Compton scattering measurements. These correspond to an increase of S parameter in the
present work. Instead, Parz et al. [37] observe that the behavior of the S parameter tends to
be opposite with the Li concentration. In fact, this is an argument to be studied in more
detail because, in general, the S parameter follows the lifetime tendency. Presumably, the
other extra-cathode materials measured in this work and the influence of the chemistry
outside the oxide grain (mainly graphite) can affect the positronic parameters. This effect
could be rationalized by a strong distortion of the positron wave-function induced by
graphite reported by Cartier et al. [44]. In fact, if the positron wave-function spills over
the grains it becomes less sensitive to the Li ion vacancies. Therefore, in this case, X-ray
Compton and the Doppler broadening experiments can give similar results.

Figure 3 shows a best-fit procedure for the experimental data (green and brown dashed
lines) called VEPFIT [45] based on the solution of the diffusion equation for positrons in
layers, considering the energy-dependent positron implantation profiles (Makhov profiles).
To fit the experimental data, a one-layer model was used, comprising the sample surface
and the bulk. It was possible to estimate a set of parameters as the positron diffusion
length and S parameter of the surface and bulk knowing the film mass density (Table 3).
The positron diffusion length L, is about 60 nm, and it tends to be shorter in the case of
Lip 5C00y, but it does not differ much within experimental error.

Table 3. Positron diffusion length and S parameter of the surface and bulk.

Cathode L, (nm) Ssurface Sbulk

LiCoO, 60 (3) 0.506 (1) 0.4760 (7)
Lip5C00, 55 (3) 0.505 (1) 0.4742 (7)
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Figure 3. Evolution of the S parameter as a function of the positron implantation energy (mean
implantation depth, upper frame) in LiCoO, (green symbols), in Lig 5C0oO, (brown symbols) and in a
graphite reference sample (black dashed line). The VEPFIT fitting (green and brown dashed lines)
gives an estimation of the positron diffusion length.

3. Materials and Methods

Lithium cobalt oxide (LCO) was purchased from Nippon Chemical Industrial. Con-
ductive carbon (Super P) was obtained from Alfa Aesar. Lithium metal, lithium hexaflu-
orophosphate in ethylene carbonate—dimethyl carbonate, polyvinyl difluoride (PVDF)
and 1-methyl-2-pyrrolidone (NMP, 99.5%, anhydrous) are Sigma-Aldrich products. The
battery-grade aluminum foil was purchased from MTI. All materials are used as received.

LCO, conductive carbon, and PVDF densities are determined by means of a Ultrapyc
1200e gas pycnometer from Quantachrome. Results indicates values of 4.9317 4 0.0003,
2.2375 £ 0.0016, and 1.6870 + 0.0006 g cm 3, respectively. WAXD diffractogram of LCO
is determined using a GNR analytical instrument (mod. eXplorer) with a Cu K« source
in the 20 range from 15 to 75° with a 0.04° step. LCO microstructure is investigated by
means of a high-resolution transmission electron microscope TEM/STEM FEI TECNAI F20
at 200 keV mounting a high-angle collecting annular detector and images were captured
with a Gatan MSC794 camera. The samples were suspended in anhydrous cyclohexane by
ultrasonication and a droplet of the suspension (ca. 30 uL) was transferred onto a copper
grid coated with a carbon Quantifoil R2/1 film.

The cathode mixture is prepared by grinding the active material (LCO) and conductive
carbon in a planetary ball-miller for 2 h at 500 rpm. A proper amount of 10 wt.% of PVDF in
NMP is then added into the mixture. The final weight ratio of LCO:C:PVDF in the cathodic
ink is equal to 93.75:4.00:2.25. The ink is deposited onto an Al foil using a doctor-blade
automatic system. The deposit is then dried overnight at 70 °C and at 120 °C in vacuum
for 24 h. The cathode electrode thus obtained is cut into disks of 18 mm of diameter.

An EL-CELL type device is assembled into an Ar-filled glovebox using the prepared
LCO electrode as cathode, a lithium metal anode, a Celgard separator and a lithium
hexafluorophosphate in ethylene carbonate-dimethyl carbonate electrolyte. The cell is
charged at a C/5 rate (C = 140 mAh g~!) with a cut-off voltage set at 4.3 V using a
Maccor tester station. After the charging process, the battery is disassembled into an Ar-
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filled glovebox and the cathode electrode is thoroughly washed with anhydrous dimethyl
carbonate to remove the excess electrolytes.

The positron annihilation lifetime experiments were performed using a fast—fast coin-
cidence lifetime setup (see [46]) with a time resolution of ~235 ps (FWHM). Time calibration
used for a multi-channel analyzer (MCA) card was 25.35 ps per channel. The positron
source 2’Na (2-3 uCi), deposited between two 7.5 um thick Kapton foils, was sandwiched
between two samples (see Figure 2a the scheme of the cathode oxides measurements). All
lifetime measurements were performed at room temperature (21 £ 1 °C) at atmospheric
pressure. Positron lifetime spectra of ~4-6 x 10° annihilation events each were recorded.
Each positron spectrum required 3648 h of acquisition time. The intensity of the source
component was about 12% for Al samples and 14% for the oxide (LixCoO,) samples with a
value of 382 ps and it was considered throughout the positron data analysis. PALS spectra
were fitted using the LT software version 10 [47]. In general, after the Kapton subtraction,
three discrete lifetime components 11 < Ty < T3 appear together with their respective in-
tensities, I, I, and I3. The goodness parameter value of the fit (x?>/dof) lay between 0.99
and 1.15. The third component 13, normally called “spurious”, has, in general, a very low
intensity I3 (<0.05%) when a metal with a smooth surface is measured, if the source is done
well as in this case. The value of 13 is around 2 ns and is attributed to positronium formed
at the interface between the Kapton foil and the studied material. In the case of the cathode
oxides (LixCoO,) and the sintered graphite the intensity of this component was between
0.2 and 0.4% due to the surfaces are porous or not well smoothed. In this work an analysis
with two lifetime components after subtraction the source and the spurious contributions
is presented.

Doppler broadening (DB) of the annihilation radiation was used to monitor the
microstructure and defects associated with the cathode oxides. In order to obtain depth-
resolved annihilation data, positrons were implanted in the sample at various depths using
a variable energy positron beam (from 1 to 17 keV, see Supporting Information of [48] to
know the positron beam characteristics). Two high pure HPGe gamma detectors (Ortec,
relative efficiency ~50% at 1.33 MeV) were used to measure the spectrum of the annihilation
radiation. The PAS measurements were performed at room temperature in a vacuum
environment of ~10~7 mbar. The annihilation peak (511 keV) is broadened by the Doppler
effect due to the motion of the electrons annihilating with positrons. For characterization
purposes, it is convenient to distinguish the area around the maximum of the annihilation
peak and define a parameter called Shape or S parameter. The S parameter is associated
with the fraction of annihilating positron-electron pairs with momenta |py | < 0.456 atomic
units, corresponding to the energy range within 511 4= 0.85 keV. The total area of the
annihilation peak is taken in the energy range 511 &+ 4.25 keV. The S parameter corresponds
to annihilation of positrons with valence electrons in the sample (and, occasionally, para-
positronium).

4. Conclusions

In this work, it is demonstrated that positron annihilation spectroscopy is a crucial tool
in order to study the effect of the state of charge on the structural features and morphology
of cathodic materials. In detail, for a cathode corresponding to a battery state of charge of
50% (x = 0.5), the measured first component of the positron lifetime of 180 ps is in excellent
agreement with the calculated value. This finding implies that the bulklike state in the
grain [49] becomes very similar to a true positron bulk state. However, in the case of the
discharged battery (x = 1.0), the positron spillover increases and the lifetime for the bulklike
state is about 30 ps higher than the calculated bulk value. Since the intensity of the positron
surface states is high both for x = 1 and x = 0.5, this state could in principle be used to
monitor in operando non-homogeneous lithiation states at the grain boundaries of the
cathode [50]. Therefore, one could detect possible lithium bottlenecks at the grain-graphite
interface.
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Appendix A

The parameter # describes the probability of an annihilation event inside a nanoparti-
cle, and it depends on the ratio of the diameter ¢ of the particle and the positron diffusion
length L inside the NP, according to the Langevin function [51]:

n = coth(¢/L,) — L+/¢. (A1)

1.00

0.75

0.50

11

0.25

0.00

1072 107" 10° 10’ 102 103
¢/L,

Figure A1. The function (1 — #) gives an estimation of the positrons fraction that can reach the grain
boundary with respect to those implanted in the grain.
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