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ABSTRACT : High pressure has been applied to check the pressure effect on the powdered
TiO,-complex, which was synthesized for ultra-violet rays cutoff and antimicrobial applications.
TiO,-complex consists of anatase, rutile and silver chloride. Grain size was determined to be ~34 nm.
Both anatase and rutile begin structural phase transitions to ZrO, (baddeleyite)-type crystal structures at
14~16 GPa, then sustain their phases up to 22.7 GPa. Under decompression to 0.0001 GPa (ambient
pressure), rutile transforms to another phase with «-PbO, structure, while anatase retains its high
pressure structure upon complete decompression. Silver chloride peaks disappear at the low pressures.
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TAFI3ER] (Mg Fe)SiOs- 522710 E(perovskite)
T20 7|BTA Qholth o3 o]fE FES
x3ete] T FRE 2 B TR =2
o el o AFHEE o] &d A7Vt Al
ATthHazen and Finger, 1981; Kingma et al.,
1995; Liu et al., 1997; Ono et al., 2002). FE &
TAPEAARTR 4L 5 oY BEe 25/5HE9
FaFol| sl iAo A% AAF=IF o xds}
HA 1xr) 7k F2E o] ke ZeE
B A th(Gerward and Olsen, 1997; Swamy et
al., 2006b).

AAAA TiO,-ob el = SekaE Az A
HAE, JIAE, ks FOE o|&Eo] gomn,
Hol|&= Yie(nano) 2719 TiO, B2 g+ #
Aol FoAIHA TiOy7} BT+ vefet xat 9

FEAQ B4 ol g A7t SdiEa
£3] @38t ) (photocatalysis), Bl ¥3717]-318t

Z A (photoelectro-chemical solar cell), #7154
(antimicrobial coating), 372331717 (opto- elec-
tronic devices), 3}8HA]7](chemical sensor), X8}
g Z77] A (dielectric material of ultrathin
thin-film capacitor)2 ©]&3}7] $J3] U F7]
TiO,o g E-ASHA] A7 HFHOE A
JE) 3 il : Barborini et al., 2002; Burda et
al., 2003; Babu et al., 2017). ©127] =71 W&
olf= TiO} Zte F53 AAr=xet A4 =
of 7]1gtt I8y TiO,¢ WME Zi(band gap)©l
371> 3 eV) wiol, B o R o] &sh=H A
2718 2B Edo| = A2 A(ultra violet, UV)
FHo g Agto] Hof Qith oldt AL T
st7] AsiMe Yie=r] TiO o HATxE W)
A7 EHed AeE e Ve a5d4AE 59
(doping)3te] 318H3E3 A B3td EA4S nby
= Zlo|tBabu e al., 2017). T3 0] 207 9]
EH= d4E H(Fe), UANI), ZF(Cr), HhtE
(V), °F4(Zn) S°l JTHWang et al., 1999; Moon
et al., 2001; Zaleska, A., 2008). |3+ < o]
2 ZolA A o] &(Fe')e o] 2175(0.64 A)o] E
EH ol (Ti")e] o] 2x3(0.68 A)F frAkste]
THYAZ A5E 3 JThBabu et al., 2017).
TiO,-oFHERAI 9 5450l 22 =38 ARl Tio, Y
EEA e ohekst ST Aol BA 2 A=Ak
o A% Tl tig A= A BT 7 dH
A EEE HSAT = A AldE ] SITH -
Zhang and Reller, 2002). TiO,-E3°] 2= T

A ]

ol

1 - AA

&

dsAY 2Elst] mE gde whes Kol
mEolt. olehs tulsAl & A7l T A

AUV) A D Al 75 BT 2 E(Fe)ol

L

o= T AT
TY(doping) ¥ TiO-H-EBTANRE FAS= &
Ao ART 2 ATsS T A4 AR
A% Aoltk. o]of Hate] TiO,-ohtErAl= YA
A7) wt o] BEE ZeElth(el : Hwang
and Kim, 2012). @A o]23 Aol HegS B
A FoA gRls] Be A= fofsitt thololEs
M 7]7](diamond anvil cell, DAC)S} HARR
(synchrotron radiation)< ©]-8g X-A 3] (X-ray
diffraction, XRD) A&< “d=2ollA Aldat3ict.

4 FeCls-
3 o2 2 U (ball milling)S T}
EEPpH)E ATF v, A8FY 2(Ag)
A7 g B 9ES 3 v, dalE e
oj-gsta] 23 d4a9 =9 (A
S AAZ o]F FRTE AHG v, B Az
(oven dry)AA ZHo] E=3HE TiO-ds ¢

(o mit tlo

~—a= EE‘E]'
Zddgtn S5 PG AxE FARAEN]
ZJ(ISM-7610F)& o83ty 1A Fe 43 TiO,-
QAo AR YA 27)E It =
WA g AAFZRE X-A 3 (Xray diffraction,
XRD)®AE o] 83t ERlatqtt. XRDEAS 73
digtanl 354 EAETS D8 ADVANCE X-4l

2o 2y
ﬂmlﬂ}d

71715 o] &3t 5~90°, 40 keV/40 mA,

27
0.02°/s 271l A AlY3tSiT.
T AlE
IHAES TS 4x(Pohang Accelerator

Laboratory, PAL)2] ¥urd A Al ZahdAlg<d
T2(Pohang Light Source, PLS-ID< HZkl
(Beam Line, BL) 10Col|A] A=t PLS-1I+
3.0 GeVY 71E58S A= 3A0E A o
T40]th PLS-112] BL-10CNA Algshs X-42
AL 0.61992 AolH, olUA= 20 KeVoltt Al
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Table 1. XRD data of TiO,-complex at ambient conditions

*

o dovs (A) dea (A) phases”™ (hkl
100 3.51279 3.51576 An (101
20 3.24508 3.24675 Ru (110)
40 3.20049 3.20378 SC (11
60 2.77288 2.77456 sC (20 0)
10 248574 248333 Ru (101)

15 237611 237177 An (00 4)

10 2.33048 233110 An (112

10 2.18648 2.18432 Ru (11

5 2.05190 2.05343 Ru 210

40 1.96117 1.96191 sC (220
35 1.89216 1.89264 An (20 0)
20 1.69880 1.69624 An (105)
15 1.68698 1.68578 Ru @11

15 1.67235 1.67312 e G11)

20 1.66648 1.66651 An @11
5 1.61429 1.62338 Ru (220

15 1.60185 1.60189 SC 222

5 1.49342 1.49245 An @213)

20 1.48024 1.47935 An (204
1.47057 1.47619 Ru (00 2)

1.38705 1.38728 SC (4 0 0)

1.36470 1.36138 An (116)

10 1.36058 1.35880 Ru (G01)

5 1.34442 1.34381 Ru (112)

5 1.33724 1.33830 An (220)

5 1.27309 1.27597 An (107

5 1.27309 1.27306 SC (G31)

10 1.26380 1.26325 An @215)

5 1.24106 1.24083 sC (4 20)

5 1.16507 1.16561 An 224

5 1.16096 1.16068 An (312

5 1.13284 1.13271 SC (422

5 1.09370 1.09216 Ru 222

“Relative intensities were assigned visually. “"An is for anatase, Ru for rutile and SC, silver chloride phase, respectively. Lattice parameters were
calculated on the basis of the present XRD data; anatase ap = 3.785(2) A, co = 9.488(8) &, Vp = 136.0(1) A°®, rutile ay = 4.592(7) A, ¢ =
2.952(4) A, Vo = 62.2(2) A7, silver chloride a, = 5.5491(4) &, Vo = 170.87(4) A°.

52 YAk XA 271& Aol 50 um<l A
E(pinhole) & |83l ZA3IGTE U EAYLA]
= UEls U A A ADD) A A o
Ay tololZ= M 7]7]|(modified symmetrical
type diamond anvil cell, mS-DAC)E ©]-&3}3th
mS-DACe]| 42t tholofZ= Wl Type-I°]
o, A F(culet)d] RS2 375 umo|th.

IS fal 717 2 ARE AT AER
o= 7t 4 X/ ¥H(angular dispersive X-ray
diffraction, ADXRD)Ho|H, AEZHE 3Id=
X-A& Mar345 o]u|x] ZE|o|E HZE7]|(marXperts
image plate detector, 3450 x 3450 pixels)E ©]-&
st FRleith BEARS AE7] Akele] Ad
& LaBs (SRM 660a)E ©|-8-3td 2433 THKim
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Fig. 1. Crystal structures of anatase (above) and rutile.

et al., 2009; Kim et al., 2015).

A ZHl(sample chamber)S.Z o] &3t Jj2F
(gasket)S 237 ~H(spring steel)Z A2t 7
oln, 7|2zl T Helol A&l 250 pmel 7
(hole)& FO A EE ¥ 3 WHESlHh Alsw
o dEAE S AW el(hydrostatic condition)
2 fA] 8l vighed oeheS 40 1 FaH|E
33§98 FUSIAUTHKIim and Lee, 2016).
4 4L AEol oF 20 pm HEQ] Fball) E
Fo FH ©EAS o] &3tAth Bl 475 nmel
go| A 02 FH|E ZAKirradiation)3}3 S w] &
A= g4y 94 R1(694.3 nm)] XS 233
7](Acton spectrapro 300i with CCD detector)E
olgs A3 the o™ S AAHAU old
AHSAHES FH1E 3 (ruby fluorescence method)
oz} &t AlFHtel & 7ishA HH FH|9 §
Fap gpgo] wolAA =, ol 7 v
g ZoJ(ANE ol&dt ¢S ALNE ok
(Bell et al., 1986; Chijoike et al., 2005). ¥ A&
A4 e #he AAsh= ©l o] &3 ALt T
3 2tk P(GPa) = 1904/7.665[(1+(ANAg))"*"-1]
(Mao et al., 1986).

21

flm]

I E9|

NEEAM

TiO-E3A £%e] X-A 3884 A3, ohve}
A, F9 281 d3k2o] E4AE A=A of
UeAlE (101) F3AA% 34 (104), (200),
(105+211), (204), (220), (215), (224), (305) oI
FE=E o JCPDS (NO. 01-084-1285) 3E 3} H]
W o]E nlg o AakE opgelAle] At
A 7S O3 2tk a, = 3.785Q2) A, co =

9.488(8) A, Vo = 136.0(1) A* (Table 1). oh}E}
A TR 141/a(141)Q] BA-ALAA ] 4381,
TiE SAOE 3t gHAlZ FAFo] o »
E WA= 5 T3kl At Wagemaker et al.,
2003; Fig. 1 #=x). FY 7% JCPDS (NO.
01-078-1510) &S 1313t} Table 1] XRD
HolHEZEE At FEH AxYFE v
2t a0 = 4.592(7) A, co = 2.952(4) A, Vo =
62.2(2) A’. FE& F7Hro] P42/mnm (136)°]H,
A &tk TiE TAICR sl WA
T8k Uk

H3}-S(AgClL JCPDS (NO. 00-031-1238)
HS Fastgom B Ago] dlo]E(Table 1)E
olgste] A AxFrE T Zth a0 =
5.5491(4) A, Vo = 170.87(4) A’. TiO-EgA ol
Hsleo] HESHE AL H o] 25 =3 (doping)dt
= JAAA dsl2S 3] AASHA g A
olth. X(Ag) T A thE, E WP sk
HAHol A AYGE Fsl2(AgClho] &3] AA= A

Q3 RESHE Ao BekEck
SEM =4

TiO-EFAE 743k B2 F shiel ohvet
Ale] A, AR wet Folrt ThEA] Yo
k= Zlo] ¥8A It Swamy et al., 2006a, b).
TRk Aol 7t A o] WAle] 831 &
shzE € 4= 917] W&ol XRD9} BlEo] SEMS
ol g3t YAA71E HASATE TIO-EFA &
o] A" 9 AVE ] SAs) Aldg
XRD9 SEMAF+= th&3 2tk XRD ¥ (Fig.
2)& ©]83l TiO-E3A B2e] Hit YAA7|
£ 34 nmZ 2 AHHwang and Choi, 2008,
Hwang and Kim, 2012). A4k o]&3+ 2&
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Table 2. Chemical components of TiO,-complex by SEM

component #1 #2 #3 #4 #5 Avg.
ALO;3 4.01 5.02 17.28 5.52 3.09 6.984
SiO;, 0.67 0 0 0 0 0.134
TiO, 88.59 86.76 74.76 78.29 82.55 82.19
FeO 225 2.26 2.19 1.96 2.06 2.144
CuO 0.74 0.26 0 1.07 0.94 0.602
ZnO 0.34 0 0 0 0 0.068
ZrO, 0 0 0 0.64 0 0.128
Ag,0 1.93 3.82 3.98 9.83 9.41 5.794
Total” 98.53 98.12 98.21 97.31 98.05 98.044

(*except CI)
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Fig. 2. XRD pattern of the starting TiO,-complex
sample. A is for anatase, R for rutile, and SC for
silver chloride.

T T
30 40

= s VA e HERBAA)
7, BE #2d 139 & be 779 ¥a F
o]ti(Klug and Alexander, 1974). SEM #4]& 10
2 AABIGeH, B4 Akl F e st
Fig. 39 YElY St} TiO,-2¢HA EEA 89 ¢
AF7)E 20 nmEG 2 AP A= e
o, 209 YA A-ol= 50 nm oFL BEE
A gt Az 2717 gFskA g gl Fd ¢
A #78] M= 3040 nm AR, olelF
SEM ##ZA7= X419 FWHMe oa] A4H
2719k FA HoiuA 45 & 5 Utk Y%
AEo] i3l XRDE ol&3ll AR dAZ7=
~28 nm©|tHBabu et al., 2017).

SEM< o83ty A g9 AR 248
39T Table 2). TiO,9 Ag,0 ©]2lol] &FuL}

(ALO)7t &% AEHA=H, SEAE X419

Fig. 3. SEM image of the starting TiO,-complex.
Scale bar is 100 um.

A "o dFuYE AASHE ofE XA 93
T BAT = gt A EE e Aol
Ax o] ARy FAdd FAL gilen Tio, 2
A YFol| EAE 7hsA HAl Fof HolA| @&
o} 3t o] 83k A5t SEM 48 3 A
= BT 59 Aoy, 5H€40 2 SEMEA S

APl A A2 ol 13708 E4sHith
A SN TN BEE 3700 AR, Al
el kel mE WelE FAst. Ak, of
ekl 51 99 AEel tet 71e WS gt
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Table 3. Lattice parameters and volume with its ratio
at each high pressure of anatase phase in TiO»-
complex

P, GPa a (R) c (R) vV (A% VIV,
0.0 3.785 9.488 136.0 1.000
1.1 3.774 9.397 133.8 0.984
2.9 3.779 9.397 133.6 0.983
5.1 3.766 9.397 1333 0.981
73 3.760 9.383 132.7 0.976
8.8 3.762 9.336 132.2 0.972
10.8 3.752 9.341 1315 0.967
12.2 3.742 9.345 130.8 0.962
13.9 3.753 9.209 129.7 0.954

Table 4. Lattice parameters and volume with its ratio
at each high pressure of rutile phase in TiO»-
complex

P, GPa a (R) c (R) V (&%) VIV,
0.0 4592 2.952 62.24 1.000
1.1 4.561 2.940 61.17 0.983
2.9 4.544 2.951 60.94 0.979
5.1 4.545 2.931 60.55 0.973
73 4.540 2.927 60.33 0.969
8.8 4532 2.928 60.14 0.966
10.8 4.535 2.914 59.94 0.963
122 4510 2.935 59.70 0.959
13.9 4.503 2.935 59.50 0.956

2t 4 ~14 GPaollA 16.5 GPa Alo]ol|A 4
o|7} WA= Alo] #EFHSL wEkA 14 GPa
Hop oo Qk=oA 55 HolHe 44, S
Aeg 2l S o) gty AABAHES Aitste] 7]
£9] RH dolg e} nlwstdt 16.5 GPa ©

o] 4ol A& HolEl= Aol AlF thak >
AL sk el 22.7 GPadlA ¢tEE AA
ko] AgtollA A2 HolB = dwolE V]Eths
o s

R YA

Table 33} Table 401 ofujetAlel Fdol izt
A7l mE ARG 5 Fule) Wt 714
5o} glom Fig. 40l Ztzte] Hujwisls qteiws}

T T T T T T T
1.00 4 -
B Anatase

0 Rutile

0.99 4

0.98 4
o

VIV

0.97 4

0.96

Pressure(GPa)

Fig. 4. Compressions of the unit cell volumes of
anatase and rutile with pressures.

o} &7 JepAth ohEeRAe 79 13.9 GPa S
P A Bus oF 4.6% F4asta ok FE
& 4.4% 73} Table 33} Table 49 A3
offerA e} F-el thal 954 (compressibility) 2]
421 A A e E(bulk modulus, Ko)& HA-HU)
3k A7 4] (Birch-Murnaghan equation of state)
< o]g3ty AxIdT: P = 15K, (x7x0)
[1-0.75(4-Ko)(x>-1)] 4714, x = (VIV))'?, Ky* =

(dK/dP)©]tHAngel et al., 2014).
offetAl e} FHO AHBHES Ko'S 42 7}
AstgS ul, 272(11) GPa 2 228(20) GPaE Zt
7k AU ofErAle] A, AR A7)l
m FEAE 2 AolE Hols AR AFHS
ot A7 40 nm?l 7-¢ole 1~11 GPaTRIelA
Agg EAFE o8 Ko's 42 7SS
), 198(10) GPa®]™, 20 nm<! 7ol 22 9F
T4 169(9) GPaE  Ri1¥ATHAl-Khatatbeh
et al., 2012). 184 =717} 30~40 nm&! YARI
79 243(3) GPa8l Ao 2 R uEthSwamy er
al., 2003). 4Ae =717 2 73-9(30~40 nm)©|
Ko= 20 nm%l -5 &) o =2 & Ho|
I 9ty 2y B Ao A8 Age Ak A
7€ 34 nmo| 22 MZ Hlus)] B B A
AAE 272(11) GPaoll HlgHA W& 7S & &
Atk Swamy er al. (2003)9] A8E FEUAH
(hydrostatic condition)7} oFd 7oA kA
S ANAS AoZ o] Aol tAFHoE A5
PN A A3 ALt R =4 UYERdTh O
— B

eiv B A AdEelA A3E delE £
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THL S FE e 6ol e FUH Ao 9
& gEold HEE AL ol FE B St ik

Fgo] g, B Al 228(20) GPa (Ko =
4)E Hazen and Finger (1981)9] 24 7191 216(2)
GPa (Ko = 7)°ll Hlal =& #holth Ko'& 42 7}
kA o™ Ky = 10(3)914 205(15) GPal.&
228 GPaoll Hlg] wolA|A ALtHG. o] #He
Ming and Manghnani (1979)2] TiO-F92] 1%}
A8 ARl 211(7) GPa (Ko = 6.8)3 FrASH &
S Hol1 gtk ohERA|e} nixIAE | A&7t
7N o] AT EE A Zlo] 71E9 &
T Mgl o3 2A FET =A Yepe Ao
2 E 7 Utk 4FEE A A% XRD &
HAEHo] Fig. 50 FolA JoH, 13.9 GPa °|%
o] gt A Aol7t EASiTt

0z

#H0|
AgClY A% : d93F(AgCl, SC)9 8d ¥=
Ftoll Al (111), (200) H (220)5 HIFEsI] &
9717} BZEATE SC(200) ¥ aE =7} v
=11 d-ko] 2.77288 Aol YAEta glo] AlE
o] O 3|-y| =9} s FEAL dHE 1.1
GPaZ S#& ] SC(200) 179 FALEE
2171 ol 1 g2 sl 34 as A =
T AREA "B 4EE 29 GPaE o¢shd
£ SC 3= ARt dskee AlRe) S5tE
o] olyzl EF= o] A AeEiol7] wlEol AlFH
o eheo] kAL o] e FHo R o]F
Ao 7 HZETE DACY A9, AEH ¢hlA ¢
o] Fuli(pressure gradient)= ¢~ A Y
57t 748 w3 AERe JPAElE YolAle A
TEEE 1 9l sC I aE Huyuel
22.7 GPaZHA] YERA] ekom QteE& ARMIE =
wEol® YERA] =t

SIEMAIY AT : ofHERAC High 7]Ee] AT
o oJshH oheRAlE YAk =)ol we} o)t
HAS= Qo) 210)E Kol AAEE AATERE
thach Ak Hit 2717} ~9 nm BEQ oRIERA]
= ~24 GPa°lA HIHA=Z $Hol(amorphization)s}
™, wlo] A2 P E(um) A719] oFYERE 2.6~4.5
GPa ARolol|A ApA| £31= a-PbO, TZ(Pben)
2 iolsle ZoeE RUFUTHWang and
Saxena, 2001). ¥A+e] =717} 10 nm ©]sk] H$-
oF 20~24 GPa WHlolA vIZAA o=, 12~50

o A rfr

—

=

H
L=
=
=]

o
3|

-

pal

— L=

4000 -
13.9GPa
3000 4 10.8GPa

2.9GPa

1000 ™%
sC
Mm
0.0001GPa

0 T T T T T
10 15 20 25 30

26

Fig. 5. A series of XRD patterns up to 13.9 GPa for
equation of state. A is for anatase, R for rutile, and
SC for silver chloride.

Intensity(arb.)

nm 27|90 ZA$-olE 12~20 GPaollA HWdgolE
(baddeleyite, ZrO,) 2ATFZZ, 3717} 50 nm ©]
& H e YAE 5 GPaollAl a-PbO, TFE ‘g0l
ke Ao YWl A th(Swamy et al., 2003; Swamy
et al., 2006a). ELAE7} opd 7 Sekiya et
al. (2001)& <F 100 pm =719 ohdebA]l 24
S o] &3t 43 GPaollA a-PbO, TZE AP0
e AFAAE LESIAT TS ofEAl v
YA Aol dis AR mofd met M= e
Aol ARE Ho|a Qv AFAIYL HAHS
CHPark et al., 2008). YA=717F 17.5 nmQl op}
EbA Bhe 20~30.5 GPaollA HIAARE b0l
e ZA0® 1S9 XA ¢ gedy Ax u
& A THHwang and Kim, 2012). ©]&|3t 7]&0] B
1 AFATet B AFolA FRlg YRl
w2 AFHo| A7} Table 59 AelHo] ok

B Age o] g3 AR HFEYA V& 34
nmo|th. 4EHE& AMA3] FolH 13.9 GPaZlAl=
ofUEHAIZ AR ™I (101), (004), (112),
(200)F HIFEst UwA] 33 b we} W3}
st} 9HES 16.5 GPaZ Hold 2L 3)dy)
7 Yyehg= AL B2 4 9t o] A2 A
AFZE ZrO,-HEH ol E F2Z ThAPEA &
st Qitk B A9 Ha 9kEel 22.7 GPaZlA|
NEe 2AT2e] Z=s 7kl sdaas
A3 BolA= Wzt HEFACH

FHY A% : FEY A, F2olA 12 GPaE
deo] ol2W ZrO,-HdYolE 22 Po|st
M 60 GPaZ7tA| o] 727} FAET. Al 4Es
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Table 5. Phase transition sequences with pressures according to the particle size of the anatase phase in

TiO,-complex

Particle size Pressure (GPa)

Phases References

~9 nm ~24
~100 pm’ 43
< 10 nm 20~24
12~50 nm 12~20
> 50 nm 5
17.5 nm 20~30.5
34 nm ~23

@ -PbO, (orthorhombic, Pbcn)

Wang and Saxena (2001)

a -PbO, Sekiya et al. (2001)
amorphous
baddeleyite Swamy et al. (2006a,b)
a -PbO,
amorphous Hwang and Kim (2012)
baddeleyite this study

* Single crystal. Others are all powder specimens.
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Fig. 6. A series of XRD patterns from 13.9 GPa to

22.7 GPa for phase transitions.
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