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Highly ordered TiO, nanotubes; Synthesis and applications

JeongEun Yoo, Kiyoung Lee’

Department of Chemistry and Chemical Engineering, Inha University, Incheon 22212, Korea

(Received 24 February, 2022 ; revised 26 February, 2022 ; accepted 28 February, 2022)

Abstract

Titanium dioxide (TiO,) is one of the most intensively investigated materials in materials science.
Mostly, TiO, has been used in the form of nanoparticles, but recently new highly ordered TiO,
nanotubes (U-tube) has been introduced and applied to various applications due to their
one-dimensional charge path way. In the present paper, we described the formation process and
physical properties of U-tube then, gave examples of applications in sequence. Firstly, in
photocatalysis, U-tube was used with Au/Pt co-catalysts and showed enhanced photogenerated H,
efficiency compared to bare TiO,. Secondly, photoelectrochemical performance of U-tube was
evaluated with different heat-treatment temperatures. As a further application, two different types of
electrical cell (Ti-TiO;-Pt and Ti-TiO,-Ptxp) was configurated to observe memristive behavior of
U-tube. Both cells behaved as switching electrodes and follow a memristive movement in the high
and low resistance state extremely well with high reproducibility.
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2 AT F vk Aol o [7-101. &3], B4
7)3ket/F3FeHEofo| A F=FASHE Tio, eREE=
1 29 Aoj7t 411, B339 A/ FAs) o
5 7o StEE 188 FEu|/JHAITOZA
¢ 24 &5ty & £ Qo [3, 710 28y
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OF AART F oA RFA T YA (23} anodization)E
3= Wyolt. o] W o Tio, HeRHE ARA,
AAA F=4t3t Ao 24713 flo Ye=FEI} A=
UHA 34730 MAAAEE Ui Aloj29] did
o] FHA FFABAo] "IEH0|EQ] &S sto] H
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Fig. 1. SEM images of anodic TiO2 NTs in (a) different concentrations of HF, and (b) different temperatures
at 15 V for 2 h. (c) Schematic representation of self-organization of cell arrangement at low/high current density.
(d) I-t curves of different concentrations of HF during anodizing Ti in HF/H3PO4 electrolyte at 15V, 3h.
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HRIZ AR8slo] 15 VOl %S T AR B¢
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Fig. 2. Optical pictures of as—formed highly ordered TiO;
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in 3 M HF/H3PO, electrolyte at 15 V and 100 °C for 2 h, 10 min, and 5 h (b). Effect of anodizing
time at 100 °C for thickness and diameter of TiO, NTs (c). TEM image and elemental mapping (TEM-EDS)
of anodic TiO2 NTs (d). Mechanism of forming TiO, NTs and SEM images of as—formed highly ordered
TiO, after exposure to water. [27] Copyright 2019 The Electrochemical Society.
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2.b) [15,17].

=2 FEE Tio9 4%, 1ske| HF/HPOy 3
o8 A}g3lol AzElol] uhRol b 23] AP
E4F) olks Il ok 3,151 1™ 2.c9
TEM-EDS (Transmission electron microscopy-
Energy dispersive X-ray spectroscopy) #4235 E
¥ UHeRH GHEof gLt 0]2o], LieRH uppEo
EA4F o]20] ZRE o] 9l AE Kol [15,17]. °l+=
UeFH PAGA] 4ebata G478 Ald] Aol &
steJeHE ([TiFel)ol UlefX upZzo 2 Wty
A7 @R, B4l o]2S E¥s= 42 &
(H20)°ll |A &5l =71 wiZoll AlE ZoA &=
AgoHE A9, theRH B2 [TiFd27} H00]
o3 AA HEZ YrFHO AFAL Eof &35 o]
AAHL YeFEE /A2 EoAA 9 (1
2.d).

2.2 TiO.9| &8
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24 o]AZ 9l Hkg7] (ideal reactor)@ HA} HE
o (I¥ 3.2) o] TiO,9 WEZJo g HE HA}-
2 A & 5 A= dUAE 2= AYH2
o] Zo} TiO, U JF & U+ Zol7t #98 Yk
g2 ARk 7] gZoltt [12]. E3F ~20 nme
Ul FHO B2 Fo| Hxet A Fstr] A71A o]
5 7Fst A Aoy, FEI A& (RH3719 2
7N EEREH F4 AP F83% qLS sk
OH'9] #Hito] Hdj Azlof At} [19,20]. oA
A FEH 9718 9% dkeREe 242 ~ 80
nm9 ¥4, 1281 ~200 nmFAZ, ol& AZ 3}
719184 E 3 M9 HFZ H3PO49] EFHE 100 €
2 FA A7IM 15 Ve AgsS FAIRE 59t d7tst
ojof gt (¥ 3.b) [121.

TiO & AMESE FE1 vHSolA 4487449 88
= =017] A8l & 2F97F AREAY, AEE
&3 TiO,8 HEZE 2E st= 59 WHo] AME
Ho [3,8,9,14]. B =&oAe= F A 2S5
Au-&, Pt-21)E H|ZS (dewetting)?] WHOZ
Au, Pt Y=3}E]Z (Nanoparticle, NP)S TH=0]
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Fig. 3. A schematic image for the ideal photoreactor of a single Au particle in single TiO; nanotube (a). Highly ordered
TiO2 NTs: top views, cross sectional view (b) after sputtering/dewetting process of Au layers / Pt layers on the
TiO2 NTs (c). Schematic image of H, generation with the TiO2 NT sample in a quartz tube under UV illumination
(d). Photocatalytic generated H, with different Au/Pt loading on U-tubes, and Pt dewetting conditions (e). [24] Copyright
2013, Wiley-VCH, [25] Copyright 2016 American Chemical Society.
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[12,13,21]. ©A Au9 3%, & FE= TiO; Uk
FH 9o E2t=nt A¥EY YHORE 5 ~ 20 nm
FA9 Aug EESHL 0]F 450 TAA & A7t &
ot dA g sko] AZF} [12,13]. @A E B3 2
SOl HZAZ] FFE AR Au 25 -2 Y
e} 29 JE|E W5k Hi 18 3.c Aul FHE
Hoj&rh XEW|Z PtE o] 8dske H%, Pt 25 9
ko] H|HL9 2%7} 450 T Xt} &7] wEo|
TiO,9] B3 & {8 FH9 Ay AFS A
[21]. WA Pt H|ZSS S5t A 7MAE ARES)
o] 650 CoA g A|7ke] EAEE 33 H TiO,
9] AR ot 7154 450 T == ¢
A7t B BAEE £t F W GAYE F
3 AZE Pt/TiO, YieFEE I 3.c Pt oA & ¢
et FEoiEA ARE Au/TiO; & Pt/TiO; & 20
%9 olgks +8HS AfAE A3 §H37]00A A
QA (~325 nm)S FYPOE o] =4 A a0l &
A 319t (29 3.d). Au/TiO; Yx5H9 AL Au
gtalo] £/E 2 nm EEEE 1 M 2L S
Aol 58 (6.5 L h')& BJon ofo] 582
&4 TiO, ¥t "t 14OHH, &4 TiO, Y518
Hrt 308 o 3k (3™ 3.e Aw). FHO EHHYE
53 AzE Pt/TiO, &= WA Pt greto] LA o ut

ESanYa™!
a o "‘:‘I

4 Aol F4 HoY, 1 F dA9 249
o2 88 E3 24 otk WA, FA g2 £
A B A%, 5 nm FA9 Pt/TiO; 9 #E&o] 7t
4 &9ko 'Pt ¥ ES-Ti0,9 243} (600 T, N,
- 450 T, 371)E 53 Pt/TiO, 9 4 A9 &
€ (19.3 gL h™)o] 'Pt H]EL (600 T, N»)<|
Aok AN 4 AP 88& 23 pL h') B8
v, 'TiO, ZA3F (450 €, F7)9 FA¢E AA
7E (6.6 pL h™) Bk 389 o £2 AL ¢ &+
Atk (2™ 3.f Po.

H

[
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eVE JAFo| FE 2o [3,22]. HZABZAHY
TiO; Yi=RE= 450 C9 2Xo)A 4tart 23HE

7I1AE AHgsto] @A EstH HEgt H|&9] ofufet
Aot FEHLO] 23 A S ZA Hol FHFOE A
£57] ARt 500 CoA 2EoAE FEetA 9]
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Fig. 4. (a) SEM images , (b) XRD thickness and eletrochemical impedance spectra (c) photoelectrochemical properties of the
highly ordered TiO, NTs after heat-treatment at different temperatures in air for 1 h. The layer above a line (-—-) shows
TiO, and the layer under the line represents Ti substrate. [25] Copyright 2016 American Chemical Society.
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oxide, & rutile)o] AAAET [21,23]. FEHY &
st A9 &7t Eobd 5 FA7 $7t
ste (A9 4.2) @3 5 ol S71sH =4 43t
o] Ti &2 2Ry EHAY Y FHEI} 53
7] g2 fold A2 59 g 30| oyt
[24]. 338 4.b9 X A 3&H (X-ray diffraction,
XRD) 235 X 450 ColA9 FA == HHFE
9] TiO;, YkeREE olUeAe £ F 79 2
S 2= YeREE AGAZ|IAT 550 C9] €A
2 FEAETHo] MAgs Bol&Erh 500 T o9
F204 BAEE FELY FA= ~2 pm (600 C)
2 0]l& TiO;, YHBo %7 (200 nm) X+10H]
ol o FA& B9 oYzt TiO, Y FHO A7
AYEE IA J7F A% (AR 4.b, Nyquist
plot). WetA FHIFoZ AHgsHeE 499 TiO, U
LRHE AASE At FH9 2= 242 500 €
oJs}, 350 T ololzty & 4 Utk (A9 4.0).

2. 2. 3 HalAH

FFABIE AlzE HAA Y TiO= ARH &
AtA 3= (oxygen vacancy, TiO- )5 O EfF
3t3 9tk [25]. HIAA TiO; £9] TiO,«E 2008
d Hewlett-Packard (HP)Ol 93] A< A+ FHof
HEAH ASS Httke 2543 EHE SEHAA

HAh [26,27]. ©] AFolA AMEH  TiOE
Pt-TiO-PtHfef O 2 A=A, o] F F=Atst
9l B0 g AzH TiOx= Ti 2% 7% gl 4
Ho] $Ag] glo] uiZ AFOE AHE 7Fsdte] W
AFAENA FAS Wl Qurh B =RoA 473t
122 ZEE TiO, Y FEE oA L3574
AZE AFS 2 9o YR H o Pro +¥
3 EXE 7155HA SRR Ti-TiO,-Pt A9 A%
of st o]dE 21 9T, YikfFH FE9 nY
o] % po} Wdo} 9lo] AFo g9 RHAHS F
A3t & 4 Aot [14].

diuko] Fej 2 A|ZH Ti-TiO,-Pto] MEHA] A
< F7HA HA o' HHAH A5 &8 2 5 A
ot (3" 5.2). AAA FA9 Ti-TiO,-Pt AAofA
Pr= Eetzut AnE HAlog Y FH 99 300
nm FAZ EX 5o AxHct 1¥ 5.29 type 1
£ B9 TiO, YkeHKBO RE FTHE Pt o
A5 et o215 HA TiO, HeFESS
L7t AZ=09lo] shte] & A FATT (O3
5.b) [14]. olgk= t=2A4 T4 T4 (AF 5.a,
type 2)9 AloA Pr= A3-HESF9 #HS &9
AzEo] 22 TiO, Yi=FH <tof 39 i
el Z Fe2 A (Ti-TiO2-Ptap). O12A W
LRBE 247 ool vl Tl A A AR2A
283 4 oA o (39 5.0 [171

Fig. 5. (@) SEM images of the TiO, NTs with 300 nm thick Pt layer (a, type 1) and nanoparticles (a, type 2). (b—c) Schematic
images of memristive electrode normalized current-voltage curve of memristive switching for the sandwiched structure of (b)

Ti-TiO2-Pt (type 1) and (c) Ti-TiO2 (c, type 2). [26] Copyright 2013, Elsevier.
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A AEHZ O] Ti-TiOr-Pt A 52 Atsha} 49|
A4 339 o]Fo] Ti & Profl A7tEE Q¥ A
A9 FI= AdHglo] g WFo Rt 5EE HOJ
o7t P 22 ALolA FZ Aol |3 Aok =
A B7F ot [17,27]. & 28 5. b & ¢ 9 AF-
A4 (-V) 1HZAYE A7 580] -1.0 V (&EE
-0.5 V)ollA A|&= o] AA5] F7tstet Aol +1.0
V (= +0.5 V)ol =96t H79 550] W31
Bl ko] uhako] ThA] +1.0 V (E= +0.5 V) o
g 5t Aol -1.0 V (EE -0.5 V)ol = &
fi7tA] AT ARFY s Fo|] Hojof 2 W AH
g & 4 ok -V 2o Yol £1.0 V
(= £0.5 V) o] o AF9 5F0| A9 Ho]
A &&= ol TiO, Atsharo] EAjst= & AdE
(High Resistance State, HRS)O. 2 Ql3]| AtA T
9] Aol & AekZ ¥7| wEolal Aol -1.0
V ~+1.0 V (@&EE -0.5 V ~ +0.5 V)Aolo] 9=
A$ol= A3gko]l #ob (Low Resistance State,
LRS) At& 359 & o] &dstr] wEoltt.

" 5. bet ¢ -V T} moA AF
Aol Ti-TiO,-Pte] A9l Rz FE TAdH.
Z Type 19 Ti-TiO,-Pt9 AL Y58 HAZ
e AR 580l S4=Ho 1 997 mAR )
< 3A YErdI Type 29 Ti-TiO;-Ptwpd] B¢
shte] iefH AERE AF7E SHE7] g2l
AFY 5F°] nA ©HE H§ FA YEhdo.
Type 29| Ti-TiO2-Ptyxpe A ©97F FAWE 1-V
J#molA Holz AR IF FHE= Type 1
(Ti-TiO2-Pp)9 Az} AA|st7] W&o Yif
B sitE 49 Heay A ‘ds°l "¢ H
ojd & ofYzt WgAE Qo tE HAF50E9 &
£ Ozt 71d E3 A3s] o & ATk
(1% 5.0).

oo
b A

>

3.3.2 B

2 FAo|A= FARAEEH (Scanning electron
microscope, SEM), XRDG-9] ottt BAHE &5
o] 3 M9 EAL 1.2 (100 ©), AL (15 V)9 =4
AN B8 1=2 FEE TiO, H=FE (~80
nm A&, ~200 nm FA)S §4& =990 =
2 FELE o]gsto] gt £opo &84 TiO,
UEFEE Ay, Pt Ule 3HEE3 3 FSu= AL

€50 g SO =TH 4 Qi) 58S 7
Z} 30tH, 904 S7HAIZAL BAE 9 & (350 ~ 600
C)oll izt Atsjere] S Fef7h debA 47] o
TS 882 HoRgih Bk 1k 2 FEH
TiO; WeRHE &zt AnE YA Pt =X
o Pt H-vEE o g2 F F7HA FA 9
Ti-TiO-Pt AR Az Ho| PAHRY Ho2
B7F sker F 1A Bee A BE HEAHR
A e F2 e w2 AAEE HolFUT
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