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E
Lij.Fe, Tipy(PO,)5(BOs), (x=02, 0.5)A frelol Fe doping? BO; X|3to] fra] = A%
32 (glass-ceramics) Al Ao 724, €3 9 H71% Bl niXe 9FS AT
Sk, LijsFegsTi s(BOs); FFElETS 2435k, &4 250 upE 2445 oledr: 93¢= 4
EAT LijFe,Tina(PO.)sy(BOs), 2014 Fe* ¥ Fe' o] L& network modifier A
FeOs ZHAZS FA3FAY network formerEA 8] H-E%0)] E0]7} FeO, A AFHAIS &
AshAA fEle] 25 WS ZeE IRIFSGIL 8, BOy= BO; = BO, 2152 &
AslRe, BO; X180 22 7% boron (PB)O; WETZE A sIA| W, BO; X|§3ko]
S7FsPA 540148 (boric oxide anomaly)e] AAUHAA BO,= BO;ZE W3sl o2 23}
o] B]7kaAk A (non-bridging oxygen)’t 718l BO; X3k fEjdo|2ke} 243} 22 &
W3E a3t 9o, Fe AM7Hge] S7HM Fe'el I F'Z s, fedoles
Al oA sl ARslREE FoAAl she ACR SRIFATE. LijnFeThx(POys)(BOs)y
(x=0.2, 0.5) FEllA BO; TFel S/l wt ol2HEEE= F78IHem, x=02 2 0.5
oA Zhzh 8.85x10* & 1.38x107S/eme] o] 2HE=Z=ke YERIAE B AFelr dojn =&
ol2AEE = Fei'ol 4lksbde] walel Bao)dd el <e BO; A 2 olZ g urfmats
o] Agell 71Q1gk Z1e® AZHE. LijsFesTis(BOs); FrElE 800°CoIA 243 A o] &3
w7t 43 AstEed ole ARsHE Egol a2 fEsEr] e Azt
mbA] fFERES 800°ColA AT T, ThA] 460°ColA] X33k, 600°ColX AH/374ES Al
7 A, ol2Arrrt EXEAY 55 FEORE IEH= 2AS s

Abstract : The effect of Fe and BO; doping on structure, thermal, and electrical properties of
LijFe Tir(POy4)3.,(BO3)y (x=0.2, 0.5)-based glass and glass ceramics was investigated. In
addition, their crystallization behavior during sintering and ionic conductivity were also inves-
tigated in terms of sintering temperature. FT-IR and XPS results indicated that Fe’* and Fe**
ions in Lij«FecTi«(POy4);4(BOs), glass worked as a network modifier (FeOs octahedra) and
also as a network former (FeO, tetrahedra). In the case of the glass with low substitution of
BO;, boron formed (PB)O, network structure, while boron preferred BO; triangles or B;O;

*E-mail: hjhwang@inha.ac.kr

—52—



A73e3)%), A 249, A 35, 2021 53

boroxol rings with increasing the BO; content owing to boic oxide anomaly, which can result
in an increased non-bridging oxygen. The glass transition temperature (GTT) and crystallization
temperature (CT) was lowered as the BO; substitution was increased, while Fe** lowered the
GTT and raised the CT. The ionic conductivity of Lij,Fe,Tir(POy4);.«(BOs), glass ceramics were
8.85x10* and 1.38x10*S/cm for x=0.2 and 0.5, respectively. The oxidation state of doped Fe
and boric oxide anomaly were due to the enhanced lithium ion conductivity of glass ceramics.

Keywords : All-solid-state batteries, solid electrolytes, glass ceramics, lithium ion conductivity, boro-

phosphate glass
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FH FEol2o|xA (]38t LIBYE Fui§ AR
2] oz AR gAY AR A A =Bl (ESS)2] &
HAog AL QUth!? dAle] LIBE Asfdz o
A AS A3 ojA] wet e FH 5o ¢t
Aol FAZE e, BT Dol Mg she, A7)s)st
Aoz uhgo] HoWA Lj o] FE EXo] &5
s A E] gk BAlo] SoiE kY

AEA TAANE S HEG] FF L U] T
oA Hsits o] sloy, ol2HEwrt 107
~10°S/cme. 2 F3EA Nt B, A3 §A A
£ A =& AEAFe] EAZF JATEY AEEA L
A& A F NASICONE LiTir(PO,); (LTP)= A2
oA T o] 2HEEE WA, tl7] FellA Y
s7] wo] Be Ayt aTol Tk oy
1} NASICON & HalldS ARgs7] fsixe =2
oAl 107S/em o) olFAELEE zZta AFFe
18-S 7# 3w 800°C ©|3lollA A ookt Bl
o), 2F2wrt & wyo] g2

NASICON & fejdaf|de] o] w=s A7)
7] $13 AT-E AR, A7 32 (glass-ceramics),
ool 23, LxWs) yULE HIF AR 5L 5
F A9 AREaae fEl, FEARINE, 2
Aokl 5 399 A "M Az A,
29 2L Aoz =L o]2AEE YA o)
71538719 Machida$} KishiokaE Li,O-TiO,-P,0s
A 24 A, FEE4 2 f2 84 IS B
23k v} kB9 GoharianS LTPS] A9 f2] Zo]
259} AQse=rt 7K 8] o] gl B
233 EY Kishioka:E Li,O-TiO,-P,0sAl 78] ol A
P,0s7} 50 mol% ©l3td w #+23 27t A=,
P,0s7 50 mole% ©17de] 749 felet AFEFE]
AP BRIEAT FuE NASICONE Li,O-
TiO,-P,O0s7 FElda A Sio, 5 H7iste] 243}
28 Az & Aok ALY AFsaEE A
3] Sk 7 WA WHeRE fEE Axd ¥

(e}

WA W
A A& AAH =8E sl AHS AEAA 2

AsaelS Axse Zlolth. Zhange 914+ fld)
Fe,0;5 #A7Isted G472 39S B3l A4sl=s
o olxAELe} 35 PGS A
3 233 v dok? AFsREls vEE m
AAYPAE Ao =ZA YA AYS 5, Ax
Zo] ool glom, AHH YAk A9 YAE
Al Aoj = o] o|2HETE I

ol Xl ol AEEE AT W
O F LiTiy(PO,);el Ti*" thAl Ge, Zr, Sn, HfZ Tt
AsAY AP, S¢*, Crf, Ga¥', In*" & Fe* &
E NS RE X3st= Aot} #4119 Goharian,
Luo, Nuernberg 5& NASICONS 7]EHo =2 3o
Tit'tial 37} olg FEFe= X3l LTPY ©]
2HAEEE 2% A= FIZE S Ut sy
AonoT LijTi; Mi(POs); (M=Al, Cr, Fe, In,
Ga, Sc) F2|7F 224 107~107 S/eme] &L o]
AE=E JepH, 53] Lij3TipAl3(POy)s= 7x107S/
eme] O] RAEEE UePATI HYSITh 1 9
B2 AFAE Lij(ALFe)Tir yM(Ge,Zr),(PO4):A 2]
Ol ATELET} ~10*S/emeS YERAT Y B3I A
19 Goharian?} Nuernberg ©|2HE%E 717} 7lzlo]
T TUtet 71ggo] HojA)7] wFelgtal Hirs}
Aok 59 Machidae Li,O-TiO,-P,0s f2lolA Li,O
EE= P,OsHHAl TiO, 895 S7MA7IH ol2xx=xrt
7RIt BALEgitk Y Fue HISIeHYE binary
2] 2 [LijxALTi (PO ]-AIPO, B GaPO,AIolA
Al 2 Ga dopantZ} Ti*" ¢} P> o]&3} AF X3ty
o o] 2=yt YU HASIATEY o] o]
2HAEESY k= fEldAe] dolFEg o9 YAk
7ol Z11skckar skt
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HETze] WMIE f=stH WsEdd A7|HEA
o] X"ty B33t} DasS borophosphate -
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A= WHE AonoZb RS =Nl 4%k LTP
2 274% 2P L o|LATL} YAu A ZA 2A
Li,O, Li;PO,, Li;BO;, LibSOS F718hA A& 4273
o] 7Fs3ld, ¥ oMLY} 7VeSitiaL B
1:],_3.11‘12,22)

S, AR olxpdA] AL sl AxT HFE-
= AAely fEldade] 54 XA Hd5
e S HZdof sk, AFke] w2 s
800°C ol3jllA] 24 87t Q). AtelE el
A= TIFE 1200°C ©)/do]3 NASICONE LTP
9 AAL2TE 1050°CE =0}, AF3 vH-g387] wliE
of AF/AENEE I Ak AL o Wyt o}
gt &ZE =7 ml§ Yth Kobayashi= SPS
(Spark plasma sintering)] 2.2 LiTiy(POy)3/LiCoO,&
A3 T 800°C o9 &=ollA] AZsHH A|27do]
AgEe] 24 AWe] z7|slstH oz B slE o
A AFo] FRHow BIEE EAldo] Ak
3 BE Qo

Shin, Il'ina, Ottas A~ZAZAZ Li;BO;, LiP,0; A
2, 3 AXMBFE, BEREAYAClE T I3l &
_% A}%_é—}_ud xi_‘g):_/]\_éo] 7]_‘8‘_—6—}_1:}1 S gi]:],.S,7.11,12.22,23.24)
T3y &7 ZA|9 ol&AELIF 107~10°S/cmeS 2
ol A o o]2HAEET} HolRE o] )

t}.72429 Lagowska> network former24 borons 3
7vel shehA kYA, AEA, W AHslE 5] A
o] Atk Bkt wpepa] AojA] Az st

2 AdM e s A0 S5EHE o83t
o] o]2ATE7} 104 S/em OO E oW 800°C
°o]3H450°C o]3te] o|H)ellA AAo] 7Fsd 2lE0l
SAEA IAHSNE S AZSILAL Ly Fe Tin(POs)sy
(BO3), (x=02,0.5, y=1,2,3) f& ¥ ZAFsH
S AABIATE 3, o= I s)EhA ok
S =ol2A Ti Uiyl F74keHEQl FeE doping 3h
i, POS BOE A&FFo =M {IE&F2EE W
3 o] s fEldsES ARsAL 3
oh mEgh SR Axg fEE Z3 st
800°C ©olat2 4% A4 10°~107S/ecme] o] &A=
TE /A AEE ZAE AT F deiE A
Esisit.

tllo

4N 32 ox

2.4 #H

21 ®el H 2FsiRa| HHE =4
2] AEE A SWIEEE T27F 99.9% o3
Z‘E‘Eﬂ'ﬂp’] Li2C03, a—FezO3, H3PO49’]' Slgma Aldrich

Lo

o] TiO,, H;BO;& ARE3ISATE g, #9)7] AloE
1 sucrose (C;iH»0)E 10wt.% H718I3AH 24
e fE 2L Zes SIIEE AYST &
S ol&dte] 12417 EjHEE FH GFr =R
I 2EE 1350°CE FA5HHA §-8AIE AlxsIA
L ERAE THEEEAA FEToEN fEE Ax
Jar, W] 38& AAS] flsked 460°CoA 30
annealing *|2]5l] BlEol A=A 25 Ax
1tk AlzE F2E cutter mill, pine mill, 42
o]g3te] 2 um °olEte] YAAZ HEste] =g
Es}sisich
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Fe B BO, gk W& fl¢o] FxHsts glst
71 98l FT-IR spectroscopy (VERTEX 80V,
Bruker, USA)E ©]§- 400~2000 cm™ *H$jolA &=}
o] I oA S SHE-S EAsInh 4 A
S frEwgd KBr £2S 1:10002 E33
100°CellM z1z8te] H7do] 13 mmS] H2l Fej= A
Zrste] AL olwf £35S 1 em'oldt). £
& T743%= P, B, Ti ¥ Fe¥] binding energy’} ©]
DA WH3lslerE BA4832AF Xeray photoelectron
spectroscopy (XPS, AXISNOVA CJ109, Kratos
Inc., Manchester, UK)Z #4393, 2} 949 3=
£2& NIST Inorganic Crystal Structure Database
(ICSD) ¢} thermoscientific XPSE 3}t EA2AL
X-ray Al Ka (hv=1.486¢V) radiation, 20 scans,
400 um, CAE50.0,0.1 eVE 3}sich.

2.3 FaiEHEel Fol2E, ZHSIRE % vl
FelsI ] freldol LTyt AFEHew(Tos]

o 245 E B9 10°CE 800°C71HA] 3
sieicth. sk, fejdalde] 2% Wl uE 75 A
53 Az erE 72807 (MISURA HSM, EXPERT
SYSTEM, ltaly)> 2 &3ttt oo AlS+= 325 um
ol w#AE BEE AN FEEE 29

5°CSiTt.

24 7| ¥ ZAFsiREle] AFY

frefek Adsrelel A48 XA BEE47] (Pro
MRD, PANalytical, Netherland)2 EA3}99t). =4&
7EERQY 40kV, HF 30 mA, scan speed= 4%min
O, targetS CuKoSith. olu] A7 492 X Pert
HighScore Plus 3.0 Z=Z 1313} powder diffraction
file Inorganic phase search manual (JCPDS), 1989

2 Abgstel RS,
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25 Re| ¥ A¥SRES ol2FER

Ol 2AEEE AT AEZ7](SP-300, Bio-Logic,
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o] Y31 Ac impedance spectroscopys A43te]
2ollA 1A17E warm up §- AHASHE] SRR W
Hog AxATS SFAT. S7BIERE 7 e ¥
3 Ry-CyQp & Ry QuE 3Pt AE3| 22 A3}
Atk o37]elA Ry9} Ry= bulk 2 grain boundary
Ago)l, Q¥ Qui= non-ideal grain-boundary 7]¢
5 UERITE ) A A RytRy, plotllA] A &
(real axis)@} WHYe] AHo 7 Aabslgin). A=d A
AN EE(Cpa)E bulk (op)2F grain boundary (o)
AE=E oulgith. A 1/(Om) = 1/0,+ /0y, ©]
o2 o]LAELEE o=tAx /ROZ AT o
71M t= AEY T, A B4, Re AE9] Ao
=3
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2 Au A5E ZEeT dFEE dolE 24
Zview QIEL LI ESJOE o]& AXlsigith

A ES 2 pm olske] R EH3 H, HA
o] 20 mm¢l EE=E ©]&3t F77F 1~1.5 mm7t =
AE A5 7Kt d¥ste] dals Az, o] HY

120 MPa oz CIP At HFANE=
T 3°C2 780~800°C7HA] & F- 12717 |8t
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Hald el A5 olAEE SYHe o
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3.1.1 FT-IR Spectracl] 2|3t % £4

Fe¢} BO; X8l w2 f2]e] 23S 343
A LijcFeyTir(PO4)3y(BO;), frEle] FT-IR
spectrum= Fig. 19| A|AsATh LTP fel= 576,
640 2 990~1069 cm™ H<le] AA P-0 ZF, P-O,
vibration, PO,*" AFH A 2] symmetric stretching
vibration®l |F3l= F27F FFAEAC A, x=0.2
= 059 fEel A9 662, 927, 1005 = 1170 cm™
2o M2-& &5 37} JeRSa, Feol X|3Hfo]
F71eol wet 93 Aee U s 93 9
e AFTELR o3It o9 7+ A= Fe?'
2 Fel'= tHE network modifier®24] FeOQy ZHA|
= PAEA R, AE Fe¥e PO -850 network

TOTE 10Ty
1
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A
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Fig. 1. FT-IR spectra of Li.Fe.Ti,y (PO,);(BOs),
glasses; a) x=0, 0.2, 0.5 and y=0, b) x=0.2, 0.5 and
y=13.

former2A] FAF AFAA B9 Ee g2z ZHA|
9IS A fele] FRE W3] HEos A
7tk PO,Sl U7t BOE X|3He A4, & &9
x=022] 35 & 371 767, 1078 2 1368 cm’!
oM, x=052 7% 556, 711, 1039 L 1446 cm’!
o4, BOs%t BO, group AtolellA] Ak f17ke] X
o] 710g A2 F=7}F veRdtt. o] FxWsie}t
A ol Aol YIS F Aog o=H P
LTP9] 7% 576, 640 2 1026 cm™ oA 73t 2=
o} 441, 461, 991, 1069, 1126, 1237 2 1634 cm’
oA oFst =7t AFEYLE 576 em'Y) FFE O-P-
09] bending mode == PO, units®] P-O deformation
vibration modeE WERNI, 640 cm'oAe] I3 =
TiOg ZHA|2] Ti-O Agel 7]1sl= vibration®] 7,
10269} 990~1069 cm™ Ml A Sl FI= P-O,
P-O, vibration, PO, AFHA2] symmetric stretching
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vibrationS YERATE3D H | 441 em '3} 461 em!
oA e oFst A= Li gole] Fel 7]t
o, 734cm’! F-22 ¥ P-O-P A P-09
symmetric stretching vibration®]t}. 1120 cm™2] kgt
¥ 3+ H]7kaAk A (non-bridging oxygen)2| stretching
vibration®]t}. 3 1234 cm'e] ¥ A E Li-O
stretching vibration2, 1637 cm'2] ¥ 3E OHO
bending vibration modes©] T} 239

LTPel FeZ 029} 0.5mol dopingdt < LTPOIA
YEREE 990~1069 cm™ oA e] 7het w9} 576,
640 cm™'2] ¥ =F3= broad AL 662, 927 Z 1170 cm’!
F2oA AZe F3Z7F ERTh B8 x=0.5% 7
F x=0201A FAEA] A9kA 1005 cm oAl Al
28 ¥=7F VYete™, 658, 937 2 1078 cm'9
I3 s x=0220 fEldAno e #R1st
Atk TS, LTPOAN yephd gj3E59] e @& F
g gl oz o o] Feled, ole A AL
& ZHol7t Z&sI7] wiEo|th2® LTPY Fed
doping®roll wh Aj=e] YRt 33+ x=0.590
2ol o FsHA YERd A& Hol Fe-O-P A%
I+ #AE 7320 ez AyZbET) Fe] dopingoll <]
&l P-O-Fe** & P-O-Fe** ZAEol AAUH Fes
gzol2 JEHZ Qi ezl Eo7t el
ZE WH3A7A Bt Fee % FeO, JEIZ &
ABFAA network modifier7} Hed], 9F Fei'e &
A AFEA] vl B dex] BEA w9E Ve
Aoz ByE ub Qrp33 mebr FeE dopingdtr]
U shaks WHslA7|H Fe?/Fe* vl wel f2le]
network former2} modifier S FAol 7w
TF2A s 7EA oA @k g 921~1171 em™'9]
JFE P-0, P-O, vibration, PO APAA2] symmetric
A& AFol 7]t Fe doping®e] 710l weh
ES Fyg £07(937~1078 cm’!) oF3dTh ol&
P-O-P chain Wollx] Fe*'oll vls] Fe’'7} 2b7]ufEol
P-O-P A% Zopx|7] W&ot} )

x=02 2 0.52 f2lelA POS BOZE X3t 7
= 18X &2 FEld Hlsl] M2 33 7F Y
Sk x=0.2, y=3 2 AF, 767, 1078 B
1368 cm™ 2ol A A3k vA7t Yelyith o5&
BO; 42| borate networkol* B-O linkage2]
bending %1%, B-O-BellA] 7kAkax(bridging oxygen)]
bending vibration & BO;¢} BO, o2 AAE B-
O ring?] vibration®] €& Aot} U x=0.5,
y=12 #89] 7% FLIR spectrume TFEA Yelst
o F9E 767 em’'Y ¥AE AYEE I broad W
1078 em™®] ¥+ AL, P-O0 AF, P-0, %,
PO AtEAIY A AF Fe dFstE 991

~1069 cm™ B¢e] 7}e == broad FTH FEI
x=0.5, y=32 f2e 45, ol e Yl
Al gdellA ZAgk F4 F=Z7t FAEHAT 500
~700 cm= B-O-B linkage®] bendingZ-, 900~1150 cm™
= BO, unit]lX] B-09] stretching vibrationl] £]g+ 7
°] 37, 1350~1550 cm™& BO; triangle -+ oA B-O
bending3} stretching Z&<l 71Ut Aolth. POS
BO;Z 4AX &gk 7, 5562 1446 cm™ band=
1 mol ¥+ X3t 9& wjrT} F=7} A5 shape 317
Yebkon 711 em'ol A2$ F4 9=t gt
E3] 7117 1446 cm™'9] == BO,SH BO; unitol| A
B-O stretching =5 BO;2} BO, ZF Alo]e] Ak 9
o] XgE Zhe Fxol). olgfdt FRMske o]
Tro| 9IS F FoF oSt

3.1.2 XPSel 2JgF binding energy w4

Li;Fe Tir(POL);.(BOs), 212 P, B, Ti, Fe*'s}
Fe’" 9] XP spectraZ Fig. 20 UERISITE P2p= 1317
~131.9¢eV, P2s9} BIsE 189.0~191.4 ¢V, Ti¢] 2P;,&
457~463 eV, Fe*'9] 2P;,E 708~711.4 eV, Fe’'2l
2P 5 725.1~724.8 eV, Al 2sE 114.85~115.63 eVol
A F=37F YElstt). Fig. 29] 189~191.4 eVoll A
H F3+= P2s9t Blsol 71e FAz AzbE=d),
Armelao borophospho-silicate glass?llA] B1s$} P2s
2 JehEs AR F371 191.9evell FA
Bt Bagh up QIohi0 A, 114 eV FZolA]
HAE F3s el E8E7RR] dFrvelA &&
H Al AR 7Ikis Ae=m AzbE)

x=0.2%0 LijFeTiro(POs)sy(BOs), FelolA y7t
Z7He wel, & BO;o| AFEo| FUhEel et
P2p IIE 129.84eV (y=0)14 130.16eV (y=3)
2 YA Fo07 olFstal Are At faste
A%S Btk 38 p2sot Blsoll sldele Yae
186.80 eV (y =014 189.02eV (y=2)2 YA
£07 olFstal Ar® A S7FeTh y=3 (PO,
£ 25 BO:Z 3] A= P2p FI= ARKE
g, °]& PO/t BO:2 s 3= AS e
e Adteltt. o7|14 y7t 7kl wet p2p v
7F AUAIZOZ olFske A2 PO/ VE POE W
sk AL ouisitt 3, P2set Bls I A7t A
k= olf= BOyt 716HHA PO = Zasta 4b
s A9 el O BO Y BO,7F SV
Hﬁ%o]q.m}@

x=0.5%0 LijFe Tipo(PO)sy(BOs), F2lolA y7t
Z7He wel, & BOo| AFEo] FUhEel uwet
P2p, P2S, BISO| 7]Q1% I== 130eVS} 189eV
F2oA ALoUA|IE o] FEIAL, AEe y =2
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BO; A|¥HFo] 2+ 7% boronZ (PB)O; HWETXE
PAARE, BO; A $hFo] Frleld Fao|
(boric oxide anomaly)°] AAYWHA BOE FAJslL
o|2 <5t H]7}a4Ax(non-bridging oxygen)7} A3 A
fig= o



A718k83)A], Al 244,

(3) BO; #H7lgko] 713t wie} Fe*'/Fe*™ H|E=
Z7VelY B} %8 Fe’l network modifier= 2}-&-5}
= Aoz Azt

(4) Fe ¥ BOs= fejdeoldst 243t 228 U5
= a3t glom, Holexel AAsler7te] xjol7}
FgHE ATS Btk E3] Fe dopingol] wEbA
fFEldolere} dsles Yolx|x wilz A3t
25 o= Ag sk

(5) BO; o] F7igol we) ol re
stem, x=02 % 0594 z}Z 8.85x1
1.38x10*S/cme] o] 2AETS e &
oAl dofFl E& ol2AETE Fel'o] kel dH)
o Baoldadel o BO; A4 R o2 1% H]
Zhaakae] Aol 7|Q1st Aoz AjzZbETh

(6) LiysFeosTi s(BOs); 812 800°ColA &A%
=, Al 460°Celx] Z=H31aL, 600°CollA] HAAS A
A7 A3, ol AT A 5% TS
2 35He 2e ERlEiih
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