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Fabrication of H,Ti;,0,5 Whiskers via Two-Step Solution Processes
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H,Ti;,0,5 whiskers were successfully fabricated via two-step solution processes. First, Na,Ti;0; whiskers were grown by a cooling
of NaCl flux at a solute concentration of 1 mol% at a holding temperature of 800 °C. Subsequently, H,Ti;0; whiskers were
fabricated by proton exchange process using the Na,Ti;0; whiskers and hydrochloric acid. Finally, H,Ti;;O,5s whiskers were
fabricated by heating treatment at 280 °C using the H,Ti;O; whiskers. The starting Na,Ti;0; whiskers had high aspect ratio of 155
(34.6 um in length and 0.3 pm in wide), and the morphology persisted after the conversion into H,Ti30; and H,Ti;,0,5 whiskers.
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e P2ym) 2B L, ZOMTESILa=9.1279, b=3.8032%
FWe=285621A ThHv, @ihfs p=101.6 °Th H[1].
Na,Ti;0; DfEiLiEE % Fig.l (2R 7, Na,Ti;0; TlE, TiOg /A
RN TE RO A T T 2k of & L e v, ZofEH
IZ Na"BFET B, 2O LD AeflimiiEoi=, ikES
IZJBRID Na' %[l - By 52 LN TEDHR2], ZORMEE
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Fig.1 Crystal structure of Na,Ti;O;.

BT AR MO —RIeAEE & S O EAER (T 0 A D) I,
SEIFERISHTENZREZ T I E NS S, AW
S TCERZHEDTWA[9-11], —f&IZ, —&kahElT, &
TREE, EEPERTe FOENTEROEEE R T MBS
TWb, £/, HEEMIIMEARROMREZ e KIRIFEEST 5 2
LINTED, T 2E, A4 MRE(HDHWEA A Dfft
HiE - ) 2R T 5 ZIREHAMEHI B W T, EdnE e
MBHIA A—R7p A o R A% D2 ERHIRTX B0,
EINT- A A ARE O TR 7 & A R BLT B ATREE & Rk oD
5[12], WkiED—FETHD 77 v 7 AKE, BWEET7T v
7 A (FEIE) 2 INEA U CaiisiR 2B, s fafn ORIz &
HRTEH - i E AR L TR S 2B T2 HIETH D
[13], il is 2 ROl (T2 D F8E) L 7= & b B 7 il i N5
N2 EaRREETD, TNETICYUMRETIE, 7T 7
AEIC XD S E S ERMEMERAE WL L TE2[14-17], KB
ZECIE, NayTisO; VA AW —%T7 T v I ABFRTHI &, &
DIZENERUET HZ L THEDHRE LT HyTijp05s 7 A
AH BT D EEAMNE LT,

2. EBAZE

AWFETIE 3 DOAT v 7 EET, HIWE L7z HyTipnO0ss
U4 AB—FAERIL L, 12U IS, NaCl 7 F v 7 Rk HElE
1LY NaTiiO;, V4 AW —%Fk L1, o&IZ, Bk L=
Na,Ti;0; 7 4 AW —ZHERMET 5 2 & T, HTi;0; 7 1 A
T —EVERL U T2, 11T, HyTi0p 7 4 A — & HET % =
k'f“, HzTilzozs foﬁ““%ﬁzigbflo Eﬂ\_ﬂl, %i’b%i’b@
7 4 AT —DIER TG R R RN D,

2.1 NaCl 75 v XHHEIZ & D NaTisO7 &R DB L

AT AR A Table 1 I &5, NapTi;0; flidt D H K
Wi, E & LT NapCo; (R T3, i) B L O
TiO, (7 F & —8, FfpMisE 13, ki) %, 77 v 7R



LT NaCl (Fnyeflie 138, 3R3EARMR) 2 Vo, TREIREEN 1,
20 & 5 ME 50 mol% & 72 % L9 I HHFE VR R 2 RS L 7=,
WEREIILULTOKSZE S EICE LT,

Na,CO; + 3TiO, — Na,Ti;0; + CO, T
g e LT, BMBIGHE(TZ 7 v 7 A L) I XK DA S £
L7z, FTEDEIS O HIEFEK 20 ¢ & 15 i URA Lz
th, BFE 30 cc DT FHOFICHEL TSHIZEDHT,
ZD5HOIFEEBRFRICERE L, RAEMSIZT45 °Ch' o
BT 800 °C ETHMEAL, ZDIEET 10 h fRFF L7z, {RFF
#%, 5°C-h!" OBHEET 500 °C ETHHL, DBREXFHNTE
EThitm Lz, 0%, EXFNL 20T ML, R
KPTEFT D77 v 7 AEEMREL, fdb ook - [
L7 BORERICIEI U725 S % 100 °C Tzl L7,

Table 1 Growth conditions of Na,Ti;O; crystals.

solute flux

solute
run Na,CO, Tio, NaCl concentration
/g /g /g (mol%)
1 0.355 0.802 18.990 1
2 3.959 8.925 8.733 20
3 5.907 13.353 3.193 50
4 7.028 15.890 (100)

2.2 FOLUKBIZE D HTisOr 7« RA—DIEE
HyTi;0; 7 4 A B —OVERIZIE, WERE 1 mol% THK L
72 NayTis0; 7 4 A —8 L OMEEE (FOEHISE T3, RESHT
F) A Lz, BRE 05 M ICHFHE L= E 200 mL (2
Na,Ti;0; 7 4 A4 —0.75 g # /M %, 60°C TifE Liz, HE%
24 hfHCASHA L, #F 120 h VB U7-, HEERALEEE%, pH = 712
725 F THEd & 7K E K T L, 100 °C THzM: L7z,

2.3 NEER(Z K B HoTi12025 7 4« A A —DER

Bifi 22 70 bR IV EONTZ HTi;0, V4 AA
—0.25 g ZFM 30 cc DT I FLHDFICFEL TEHIZED
T, ZOOFEBEFNICHEEL, KKEMSICT
1000 °C-h™ O T 280 °C £ THEAL, FDIEEET 5 h{Rfr
U7z, {RFF%, 200 °C-h' OBEFET 100 °C £ THHEIL, LI
BEXFANTHERETHH Lz, 0%k, EXFENSLLH01F%

WL, widhzmER L,
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P RRS B A B A T BAMEE (SEM, H A T-, JCM-
5700) IZTHIZE LTZ, 72, 564072 SEM 40 b AR O
A A R E R T2 EEHRE L 72580 200 18 (B & x iF um)
ZHE L COEMEE R Uiz, AffEmoskiaEamr X
BREIPTIERE (XRD, XAME : CuKafit, U H 2, MiniFlexI) |2
TRE LT, X612, MaICHFET 2 0H 2 =1L F—0H
X MRS EDS, P—F 74 v —H AT 1 T o
v 7, Ultra Dry) (2 CTHOHT « & L7,

3. EREER

IZU®IZ, NaCl 77 v 7 ZHANEIZ LY Na,Tis0; fifh &
BRLE, WINOWEREIZBNTYH, 77 v 7 ADRERE
I 8 mass%Ll FCTh o7, FWHERE THMK LT NapTi;0,
fEem SEM %% Fig2 |27 ¥, WEIEE 1 mol% (run 1) D &
&, WMBE RO Y 0 A —0NERk L7z [Fig2)], =
DY 4 AN —OFEmmEIX7 7 v M Tholz[Fig2b) ], F7z,
TREWIE % 20 mol% (run 2) & L=t &, 74 AD—B XU
PAEm R Lz [Fig2 @ B LD ], &b, BWEBE%
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50 mol% (run 3) £ THEKRKT D &, BORFESRMA EIZERL, %
DEHER S S < BE SN [Fig2e@ BX @1, —J7, R
FOSHE (un ) ICTEKT D &, NIRRT OBEERO 235
STz [Fig2(2) B LN (h) |, FWEIRIE TH S AL ikidh 0¥
PJY A X% Fig3 1R d, WHEIRE 1 mol%d & &, Ak dh
DY A R1E34.6 x 0.3 um TH Y, T AT FIFK 115
Tholz, WHEHREE 20 BLO 50 mol% THEK L 7= fb ik
IV A ZTENEI10.6 x 0.6 BEL V7.8 x 1.5 um, 7 A7
MEZZENZEN 18 BIO 5 Thotz, Tz, EHMKIGED
Yty A X (— AT 1L 0.9 x 0.8 um TH Y, 7R
N7 MIE 1 Thoto, BHEHERE TER LMD XRD
SNHE =% Figd \[TRT, WTFHOBEEREICBWNTD,
Na,Ti;0pp DIEIFH—MHE L THLNDZ L 2R LI, £
72, 1 mol% B L7277 4 A H— A RMFTHE LTI 5E,
001 B LN 101 OEFTE—2 OBNE LI T20, A7
23 {001} B L OMI01} TH D Eohrolz, 77 v 7 ABFRK
L7zfEsomfr /82 —121%, HoTiO; ICERT L E—7 <
Na,Ti;0; DE—27 o7 b ciEi s ni, i
B 2R L TRBY (77 v 7 AFGEMN : 8.11~8.17 A
BLOSCHME18] : 8.40 A), IRAKTTHOT T v 7 AVEfRERSE
OBz, B Na2y H (b5 WiE H;0) LS/
LEZLND, U EDORERIS, NaCl 77 v 7 ZmHIEIC
XV, NayTi;O7 fish D BRI L= 2 & sl LTz, FFl
WHERE 1 ml% TERLEEE, GWVWT A7 ko

-

]

Fig.2
concentrations of (a, b) 1, (c, d) 20, (e, f) 50 mol% and (g, h) solid-
state reaction (flux-free). (b), (d), (f) and (h) are high-magnification
images of (a), (c), (e) and (g), respectively.

SEM images of Na,Ti;O; crystals grown at solute
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Fig.3 Average sizes of Na,Ti;O; crystals grown at several solute
concentrations.
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Fig.4 XRD profiles of pulverized Na,TizO; crystals grown at solute
concentrations of (a) 1, (b) non-pulverized of (a), (c) 20, (d) 50
mol% and (e) solid-state reaction (flux-free). ICDD PDF data of (f)
Na,TizO; [18] and (g) H,TizO7 [19].

Na,Ti30; 7V 4 AW —WFbhitz, £, WHREORNE &
HIZ, BEOFBEOZ LWFEENAERT 52 ERbholz,
ZHUE, 7T w7 AR T E IR ORE (T TiO,) A3 EER
WTICZLFEL, B+l lETE hhoicld s
Z6N5, ¥R, WERE 50 mol% TOBEMTIE, H21EN
IHZITRE TSN TWA T8, MBI BRSNS v 4
Vo7 LTCRERNER LI EEZ NS, — ), 7797
A& AW WERSETERT 5 &, BREE b/ Vil
K- DOEEENER L2 2 205, NaCl 7T v 7 A0 @&
E 72 NapTiO f O BRICE DO THINE = L 2R L
7o

WIZ, TWERE 1 mol%T7 7 v 7 AFMK L NaTi;0; ¥
4 AT — T EERILER U, HyTi,0; 7 4 AW —ZERLL7-, i
FRALERTE DF5 S D SEM % Fig.5(a) B LN (b) 1IC/~T, Mg
FLHREE OFETIE Nay,Ti,0, 7 4 A —DIBIREARD = & ZHER
L7z, U g AA—DWEJV A XB LT AT MidEn%
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Fig.5 (a) Low- and (b) high-magnification SEM images, and (c)
XRD profile of pulverized H,TizO; whiskers.

Fig.6 EDS mapping analyses of (a) Na,TisO; whiskers and (b)
H,TizO7 whiskers.

0307 x 03 pum BE 102 TH Y, Fu b a2maio
Na,Ti30; 7 4 A — EIRIER UE & 7o o7z, HERLELE O »
4 AT —D XRD 784 — % Fig5(c) [T, L IE
H,Ti;0; - —TH Y, Na,Ti;0,78 H,Tiz0; 7 v b &S s
72 xR LT, HERBALBRRIR DY ¢+ A1 —@ EDS ¥
v TN & Fig.6 [Zav9, HEERAULVERRTD Na,Ti;O; 7 4 AT



— T, FEENIZT Na, Ti BEO O OB 250570 & W T
=72 [Fig6 ()], —F, HWBBLIEZ D HTi;0; 7 4 AT —»
HiE, Na lZiz& A RSN 7=[Figob) ], 7=,
BICEEND Na/Ti kB TR LIZE 24, HRRALELRIH% TO
EIZFNEN 1.73/3BL0.07/3 THY, 1FIFTTD Na*
NTa R ENTZ EEER Lz, U EOREREND,
PRI C X D7 e F U HIC KD, mihE 7 HoTi;0; 7 o4 A
H—F AR CE 2 L BTER LT,

B2, HyTi0; 7 4 A — BV 2 i+ = & T,
H,Tin0ys5 7 A A —ZAERL LT, INBMLEB O T 4 A H—0
SEM % Fig.7(a) 8L IZRT, MEVLEEZ S, LD
U AT — L RBEOIR AR T, BbE Y ¢ A —
DY A B LT ALY NERIZZENE430.7 x 0.3 um 13
L 102 TH Y, IEVLERTD HyTi;0, V4 AW —DH A X
EIFIERICTH o, MEVLEEE DD ¢ A1 —D XRD /34
— % Fig7 (IR, Boicy 4 A —pEffi/R 42—
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Fig.7 (a) Low- and (b) high-magnification SEM images, and (c)
XRD profile of pulverized H,Ti1,0,5 whiskers.

4. F&EH

NaCl 7 7 v 7 AWHEIC LV, Na,Ti;0; 7 4 AW —%FH
Uiz WWEIRE 1 mol%IlC THRR LT & &, 1 X 34.6 x
0.3 pm B LT 227 b 155 O NapTis0, 7 4 AT — 23455
Nz WHREOHEME &I, 7T AT SR Lz
WG ER T D 2 Enbhot-, —F, 7T v A EfEH
L72RWGE, 7 NayTi30,, Ki DEEEERN AR LTz,
NaCl 77 v 7 ANBERORELEZT 4 AT —DEFRICED
DTHNTHDZ ERbroT-, WEEE 1 mol%iZ TH
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L7z Na,Ti;0; 7 4 A A — 2B T a Mg 5 2
LT HTiO, ¥V 4 A B —ZAERCE, HTi;0; 7 4 A —%NN
BGLBET 5 Z LT HyTinOgs V A4 AN —HAERTE T2, T
OB ZJE LT, ERFERILS & D Na,Ti;0, 7 4 Ad—
DRV A RERDO T MR LTz, 77 v 7 AKIZEVE
L7z NapTi;0; 7 4 A —X°, e AW TER L7 H-Ti-
0 RV 4 AM—1, FERORBEZIGE) Uiz IREMAM O
EME~ORBNHR S5,

BT

AWFGEO—FBIL, Rk 22 4FEE LV ERE TV S IST 5
SRR R AL H A B R 3 (ALCA) 6 L OVERY 23 4R 1 0 £
REN TS NEDO 44 = /b & — Ho H1l B 5 o 3 (23-
0712004) DB O & LlZF TSN, FELT, #EEERTD,
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