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Abstract — In this study, we investigate the physical properties and photocatalytic activities,ahifidilms doped with
low valence (F&, C&*, and Nf*) and high valence (M&, Nb>*, and W) cations. Photocatalytic activity was measured with
trichloroethylene (TCE) degradation, while films were characterized by XRD, SEM, UV-Vis, TG/DSC, FTIR, and XPS. All
samples prepared were in anatase phase with 20 nm film thickness. As a result, there existed a consistency that crystallinity,
UV absorption at 360 nm and TCE conversion were higher in case of high valence cations than in case of low valence cations.
In addition, even though various oxidation states foP MNIE*, and W* were confirmed, those were not identified fofFe
Cc?*, and Nf* thin films. The presence of different oxidation states of dopants and a higher degree of crystallinity seems to be
beneficial for retarding charge pair recombination processes in thdafiioe.
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2-1. TiO, &% & it T A=

FE L titanium isopropoxide(TTIRY 7FrRia)A)7] = £
o) &2 A|=3k3 indium tin oxide(ITO, 100 mid 25 mmx 1 mm)2
ARAZ dip ZHsl et AFS Axs Ak =8 ALHEA
AldrichA}2] molybedeum chloride(Mog), niobium chloride(NbG),
tungsten chloride(W@), nickel chloride(NiCJ), cobalt chloride(CoG),
iron chloride(FeG)E © o1 AA glo] ARgsigitt. =3 4 A
A ¥ 22t 0.05 atomic % F7IEITE AehEel] =3 F4] AT
A k2t Hlee] 2420 ik Fol) TTIPE: /1402 Wil 108 2
WAIZL #, e SAAIS] 35% HOR F7kekar 2417 eh)
Bte] Azt 35% HCH) 314 &g AXlete Mz &2 37}
8tx] ekl TI[OCH(CH,),l4:CoHsOH:HCI(35 wivo)e] & d] &2
1:40:0.1] ¥ &= #AZ53}. Dip Z99) 931 ITO glass 105 F<t
500°CHlA] @A et on], 8L FFu] 2] vhgof AME-E7] 98
A% 5 FAE S8l 108 ghEste] IR A2 E stk

M
4

A F&5EE Fhle] ARFE 242 500°CHA 1024 108 =
g g P8-S AL gt Ao giEA] XA F4847](XRD,
Rigaku, D/MAX-IIIC, Japang ¢|8st5th 20 Hlw= 20°-80°00A] 2=
A S 9 = et A7) F&0] mgd v HEe 7
A+ FE e oJu)x= SEM(Topcon SM-720, Japahiz #4319
o Az S their FPEANA opteA B S F2Ee
Ho] 2%, 7= f71& AA B HJHe AJE 255 AR §
o A 28A17 2EGHE FALY § EAAEE differential
scanning calorimeter(DSC, Mettler Toledo, DSC821LE)G-DTA(Mettler
Toledo, TGA/SDTA851€% ©]4-3le] AT} 717]9) 2=} B
2 indiume.Z A SIATE FTIR(Bomem MB-seriedt*l-2 $)81¢]
Z AEolA AR x5t EEAE R THE §, KBrah AEH|E
S5t pelletFee] Tj~A2 v 2% FAEC) e f71E4
o] AA A%, Ti-OH EA o5, Tie] #1218 Aol st &3,
trichloroethyleng] 4%-3] w-3-8 $)8}e] QA7+ 0] 7153 FTIR
W-5718 AZpste] GCIMS 43 HEo] FA1E4] A &<l o8-8t
Art. Zp7ke] = v Eo] - 542 UV-vis(Perkin Elmer
Ramda, USAE #45l5t). =8 FFufe Fid) 459 vlus ¢
3] TCES Meatgon, TCE B3uhe 271 %% 200 ppme.& 4
Ak 9458 A UE BH5AL, UVA # Z(black light
fluorescent, 15 W, GE Co., USE)FU o= o433t} FA7 1=
w74 360 nn#llA] UV intensity meter(Minolta Co. Ltd., Japah)=+d
T}, #2412 ECD(electron capture detectdryd3Hd 7f~mw2ntE
123 (GC, HP-5890 serious B #4181tk ZE-2 =54 ZHA HP5S
(25 mx 0.32 mm, 0.5Qm film thicknessg AH&-3l3i o, uhg HALE
9] 24 E21-e HP-5MS(50 0.2 mm, 0.44m film thicknessg AH&-
sta] GCIMS(GC-6890, MS-5973, HP.CE.) &4 5+41t}.
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9 A A Ex A B97]904 TGA-SDTA, DSG-4-2- 5131 tH(Table 1).
6/F] E59] =89 Fujel B ol §2kE 9] @ (dehydration)
o] AF}=E 120°CoA HEH =27 Ve AL, 27 SudE 250°C
(Ni-TiOz= 290°C) 1ol 71X =& 25 Ti A7A Q] TTIPY
isopropoxide® =% Zrj] & §715 Hafjol| 23 WgFAE 1ol
A glem, 300°C A MM e E=B=4e] AAQ] chloride] 284
37t FET AR Ve AR He) 25 ERlE] 918 49
A 47 =3 B2 SR mE ohuekA AR ere] Mol =z
g 2EoM velbed], 78 @00M ohelA =] 247 HE-E 360-
400°C ¥ §JoA dofuta sith. wrds] =] WA (AH : J/g)e Mo>Nb>W>
undoped-Tig>Ni>Fe>Ce] M= Welor, & 447 ol
(high valence cation: Mo, Nb, W) =38 TiO7} ¥ A7} kol
(low valence cation: Fe, Co, Ni) =33% 71 Bt} ofjelA| 29 4%
WA sE 2%7F ¢F 20°C ¥ WA Yehvbe FEig 23S BofFal
Utk ole 714 A E, AAEARA =3E Mo, Nb, W
T 5 TiO0) o] 255 oF 20°C W& 4 vk gEiA slou
[6], Bgt AAIA 24 5 Ti AARM] Fez ofWelA AR <A FEt
g ARowe] 2wyl Yol Ao T By Hl JYrH7]. W] 23]
W A4 Aolene =3H Fud og G o} Ti A7)
o] $%, =89 HolF&e 4], iEald AR Enje] S,
Azt 2%, 7] e Axdgo] uet gtk BuE 8, 9).
o] AFNE TiO,= 400°C [10], 400-450C & 400-500°C [11F1A4]
TR AN e R AR} dojun], ol elA| ol FERI 2 9]
A o]E 600-800°C [12], 730°C [13], 800°C [14PI14] Lojdties 2o
Z dej7 Aoy}, 25-650°C B oA 2] DSCE4 2 25-1,000°C
WHe)o)x12] DTA(data not showrpd] AzellA= Fejd HME o e
ol g B HA% velA] ettt 8 Fig. 1] XRD s2AGM %
o3 £ Faw SRR FeH, TiO,8 ohekA 2R 1%
(JCPDS File No. 21-1273 v}Ehjj&= 25.38(101), 38.14(004), 48.04
(200), 55.02(10%) 20 ZfoA EFFeidl vla= BeFa Ut} Table 1
o Vel 7} =3 Eie) Auld A4 = (crystallinityys =831 &
< TiO,Y E#EhE 7102 ALEIYE. Nb, Mo, W-TIQS] i3
A Er =35R] g2 Tio, B ol Fe, Co, Ni-TiQ 2.t} B
E& A7 vkt 4Rgee] 27] eMe Fig. #F 51A Bols
31 9l TCE 33 589 A9k A8t it
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Fig. 1. XRD patterns of the various metal doped-TiQthin films for 10
min calcination at 500°C.
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Table 1. DSC, DTA and TG results of transition metal doped Ti@with 0.05 atomic %

Dopant

Analysis Undoped TiQ Fe Co Ni Mo Nb W

DsC AH (J/g) 228.89 211.36 206.98 214.40 258.40 259.90 242.33
Peak {C) 397.68 393.04 396.55 405.95 377.73 381.93 379.07
Crystalli-nity (%) 100.00 92.34 90.42 93.85 112.89 113.54 105.87

DTA °Clg 39.11 23.56 24.95 8.25 39.12 42.06 36.53
Onset {C) 383.49 400.14 389.26 508.65 359.79 359.58 363.30
Endset{C) 416.30 425.62 431.79 615.39 393.00 394.96 406.63
Integral ($°C) 253.33 311.73 327.58 65.78 410.29 367.30 403.53

TG Weight loss (%) 52.88 39.55 38.19 36.47 55.94 66.57 56.19

Zhek

e 582 Nb>W>Mo>

9} 42212 Ho[E1E Table ¥ veldnt. FA 23
pure-TiO,>Fe>Co>Ni| =334 TiO,9] A= Zhzt

66.57, 56.19, 55.94,
52.88, 39.55, 38.19, 36.4%9}. 300°C F-Zol|A] € 43lo 93 T
A7 Mo, Nb, Wo] =38A152 2] chlorineg?] 2 %] Fe, Co, Ni
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H TiIOLA #& @it F&-8 VERA g, DSCEA A#e}
At 47E HAF 9t

3-2. FTIR &2}

FTIR 242 98] 25°CAA 248 7F AxA)Z]
o] F5E A T KBr=} &)
AMER QI Sl FRo) H0 ¥A19) o3k 8151522 3,000-3,400
cm oA a7 B AEFo R e 9ITi15, 16]. 1,621 it
9] ¥A3E hydroxyl 25 (OH)9] %52 YveR)u[17], TTIPY -CH,
9} -CH;®) Fae Ui ¢ vt Fso.2 2,969, 2,927, 2,865 cth
A BedF 9tk 1,441 cmite] ¥ == isopropoxidé] ™ dimethyl
719} -CHe] Bt 215-9) 4=} wjEolr}. o] 9o % 1,383 cni'=} 1,278
cm - isopropyl 71, 1,125 cm- isopropyl alcohgl] C-O A&4%
(>CH-OH), 1,087 crit#} 1,040 cm™ ethano¥ C-O A&71%(-CH,-
OH)& velll= Felsh SA 97t VeI TH18]. 200°C €48 +,
isopropano#t ethanop] 54 3zgA 7484 E3Fd C-C and C-OH
groups4] 1,125, 1,087, 1,040 cfy 1,085-1,030 citell A e] 3]z A
9] o EUTH16]. 300°C EA 7] &, ATA=ZA TTIPY #3252 &
F AR LH, o]= DSC gaiAlolA] 250-300°C 2A{oflA] g ==
A717EE] ®ald o A5 i sl sloh Ti-09 A7l
% =% 550 cmt [9], 624 cm* [10], 653-550 crit [15], 687 cm® [19],
511.9 cm?® [20]14] Vet B sk vk KBr(a)e HiEbEE o
2 3 213} KBr+pure-TiO(b) PHE-E E-& B30 Niy gslip 00059 T-O &
A AE Fig. 21 BolF . Fig. 2(0pike 891 cm™ol) A 77
A HERIR] ke WA A 7749 7172 810 et Ny osTio gei0s
9] Ti-0 574 H=22 ALEEY. 37 9971904 Ny gslio 9o, &
A 2ol wet Ti-OH, §vie] 4x2&1w, Ti A7A9] SA9AE

OF
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Fastgieh. 200°CH A 1027 AT A YER 2%
isopropoxide®] = DS ] JHE&EF715 #3815 vehi= HEr=a

9] AF}Z ZHa)59)00, -CH-CH,- (2,969, 2,927, 2,865 iy Ti-OH
(1,621 cm), alcohol (1,125, 1,087, 1,040 che] V= I =2EL
300°C €Aa] Fol= A3 Holx] gt

3-3. UV-Vis &3

Aol Geinke ALgalokaE TI02 e FEaHE Be Ay
AstEol WA PG 9eoze) SuiE A3 LT shigl

Fe, Cr, Ru, V, Mo, Mn, Rh [28} 7+& Ho|&&-8 E<& (dopantz
o] &35l Zlolt}. Fe] A9, ©HY+ FedAE%7F 1 atomic %&

st5t5 8l H41AH 45 20034 s

Abs

—— Kbr base
—— Kbr+TiO; base

2500 2000 1000

Wavenumber [cm}

4000 3500 3000 1500

Fig. 2. FTIR spectra of Nb, y45Tig 900, Without calcination: (a) KBr
blank, (b) KBr+pure-TiO , blank.
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d owkge] @ T B = Feo) opE @Rk, Fe
(430 nm), C&" (415 nm), Ni* (450 nm$} 7+ HALA EBE0
AAFA 982 3k Nb, Mo, W HT} B red-shifel 232 13t}
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Fig. 3. UV-Vis spectrum of various metal-doped TiQ thin films with

500°C calcination for 10 min.
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Fig. 4. TCE photocatalytic degradation as a function of illumination
time for various metal-doped TiQ, thin films (Initial Conc.=200
ppmv, UV intensity=7.3 mW/cn?@360 nm).
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Fig. 5. Comparison of TCE degradation byln-situ FTIR analysis of
thin films coated with (a) Fe, y5Ti 990, (b) pure-TiO, and (c)
NBg 60sTi 0 9905 (UV intensity=8 mW/cr?, initial TCE Conc.=

2,000 ppmv).

(0.4652), Fe- (0.4380), Ni- (0.3739)=%34 TiO, Lz|x =33}1] &
2 TiO, (0.3451¥] =02 bt ol g A3S TCEF23) v

(Fig. 4y} vlwstd Zh2he] dhegd & &4 %A 7] (Nb>W>Mo>pure-
TiO,>Co>Fe>Nip} TCE #| A & & (Mo>Nb>W>pure-TiQ>Fe, Co, Ni)
9] Al A7t YA, e 4] ol eEo] =8H Tio 1w

o] vhe gAxje] ol &Eo] =i TIO,LFR} H & TCEAA &
&8 vehia Stk Red-shift] 2ja] Hti& 2= Mo, Nb, W-TIO,E.

o B A g9 9 2 Fe, Co. Ni-TIQY] FE8) 45

FopxfoRstAI N, UVA HZ(F3-3 360 nm)ARS-©= 360 nmo] o]l

A veE FHAREREE A9 §7] Wil & TCEAAREE Kol

= olf ¢ st ALEdET

3-4. Xps&n

=39 ot WEe) RE ALouiRE WEEEERA C 19 2%
LIx]Q] 284.8 eVE 7|02 F5ir). Z+7ke] Fe, Co, Ni, Mo, Nb, W-
TiO,2} pure-TiQ #He} Fgoll g 3 AsPdel S Hlastsirt. Fig. 6(d)
A Mo-TiO,®] 31#8ls XPS 2l Edh= o1 7)9) Mo 3d =97
2 7P S Bake We S nolFw Qlvh A4S WS 2Nz ¥
7] URE 55 3.2 eWw|t}H22]. A B, 3= A(Mo 3ds,)t B(Mo
3dy)E Mo™*e] Atsbde] S Uehu] 231.1 eV} 234.3 eV 9143
AT 5 WA Mol el Mo™el Ashiele neFE ua

C(Mo 3d,,)9} D(Mo 3dy,)%] A&ALI=|E 217 230.1 eV} 233.3 eV
o]t}. 232.6 eV} 235.6 eVl $1X|3 3= E(Mo 3d,)% F(Mo 3dy,)
= AZAA MoO,e] FHE Mo™e] ksl 915 wo|z TH22, 23-25].
Mo®e] AHalz$)= 228.8 e\e} 232.0 eVAlA] 22} T2 G(Mo 3dk)9t
H(Mo 3dy)= vHeRdth metr] MoZk =84 Tio, #heha A Mo
o] T ABPEIE 0, 4+, 5+, 68 FA)3T}{23-25].

Fig. 6= NbO,2] AtatEd el 2 Nu*e] ksl delv= = ANb 3d,,:
205.0 eV} B(Nb 3dy,,: 207.8 eVd] s1d-3tt}. 1A d 2 o= Nb?,
Nb*, Nb>* AFelloll th3lk Nb 3d, A4oluv=7} 2H2k 203.9¢eV, 2059 eV,
207.2 et} B EJEH[22, 26]2 ArolA = 0|9} 2 2ho] glo] Nb™*
o] 2+del 7t C(Nb 3d,,: 206.6 eV¥F D(Nb 3d,,: 209.4 eVi ol
&gtk A&ouR Y o5l 28] Nb™(NbO,)el g Nb 3d,
205.0 eVl A)E HF ALUX R 0.9 eVES 435 HolH,
NbOl| 3)9sl= =L E(204.7 eVE F = C(206.6 eVR.T} uj-9- 27
m o] NB*7F ND R o B Jejz A3t Asdr). 234
©& Nb-TiO, #retdE-e i Nb*'e} Nb*el N el &4
32 IYrh27, 28].

W7F =3 TiO,(Fig. 6(N)2] 4-9-, 35.7 e\e} 38.1 eVAllA] F= AW
4t )9k B(W 4= WO Ataldel S vehlin][29], o1& tungsten(VI)
trioxide power(WQ)2] A&oix|9} & st Ytk WP and W
o] Al BolE 73 CoF DE 34.6 e\l 33.9 eV 95k 9l
tH22, 30-32].018 % Ade B ddle] W-TIo& W, W, Wo+
o] T3 bsdeR FAEY dle e AnEHT

" | Fe-, Co-, Ni-TiQ ghet BE9] XPSEAYA = Fe 2p, Co 2p,
Ni 2pell tigh F&o] APz iss Fsie gas vepA
ket o] 3k @42 high valence cation =84 Zvje] XPS 2=}
o} YA S| AdEE AHE Beo|X ) mEbA Fuf 2] o] 24ks)
] FAle FEufegolx] QA BAS g A4 T EFet
7 95X ARF oz o PR 589 472 7pdeA @t W,
AR 9&E 3= 5, & AolFEEe] E4E Sujg) ko] )
theket Aks gyt EAIEE, AT URE 3 ERALR 7 of
g Zhz} 4tslEg)dl upE 4 o]0 A B of e AR A
2 715 FITIA Hel AvHon FEa) B4-8 T/MTE o
1%5e] shEla ALRHE o] tigh WA FHANA fAlet Aat= o
HHUTH33, 34].

i

o]

3-5. TCE &&3l s
©

=39 Fofe] F@dL TCE) Fel wheol o3 Aek&= wrist

2ATH(Fig. 4). Nb-TiQs} Mo-TiO &= 30%, W-TIOx= 505 Fo) TCE]
100% A 8-8-2 ¥-& kA, Fe-, Co-, Nz} =349 TiO, A%+ At
70% Foll= 3090 ARHEl = PR Kaka vk vEEF FAkEe]
Ak, A BAL w70 mEl WLTIO, 2He F-Eo) tis)A] in-situ
13715 o] 83) FTIRZ 41§ A3+ TCE®RR o} dichloroacetyl
chloride(DCAC), carbonyl dichloride(COg| CO, CQ¢ll t3le] Table 2
o 2= tolel e} 3 2okl 3702, Fe-TiQ, undoped-Tigeh
Nb-TiIO2] FTIR E<7&-& Fig. BilA1 vFeblirt. Fig. 5@ FeyoosTip gelOre
TCE®] Z ¥=191 C-Cl 415715630, 788, 845 cit), C-Cl HIth 4l
275939 emY)d 2= F2AL 608 Folx 7o Halsl ¢z,
DCACZ vehlE= C-Cl4l&21%(738 cm?) ¥ =% Fig. 5(c] DCAC
ul =9 vla) w9 Ak 9hE | Ny geeTio 060, Fig. 5(cpIME & 108
Fore] Fukdol| TCES ¥ =7t 93] AR F4HE<2] DCAC(738,
805, 981, 1073, 1,213 cri)e] 3 ¥ B FEelo] Vel glt), v
% 202 Fofl= DCACY] o3 i A% Holx] o K22 phosgene
=9] C=0(1,815, 1,827 ci)z}+ C-Cl(856 cni®)7} WA @) =36}
A k& & TIO, (b)) F4te A4 A=+ Fig. 5(cpt 543tk 2
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Table 2. Main FT-IR peaks of reactant and by-products

Bl <J3h Tio, B4
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Compounds Group and Class Peak from our experiment Reference peak wavenuiper (cm
reactant TCE C-Cl str. 630 (m) 629 (a,b,d)
C-Cl str. 788 (s) 782 (a,b,c,d)
C-Cl str. C-H def. 845 (s) 845 (a,b,c,d)
C-Cl a.-str. 939 (s) 942 (a,b,c,d)
C=C str. 1,255 (w) 1,253 (a.),242 (d)
CH-CI bending 1,585 (w) 1,556 (a,b), 1,580 (d)
C-H a.-str. - 3,097 (c), 3,070 (d)
by-products DCAC C-Glsym.-str. 665 (W) 665 (a)
C-Cl str. 738 (s) 739 (b)
C-Cl a.-str. 805 (s) 803 (b)
C-Cl, str. 981 (s) 991 (b,c)
C-Cstr. 1,073 (m) 1,077 (b)
C-H bending 1,213 (w) 1,218 (b,c)
cocl, C-Cl, str. 856 (s) 858 (a)
C=0 str. 1,827 (s) 1,827 (a), 1,835 (b)
CO C=0 a.-str. 2,130 (s) 2,112 (a,b)
C=0 sym.-str 2,170 (s) 2,140 (b,c)
COo, 0O=C=0 str. 2,332, 2,362 (s) 2,330. 2,370 (a), 2,353 (d)

(a) library data from Nist Webbook (http://webbook.nist.gov)
(c) library spectra supplied by Nicolet

(b) from chemosphere 36, 1998, 483-495

(d) from J. Molecular Catalysis, 77, 1992, 297-311

w: weak , m : medium, s : strong
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