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APPLICATION OF THE NEUTRON RADIOGRAPHY METHOD TO STUDY THE MIGRATION
OF LITHIUM IONS IN ELECTRIC BATTERIES DURING DISCHARGE

Li-ion batteries are widely used in modern technology as a reliable and stable power source. They are a
pair of electrodes separated by a special material impregnated with electrolyte. The charge carriers in such
devices are lithium ions. One of the factors affecting the performance of such batteries is the migration of
lithium ions. Studies have shown that anisotropic migration of lithium ions on the electrode leads to local
lattice dislocations. As a result, the structure of the anode ceases to be heterogeneous, which leads to
inefficient movement of charges in it and, accordingly, to a decrease in battery efficiency [1]. Therefore, new
types of lithium-ion batteries with increased efficiency are being developed and existing ones are being
improved. To this end, research is being carried out, in particular to investigate the migration processes and
behavior of lithium in batteries. One of the effective non-destructive methods for such studies is neutron
radiography, as the total microscopic cross section of ®Li interaction with neutrons is about 940 barns [2]. In
addition, modern neutron radiography facilities allow us to in situ study the internal processes in lithium-ion
batteries.

This article presents the results of a real-time study of the distribution of lithium in two commercial types
of lithium-ion batteries during their discharge. The research was carried out by a non-destructive method at
the TITAN neutron radiography facility. As a result of the research, experimental data were obtained on the
migration and distribution of lithium in batteries in different states. It is shown that when the battery is
discharged, lithium ions migrate to the cathode at a rate of 0.83 x10° and 0.36x10* cm/s.

Key words: LIB, neutron radiography, WWR-K, migration of lithium ions.
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DNEKTPAIK aKKyMyNATOpapaaFbl IMTUA MOHOAPbIHbIH, Pa3pAg, KesiHaeri
MUIPALMACBIH 3epTTey YLWiH HEMTPOHAbI peHTreHorpadua a4iCiH KonaaHy

JInTuii-noHabl 6atapesnap CeHiMAI aHe TypaKTbl KyaT Ke3i peTiHAe 3amMaHayu TeXHONOorMAAa KeHiHeH
KonaaHbinaabl. Onap 31eKTPOAUTNEH CIHAIPIATEH apHalbl maTepuanmeH BefiHreH Kyn 3neKkTpoATapAaH
Typaapl. MyHAal KypbiafFblnapaasbl 3apsaj TacbiManaaylbiaap AMTuii noHaapsl 6onbin Tabbinagsl. MyHAaam
baTapesnapblH *KyMbiCbiHa acep eTeTiH dakTopnapablH, 6ipi AUTUIA MOHAAPbIHLIH, MUTpaUMAckl 60bIN
Tabblnaabl. 3epTreynep KepceTKeHAeW, NUTUA WNOHAAPbIHbIH, 31EKTPOATafbl aHWM30TPONTbl MUIPALMACHI
KPUCTaNAbIK TOPAbIH KEPriNiKTi AUCNOKAUMACLIHBIH, Naiaa bonybiHa aKkeneadi. HaTuKeciHae aHOATbIH,
KYPbIAbIMbl BipTeKci3 bonyabl ToKTaTaabl, Oy OHAafbl 3apAATAPAbIH, TUIMCI3 KO3fFa/lyblHa XaHe CalKeciHLle
baTapeaHblH, TUWiMAiNiriHiH, TemeHaeyiHe oakeneai [1]. CoHAablKTaH TWIMAINIM KOFapbl AUTUIA-MOHAOBIK,
baTapeanapaplH, KaHa KaHe KeTingipinreH Typaepi a3ipneHyge. On yWiH KenTereH 3epTTeysep, aTan
anTkaHaa, 6OaTapeanapfafbl  AUTUAAIH  MUrpauMa  npoueci MeH JIUTUIA  MOHAAPbIHbIH, - KO3fabIC
KbINOAAMAbIKTAPbIH 3epTTeyre bafbiTTanfaH. MyHaan 3epTreynepaiH, TMiMAi aaicTepiHiH, 6ipi HEUTPOHABIK,
paguorpadpua 6y36aiTbiH a4ici 6oabin Tabblnagpl, 6MTKeHi °Li HEMTPOHAAPMEH SpPEKeTTECYiHIH, ambl
MUKPOCKOMMANBIK KMMachl WiamameH 940 6apH apl Kypanabl [2]. CoOHbIMEH KaTap, Kasipri 3amaHfbl HEMTPOHAbI
pagnorpadus  KOHAbIPFbIAAPbl ANTUN-UOHAbLIK aKKyMyIATOp/apAarbl ilWKi NpouecTepdi HaKTbl yaKbIT
peXMMIHAEe 3epTTeyre MyMKiHAIK bepegi.
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Byn makanaga AMTUN-MOHAbLI aKKYMYIATOPRAAPAbIH, €Ki KOMMEPUMANbLIK TYPiHE NNUTUNAIH HAKTbl yaKbIT
PeXXMMIHAE 3apAAChI3AaHy KesiHae TapanyblH 3epTTey HaTuxkesnepi bepinreH. 3eptreynep TITAN HENTPOHAbI
paanorpadusanbiK KOHAbIPFbIAA OY3blAMANTLIH SICNEH XKyPrisingi. 3epTrey HaTUXKeciHAe SpTyp/i Kyhaeri
aKKyMyAaTOpAapAarbl MUTUNAIH MUTPALMACHI }KaHE Tapanybl Typasbl Toxipnbenik aepektep anbiHabl. batapes
3apAACHI3AaHFaH Kesae AUTUIM MoHAapbl Katoaka 0,83:107° aHe 0,36-:10™ cm/c sKblgamabIFbIMEH KOLIeTiHi
KepceTinreH.

TyliH ce3nep: NINB, HelnTpoHabIK paanorpadus, CCP-K, AMTUIA MOHbIHBIH MUTPALMACH.
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MprMmeHeHWe MeToAa HEMTPOHHOM paguorpadum Ana uccnesoBaHua
MUTPaLLMK MOHOB UTUA B 3N1EKTpUYecKMX BaTapenx B npouecce paspaga

JINTNIR-MOHHbIE HaTapen LIMPOKO MCMO/b3YIOTCA B COBPEMEHHOM TEXHWMKE B KAyecTBE HAAEKHOro u
CcTabuNbHOro UCTOYHMKA NUTaHMA. OHM NPeACTaBAAOT CODOM Napy 3NEKTPOAOB, Pa3Ae/eHHbIX CNeLmanbHbIM
MaTepuanom NPONUTAHHbIM 31EKTPOIMTOM. HocuTenamm 3apaga B TaKMX YCTPOMCTBAX ABAAIOTCA MOHbI IUTUA.
OaHWM 13 GaKTOPOB, BAMAOLLMM Ha paboTy Taknx BaTapen, ABNAETCA MUTPaLMA MOHOB ANTUA. MiccnenoBaHmA
NoKasasau, YTO aHU30TPOMHAA MUTPALLMA MOHOB INTUA HA INEKTPOAE NPUBOANT K BOZHUKHOBEHMUIO JTIOKAIbHbIX
ONCNOKAUMIA  KPUCTANNIMYECKOM pelleTku. B pesynbTaTe 3TOro CTPyKTypa aHoda npekpauiaet ObiTb
HEeOJHOPOAHOMN, YTO NPUBOAUT K HeIDPEKTMBHOMY MepelBUKEHUIO 3apAA0B B HEM U COOTBETCTBEHHO K
cHUXeHuto adpdekTnBHOCTM HBaTapen [1]. MNoaTomy pa3pabaTbiBatOTCA HOBbIE M YAYYLIAIOTCA CYLLECTBYOLLME
TUMbl INTUN-NOHHbIE BaTapen C NOoBbILLEHHON 3PPEKTUBHOCTbIO. [ Yero NpoBOAATCA MCCAe[0BaHus, B
YaCTHOCTM, HanpPaBAEHHbIE HA M3yYEHME MPOLLECCOB MUIPaUMM 1M NoBeaeHUs AnTusa B BaTapeax. OaHMM K3
3bbEKTMBHbBIX HepaspylialWwmx MeTOA0B TakMX WCCNeOBaHUI ABNAETCA HEWTPOHHaAa paamorpadus,
NOCKOJ/IbKY MOJIHOE MUKPOCKOMMYECKOe cedeHne B3aumogencTtama 8Li ¢ HelTpoHamm coctasnset okono 940
b6apH [2]. Kpome TOro, coBpemMeHHble YCTaHOBKM HEWTPOHHOM paamorpadum no3BOAAOT MCCAea0BaTb
BHYTPEHHME NPOLLECChI B IMTUN-MOHHbIX BaTapesx B peXmnme peasibHoro BpemeHMm.

B HacToAwen cTaTbe npuBeAeHbl pe3ynbTaTbl WCCAEAO0BAaHWA pacnpefeneHnus aAmtua B ABYX
KOMMEPYECKMX TUMAxX NUTUA-MOHHBIX BaTapesx B MPOLLECCe UX PaspaaKM B PEXMME PeanbHOro BPEeMEHMW.
NccnepoBaHma NpoBeAeHbl HepaspyLwatowmMm MeToA0M Ha YCTaHOBKe HEeMTpoHHOW paaunorpacdum TITAN. B
pesy/nbTaTe MPOBEAEHHbIX UCCAEA0BAHMA ObIAM MOMYYeHbl IKCNEPUMEHTA/IbHbIE AaHHbIE O MUIpaUun U
pacnpeneneHun antus B 6aTapenx B pasHbix COCTOAHMAX. MOKa3aHo, YTo Npu paspaare baTapen npomcxoamT
MUTPaLMa MOHOB IUTUA K KaTody co ckopocTbio 0,83-10° 1 0,36-10™ cm/c.

Kniouesble cnosa: /INB, HelTpoHHas pagnorpadusa, BBP-K, murpauma MoHOB nnUTwHS.

Introduction

Lithium-ion batteries (LIBs) have the best
complex characteristics among currently existing
secondary batteries, due to high energy density, long
service life, non-toxicity, absence of environmental
pollution, flexibility and lightness of design [3].
Currently, LIBs are widely used to power portable
electronic devices. The LIB consists of three main
components: electrode materials (cathode and anode),
electrolyte and current collectors. During the
electrochemical reaction in the electrodes, the
distribution of lithium ions on the surface and inside
the electrode is different, which manifests as a
concentration gradient of lithium ions, which in turn

leads to the migration of lithium ions. In most cases
the migration of lithium ions plays an important role
in the kinetic processes occurring in the electrode
materials, as the migration determines the reaction
rate in the electrode materials and as a result the speed
characteristics of the electrode [4, 5]. Lithium ion
migration also affects lattice deformation, which is
crucial in limiting battery life. For this reason a great
deal of attention has been paid to research into the
materials and processes involved in lithium-ion
batteries [6-10]. Methods such as X-ray powder
diffraction, X-ray photoelectron spectroscopy and
other methods are used to study the migration of
lithium ions. [11]. One of the effective methods of
studying the migration of lithium ions in LIBs is the
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non-destructive method of neutron radiography. As
the following nuclear reaction takes place on lithium;
Li+n—>3H+*He+4.78 MeV. The total cross-section
of the interaction of this nuclear reaction is about 940
barns. In this work, the method of neutron
radiography and tomography was used to study the
migration and distribution of lithium ions in
commercial types of lithium-ion batteries during their
discharge.

10

Materials and methods

In this paper, two types of commercial lithium-
ion batteries were investigated: CR2016 and CR2032.
The CR2016 battery has a diameter of 20 mm and a
thickness of 1.6 mm. The electrical capacity of the
battery is 90 mAh. The CR2032 battery has a
diameter of 20 mm and is 3.2 mm thick. The electrical
capacity of the battery is 230 mAh. The sample
batteries are shown in figure 1.

Figure 1 — Outside view of the tested batteries

The cathode in the two types of battery is
manganese dioxide and the anode is lithium. The
batteries also use an organic electrolyte and a
polypropylene separator. The battery case is made of
stainless steel.

Neutron radiography and tomography were used
to study the migration process of lithium ions in these
types of batteries. The essence of the neutron
radiography method is that the object under study is

irradiated with a collimated neutron flux, where the
difference in neutron absorption cross sections for
different elements of the object provides information
about the internal distribution of inhomogeneities of
the materials under study. The detector records the
distribution of the neutron flux behind the object. The
neutron radiography method is shown schematically
in Figure 2.

vh e
W

Neutron source Collimation

Figure 2 — Schematic diagram of the neutron radiography method

Neutron radiation passing through the material
will weaken and is described by the formula (1) — the
Beer—Lambert law [12].

t
| = Ioe—fo N(x)o(x)dx (1)

The degree of attenuation of radiation will depend on
two processes - scattering and absorption. A radiation
attenuation coefficient (u) is introduced to quantify
this value. Substituting this coefficient into the
formula (1), the Beer—Lambert law is transformed
into (2). This value describes the degree of
penetration of the radiation into the material.

I = Ioe_“x. (2)

During the experiments, the batteries were
connected to a 0.068 W resistive load (see Fig. 3) and

80

were irradiated with a polychromatic neutron beam.
During the tomographic images, the batteries rotated
around the central axis. All neutron images were
processed and analyzed in the ImageJ program [13].
In addition, due to the irregularity of the neutron
beam, each type of sample in each experiment,
images of an open beam (Open Beam) with an open
gate (protective shutter) and a dark background with
a closed gate (Dark Field) were taken. The dark
background is eliminated by pixel-wise subtraction of
the average dark background image without the
neutron beam. The image was corrected according to
formula (3) [14, 15].

Iproj - Idark field ) (3)

P, = —log<
" Iopen beam Idark field



Zh.T. Bugybay et al.

B

1 — neutron guide, 2 — goniometer, 3 — sample, 4 — detector system, 5 — PC.

Figure 3 — Electrical scheme of the experiment.

TITAN facility Figure 4. The facility is located on the first horizontal
channel of the WWR-K research reactor [17-19]. The
Neutronographic experiments were carried parameters of the TITAN facility that were used
out on the TITAN neutron radiography facility during the experiments are shown in Table 1.
[16,20]. A schematic view of the facility is shown in

1 - WWR-K reactor core, 2 —shutter, 3 — collimator and neutron beam filter, 4 — neutron guide, 5 —
goniometer, 6 —detector system, 7 —beam stop.

Figure 4 — The layout of the main elements of TITAN facility (top of view).

Table 1 — TITAN setup parameters during experiments

Energy spectrum of neutrons Maxwell spectrum (thermal neutrons)

Distance from the moderator to diaphragm 3.5m

Distance from diaphragm to sample L 7m

Hole diameter D 20 mm

L/D 350

Field of view 9*9 cm?

Scintillation screen ®LiF/ZnS: Ag —thickness 0.1 mm
HAMAMATSU-S12101

Camera CCD 2048*2048 pixels, size 12*12 um Full

size 24x24 mm

Thermal neutron flux per sample 1.2*10" n/cm?/sec at L/D=350

Neutron filter Sapphire (thickness - 106 mm)

Standard exposure time 20 sec
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The neutron beam of the facility is formed using
a simple collimator system, which consists of several
boron-contained polyethylene and cadmium disks
with different collimator pinholes with variable
aperture diameters D from 5 to 90 mm. To increase
the characteristic parameter L/D, a neutron guide was
installed behind the protective shutter. This allow to
increase aperture-detector distance L and total
distance is 7 m. The characteristic parameter L/D can
be changed from 75 to 1400. To suppress background
gamma and fast neutron radiation, a cylindrical
single-crystal sapphire filter, with thickness 106 mm
and diameter 110 mm, is mounted in the collimator
system. Environment in neutron guide is vacuum
which necessary to reduce neutron beam losses due to
an air scattering. Maximum thermal neutron flux at
the sample position is 108 cm?s™.

charged

4

1mm

(a)

Results and discussion

The lithium ion dynamics were controlled until
the batteries were completely discharged. Three-
dimensional neutron images of the studied batteries
in charged and discharged states are shown in Figures
5 and 6. The figures visually show the migration of
lithium ions from the negatively charged electrode
(anode) to the positively charged electrode (cathode)
as the batteries are discharged. According to [5, 6],
three pathways for the migration of lithium ions in
batteries are possible: (1) pathway, along the
direction; (2) pathway, a zigzag trajectory in the
crystal plane; (3) pathway, in the crystal plane. Each
path has its own migration barrier energy. The
migration of lithium ions in a battery is a complex
process and cannot be described by Fick's second law.

charged

discharged

(6)

Figure 5 — Three-dimensional image of the battery: (a) CR2016; (b) CR2032

Figure 6 shows the distributions of the linear
attenuation coefficient of neutron radiation over the
thickness of the batteries during their discharge. The
graphs show that in the CR2016 battery the peak of
the neutron attenuation coefficient during discharge,
and therefore the maximum concentration of lithium,
has moved 0.3 mm closer to the cathode (Fig. 6(a)).
In a CR2032 battery, the migration of lithium ions
across the battery, from anode to cathode, and the
saturation with lithium of the area close to the cathode
is clearly demonstrated (Fig.6(b)).
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The migration rate of lithium ions was: for
CR2016 - 0.83x10° cm/s;  for CR2032 - 0.36x10-
4 cmfs.

It should be noted that the behavior of lithium
ions in the studied batteries is different. In the
CR2032 battery, lithium ions, during discharge, were
distributed almost evenly over the entire thickness.
Whereas in CR2016 batteries, lithium ions were
moved to the area of the separator with the
electrolyte.
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Figure 6 — Distribution of neutron attenuation coefficient by battery thickness: (a) CR2016; (b)

CR2032

Conclusions

In this work, two types of commercial lithium-
ion batteries CR2016 and CR2032 were investigated
by neutron radiography. These batteries have
different electrophysical characteristics.
Experimental studies were carried out in real time
with the connection of a resistive load to the batteries.

As a result of this research, the migration of
lithium ions and their distribution in the battery

during discharge was studied. It is shown that lithium
ions migrate from the anode to the cathode. The
lithium ion migration velocity was: for CR2016
0.83-10° cm/s, for CR2032 0.36:10% cm/s. The
results obtained help to understand the migration of
lithium ions in the batteries under consideration.
Three-dimensional tomography of batteries also
showed intuitive images of the migration of lithium
ions in batteries during their discharge.
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