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U. A. boopuxos, A. M. banazypoe

HccaenoBanue Li-moOHHBIX
AKKYMYJISITOPOB B PeaJIbHOM BpPeMEHHU
C MIOMOLIbI HEUTPOHHOUN AUPPaAKINHT

Jlutnesble akkymynsatopsl (JIA) mpoyHO BOIIIM B HAmly MOBCEIHEBHYIO
JKU3Hb, Cefyac WX MOXKHO HaWTH B CaMbIX pa3HOOOpPa3HBIX yCTpOMHCTBaxX — OT
MOOHIIBHOTO TesteoHa 710 aBuaaiiHepa. [J1aBHBIMU JOCcTOMHCTBaMU JIA SIBIISIFOT-
Csl HU3KHMH caMopaspsill, CPaBHUTEIBHO OOJIbIlasi EMKOCTh M YMCIIO LIUKIIOB 3apsi-
Ja—paspsiaa. DKCITyaTallMOHHbIE 0COOSHHOCTH JIA ompenensroTcst MaTepuanamH,
KOTOpBIE MIPUMEHSIOTCA B KaueCTBE aHOAA, KaroAa M (B MEHbIIEH CTENeHHu) ce-
naparopa Mexay HUMU. OnHuM U3 3(Q(GEKTUBHBIX COUCTAaHMH aHOA—KaTOX SIBIIS-
1otcst rpadut u gutuit-gpeppodocdar (LFP). LFP umeer Gonbiryro Teopernye-
CKYI0 €MKOCTh M HU3KYIO CTOMMOCTH IIPOW3BOJICTBA, O€3011aCeH B AKCILTyaTalluH
1 CTaOWJIeH NPH BBICOKUX Temmeparypax. OIHaKo mIoxas 3JIeKTPONPOBOTHOCTh
LFP orpannunBaeT eMKOCTb aKKyMYJIATOPA, U aKTyaJIbHOM 3a7adeil sSBisieTcsl 1o-
UCK TyTeil ee yBenmueHns. HemaBHO mosBuimchs paboTsl (Hampumep, [1]), B koTo-
PBIX MMOKa3aHO, YTO KaTnoHHOe momupoBanne LFP Takumu smementamu, kak Ti,
Zr, V, Nb, W, ynydmiaetr HOHHYIO TPOBOMMOCTb ITpH OOIBIINX TOKax. M3yuenne
cTpykTypHOro noseaenust LFP, nonupoBanHoro BaHaaueMm, Ipu 3apsje u paspsie
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Real-Time Neutron Diffraction
Study of Li-Ion Batteries

Lithium Batteries (LB) have become an inalienable part of our daily lives;
they can now be found in a wide variety of devices from mobile phones to airliners.
The main advantages of LB are low self-discharge, a relatively large capacity and
a comparatively high number of charge-discharge cycles. Operational features of
LB are defined by the materials used as the anode, cathode, and (to a lesser extent)
the separator between them. One of the most efficient anode-cathode combinations
is graphite and lithium ferrophosphate (LFP). LFP has a large theoretical capac-
ity and low production cost; it is safe to operate and stable at high temperatures.
However, poor conductivity of LFP limits the capacity of the battery, thus making
it a pressing task to find ways of increasing LFP conductivity. Recent works (for
example, [1]) have demonstrated that cationic doping of LFP with the elements,
such as Ti, Zr, V, Nb, W, improves ionic conductivity at high currents. The study
of structural behavior of vanadium-doped LFP in the process of charging and dis-
charging of the battery has been the task stated in the proposal of an experiment at
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aKKyMYJISITOpa — Takas 3aja4a Obl1a ocTaBieHa B Ipe-
JIOKEHUM Ha 3KcnepuMeHT Ha peakrope UBP-2, nogannom
corpyauukaMu HanuonansHoro yHusepcurera TcuHr-Xya
(Cunpuxy, TaliBanp). Beibop MeToma mudpakunu HEHTPO-
HOB JIUISI PEIIEHMS 3TOH 3a71a4i COBEPIIEHHO ONPAaBIaH, TaK
KaK HEWTPOHBI B OTIIMYME OT PEHTI€HOBCKUX Jy4Yed XOpo-
10 4yBCTBYIOT JIETKHE BJIEMEHTHI (B JIaHHOM CIydae JIU-
THI1) 1 00J1aJaI0T BHICOKO# MIPOHUKAOIIEH CIIOCOOHOCTBIO.

HeiliTpoHHble IU(PaKIMOHHBIE SKCIIEPUMEHTHI OBLIH
BBIMOJNIHEHBl ¢ JByMsl Tumamu LFP-akkymynsaTtopoB Ha
ycranoBke DJIBP (¢dypbe-nmudpaxromerp BbICOKOTO pas-
peurenus) [2]. B omHOM U3 HEX B Ka4ecTBE KaTroa ObLT HC-
MOJIL30BaH YNCTHIA LiFePO4, B apyrom — LFP ¢ mo6aBkoii
okoio 1% V20;. Ponb anoma B 000MX aKKyMyJsATOpax BbI-
TIOJIHSUI CIELHAIBHO IIPUTOTOBJICHHBIN Ipadurt.

the IBR-2 reactor submitted by the members of the National
Tsin Hua University (Hsinchu, Taiwan). The choice of neu-
tron diffraction method to solve this problem is absolutely
justified, as neutrons, unlike X-rays, are sensitive to light
elements (in this case, lithium), and have high penetrability.

Neutron diffraction experiments were performed with
two types of LFP-batteries at the HRFD (High-Resolution
Fourier Diffractometer) facility [2]. In one of them pure
LiFePO, was used as the cathode, in the other — LFP
doped with about 1% of V,05 served the same purpose. In
both batteries tailored graphite served as the anode.

The batteries were charged and discharged by a galva-
nostat KIKUSUI PFX2011 at the rate of 0.1 C, where C is
their full capacity. Diffraction data were accumulated con-
tinuously during the experiment (in situ mode) at the HRFD
operating in high-intensity mode, the accumulation time of
one diffraction spectrum was 10 min. High resolution mode
was used to obtain precise structural data on the anode and
cathode materials of the batteries in a steady state mode (ex
situ). Unique high resolution of the HRFD helped to identi-
fy numerous structural conditions interchanging each other
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AKKyMyJISATOPBI 3apsDKAINCh WM Pa3pspKaIUCh ¢ TO-
morsio ranpBanoctata KIKUSUI PFX2011 co ckopocThio
0,1 C, rne C — ux nonHast eMKoCTb. J{udpaxkinonHsie JaH-
HBIC HaKaIUTMBAJIMCh HENPEPBIBHO B TIpOIlECCe SKCIIEPH-
MeHTa (pexxuM in situ) nHa OJIBP, paboraromemM B pexume
BBICOKOI HHTEHCHBHOCTH, CO BPEMEHEM HAaKOIUIEHHS OJTHO-
ro ¢ pakIoOHHOTO crekTpa 3a 10 MuH. PexknM BeICOKOTO
paspeleHnst NCTIONIb30BANICS JUIsl TIOYUCHHs MTPELH3HOH-
HBIX CTPYKTYpPHBIX JJaHHBIX O MaTe€pHasax aHOAa W Karoja
B aKKyMYJISITOpaX, HAXOJSIMXCS B CTAIIMOHAPHOM COCTOSI-
HUH (PEXHUM ex sifu). YHUKaJIFHOE BBICOKOE pa3pelieHne
@®JIBP mnomorano uaeHTH(GUIMPOBATE MHOTOYHCICHHBIC
CTPYKTYPHBIE COCTOSTHHSI, CMEHSIOIINE JPYT Apyra B Mpo-
necce 3apsima—paspsiga. Hampumep, mpu 50%-M 3apsine
AKKyMYJIsiTOpa JTU(paKIMOHHAs KapTHHA COJeprKala 1KY,
COOTBETCTBYIOIIHE IECTH CTPYKTYPHBIM (hazam.

MaccuB qudpakiMOHHBIX TaHHBIX (B 2D-mpeacrasie-
HUHM), NOIYYCHHBIH B PEXKUME in Sifu B XOJ€ TPEX LUKIOB
3apsga—paspsna (KaKIsli UK JUTAICS OKoslo 23 9), 1mo-
KazaH Ha puc.2. AcTpoHOMHYEcKoe BpeMs (B 4acax) OT-
JIOKEHO TI0 OCH OPJHMHAT, MEKIUIOCKOCTHBIE PACCTOSHUS
(8 A) — 1o ocu abeumce. CBepxXy yKa3aHBI HOTOKEHHS

Puc. 1. Li-nonHbI# akkymysasTop (ero emkocth 10 A-4) ¢ TOKOBBI-
MH BBIBOZIAMH, Yepe3 KOTOPbIE MPOUCXOMIIA €ro 3apsijika 1 pas-
psiaka

Fig. 1. Li-ion battery (10 A-h) with current terminals through
which it was charged and discharged

in the process of charging and discharging. For example,
at 50% battery charge the diffraction pattern demonstrated
peaks corresponding to six structural phases.

The diffraction data set (in 2D representation) acquired
in the in situ mode in the process of three charge/discharge
cycles (each cycle lasting about 23 hours) is shown in
Fig.2. The vertical axis shows astronomical time (in hours),
the horizontal axis demonstrates the interplanar spacing
(in A). At the top, the positions of the diffraction peaks for
the three main structural phases of LFP-batteries, the set
of which provides their unique characterization, are given.

The most intense lines in the range of 3.2 to 3.7 A (the
so-called “anode window”) are associated with a graphite
electrode. In the range of 2.2-3.2 A (“cathode window”)
several intense peaks of LiFePO,/FePO, phases are ob-
served.

Evolution of the intense lines in the “anode window”
is associated with the transitions between the LiC, phases,
which are formed in the transitions of lithium from LiFePO,
into graphite and vice versa. Primarily, fully discharged
state of the battery is characterized by the diffraction peak




B IABOPATOPUAX MHCTUTYTA

T (PaKIMOHHBIX IUKOB JUISl TPEX OCHOBHBIX CTPYKTYPHBIX
(a3 LFP-akkymynsTopoB, HA0Op KOTOPBIX UX OJHO3HAYHO
XapaKTEpU3YeT.

CaMble MHTEHCHUBHBIC JIMHUU B Auaria3oHe ot 3,2 10
3,7 A (tak HasbIBaeMOe «aHOIHOE OKHOY») CBSI3AHBI C TPa-
¢uTOBEIM 37€KTpOAOM. B mumamazone 2,2-3,2 A («xaron-
HOE OKHO») BUJIHBI HECKOJIBKO MHTCHCHBHBIX ITHKOB OT (a3
LiFePO,/FePO,.

DBOJIONNST WHTEHCHBHBIX JIMHUH B «aHOIHOM OKHE»
CcBA3aHa ¢ mepexonamu mexay azamu LiC,, koTopbie 06-
pasyrorcs npu nepexopax jurus u3 LiFePO, B rpadur n
obparHo. HawanbHOe, MOJIHOCTBIO Pa3psuKEHHOE COCTOSI-
HHUE aKKyMYJISITOpa XapaKkTepu3yeTcst AM()PpaKIMOHHBIM TTH-
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KOM OT YHCTOro IpauTa ¢ MEKIIOCKOCTHBIM PacCTOSHHU-
eM d =~ 3,35 A. B NONHOCTBIO 3apSKEHHOM aKKyMYyIIATOpE
nposiesieTcs (asa LiCg (oTHenpHO CTosliee NATHO MPH
d =~ 3,7 A), cooTBeTCTBYIOIIAs MAKCUMATBHO BO3MOMKHO-
My BHEIpEeHUIO JuTusi B rpadur. [IpomexyTrodnsie (asbl
LiCy, (d = 347 Au LiCj, (d =352 A) xopomio BumHBI
B coctostHUH 50%-T0 3apsiia akKyMymsaTopa.

O0paboTka MUQPPAKIIUOHHBIX JaHHBIX, MMOKA3aHHBIX
Ha puc.2 u Oosee MOAPOOHO Ha pHC.3, MO3BOJSIET IPO-
CJICIUTD 3a JIETAJSIMU IIPOLIeCCca BHEIPEHHS JIUTHS B aHO.
BuaHo, B 4aCTHOCTH, YTO BHa4aje MIPOUCXOAUT IOCTEICH-
Hoe Hakomnenue Li, daser LiC,, u LiC,, cymecTsyior
HEKOTOPOE BpeMs, 3aTeM CKaukoM mossiusercs (asa LiCg.

Puc.2. Dpomronmst audpakInOHHBIX
crexkTpoB ot LFP-akkymymnsitopa ¢ qo-

P KYMYIATOpa € X FePOy -IHIIIIIIIIIIIII|||I|II|| [l IHII | II| 1l [
GHBKOI/I BaHa/usl, HOJ'ly‘IeHH])IX B Xoae LlFepO -llll | ‘ l | l ‘
TpPEX TOJHBIX [IUKJIOB 3apsiia—pa3psia Graphlte \III\H Tl \H [ | || \

co ckopocthio 0,1 C. BeprukanbHbie
IITPUXU CBEPXY YKa3bIBAIOT MO3HMIMU
TU(PaKIHOHHBIX ITHKOB TPEX OCHOB-
HBIX CTPYKTYPHBIX ()a3 B X HCXOIXHOM
COCTOSIHUH

Fig.2. Evolution of the diffraction
spectra of a vanadium-doped LFP-
battery produced in the course of three
complete charge-discharge cycles —
at the rate of 0.1 C. Vertical lines at
the top indicate the positions of the
diffraction peaks of the three main

structural phases in their initial state

of pure graphite with an interplanar distance d =~ 3.35 A.
A fully charged battery demonstrates a LiCy phase (a de-
tached spot at d ~ 3.7 A) corresponding to the maximum
possible insertion of lithium into graphite. Intermediate
LiC,, (d = 3.47 A) and LiC, (d = 3.52 A) phases are
clearly visible at 50% battery charge.

Processing of diffraction data shown in Fig.2 and, in
greater detail, in Fig. 3, allows tracing the details of the pro-
cess of lithium insertion into the anode. In particular, it can
be observed that at the beginning gradual accumulation of
Li occurs; phases LiC,, and LiC,, are temporary followed
by the abruptly emerging LiC4 phase. Moreover, it can be
seen that a part of graphite anode material remains in the
initial state. It is illustrated by a non-vanishing light bar at
d ~ 3.35 A. In a 3D image of the “anode window” region
(Fig. 4) it is clearly seen that the processes of emergence
of the LiC phase, the occurrence of which features a fully
charged state of the battery, are different in the case of pure
LFP and LFP doped with vanadium oxide.

One of the targets of this type of experiments is to de-
termine relative content of LiFePO, and FePO, cathode
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phases depending on the battery charge condition. The
analysis of the intensities of diffraction reflections allows
performing this task with accuracy up to the level of sev-
eral percent. Thus, for half-charged batteries the content of
LiFePO, and FePO, is 66% and 34% respectively for bat-
tery No. 1 and 69% and 31% for battery No. 2.

Therefore, neutron diffraction experiments with LFP-
batteries carried out at the HRFD diffractometer at the
IBR-2 pulsed reactor have allowed real-time monitoring
of transition processes occurring in their electrodes during
charge-discharge cycles. The obtained results allow one to
reliably identify emerging structural phases and quantita-
tively analyze the kinetics of phase transformations in the
anode and cathode.

The experiments at the HRFD were conducted in col-
laboration with Chih-Hao Li, Chih-Wei Hu, Tsan-Yao Chen
and Sangaa Deleg. The work was partly supported by RFBR
grants (12-02-92200-Mong-a, 12-02-00686-a).
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Buano, kxpoMe TOro, 4ro 4acTh Marepuaia rpaduToBOrO
aHOJa OCTAeTCs B MCXOOHOM cocTosiHHMHM. OO 3TOM roBo-
PHT Hemcuesaromas cBeTas nonoca npu d =~ 3,35 A. Ha
3D-u300paxkeHnH 00IaCTH «aHOJHOTO OKHa» (puc.4) yer-
KO BHJIHO, 4TO Tipouecchl nosipienus LiCg-(aspl, BO3HMK-
HOBEHHUE KOTOPOI XapaKTepU3yeT HOJHOCTBIO 3apsDKEHHOE
COCTOSIHHE aKKyMYJISITOpa, Pa3InyatoTcs B ClIydasx YHCTO-
ro LFP u LFP, nonupoBaHHOr0 OKCHUAOM BaHaAUs.

OpHOl W3 menel MogoOHOro THMa 3KCIEPHUMEHTOB
SIBJIETCS OIpe[eleHHe OTHOCUTENBHOTO COICpIKaHUs Ka-
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toaubix (a3 LiFePO 4 U FePO4 B 3aBUCHUMOCTH OT CTEIIEHH
3apsijia akKyMyJsiTopa. AHalli3 WHTEHCHBHOCTEH andpak-
LIMOHHBIX Pe(IICKCOB MMO3BOJISIET ITO CHEIATh C TOYHOCTHIO
Ha ypOBHE B HECKOJIBKO NMPOLEHTOB. Tak, 1Jisf HamoJIOBU-
Hy 3apsKEHHBIX aKKyMyJsaTopos cozepxkanue LiFePO, u
FePO, cocrarnser 66 u 34 % s akkymynsatopa Ne 1 u 69
u 31 % nns akkymynaropa Ne2 cOOTBETCTBEHHO.

Takum oOpazoM, HEHTPOHHBIE AUPPAKIHMOHHBIE YKC-
nepuMeHTsl ¢ LFP-akkymynsatopamu, mnpoBeJeHHbIE Ha
mudpaxkromerpe DJABP ummnynscHoro peakropa WBP-2,

Puc. 3. O6nacts audpakunoHHoi 2D-KapTHHBI B yBEIHYEHHOM Mac-
mTade, XapakTepusylolas CTPyKTypHble mpouecchl B anoxe LFP-
aKKyMyJsTopa. YKazaHbl HaUaJIbHOE COCTOSHUE aHO/ia — rpaduT 6e3
matus (1, d =~ 3,35 A) n nocnesosarensno obpasyiommecs (asbl
LiCy, (2, d=347 A), LiC;, 3, d=352 A) u LiCy (4,

d =~ 3,70 A) s akxymynaTopa Ne 1 (cnesa) u Ne2 (cripapa)

Fig.3. Enlarged 2D diffraction pattern characterizing structural
processes in the LFP-battery anode. The initial state of the
anode — graphite without lithium (I, d = 3.35 A), and
sequentially emerging phases LiC,, (2, d = 3.47 A), LiC,,
(3, d =~ 3.52 A) and LiCq (4, d = 3.70 A) for battery No. 1
(left) and No. 2 (right) are specified

Channels ~ d(1ch = 64 us)

Channels ~ d(1ch = 64 us)

Time, x 102 min

Puc. 4. 3D-Buzyanusanus 3BOIONMN AU(PAKIHOHHOTO MTHKa OT rpa-
¢uTa B 00/1aCTH «aHOTHOTO OKHA» JUIs TPEX LUKJIOB 3apsia—paspsiia
i akkymynsatopoB Nel (crmeBa) m Ne2 (cmpaBa). CkadukooOpaszHoe
nosBnerne paser LiCy 0COOEHHO XOPOIIO BHAHO IS aKKyMyIIATOpa

Ne2, B koTOpOM B MaTepuai KaToza 100aBiIeH OKCUJI BAHAINS
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Fig.4. 3D visualization of diffraction peak evolution from
graphite in the “anode-window” region for three charge/discharge
cycles for battery No. 1 (left) and No. 2 (right). Abrupt emergence
of the LiC¢ phase is especially evident for battery No. 2, in which
the cathode material is doped with vanadium oxide




MTO3BOJIMJIN B pEaIbHOM BPEMEHH NPOo-
CJIEIUTh 3a MEPEXOJHBIMU IIpoLiecca-
MH, TPOUCXOASIIUMH B HUX 3JIEKTPO-
JlaXx B XOJ€ LHUKIIOB 3apsla—paspsiia.
IlosyueHHbIE pe3yabTarhbl 1O3BOJISIEOT
HaJIe)KHO MACHTH(UIMPOBATH BO3HU-
Kalollue CTPYKTYpHbIC (a3bl U KOJU-
YECTBEHHO MPOAHAIU3UPOBATH KUHE-
TUKY (ha30BBIX [TPEBpPAIICHUN B aHOJIC
U KaToze.

OkcrniepumenTsl Ha DJIBP Obutn
BBINOJIHEHBI COBMECTHO C COTPYAHU-
kxamu L{eHTpa CHHXPOTPOHHBIX HCCIIe-
nosanuit Cuapuxy HarnmonaneHOTrO
yuuBepcurera Tcuur-Xya (TaiiBanb)
Uux Xao JIu, Yux Bait Xy, Lan o
Yen u corpynuukom Hucruryra ¢du-
3UKM W TexHosnoruu (Yman-barop,
Mownronusi) Canra [lamsrom. Pabora
YaCTU4YHO mnojjepxkusanacs PODOU
(rpantel  12-02-92200-Monr-a, 12-
02-00686-a).
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