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Abstract

This study used anodization method to synthesize titanate nanotube arrays (TNAS)
and further employed impregnation method to deposit iron nanoparticles (NPs) on the
TNAs. The results of XRD showed characteristic peaks of anatase at 2-theta angle of
25.3°, 37.8° and 54.0°, corresponding to the (101), (004), and (105). On the other hand,
the iron characteristic peaks were observed at 20 = 24.16°, 35.74°, 54.23°, and 62.26°,
corresponding to (012), (110), (116), and (214). AFE-SEM images of Fe-TNAs showed
that the Fe NPs, with an atomic percentage of 2.75%, deposited firmly and evenly on
the surface of TNAs. Results of Uv-vis analyses showed the absorbance wavelength of
Fe/TNAs red-shift to 543 nm after Fe modification that is favor for light utilization. The
photocurrent-time response plot of Fe-TNAs revealed that the photocurrent is 4.94 and
2.83 mA/cm? for Fe-TNAs-27 and TNAs, respectively. According to the results of EIS
analysis, the Rp was 55.1 and 108.5 Q for Fe-TNAs-St-27 mL and TNAs, respectively,
indicating that depositing iron NPs on the TNAs can reduce the recombaination of elec-
tron-hole pairs. The rate constants of TCE PEC degradation, by using TNAs-St-27 mL
as working electrode, were 0.0794 min in the anodic chamber and 0.0037 min in the
cathodic chamber. In the repeatability test, the Fe-TNAs-St-27 mL material can main-
tain its photocatalytic ability. This study has proved that Fe-TNAs-St-27 mL PEC sys-
tem is an economical and feasible way to degrade trichloroethylene in water.

Keywords: TCE, groundwater, titanate nanotube arrays (TNAs), Fe
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(2) 5% FE-SEM ~ XRD ~ XPS %2 UV-VIS % Fe-TNAs &£ {74 & &z > ¥4 |-T
2 EISFE7T HET L8 My o
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Q) HFittr b3 2T (Rt T iLE3 22 LT L3 2) Fe-TNAs ¥ TCE

iR B4 -
(4) 47+ Fe-TNAS tok § 1 5 2 T sk § e e o

(B) FhpkmtF ke » k4 734 kAo g s iy TCE 2 “,fi%%

zg_rs °
(6) #+F TCE"# 22 F i 5 ~ {8412 /2
(7) #33 Fe-TNAsS ek T it B2 TCE 62 4~ 1L " 3|2 LT - F iy o
(8) =7 Fe-TNAsS4F & X a4l e Fez fEa i o
(9) 77 Fe-TNAs#F & L E Rl end mi o
(10) =z £ T iV E 3 2 #5038 2 CAT 7o
(11) R A § = R R A KRB W% 2 57 -

(12) %2 k& L5320 F 44 E€Hv25 %2 SCIEx - 4 -
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FoF 2 pdEe

1 $a

VAT L i BT A e S L R 2 e
311% %%

BHRBONIF NI T IRE FE8 50 2¥F 30T TG SHE
R RS b} A SRR B LR MR T2
¢ BiEE GRS T A K .ﬁ@ﬁip@ Timehgrl o BB TR F 2V
ﬁrl&”?‘iiiﬁiﬁﬁm 2 %’gm@% s LR RPLERLE S T B A

o

.o
o

%
312 ¥y

ERWAF R G D I BETI R HEMP A E P
F o TR 0 9108~104 Q- -cm > EE Y 5 A
FRAFURF o B THIEF T L JURI TR @R AP EOT IR o &
ABF L FEM - EBRRFIENRDPTFIRFIERRFIEDLE A
PRY R A RRRART I A L L BT PET RS <
313 ¥

k%WEmP%LmﬁT’Eﬁiféﬁﬁ%@’ﬁX\iﬁ%°£%%$
ZIA A FAREEN > W FF 2 BURER o - Al s A BT TA
SRl R o SR s RENEIZBREAMTA ¢ ERALEE ;Z/E’.)iifj'*u{
k%%ﬁm‘ﬁ%ﬁ BR - HOER S REMORER L r'«); BR B MO TR R R P
EHM > BRABWIRAERPFAIERE S TG 2ROkl o "% TEREAERS
AT BE R g ik g @ SR AT L L F YR E -

T
ke

AER S RIfoREEZ A TR 0 % g Emm#ﬁ%%ﬁmﬁﬁﬁﬂ’”fa
TR QR AL SHEE S 645 BT 0 4o MRI PELES % -
4% %0

LHHAA - AETR GG HNE FHF ool - KX RS
HTHAEY EF (CB)? T3 4B Y T3 Bk o L EMAR L 120 I~
%+ tkFF > 1§ % (Valence band, VB){ri# # # (Conduction band)z. & it £ £ #i1F
2L EaE g pf(Band gap) 0 R R Flaed g AR Y BERT EY fr%ﬁ‘é X
FHHPEDT I L EMBPEF FF LT F-T R S EH AR 2
FRZTN 2P AMANTI AT IR TR RE § ¢ vl A "’K‘fr'___
U FEI G ONE VLD ERES I oG A p LS
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AR Bk SEITH T k= ARy

o i
BRI RS B

FEHEA T s A n A Efep A EH o nAFERIE RS OE
SRFPMET > blde T B AR BRRBE 0 AR R TS 7_{115
N

PHET EREEWY S e BRYLEE FN-Bpd TF o WAL ER
WA Sw BRGaEnz 50 - Bpd 3 wA2 n L EAH 5 p 3L
LURFFLTLFPHMED  blet = § i%ﬁ:%%z“‘“ﬁ-“zzﬁ P g 2R
WA, = BRGAENE - BT TS pAlL EH o (Mills and Le Hunte 1997)
(Tan, Argondizzo et al. 2017) -

3.2 LAkt
R L AR B A I R SN e SIS NI N N )
X bt R e el b AR o
R ESDIE RS R AR SRS F
P ﬂi\rg R R ARAE o E] -7 l/ﬁlﬁ |k E & 4 4400 %
i@mi@%%’ﬁﬁ?i%o

AR (frifhe ) A F A F A RF P INNT F R F & o d 3
E RS RS '?4gﬁaaﬁwﬁhgi$sw?oé%“? KB R R
Ml TFEF RN EE RN ADTEER P ¥ AR Wi - Ak
FRG o § SR S F R BORFITHE F b0 &3 240 F L5
Shkd RIS F I B S FT s dd ok d he Sk

Aok AR R LRE(10 nm 2400 nm R ) B RE 0 BB
R R ROl > L N HAHE RS T R T RS ks A 4
IR AR pHN T AT TN AT EE AR 1Y
BEEREFT IR I TR AR PRSI LS R AL

o

“ ‘\
‘v

EFFHFAP LA R RS VIR LR @R E TS A TR H > A2 RN
RpPPFAfEa s 2P ¥ LM 7§ 1 4@n0) - F Lﬁfr(Tioz)
= F 1V 4(Sn0O2) ~ T 3 1 = 4~(V20s) ~ = 3 1t 45 (WO3)fr£x it 45 (CdS) (Rauf,
Meetani et al. 2010) -

Bk 3 X %%ﬁﬁﬁi’fsi’ﬁ kR o R RS L MR AL N a0
BTERIREFLF IR FIPFEE R AIL o & 1972# Fujishima -



CEE Y ¥ 28
Honda ## 3 = § Y45 1E 2 iR ~ 4017 S IE4RPF > § % B BRSF - 3 L 45pF 5 ¢
*ﬂéii%#§%ﬁ@’§%&uiﬁ$& B - F CAEALBEREZCELLG
% P P (Fujishima and Honda 1972) » = % Flbgrg R T BRI B B
;;:fa. THEB X ARM A RS ﬁw ALz Ed R #H L RE

BEA i > B S B a5 8 R & (Ito, Kitamura et al.
2003) ~ F 181 P = (Hazra and Basu 2006) % o

SF e AP AR HMBHEAS S £ 7 (utile) ~ 4247 (anatase) 2 1 45T
(brookite) = f&35% » # ¢ MR R E LT A BhAPRE F L 0 A F A Y
30eVir32eV  fndsHfipL i FERELCT Htpx 026V M i FRF =
Tef FenkF it B T s 0 LRaHH LB TR L SRR
BH2 23T REHE pi%éﬁ%ﬁ”?u,g, TIDRHPEAR L N F A
WMTITHRH R L LAPLERT L EM SRR R - F (4
LR R A N U R - P AT R B P R KRR
T B EBRERT CREFZ LA MERL AL TN TR
BERA > UELESBLIPBER L LB EHERIDE T Hp o ¥ Lend ¥
R F BR324 0 3 B 2 WA i B AR

Pah XA - g R PR Y gk AR I 5 A & & 4p (Fischer, Gawel et
al. 2017) - gndk A tp 2 = § TR OSGLE < 9 5 3875 nm > T £
Z 0] 3% 387.5 nm ¥ ?F%ﬁ{%é{f-r » Eb,;r’sﬁu% A VT I REB I RS o - F A
2k b B335 > TIO S Pl L A4 23 TS 237108 O

FleAd2 B8 Rhidadgy pd K (O - ) B kF A2 3 5§ (H) Tk AEFT
MERF V5L ME LB %%“@ﬁ*ff’l\ﬁ)@ﬁiﬂ”ﬁif“ﬁw‘fﬁiié@
A OH-)  #5pd A2 5 itT =5 28eVy Vg 2x"f2 sk 5744

(Bodzek and Rajca 2012) -
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FAULRT R A BALE TR K FERFLAY
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WI3.1 = § i 45 5 Ap s 3% B
FHL %k (Nord Jr 2018)
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S
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B
i KI0s SO, 5
G s Ao SR R T . res e R L P kS L ISt K S B e e B jpsocecssensie HYH
= al @] @ @
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= 4 77 77
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W32 ¥ AL EmEF B
F#L % ik (Kudo and Miseki 2009)
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Conduction band,

Excitation

Recombination

Valence band - ’\

A

D

hay SC (e, )

SC

B3.3 kP4 F s+l & W
F#L %k (Linsebigler, Lu et al. 1995)

3.4 = § v 4k (TiO2) sk & L iv Hjiv
p #_Fujishima ¥ Honda % 35 Ti02 HSTHRpEBLiTr TLOMEKTAL T
£ (Fujishima and Honda 1972) » & g8 k4 3 TiO2 ~ ZnO ~ ZnS ~ SnO3 ~
F9203 ~CAS~WO; £ 8 B sl grmy o i & &k > TiOpk 3 it ppiwe EP 4
- BE T RE LG PE RS ﬁ*iiﬁtr PECTH B L Rk 4L TiO2eh
BB~ FETME - B4 MY § 158 (Kasuga, Hiramatsu et al. 1999, Macak,
Zlamal et al. 2007)#£ 3% 5 ¥ & & ;%W gt W A R SRR

% sk v & (Photoelectrochemcial, PEC) 4 3@ » sk § i Bk rcF 1 & £ &
PR R Blded A B~ BRI BB E o
TiO ek § L B i 2 6 5 Ad + 4k ko "4 7 ¢ S (Fh 2 & 2018) -

TiO2 & - flt F e~ X FRE L i 8 (Eg = 3.0~3.2 eV) > Rk & ]
FEEIBT M enF i B R PREE o miEAAT L RATESE > A K b ANk
Fd5%Z 4 F]P TiOm iz 1% 2 Bens B o gt b > TiO2xX R Ry 2 4
1P F-T ok ﬁtg % & 4 £ (Yin, Zhang et al. 2003) » #E 5 H L @b 2 E K o 57
PR TiO2erie ™ Bh4d 1o F & ¥ TiOx L E M e 7 ig &Fecfd ide g R T I 5 i
fCa > FEGERT F R o R A BT IFAY o F O e d S Ry oAt
(Mor, Shankar et al. 2006) ~ 2 & & (N ~ S ~ C)#3 #2(Peng, Lo et al. 2010, Chen, Chen
et al. 2015, Feizpoor, Habibi-Yangjeh et al. 2019) ~ & & & % i # #32(Sun, Li et

9



FAUET R SRR TR Ko A ALY

al. 2009) ~ ¥ & 2 4F (5 Z & 2006, Nam and Han 2007) ~ & F & I ch 8 4458
3

WEGE2 M and f P 2009, Mz sk 2014) « A M BA Y G R e G oha
Ffer g B BERELEE I AR LB P BRBA - F &
B ST A ] e TION 1 S A T 8

P ORCH S F LA FERB R o SNBSS F M4 F L
ke 7 Fe(NOas)s + 9H20 ~ FeCls% [(NHa)3Fe(C20.)2] % (Chen, Haring et al. 2014,
Wang, Chen et al. 2014, Su, Wu et al. 2015, Li, Ren et al. 2018) » & = = ;2 ¢ 3£ % v
BARZE ~BRNAME SR AR EXZE VR iffgx & g i ;% (Su, Bechstein et al.
2012) ~ -k #E E o WA ookend| T Al d - F gz BT F R B (4o F13.4)

Wang et al. (2014):% * = #:B4 £ % Fe, Mn 2 Co - § it 453 & ¢ L7
Fr o RENT - BEALEY o Fe 342 TNAs § kit ek § i # (PEC) £
oottt 4§ R0.25V (vs. Ag/AQCH ™ - sk k¥ 1£2.92 mA/ecm? - Su et al. (2015)
= ;Z#,a S0 Fe-TiO2z of ¢ 7|7 &8 HO5 & s * A2 2 Fenton-like h5 Jis » B fk
4 1% ¢ (pH=2.96) " ¥ Acid Orange Il 57'% 3 5 & 8 fhid * HyO2:01.7% - Ismael 12
Fe3+-T|02@ﬁ B A Mhd 265 eV iE M 124 eV 1 7 ALk E > 1200 mole%
Fe-TiOx¥+ 7 L% 2 5 5 95% % #4-CP "% f2 5 5 65% > % Nyquist plot & it § &
#7 ¢ 0.1 mole% Fe-TiO2#t & 22 L f1 2 & 4p % TiO25 /| > &1 Fe 3 s e 1 o 2 FF
TREA > ERk4 TR S % (Ismael 2020) - Cheng et al.(2020)2 Fe-TiO2
FRARBAETENOEFT | fEaw" 7 > 5% Fe-TiO2® Fe (T3 T F T FA4F &7
T L E G ki 4 R faé T AriE kA TIES 0 A NO L&Y

# = 1100% » 4p vt 3t TiO28dr 4 &l 2 4+ NO2:734 # (Cheng, Liu et al. 2020) -

Bp "3 sF P R FF iz -5 M e By REFBIG G~ Fe-TiOz
Cu-TiOye2 Pb TIOz » F 8 AR 2. TiO2:E 7 5k LIt *% 2 PFOA &v 4 2 v\ f 0 7 %%
BT = BT R 1S 2 PR S ik LI E 13 PFOA L imaidad B A F (M FE 4
2016) - F EEEEFFBRIGF B BARZ BB L BUR BB - F R (Fe-
Ti) kit gLk T +7 2550 nm T » ¥ 3% AOTH R FviEL0
96 > % *> 1 5 P25-TiO7h f* 521% (358 2017) o thi 3 & fF BRI & FEER
BEFRAGR L0 FIrd PR PEBE A 53 F - § 1 47 < 7k (Mesoporous
Hollow TiO2 Spheres, MHTIS) » # %k @i ¢ fpg Afs - p @k MHTIS *% 24t
LR Afsend A L - F 4k P-254412 5 P T § S A R P % MHTIS
A B R iE 2014) o F BB o F AT 4B

L % > A% NTFC(nanoscale TiO2/Fe® composite, NTFC) » 5 d ¢ + "k & = % ¥
BRI B ERY ONTFC P S F R o F 2§ PAL v A% » &
Fﬂ!ﬁﬁﬁ@msu;ﬁ%ﬁ$%ﬁﬁéi%§4”h?d%@Fmen;@’ﬁ
@ A5 TiO2% & 2 58 5-# 48 (TiOz-iron oxide/Fe° core-shell) (#~ #, 2009) -

10
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https://ndltd.ncl.edu.tw/cgi-bin/gs32/gsweb.cgi/ccd=M71maL/search?q=adc=%22黃志彬%22.&searchmode=basic

CEE B F

F Vv A C F e TR F AP AT k2 B

Potentiostat

H,O <OH H,0 H,

Anode Cathode

W3.4 Fe-TNAs % & i & % 517 4, ]

AL R Fe-TNAS WAk ¥t 3t p FRF-PETEF %
AMArBBE)EFLT P EERkY ZF e A% I ET CRA PR LTR
#-Fe-TNAS -k T o™ LK RET T 4 cHT + 2 TF 3 20y A 3> @ B iRl 5
TFETfRRd vk 33 02035 pd Ao &ag kY 2525 FFE
BHNTFIEFRRKAT - FoRiBMY BEFFTRSLIFER - SERAFE
B2 EFHAR WA RME T 20cF 2 PREFA- 20 =R

11
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Liquid
sampling

==

Air sampling

h

visible light

<Eoo>l =

Cathode Anode

W35 pF&+ TNAsk T 8 F & k3T & B o (1) photoanode (TNASs), (2) quartz window, (3) reference electrode
(Ag/AgCI), (4) counter electrode (Pt wire), (5) cation exchange membrane and (6) septum

12



35 % &3 ik

N ‘L/Z{{#ﬁﬁﬁlbgﬁ)ﬁ;m" o I EARY A4 hT §p
(OH - )F 75 e » ok g 75 b jod § B RF b i 58 s -
B BT RFLPAES CO HiO o 2315 25 L &hf LT 479 7
FRo AP T A F (LT CEF CECFF)BNES AR
pd g ftip 4 B H @ i i #(Andreozzi, Caprio et al. 1999) - i i =
PAEAAE R R RFEF AL T RFEBE AT LT F pd A0 BT H 3
B R A CIRBRAISY o - ADE B & T A e

B e By ey

231 L5 MAhE MR

F 1A LF 3 it 7 =(V)
OH o OH ¢ +H"+e —H20 2.80
O3 O3+2H+2e —02+H20 2.07
H>0> H202+2H*+2e"—2H,0> 1.77
HCIO 2HCIO+2H"+2e —2Cl +2H20 1.63
Cly Clat+2e —2CI° 1.36

FH kR (3, &% et al. 2002)

BHF P RJIARRE T A GBI F V0 SRR REE LRy v
TILEF vz vFenton FANEZ R ERME M2 A BB AEHE B R
E-F P FEF %3 ) A X2 gd Ao Jpd F AR R
TEHBREF CEBRT RO EFLY T AR BRSO A
B BB L F AR 2017) ¢
F A ag e N T B
35. 1R ML § Lk

XRBIRNEE 0 A RARIERRAR T WA K REL G EF ROFETE

TF o EARY gA 2 pd AR BKY tﬁﬁﬂ’bémﬁtss v oo ik R RILEALY F
AR BICHT A SRS ZFF P RERSRL Y MR ER, RIS et al-
2002)

BRAXFF - ZFAEEF M B PF 2o F PR ok E
#4’ P BB ERNF T F RS A AR B B - RIS R
pd AT EERDFF M LEFRART BRI RJIIFF E%

13
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(221

Lk LaE s AR F IV AAH D tﬁ&{ﬁiﬂﬁj%ﬂg%,%hﬁ
g CAISER RPER  RER A Z R B A S RO E- 2 A RBY

3.5.2 ZF.N -k & i* ;£ (Super-critical Water Oxidation, SCWO)

Laokfph i@ AR fRARA TRER K GRS AR BTRARET R
ﬁmgg 3W#gﬁgﬁﬂ$hwm#w,&ﬁﬁwiﬁ£ RiF AT UL
WALF oo

353 4§ F 2

LEEA-FBARLFE BN R WS wE RE R AP
EGORE AR LT BT S AB LT AT AL LE- B E

B2 6 0 A% OHe » FiEH 5 < chi it 4 JH3 RBF5 AP e upif o d L5 0
FRed -3 @ %A% ALY ahKALEY » Ba > F 24544
WERT LF Dy LA ET L TP E AT R IR A RB LF D
FedZ AT o
3.5. 1"‘5; |L‘(§

TEF BB T ABEIBAT WIS LTI o T 185
AFF ofr B BALBmBOAIIHMIF d W TR e
T RN W =kl S - E & s R 8 v S

3.5.5 Fenton &%

B-TABAES Y Y 2 R & Fenton W > R phltiEi® (pH=25-35) ¢ &
BEhE F pd A OH- ’E‘if)«%#?*’FE?%ﬂwﬁl“ﬁI%“mﬁtw&
2%k A F o Fenton 2§ MR A HE B Q0 F BEREfTEER S
R T HOpehf* F 5 o 4k gAZARFR F I FF
3ok A T fEF iv-Fenton ;£ ~ k-Fenton ;2 ~ R E-Fenton £ & & 5 ik
& Fenton ;% enigtit 3% % (Neyens and Baeyens 2003) -

356 kL g

kg2 g ) L E R E TP B4e D TIO2 ~ ZnO -~ CdS:%E’;%gE} R Sk
FELEEMAL T T -k o REERRF O DK EERF RAL OHe st 535 1
FRERBT RS BB AP o FHF BT RS A F AT
2EP -

14
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LB 3

w
o
0

f?ﬁﬁ%%

% 7 1% ®(chlorinated solvents) &z B & % L et 32 TR F A2 - >
*“liiﬁ@ﬂﬁf;?ﬁ’wm~&w3‘wmﬂ¢£sam$w%oﬁz?
FRPEFHBIEE D F A 2 AAGIRENIEEE T R2 S o

' 2§ ¢ f(TCE): - AEF G F > £ L5 MAlfrh -~ 2T 7 )
FF e d W TCE W ERORE » 23 RRRM . § FEBIBET 232 ¥ Tk

12
o =
©
Ay

A

A=)

M

Nhud
>

<
N
"FE\“'ER\

—\ 4 F
xR
-

zmim%’ﬂi*@T@@“fﬁi BAIH Tk d wHE L ER
K& o EARAL R £ 24k 4% #8 (dense non-aqueous liquid, DNAPL) » 43 = -k -k
?5$F$mff°#imDWWL%WJ%%%%?ﬁgbﬁxiga%‘:
‘gb/TJF“%Z‘{VTF‘_:%Z*J‘%‘:%‘L{"%‘i?iﬂﬁ?%ﬁo«&r]ﬁwﬁ’i 2k 4a
%% (DNAPL)1 % $ 5 2tk pie 48 (LNAPL)w 2.8 > d ** TCEE 4 2 A& 4 - ¥
B MARAF L R ﬁ%ﬁv'bﬂi P B EEEF }é] o H oA .’w W27 50 4

ks
- M A I Y F R 2 % F A (vapor phase) TR iE 2 BT AB
PR A RGBT R L xT{Lt_«(SOI’ptlon Phase) > @ 2 = 7 § 4p
(residues phase) 7= % B %k 5 M E A fE AR LFE TR E AR
(dissolve phase)£2 % & + B8 m » T L' 352 45 # 4p (mobile phase) - § & 585
7 DNAPL e fez -k # & E427 > @Iz I EFT L € 27 7
modRfEE A B F e 2o KAp ik 4874 (DNAPL pool) (#; 2+ 2020) -

LNAPL = Light non-aqueous phase liquid (e.g. petroleum, benzene)

Disposal site
spill, leakage DNAPL = Dense non-aqueous phase liquid (e.g. coal tar, creosote
\ Trichlorethylene (solvent))
/)

Unsaturated part of aquifer

Watertable

A 4

Groundwater flow

—_—

T

W3.6 € J #-k4pi% W (DNAPL) 2 4 Jf 2tk 4p g W (LNAPL)7 &

15



AMALT R RAIY TR F YR RF2AY

L_,ﬁi,Lg«m'rg,m'rﬂfg ;}L\;ia%fpsrﬁi&—fé%ﬁﬁgigli’rgig@_
Ea e TR 2 RS f (Bedient, Rifai et al. 1994, Reitsma and
Marshall 2000, Urynowicz 2000) o 2325 AWF I L 2 1 (FHRE P N EL
PR FREBEREZS0 ppm o EREFE R REE TS EFER S 75 ppm e A A RE FF
PORE AR FIRE(£33)Y TCE % - (& * RRRREFFERP 24T
K)ZE 5 - BE(F - #g ek T oR)E TR R 4 %) 2 0.005% 0.05 ppm ;@
43¢ TCE ¢ #1#%-% 2] % 60 mg/kg o P = B"E Bpm i~ 1 %,ﬁﬁi IARC(International
Agency for Research on Cancer) @ #-= & ¢ ' 5| 5 group 1fg T * g4 - § %
RETme R, YL mERZ2R A £ < © % (Non-Hodgkin Lymphoma) ~ *+&
(Hepatocellular Carcinoma) %2 % % e 33 4p B (% 3.4) -

‘&_

1232 SARE L HEFLRBER

Compound TWA STEL IDLH
L A 50 ppm 75 ppm 150 ppm
v 50 ppm 75 ppm
=& 269 mg/m? 336.25 mg/m? 1000 ppm
11-- 3 ¢ ’fﬁ - - -
-2 & L 200 ppm 250 ppm 1000 ppm
F-Z &0 200 ppm 250 ppm 1000 ppm
iz o 3 ppm 6 ppm )
O 13 mg/m? 19.5 mg/m®
*TWA: 8/ prp pFE 2 T3EFER

*STEL: B2 T3 FER
*IDLH: = T 2 kR

16
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$2 % 2 paEs

Z233FP A2 REF TARFF e B2 FHEER

Control Standards in the groundwater

Pollutant items C%ﬂgzgﬁt?;da}[(ds n (mg/L)
g/kg) Category 1 Category 2
P W 10 0.0050 0.050
ZFLY 60 0.0050 0.050
11-= 5 ¢ % - 0.0070 0.070
LRI Y 7 0.0700 0.700
F-Z % 0% 50 0.10 1.0
F L% 10 0.0020 0.020
234 F e HAMER LD
8 g 41

LEHERERET s A o~ LR/ Fs 4 o
‘Zf,\%’b‘{’fﬁ Zg wgﬁg F"?‘? 'F).Bi:f’:'&’ﬁﬁ?\f}“iﬂxg/?\“i?iﬂ{o

BHE R A KR G P R G 4 o

1L 5% AR M3 300 ppm ¥ it 5142 F 5 ~ BER ~ W9 304 65

HPE R S A5 R~ frhEdee B EMETH M e
VLR B %?“,\1. ~ERAR R A ’i?:,% ST @ R NN -}

TL‘ \—%_‘}:E"_O
—:“%’D‘)J J . a— h 2
i 2. Mk & ER & 5-630 ppm ¢ 3 7 mﬁ,ﬁﬁkﬁp{g# ~ BV PR
]’L— ~ E[ }"a AN f___ﬂ ﬁ.’ Eq—_p}ﬁ %"P;f{fr’?{%%&,l, ¥R g Fi& °
3. 514 Al g R kﬁ'%ﬁi&ﬁggléiiﬁfﬁ)ﬁ-i w A EAaTE e
4 EFfcE D EBRET A LENE AT AP o
11 & 2 % Foae AR e TR e 7 2 A S AT A i T
1 - * > % .
R )TJ'_’ THERERITRE TR A F ? YN F ER R#cp R
F -= é’ z )ffﬁ f‘_(«_ °
o LRAE S BBR IS HE T4 A4 Rd+gT -
FCp
2ENREHEBEHET B EGT o




ATABT B IRRIEN TR F BRI
3.7=%°¢ Jﬁ'ﬁ %3
3.7.1 . i §F § i+ Fp(in-situ chemical oxidation, ISCO)

(221

Ry CEF G RF R E TRREY 0 AR S
(contaminants of concern, COC) » %% M H B & ~ B |22 [ F 0> 2 o 3% 8
e PHTIE T  Ee ToR 2 W P e RN 85 A F s 0 4 BTEX S 3
% L& 1+ & 4 (total petrolumhydrocarbon, TPH) % - ISCO i * # R % & - $°
75 %4 R % (source zone) ~ ;3 A M ¥~ F (core zone of the plume) £ 5 4 @£ % %
(dlstal zone of theplume) % % /3 4 45 B 2. B v B i+ > Pt L Hjive 2N R

NRRGE T YA R B TORF ALY o S - AR RSB R L
@mafﬁﬁmﬁﬂﬁ$ﬂ EAN* 5 RS A AR vd 30y LR R
NFASF ARDF Ji At 0 FIARYFEORSEST RS AL ENE S Hn ok
PEAHEISZRFFFEFERER > ISCO Finfiri & g L AL 4 fEx
T ALY MAEER > ¥ LF “EE 75 EF 4 (hydrogen peroxide, H202) ~ &
4:F: @ (permanganate,MnOx) ~ B %t @ (persulfate , S,0s%) 27 & % (ozone, O3) % -

1 BARFAT

BEKBFE T B TRRAESR VIO EF REAEF LR A FD @
BB ERTFRY LASL T 35 ~ = (7 A H @ kA2 /A Y > Fp %
Ao1990 # = L AR AT U RBFHRE VB E L o A X AR kY FAR
¥ & F L KMnOs 7 e » iB4EF1I =7 % & Na'~ Ca?* 2 Mg”igg+ﬂ7¢
ﬁ-ﬁ"ﬁh 0 1R AR (KMNnOs) o 4epish (NaMnOs) &= 7 fid ¥ L 3 4afik
3

:@

N
o
er’r
J

pH < 3.5 MnOs + 8H* + 56— Mn?* + 4H,0
35<pH <12 MnOs + 2H20 + 3" — MnOy) + 40H"
pH>12 MnOs + e — MnOs*

FAEFELL N - ﬁ“ﬁ?#%f'ﬁ' BT R ¥é'r_i: F b gk 0
BAEMTE APy VB F VBT 0 BB TR IR E ﬁ’ﬁ;_zg_g%
Ak o et pH i = (pH<3.5)T A = e Mn2+ F g AR (R F )
WARPAIIAE S § L XA Rk > R MnO2+ p RERE EM A4 Mn® o He
20 BEMERT R cMPPER LS A s Ft A4 T pH
ﬁw@ﬁmH~aﬁm%J“a%%T% g R 4 M 2 S (e
B0 AFNABAEMBEEY LA PR IS LHFF LY o RSB ITE R
ﬁm@ﬂ’mmmﬁéﬁﬁbﬁm“ﬁ%ﬂﬁ%ﬁ%T’dﬁﬁﬁﬁ FEBAR
EGRPARSOF R AL RO F PRI w3 5 BHPCEFE 4
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$3ieﬁﬁﬁ
¥B MnOs k5 it ¥ A4 45 B MOy > 2 3 X BchVCF MRIZE 10X 2
7MnO4 I & 4 10 3 B -7 MnOy) ©
= % ¢ i (Perchloroethene, PCE):
4KMnOQOg4 + 3C2Cls + 4H20 — 6CO2 + 4MnOgzs) + 4K* +12CI° + 8H*
= % ¢ i (Trichloroethene, TCE):
2KMnO4 + C2HCl3 — 2C0O2 + 2MnOgys) + 3CI" + H™ + 2K*
= % ¢ i (Dichloroethene, DCE):
8KMnNO4 + 3C2H:Cl2 + 2H* — 6CO2 +8MnO2s) +8K* +6CI° + 4H,0
% ¢ % (Vinyl chloride, VC):
10KMnO4 + 3C2H3Cl — 6CO2 + 10MnOz) + 10K* + 3CI" +70H" + H.0
BERFLATE IV 2 & i wang PRSACB3TT 0 AR g AE TS R
Bk ih C=C BT S kP fiss £ 4 > 45 6T H5kjE2 C—C Hf3 - 352
PRL L AR o R R L B E vA52 - § it gk (Yan and Schwartz 2000) -

Cl H

=<

Cl cl
1. Trichloroethylene
slow lx,’,‘f)‘*

W

> A
MR (V) fast OH OMnO;
d% o ci cl: _H
o] _(ljf . cn/c !
hS clic

H* 6. Acy
9/ Clz_ Cyclic ca hypomanganate ester "
cr (ﬁ' hypomanganate ester %‘Hz()
MA(VI+MR{IY)
cr

Q. // V1) i
\J (Vi) o= M?_ OH OH
| ? OH o H“‘(':— -
f “)é__é) o cl
4 C' cl ol 10. Trichloroglycol

3. Cyclic manganate ester 7. Acyclic manganate ester

fasth (V) &
(v vy
# Mz /(Hhﬁnoa HMn03+H /(sz
]

\
c—C
s Cl/ \CI

HzO Ho0 2H;0
fast fast &
2HCI 2HCI

Il
2|H—C—¢l

5 OH O 0 0 o)
2 1] H\J; g\ H !:l [l
H—C—0OH C
H/ \OH }:
5. Formic Acid 9. Glycolic Acid 12. Glyoxylic Acid 13. Oxalic Acid
MnO, MnOy" (VI MnOy;,
(VH) \ i Vr\||}
2 O—C—O

14 Carbon Dioxide

W37 2K o 5§ 67 B
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MAULT R I AR Tk K O A RF LAY

BAEFLA A E B T RBLIB AR S R EF L 2 F 3 IR B4
fadr ¥ 72 B 5 FAM & ﬁﬂ@ﬁjﬁff%?@# ML AmEY h pH RHTE
B A LR AT L B 5 el BT R e s
PFMRBOAF L oF M AL IE? R AL HERRE AL(F AR

2004) -
2. Fenton &4 ;¢

Wi ta Ao By AR TRR LN EY R R LR B
FokrgZAest B IR BARHE RFENES T LAk AR
tg A4~ Eehpd A(free radicals)® » By B - L ¥ % B auEF 4 3 5 20%-
70%:ni3 ke > it WA R R R 0 I 0 A aE L1 R (catalyst) & A i A
(activator)év’ﬂ;‘?]& v A4 IV iEE 1Y@ T4 F O (catalyzed hydrogen peroxide
propagations, CHPs)4p & cr & J& 4.4~ fé (reactive species) » m A& i * i § it 3 it
B35 it kv ozt CHPs #rA 4 ek ey fie 77 % &2 BRA > LER
IARET F o T RER G RS A AR KT 85 % g o St 1894
EFR AT A (PH=3-5) R B T o LdS (Fe®) 7 it g aug§
Qo MHARASET YA (OH ) EF pd AenBRT 5 Lopd MY
BE 0 95 E=28V HE N5 Fe?+H0,— Fe**+ OH + OH -

Fenton ;¢ &2 BBEA 48 Es 22 F 3K 5 LK Bl » -
w3 o ISCO ¥ o * chiBF L E kR ¥ 5 2%~12% (0.6-36 M) FHEP
Fenton % #| % * F 5% A pH35 2 5 2 et pH i 2 7 4 £ 4 P Agre%k » & %%
Paldif it B4t a R T AP T T R®F IR EF pd A
A L A
3IEALEET kb

BT Bk R EARITEET (S067) 0 RF TV M AT A L
BTG WS LY A RESAEESR > & ISCO Bt b oo AR R R R RIS
AR AR N T o § HRA L F o HE TORT g A RF F A o
LG ERMRB NG F iR iiffe LEMEPEG BFF Bl RY
FEIREARFRERFF G TEAKBOPEF R BRARBFE L5 B A
MG FEE R ME G PSR T PR AR D F LRE o P fEF Y
o8 Rl %@@.2@R+n¢rmﬁ@+@m)’H*ﬁ%ﬁﬁﬁaaﬁo
=201V)> ¥ - B%F ‘& cm{ FRNF RIS L BTIPFRT > PliE-
BT LA FAEEIAT BRI P o A (SO) v B D ARE- HF A F A
AL FhE Rl fh o A K BAEBAL F RS AT EEE T 0 Fl A
FOTH B R P EF O AN TR ADEFR L B REEFAL P e
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LB 3

ﬁﬁiﬁ@wﬂ*’sﬁﬁmf~%%ﬂ~@%w AR Y P E R
iéf:\z:;f;é_ P82 o bl 75 LB B-phiEE REH R F gt 3N o A B A4

sk iRl e 707 el p d A (SOqe)2 %2 35 pd A (OH-)o
4. 5:-F s 3

3 4_ISCO B.p ¥ i“ Az - > BEFHFRESFI UG AT I FTLE
FPRERRTEHS Eb=21Ve RE-FFRPTEALF LIEY 51
PF PR T VT ERE VEF LR @ﬂ$éxﬁwﬁém“$§f“°i§
Gk g~ L RY A B ED RS CEL AR F ARR VS D
T PRIIF AT o F L F PIMF T FF I GHPRF ZE IR WL
; L AABARBA A R ZFAFFOPECLT AL PUAF AL 2-

i3] BEYARTHRE A N F e TRV
AR E R 2R RS B F T

O3+ R’C =CR’— RCOOR + 0?

H

o

fh

e

~ .Eh‘
Jm.
%
~=de
3

LFATE CEF R R AR UL R TR W ks R
HRA 0 L g E S AP RER TR LT TR ¢ 5 3 7 A (e,
PCE.TCEL11-TCA) « L4-Dioxane - 5 § 5 4 % « # Sat & © & # (e.g., BTEX,
TPH, MTBE) N )77 I%\"-{-’é 4;27? ~ L )?%Z‘éﬁ .
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FAXT R A RAEM TRz F L AR Fa
3722 FrJI2 i
AP RILS RIS AP T ASL 2 RT RILI R 2 S RIT

2P F RS RE e AR L e - RURRIE S R ERF P25 2
AR RILIERE AN £ F e -’:T“pi%;i;\ IR Fl1E‘.f—r)9R$ £ R (F3.8) »
& =t %3 il};?&gjﬁ;i I S I S R A P I PRI SN
FRoT FRER P A FAMERT R AN SN T FL 6 T FY
¥R AR FHEAFER-F YT 30 —rq/,gkxmi
#?'?"T%‘ ﬁﬁ#ub*ﬂ’m—%b?Iﬁﬁ,u*ﬂnﬁzﬁghﬁ_ g-ﬁ'—flf‘?/»\”g\l

z c

123

(221

Fis o ER TREIE S F CREP T 2P AU T L AL R
Lk o mEE PB4 L5 42 -k 48 (Pant and Pant 2010) -

2H* HCI
TCE U 1,2-DCE
~ < el [—————=— 1 . - . -
(CHC1=CCl,) (CHC1=CHCI)
2H°
HCI
Ethene vC
(CH> = CH>) (CH, = CHCI)
HCIl 2H*

W38 =& 2 Hui BRIBA
F L % & (Pant and Pant 2010)
3.8 § fu453 F F L3 (TNAS) & & + 32
S F AR E R ] % o k(320-400 nm)T i@ TNAS jF T R R H o ®
R T RS AR LTRSS 2 A R
,Lf#_;}ftlf— 4 c;:;;\)gma’ TR E R B AEFET (I RAT S m@ﬁig,l
FRR e T ERR LA EST 1 TNAS A2 T k7 L S B¢ 8544
_%’g{%g? fLiT® » B EREIL T B o TR %'*qu;:«; § L 45 % 5};%’;@'_;.]5@?:,@
P22 I BFHE S TNAs a3 N F A 5B FApimApiE 3B ok
BEAE By (s 2020) o
LB F Ao
PHAEE CF A A AR s B ORIE S I E A TFR SR
CVD 7 Jth® - fI™ g M- FF o @S~ A3 HAc A TiO#
Wo BEBFOREARE ¢ € T SR AR~ MR - F RS 2 e BRRE W
AR AL o RIFBA B EHHE A FAEDI R T REL LGB F IR
E s MBRCE FipEE W RCE SRS PR F AR (T A
>, F2AcF etal 2009) o 1 F F Ap AR RIZHE o R TEAH I A T s S
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= % 2 REH
Mehs §F bz ok pEAIREEA A R REY O ABREL T Rl
7 TNAS & 3 2R T2 aFA R 2 > BB F K LY %i BB R M
AFRTEE AP RF B 4L L i+ (WU, Nishikawa et al. 2007) -
2 /ng‘ 99.,%

o EMERN A F ot S F AR ARk S 22 -
HRILL R ESS S (BR)TEH SR 0 BRI EET Mgl A

AN L RRFRIE S FHE SR /@1_ bigied v 2 d - BP TiOZs %
BORSEERRE T BTN AR ALY ARAC R &y

B SRR T Y R A ﬁﬁﬂ‘“—lf;@# P BEARHE T
FIFEAAL K ~ 3L iS4 G f 4 (Garzella, Comini et al. 2000) » 4 Bk 5 2 %8 FR kL
d ko F PR R
3.0k # & 2

< fhi TREkRE  H R R $Z?%”
@@T@-m$&9é%ﬁ%#%4ﬁﬂ‘éﬁ &+

R WY D F AT W SRS 0 U H T R R
BOARRER O RIRICRUS TV EI 2 F M4 A o kR
kA E SRR TR RN MM B PR EFEE T kR ’ﬁ
@ g 1 B kR S A B & B (Pd)ens *'hﬁ*?ﬁ““W§
2017) o 5d k#GE2 E X TNAS A~ F 355 PR BERS - § 8 H2 387 U3
BRE GRS PR 2B T A kB ARG R g e PR R

2 - F R ORBFLERF BRARE R WE AP F

/4
—_
-

“.1

4 BARF 1%

Gong D % 4 #2001 5 L% a & s 8%k > UHBEA%ZE S E ST
¥ 2500 nmhz ¥ it 4z ﬁ\ # "L 7(Gong, Grimes et al. 2001) » % p (& ek R4
Wiy k- AHEC

%ﬁingwpF%ﬁ@ﬂiﬂéj’{é%%@a&&%@%ﬁﬂ%ﬁ

7V (Lucas-Granados, Sanchez-Tovar et al. 2019) - | * 45 7 ¥ 5 1 (TR & » # 7 &

Rlig* 40 PO H s fFTie > R 2 4 HE 73 Fad @k - 22

T BTETHEESY ,TJ-'L'\;’ *HE R RETE K ? W e kR iEART OB ¢ 5B
= B 4c®3.9%75 (LI, CHEN et al. 2011):
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FMALT L F A RAIEY Tk F e i

(221

(1) % - BB dnda§ 1903 3

H.0—2H* + 0%
Ti + 4 Ti%*

Ti%* + 202> TiO;

e PR AT AR RS O 5 FIABET AR A 4 o dr i 450 R
4 XL BTV TS O3 F BRbalEteid s 2,25 (Ligo

(2) % - FFE -5 3V F oA

TiO, + 6F + 4H™ — TiFe? + 2H-,0

Fliadded R R RN R 0 R ENE - KA TR

ML m%@_ib % > %_?ff(’i oo mT|-OF’3mJ—A 4 )5\455 » 13 T|4+i 2 l-/"i F-
AR

¢
‘ Ti foil l ’

(©)
B
Oxide
[ Ti foil ] | l

F3OHHEY MR T - §F &R Fni AT AN
AL %k (Le and Leu 2018)

d b3 8- § fhﬁjjzkfljﬁ’rﬁg VIR G

LSO f@/pig}fr??ﬂ')ﬁ LI
BRERS  EafI - RAVETRIUEAF B RIS B 2
gr]g:ﬁ*ni’fé%ﬁ SRR S %[& 3 )@-Eﬁ‘}"’“m = zé‘zf'fll;:éﬂr?] >z % o 4§ 3.10 - F’%ﬁé
£ % z":_@fi“ » A — RAniE TR

TRE - ATREBE HTE TRREEBE



—i%##ﬁ

AL EAZY BF > BTN F PHERTIARAE T R F V6 4E
£ 2R mAY § RABTET o

Current Density, mA/cm’

T ' T ' T ' T T T T |

Time, s

F3.10 & B iEf L ER? TIHAR IR
F L % & (Smith, Ray et al. 2013)

302§t ach f B LI
é’—@'i;g-&é ’ "F;I,Eﬂ o SR J%E_fjgj

LS F ARk B R F S R e B

ﬁ%%b—tﬁﬂ&gér‘éb,ﬁaf%c:iﬂﬁ F’%’]C‘p'g‘é A“]{m;ﬂ;ﬁ)\o

" i2i5 % 4 ¢ enk i E 4 (Choi, Termin et aI. 2002, Lai, Zhuang et al. 2010) S

g ARG R R F T TR A A RA S F s

IR T WY %,,’;,,Hr,g%\g;}{\\fj‘igﬁ#?}tﬁ%@%’?:i“ﬁg‘l&%g

Wi ER s HY AR F B L f ool F L gAT L

FEEHE S N AN BRNF PR T fiﬁf*f L)

(Asahl Morikawa et al. 2001) » 4w 3% %% ~ %42 (sputtering deposition) g
it 5 % 4p T (chemical vapour deposition, CVD) (Chen and Mao 2007) -

£H(Fe~Cr-V-Ce~Cu-~Ce): 222 H(C~N)2 ¥ £ (Pt~ Ag)2 48 3¢ -
FUAEED Rk figsy > £RBRAPEEITIFRIF LT FPEFL
ERETITFAREIRE > R F TG o2 kF o AL R\ 6hE F o
g e § g g TiOzi I 0 FIM T R T I SoApgt s 50

a
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RMAXTE A RAIEY TR F LA R LAY

GG B FH AR NEY s L EFHBRME o F AR F V4 FIEF
£ R i ERIP /R VB ET IR AT -
1L 2 B#x

2502 FFIATEP N TiO M f {48 % & - Fe~V -~ Cr-Mn-

Co~Ni ¥ » 3l @z\m ig &g 3B s~ TiO2de @ o e ee % TiO2d Miae £ 0 3%

7Rk g e e BE R4E L4 a0 F A5 2t fo k48 244 (Di Paola, Marci
etal.2002)

Dholam et al. (2009)2 % &7 I = ;2 @W# Cr-TiOxfr Fe-TiO2 » T 453t &7 AL &
Tk RFRA & ka0 Y F IR EREE VL ER R -RE R D
CHTiO2% § { %ehv L £ 4|* jF » & Fe-TiOxt Cr-TiOxna & 5 { & » 7 Fe
PIEFHFET I e ki s >m Cr Rac A P ~ f&(Dholam, Patel et al.
2009) <

Pan et al. (2010)4x * 2 "% 2 @ & TiO22 K 3%t ¥ 2 Fe~V ~Cr~ Ce -~
Cu ¥t TiO2:& (7 e i > & o FHA 7.5 5 F M Vv Fe &+ & & 2 TiOzf 2 e B~ i
wBY 5 A M-O-Ti chigte - Ce g3 i M =k A Crfr Cu 2 & R
TiOx% & » EMH" A 5 Fe-TiO2 > V-TiO2 > Cr-TiO2 > Ce-TiO2 > TiO2 > Cu-TiO3 »
BEPBRP AR ULPE R - AR PR BT RUER NV
TIO2ehEMH"EF V£ itmic®  ETI/VZEWw 216 Ferdgfei & 1%
ST EES Y o o §oocH 8 Fe-O-Ti BAenT Ml A oA 4t - P E LS
&1 (Pan, Zou et al. 2010) - E4ficniz e EiE® » F @ € ERF ML BG4 5 T
S TR EE R b ks R

2.2 B

i ip 2 $%m#$#{ﬁi iO27% M.ch— 85 22> 2 > 2L & 332 TiOeh v
Rkwfeis 4 ok T FREET X PRSP FULELE > » TR FF K0
P e B fod i B A s éipR%Ew:;%¢~~$%%%C‘F‘P‘S‘B‘
N%)4er TiOp> B¢ » % C& NiTLBey ERRS kL2 25 (Yu, Zhou

etal. 2013, Zhou, Yu et al. 2013) -

Asahi et al. (2001)F £ 3 % 2 § # WR o P R4 W 2§ B TiOz
BHEE BB CoF-P-NApt o N BRefs skt M b iz » 515 4
FEERLSERS TR E 0 ¥ LT (L E <500 nm) > EEA B R A i
TiO2-XNX AF’KE 7 L B kT it 5 B (Asahi, Morikawa et al. 2001) -

Chen et al. (2015)4k * i & kip 2 WH M F & #peen TiO2% F ¢ L7 (C-N-
TNTAS) > i i % foq 715 7+ 3450 °C 4% C-N-TNTAS i & d 4dkahip 2=
N3z £ 50.82% > ¥ 2 Ti-O-N and N-Ti-O s3> 53z 32 ~ TiO22 # ?"i
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L Sg A

FIGHY > BIFH 1 BB EE > # C-N-TNTAs (T2 kg kg it 52 2
N E ftk%i B th e 7 R1.0 V (vs.SCE)eif 2 T o f2i¢ & % 2.3x10% s1» K F 1t
B 3 He »x % 7 1£30.02 % - (Chen, Chen et al. 2015)
3.4 & Bl

£(AU) ~ £(AQ) ~ (P E F £ B FIE G B end o
BE S B R R R BRI (TR s I f & D
Sfr kL KR Bl Sk £ 2 1 F DA e (5 B 2018)
(Chen, Zheng et al. 2010) -

Lai et al. (2012)#:* & - B 2 f§ 5 ek B R > 2 %F &% Pt 2 H3EpI55 B
*ﬁ%@ TiOaz sk 7]} » 2 N3 T 352 j29 58 nm > Pt/ TNTAs B Ag3 55 0 %
Tom @ A (24.2 mAJcm?)fe » B4k F i e o (87.9%) 0 4 % R 4s TNTAs 1.5
s Ba ke iR » BB R gk T i § % 4 (Lai, Gong et al. 2012) -

Xie et al. (2010)4¢ * Hrigs ;= Wi TiO2% —} CRSTIRE URLS P reiny
Pois#- Ag # SF AR S A 4T £ TIO2NTs & > HIRAEF i ff T 7 § & 038 4o
Bojzsk ik £ d 385 nm i 3 9500 nm > kT LB LY A g ke > K
bk PR ot AQITIONTSs sk it 7o fhot 4 TiO;NTs & % 7 1.6 (Xie, Sun et al.
2010) < F & 7 K3 2 WA G ool S B R REIEL T S A R A
Flk 2 T g 8 K 3 TiOhE 225 -

310 r4fica - §F L 452 K g5

Jiefang Zhu % « 1273 959 (sol-gel)eh= 2 #-Fe¥* & s s v = § L4k b » 35
el B WL K EF R B AR RS PTFE 3RS0 0 A3 ERER
£200°C & 78 /| el o § 1Ak kR B A

PR RS TR AN oh-T Ak h(UVAVIS) A 5 ¢ (B13.10) 0 15 i S 3
B Hex 1z-ﬂw B3k Ed 3R MEE S 0.5% Fe-TiO2 ~ 0.3% Fe-TiOz ~ 0.15% Fe-
TiO22 TiOz > & & Jde i 500 bl ch FePT e [ TiOzt > § 22 ¥ 30 ¥ MG H > Bt
O ERCE R RSk R o (7L kI R Bk R > St et M A
LS RN IR A I e 2 L S I R Y e A R R i - ¥
AT R R N s RN R PRAT 0 FIEt s ek it 3544 (Zhu, Chen et
al. 2006) -
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L BpER 202272 5p T = 09:19

FrALTCE ANAEP TG HFRF2AY

1.4 a: TiO,
; b:0.15% Fe-TiO,
1.2 ¢:0.30% Fe-TiO,
d:0.50% Fe-TiO,
1.0
(&
=
g
£ 0.8
]
g |
=
< 0.6
0.4-
0.2
200 300 400 500 600 700 800

Wavelength / nm
W3.11 % #F -7 Rk &4 7 W (2) TiO2; (b) 0.15% Fe-TiOz;
(c) 0.3% Fe-TiO; (d)0.5% Fe-TiO;
F L %k (Zhu, Chen et al. 2006)

BoChen %  » R 3 * Bigsa 22 » 260V e T =27 % 0.3 Wt% 4 i 4%
HePEEBEes > X SN FR i 12umeas § e EH o

TR F sz A LR NI MM g kB R B P V55 mM i
2 ~01Mz itefcl MiESF 3 0 & T“ﬁ*ﬂ’.’rﬁifltjv\:{;% TR RS R R
(Fe**—Fe?) » ¥ 5B =k RE 27 Fe-TiOha & » Ff#EF 5 20mV st »
T/&-0.42 05V (vs Ag/AQCI) 1£50 =t Tk » BA4BeT F > = F Y 4x 2 K g LA (4
B13.12) > 4§18 # Fe-TNAS B M 4g'dEhp p 11450 °CAx'E2 -] pF > 10— 5 1 4k g ¢
% 445 % & 4p (Chen, Haring et al. 2014) -

W3.12 Fe s JenTiOz 3 & # SEM 4 4
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LEE IR S

% Fe-TiO2e XPS 4 7 ¢ (B8]3.13) » % ’JF% LA 710 eV &2 725 eV LA ch ik
oo MBI A E R S 2P £ 2P 0 MR 4oH 8 A E P A o daip] E_Fedt
hs ST A4 TIVE 2 A5 Fe-O-Tiggk - ¥ it Fe* ¢ Bt dhansd 4§
$ % 478 % - (Zhu, Xu et al. 2019)

Fe 2p

black-Fe-TiO,

=S
<
—_
= Fe-TiO,
l72]
=
Q
—
s
[-—
TiO.
MWWWW
" 1 " 1 2 1 M 1 " 1

Binding Energy/ eV
B 3.13 black-Fe-TiO: ~ Fe-TiO2% TiO2en X 550k § + it # 2 & 7 W (Fe 2p)

Chengzhi Wang % + R| L% @ k#i2 > 483 d ohf L F(FTO)f 4 & i
SF sk E Kt DHH E 50 MM Gl R 1 g kR rkid i 0 Bts
20 ML P ARG A F kA S (T2 [ BF 0 BB 5150 CCevRk S A E o W
M3 BT R R SRR E 0 Bt B 3E 1450 CCedk Yy 0 457830 A4t g B
4R AX Fhon 4P ©

P e TiO2 2 A # et 4 & #12d TEM 4o HRTEM i (74 4% - B
3.14 &5+ 7 Fe-TiO, 2 TEM Bl i - B 3.15 #75% 9 HRTEM B B+ = § it 4% 2
F et K RFEEY 0.32nm - R £ = F TiOz(d1o) e & e

ZF Y42 kB e s k- % EDS 445 o 4 EDS mapping(®]3.16)F

{p A F AR e R Fe AR F MEZAB o Phefoile A2 e
HI0H o BT ;’ﬁfg} SRR LS A S F 1 4% 2 ¥ % (Wang, Chen et al.
2014) -
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FigpE R 0202270 5p = 09:19

RMAXTE A RAIEY TR F LA R LAY -

) 3.15 Fe - TiO2 nanorod 2. HRTEM 4 47
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L BpER 202272 5p T = 09:19

CEE By ¥ S
“““““““‘I nK
|||||||iil .

%]3.16 Fe - TiO2 nanorod 2. EDS mapping

Zhihua Xu & % P E_ 5@ HE 4 %] > 1105 wt%2 & “43iF 5 &%)k » &
AIET 225V s BB 44 | pFeniE T 5 LA 0 TiO, NTs > £ i35 i 2 % (dip-
coating) > ;V & {74 & & > TiIO2 NT =**01M~05M 21 M il Badiz %@ 5
AABTS s A B RFRAR > TN F Y SR o

GB A FadBiR ik % 5 Fe-TiOz NT 12 3 (4545 18 A 450 °C - 4292 /] ¥ -
P4 A fek g S 4R 0 BI3.A7¢ > SEM B B TiO2 NTs ## /= % - 5 60-70 nm >
A f & %3 um> %£0.5 M Fe-modified TiO2 NTs e & 3 520 nm & j= = /| chdh ¥
et AP S F PEAN R ARTEERIZ S e FANEY
% & = Fe-modified TiO2 NTs & 7 ¢ 25k 5 7 TiOz2 NTs #4142 (Xu and Yu
2011) -

®3.17 (a)TiO2 NTs (b) 0.5 M Fe-modified TiO2 NTs 2. SEM 4 3%
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SLEIEY TR

FefiEdyramy

it £ ¢ 4¢ X 43 (EDX)ie 7 Fe-modified TiO2 NTs éh+ % % = 2 7 ()
R F a5 R3S 55214% ~ s R 3 E R 546.16% % 4R S e

+ 21.7% -
2500 ( ) -
1 (C
] Element At %
= 2000 OK 52.14
qi TiK 46.16
. Fe K 01.70
> 1500- '
‘»
-
@ 1000 -
ot
£
500 -
(o} \
Fe e J Fe
0 T v T ) T y
0 200 400 600 800 1000
Energy / eV

#3.18 0.5 M Fe-modified TiO2 NTs 2. EDX & #7

) 3.19 &7 1 TiO; NTs fr Fe #c f ¢ TiO2 NTs én XRD o % 5- s it s 15,
3 TiOg4stdh4n (JCPDS:21-1272) 4v Ti (JCPDS:44-1294) st » £ [F3.16
¢ A u Ade THRze o bk dhdpcpliE Rk p 3t S § V4 A K F o sk A o B R
kB AR o

fe e Fe #eh TiOz NTs $k &5 7 &2 § LR FIB hsEstiE > 7 5 8d 2045~
Flesz 8 ﬂonaﬁtu%ﬂmNwa,Feﬂﬁmeﬂwsm(mr>%ﬁ%
FEfrde B0 Xk HeH B BRI H20 & 0 T e Hd 3 Fedt ehX j2(0.64 A) vz o]
fdkdh Cc pen 077 A © e p o 2 & TiY B0 ek (0.68 A) » daipl v it Fe®t 4
FF L ARAETE C B BB P TIOh S P ¥ B3R TiO, & ¢ ch TiY g3 » 25
= 48 4% 774 $8 (Cesar, Kay et al. 2006, Yu, Xiang et al. 2009) » # 3% TiO2&h 23 4 %
Lo Fm XRD (85 A7 e frens § i 45 5> 7o R € L RS H
A B REE I % o F]pt XRD A 458 F 5 3 B chdESTE o
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CEE B F

1 A: Anatase "yk“
+4 T: Titanium £ ] .
£l A
D - i, A
; : A
b T b :
c T 2 n 2 2 n
s 2 A 2 Theta/ deque T
= (101) L
€ la) 1 A A I
b \
. a
4 e ]
20 30 40 50 60 70 80
2 Theta / degree

#3.19 (a) TiO2 NTs (b) 0.1 M Fe-modified TiO2 NTs

(c) 0.5 M Fe-modified TiO2 NTs (d) 1 M Fe-modified TiO2 NTs 2. XRD 4 #7

Yufeng Su % % R g 4 1205 Wt%:na & fk > i &y o 38> e e HF
A %R o ARG H é/ﬁ"%"la’? MAxie s B RDEEEAPEEZ B > A B304
BUBBRPFZALLARDIPET o T2V HET = B4 2130 448
P LI F (402K ?“xf_;l o

RETS 0 ANAE S L AE 540 KHz ~ 3 B L 2.4 KW/m2ehig i
WoAE % 200.01 M fedh4 R E&Finir » T ud g3 R4 %3{9‘?‘/‘5{‘}% v B s
45 500 C 4582 /] pF 2 & & Fe-TiO2 NTA(Su, Wu et al. 2015) -

D F T BCE K

zsﬂ’“”ﬁxamz FREaR[ATRZ0 #4825 #4231 [ )g 7
rf" ’]?Iﬁ,ﬂ;gq ,ﬁt‘gu‘/z‘mbﬁa\'ﬂ:}?&"—lj”‘if%&éﬁg 'L’fﬁ
R ARG PR (R13.20) 0 W Y AR MA T I A LR PEAE T

Fe-TiO2 NTA ##! 4 m

4( 53‘ ' . lé‘] Hb 4 o

Fe-TiOz NTAs #p$13t TiOp NTAs bt 4 & s de ke » 4 6 qe i ™ ff 7130
Fe it » TiOz2 o fo » & HRINA &t chib 5o 8 Fe-TiOz NTAS $13% % 4L s 1 4p

#0 TIO2 NTAs { & § % & s fipeiiy 4 o

Bt X R BEEA R T

m%%%’“%¥%qﬂammﬁ B4 4 SRS I

RER T EEER

y)

4545 T st (F13.21) - R 1A S
Wl 0 - 3 '%T'Mnérva%as# W0 ¥ A20 %333%hi B BT = § 1t 4

g e o PEE O BT

Eo ¢ RFEHMF LG o B F g g o TR
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ATABT B IRRIES TR F L RFRF LY

AR % T g
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€y > - o
200{nmi <L B 7%
ey L VL

2010 n'm 200 nm

#3.20 () TiO2 NTAs (<L @ ) (b) TiO2 NTAs (4% ) (c)Fe-modified TiO2 NTAs-
5 min(¥* & ) (d) Fe-modified TiO2 NTAs-25 min (< & ) (e) Fe-modified TiO>
NTAs-1 hr (f) Fe-modified TiO2 NTAs-25 min (. )2. SEM 4 45

8) A anatase (b) -
T ¥ — 2Smin
_ F:Fe,0, ) 'T { ~ - gm
:"— '\ ’; T' 'I‘T ,F - E M
E — ;m ] WV/\MMWJW\
| . g
= 5min E MMWM
i “Omin P AA e AAASAAA AN AWIAA A
oo - 30 B2 14 Ne BB N0

®3.21 (a) TiO2NTAs ~ Fe-TiO2 NTAs 7 XRD §
(b) TiO2NTAs ~ Fe-TiO2 NTAs 7% 3¢ XRD B



524 ¢ gt
311z § ¢ e

ZECFHEWHPARE G F Rt 0 @ E 3%k f#(Photolysis ¢ P) & f /i 4p 1
ZEF LR PAER G niS B R o i TCERRAZ chi pd & (Cl-)
VISR fRE T MRS R A o U HEIRL 2 2 L RRER T A -
PP WA - 4ei? s - § ¢ fE(MCA) ~ = § ¢ fi(DCA) ~ & fiffie » 11 2 7 £
r’v’ﬂ—ib-’i‘:ib""«‘“ﬁ”‘ ‘ibﬁ”{riﬁioKELlémi&ﬁ'?*lkav’w‘fii

%(200-300 NM) ¥ A = F o Gk EOF KGR o KEFHREF AP F 4 {07

FETA > B TCE mfp? FAS - B3paiFit™ » - § A I {~
& TCE kf2AF > RfE s e prhfrgd e g > » 98- H-KfEe fafr- F ¢
pi -

ZFomkfEAY Rt g P AAd Ao m o F T Apd ABERL S
HCI ~ CO 2 COg(Li, Stefan et al. 2004) -

‘11

Pruden and Ollis % * & $3-k4p = & ¢ % 0 TiOx"% f2enis L 4l 747 F
Eri N Y2 Tﬁmﬁﬁl“ Foend4e o kB pH € T ' 3]4.0~6.8 > i A A 2 o CIHRRE 1L
ALy & 0 % fEY AL 5 - % ¢ pa(DCA) ~ = # ¢ pg(Pruden and Ollis
1983) -

Ou and Lo % % py&_12 Pt/PA-TiOx¥t>t= % ¢ TF » Cle¢ &2 TCE 25 =
CHCI.CCloe(83.11-4) » % 224z 5 A o #7524 CHdiIMOO-’(ﬁ31L®p
Russel mechanism #3535+ 2 ¥ '=p d A CHCILCCILO. > (543.11-7) % (3.11-8) ¢ 4%
w4k L DCAC 2 #pfips » B~ F g onE $#% 14 (Ouand Lo 2007) -

TiO2t+hv—e+h* (3.11-1)
Cl+h*—Cle (3.11-2)

O2+te'—02* (3.11-3)
CHCICI+Cls—CHCI.CCl2e (3.11-4)
CHCI2CCl2+02-+—CHCI.CCI200- (3.11-5)
2CHCI2CCI200+—2CHCI2CClI20++02 (3.11-6)
CHCI.CCI20*—CHCIL.CCIO(DCAC)+Cl- (3.11-7)
CHCI>CCl20+—CCl1,0+CHCl;e (3.11-8)
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Wenjing Xie % * 58 i % - i 2 = § 1 45§ (PA-TITIONTs) » 3 12
HIELETE R T F e G FRRF -

Pd-Ti/TIO:NTs £ % 4T 48 > @ 8 % %% % %7 75100 mA » % & TCE ik
B 5163 MM % {23 147 mM > 4120 A 4R TCE % f22% i& $]91%(4-§13.22) - &
ZF e R REAY 0 Bk pH @700 AT ' 51550 &2 TCE B R 2 % th HCI
4 B o BB TCE iz »>vi- A 52 % o

g BR? MAS > 4oE-12-DCE~ £ -12-DCE 2 VC > 2% *iaf v
W iR 3] o TCE fre = bt T e 84% 11+ > %57 TCE 1 & B R " f2 5 ¢ = (Xie,
Yuan et al. 2013) -

1600 | } './i —————— { --------- 1500
jaok We.d .00 &l
\I {400
120
= 100r -m-3 TCE+Ethane 300 s
2 Ethane S
o 80 v TCE =
m Cl 3
60t S, Y 1200©
40}
4100
20r
Y
i 10

0O 20 40 60 80 100 120
Time (min)

®3.22 Pd-Ti/TiO:NTs t£4&+ s TCE:R R @ &
(% 328 m:100 mA ~ pH=7 ~ 163 MM TCE -~ % f%:%:10 mM Na2S0.)
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41R %P AEE
AFT AT Y 2 M F Aok 414 o
2A41RHRHFEE L

Chemicals Manufacturer

& it 4%
(Ammonium fluoride > NH4F > 98 %)

Alfa Aesar > U.S.

z - fE
P J.T.Baker » U.S.
(Ehylene glycol » CeHsO2 > =99%)
. 7
e ECHO - U.S.
(Ethlene » C2HsOH > 95%)
L ECHO » U.S.

(Acetone, > CH3COCHs > 95%)
A4 k&4
(Tfron(111) nitrate nonahydrate >

ACROS ORGANICS >

U.S.
Fe(NO3)3*9H20 - 98 %)
g LA
(Sodiumtetrahydridoborate > SIGMA-ALDRICH > U.S.
NaBH4 > 99%)
18 177 = 4
(Trisodium citrate dehydrate > SIGMA-ALDRICH
NasCeHsO7 » =98%)
) %_ o J.T.Baker » U.S.
(Sodium Chloride, NaCl » =99%)
=& J.T.Baker > U.S.
(Trichloroethene » C2HCl3 > =99.5%)
11-- 3 ¢ ’7%
(1,1-Dichloroethylene > Merck > US
11-DCE » =99.9%)
"E-1,2-2 F T
(Cis-1,2-dichloroethylene > Merck > US

Cis-1,2-DCE » =99.9%)

e myg ik

37



AALTF A RAEF T RZF IR

F-12-2 % ¢
(Trans-1,2-dichloroethylene >
Trans-1,2-DCE > =99.9%)
% 2 % (Vinyl chloride
VC > =99.9%)
i

(Titanium foil » Ti)

Merck > US

429 S RER #

REEE SR Y 2R R B AR 427 .

242 R HREXA

Instrument Product model

Manufacturer

REARTH Powersonic410

BN ET ik GPR-11H30D
TF+ T ATY224
5 DOS45
B R 4R DF40
AT TRk 4 BL-710D
wooh kB R AR GGZ100
R R
V-750
(UV-Vis)
TIVE MK PGSTAT204
B R4 Xk dEat ik D8SSS

38

Hawashin - Korea
GWINSTEK - Taiwan
SHIMADZU - Japan
DENG YNG - Taiwan
DENG YNG - Taiwan

YIHDER - Taiwan

A F ek

PP F ® o > China

JASCO - Japan

Metrohm Autolab >
Switzerland

Bruker » U.S.A.



A9
CA Y3
(AFE-SEM)

i £ A 4k 3 & (EDS)

L AR T R g g o
(ESCA)

(EPR)

AURIGA

XFlash5010

PHI 5000 VersaProbe

EMXplus-10/12/P/L
SYSTEM

Frd g

ZEISS » Germany

Bruker » U.S.A.

ULVAC-PHI - Japan

Bruker » U.S.A
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AR IRAIIY Tk F L FARF 2T

43 RHAEH
L Ny xﬁ\ SFCEEFAEELS MHPEEFAGHFE P F 2 RS MRSk R T
BRI RE Tk 22 5 ¢ -’q% F B 2 t&}%}&r}gm 149757 o
MAAETILREALKRERT K
ZRLUHFEBZAR
\ 4
Fe-TNAs#H & B &k @48 €
[
v v
AR X BILZHME T
| [
v v v v v v
FEABER | APHEER| HHLBER| RBOALFER AE R E Rt Ju: KT
SEM UV-VIS XRD XPS LT S #EIS
| I l I I |
v
ZRTUFERT R
[
v v
NP T 4R 3t

A dikER (EPR)
EFERABHAAFE (Niquist plot)
EF%F4 (Bode plot)

% #4148 & 4 2

#* 8 (Photolysis > P)

K44tk (Photocatalytic » PC)

&1t % (Electrochemical » EC)
#EIL2% (Photoelectrochemical » PEC)

4.1 9 % 2% W
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FidpE R 2022872 5p 7= 09:19

LR R

443241 T4 W

110# ¥

e 3lals|6|7|8 |9 |10|l10]12]1 ]| 2
11E3E P

}fﬁl’.’zgé}?e CFE A
Y

# Fe-TNAs e
SRR ARSI L
EANU: GE = EOP S
MR g

E s B R
F ok gz
% g4 TCE 2
5% 2ok

Fiy kg g
RIREE S A L
Fleit iz
2

T 3 A Fe-
TNAs 4 & &4 2 #
RN ET L
W] 2 %F R KR
2B %

Ei-ERE )

T x %
[ 10% | 20% | 30% [40%|50% 70% 80% [90% 100% |44 (= 12
. ﬁ = B ®
g Fe-TNAS H kL chgi-z 2 L % F it Bla 2 %

PR | Fe-TNAs H#4i5 4 4 ' faond ~ F R4+

TS
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RAKLT O F ARAIES TRz F AR
45 = F i1 & 3 & g LF(TNAs) & =

Hh o g ET A2 emx25cm 24 o UF R~ o FEE S S ok A uiiFlb

AEBAR R A R RS A G BT AR £ G DF

WA R Y TR ST LR AR F BT B E G 44 (0.5 %)
bR 0 MER R &RAOV B EFL ] RS o

BuieRE e —BURIARTE RTL A4 MR EBRAYE 4
AT AR B3I ok EED Ao

By 2 457 A A O R-E g R A 0 B F R ER Y 0 K
EERBEFELIASOC 2EAERE 52°C/min > SKEPFRT 53 /] BF o

4648832 - § 453 F ¥ LF|(Fe-TNAs) & =

S 7R D F CEAAFLAI(TNAS) L & 0 F A
0.0824 g ch@d FedBi4 -k & 47732740 ML & 43 oK ? o R E AT P A R FER 2
473 7% (0.0011M)-10 mL » 5 @ f4B3E R BB I § > e R AL = 40 17 5 3 E R
A ECR] 0 TS - TNAS B » F AR > Bts#mi 4 (15 MM)i 43 ~ 152
27 mL shigde & 0 FRF ~ 0 BALN BIYHRE  R A LB R A AT
2522 ) B > Fe-TNAs-St-3 mL ~ Fe-TNAs-St-15 mL % Fe-TNAs-St-27 mL % /% 74
o AARRLSEER HFE F R e
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SedEyik

| __ =~
w- — ™™ L,—IFapl — A
LA A ~ TE -~ L#ETK

gtk bR Al b4 (P) 3 5= i47450°C ~ 3hr= 4845 o 4.% g # 8.1t (15
SR HER FELS 4 - T4 BALEE0S %) EAER %

M) K % &k R A5 5 &
A 40 VI ER F BT iaeky 1 ;(1.1 mM) K K -
J{? rlxl]%— o O

4 7
i, .

E"."
7
i

rl
,.
- N2

e JO

SO EEARAERG mM)ERNE 6.3 8443 mL ~ 15 mL & . ] - _
Wb A ISR SN0 mL) - 27mL)IA % i 5 A B A A R 7.0 X #ET K Fe-TNAsk B3 E 8. X & & & £ 4§ Fe

LE TNA -
- GALERA KB (INAS)E RSB RRHRH Y - a2 T Ty FY ST
iﬁ?iﬁf&“ )j\ﬂ%—a

W42 R % AZH
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FMAURT R A ARG TR oG RF LY
4.7 ¥ +k -7 A sk k3 & (Ultraviolet-visible spectroscopy, UV-vis)

%oeh sk /7 ALk ojsk o ik (Ultraviolet-visible spectroscopy, UV-vis) & 4, i i
% £ 5200 3800 nm IR o it £ A R U T 5 B i £ (Gauglitz) ¢
PR BELINTFIEBTTRNEF R FREAI PP ARREAL T S BB
IR EZAFHEE AR TR BRI EH LTSz @ g STk AT
B F bk T Bk ke i TAES TS Bk o

KFF &Y PHAE D ERIKRZ R R BER 0 22 Rk
R T B 2 R4k B 2 BTl o0 v — §F (945 (Beer-Lambert) @ =4 T
A= logIT0 = ebc

HY A Stk 0 lo 5 » & k(incident light) 3 & - | 3 i% & & (transmitted
light) 2 & > e % i % @& % (extinction coefficient) » & f ¥ 2 = 4z &
(molarabsorptivity) » b 5 sk gt & £ & (light path) » ¢ 2 FRl &% 2 kR
(molarconcentration)

AR R R T Lk RIEFAE A TR BRIk B A
R R S ARpedl c BB S LB R B3 0 R T AEEHI LS
AR o S ATR S ST K SSoi o BB RS THL L R F 5 (diffuse
reflection) -

24 £200 nm2x 800 nm > 4 i F200 nm/minT oy X TE h-w Rk
PRbt o (b B o F 0 PLE R B %mﬁiﬁgﬂiﬁ%ﬁﬂ’“Aﬁﬂbﬁﬂ
EF Lp it RAXAEFR T EAL T AR D TE R E S X
ST R YHITHE o TV EEREOS TR E o T REHF RS RER
FoopkEE e 2 0 2 MELE L L T LR R SRR E o

48 & ¥ A FF FH T+ B &S (Analytical field emission
scanning electron microscope » AFE-SEM)

FhATIHEET IR BIANLG A4« ¥ Lendi s ©F Hiks
PN E Rl 3 Ad a3 B sens X F 5 (secondary electron) o i B e
TS * BRRRBICERF SN AR F 0 B &G P RDE o viET
ﬁéiﬁ&%ﬁﬁ%ﬁﬁ&%%’f@%izﬁ,ﬁiﬁﬁﬁiﬁgﬁo
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2~

e g3
THE R
TIHALBY AL T IF > - &5 AT 3 % k(thermionic source) ¢ 1
¥ﬁ%%ﬁ@éi%4’*%ﬁﬁ—wwﬁﬁaﬁ,%ﬁ%@¢w~mo
PR R s ¥ TAHRE SEM fe i o A A don i o F
# 5 200~1000 - /% - Bl v 45 1 P R5~10 i1 - A LI oL iR (field-
emission source)
ﬂw%ﬁ%%ﬁ@giﬁé’ﬁ;%ﬁ%ﬁﬁ%’ﬁ’F%$+*mﬂ)
torr e 25 - e 25 121000 - pFEutene* 240 2 2 7R TS
&k B o
Pand LendrRESTFHEF S 04 3% 558 (cold field emission,
FE) » # 37 5 3% (thermal field emission, TF) » % &8 % ¢ ché 4 &
108 Viem =+ enq 5 4eig THPF 0§ GV REE T S 1’“ﬁ
AL 5 B S BT T IR SRR S s S R T T e

WA LFTABADL IR HARTERFRI I H T R & A
IFEo

] e
I’ Wl

T EFTBEES L T HRETEREIIT Y 5 g4 4
TE WA T IR X EHME- (B E TN T R G Pﬁmﬁ;,ﬁ‘]ﬁ S

FHTFFRBEERFAZEREEFNE L DTN

:(;k

#TNAs 2% Fe-TNAs % 4k F-H 8@ * s ¥ 4L ’1}_?‘&.} BF aHH
Gidod LAY - K ko P AHENETH 4T RE A

AT AR R R R RERR

1. # ¥ »c %% 3 ( Schottky emitter ) +c i & & @ 0.1 KV ~ 30
KV/(Continuous mode)

2. #® F#[F12 X'to 1,000,000 X ( SE Mode )
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FULT L AR TR §

©
49 H#fw N E S M- B4 %k # & (Energy Dispersive
Spectrometer, EDS)%2 =~ % & # (Mapping)

% 1 ¥ -
ARF2E 1

A

SEM ¢ # EDS & frc+ 2% 150008 F » 247 HF > A 2R E AL G o
EAFOTFAFTINRSE DT FREEF AL R P P DT S
APV R BB RE T T LR o AR A A BT R EEBI M AE
Re PR e Tk 0 N e B X sFARA A s Frim Al
%ﬁ’b%mm‘ L3R Flp ¥ %ﬁﬂ LA X ki £ #2978 2. TNAs 2 Fe-
TNAs chn ke 2 v i) > ¥ 2 g RS 4 5 2% 4 53 & 4 147 (Mapping) -
Hp E‘E%ﬁ“t“ fR47 5 R R A & = Fe-TNAS 4 R & £ =01t b o

-

Lbl’gm%%i’f d

B4 \}\\ .jg“yf

4.10 & f247 X & ¥4+ &k (High Resolution X-ray diffraction, XRD)

XRD #_- #6223 4+ wwsuaé?’ AN TR R ENT X LA g A4
m—klj-lﬁ:,@\ y F& ﬁé RPN IR F 7S N FrE- g T ,{7‘7‘@?]‘;’1’1@%%1){# X v -
e B (B T i X B ELE S R %/@Eﬂ_w R SRR R R L
TG R ke kR AR GEHREFARTI A AR A A ETIRAES A -
B A g X KSRGS €

*F 5 1 CuK @ % stk (1=0.15418 nm) » 4% ¥ & 40 KV ~ % % 30 mA -
4 30MPa~ ##iE & 2°/min 12 & 45§ F 2 107~90° -

411 X 55k § + &% # & (X-ray photoelectron spectroscopy, XPS)

XPS cnp i@ Atk Trocfy» P N a P o rirz B o F B kg X
ke BEDIREE > T FE LG T L AR ZHFERAM AT I IORR S
ﬂméi%a+’%dﬁﬁlkﬁiﬁ%ﬁ4&9’?@%H%%&%i%wﬁ
BB o kT I hlcp §00T 3 LA kTS ahd a0 (Binding Energy) L
Ak 0 Ap s & (counts/s) & Sk R R %?4 i 7 ] e
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e myg ik

412 & 3+ g g % & ( Electron Paramagnetic Resonance
spectrometer » EPR)

x 7 T3 % p»g2 & (Electron spin resonance, ESR) ;> % p *&1/2f + (0§ +
EEBSTHIBERRY e A A FRE FBRIHEY A BRTF
o BpERet o - BpERET o BEARI Y o FIL R T OH - 2ip A 4
THFFRETEFREEIERREAS o

RIRIE R b R TE SRR 0 BB R G 413 nm s ¢ S5 3440 G0 HF
fo B &R 140G ek #E 5 5 9.82 GHz > ik # 5 0.02 W > 2 &3 & 100 KHz > B
TP EREDEETET G A AEZL I EPRFTLY o

4 13 "5 |: N /u'~ IE'J%% (I'T test)

AP REH RS EREFE G A DT IR TP A2 R FETH
HonF gREIEd PRRIKEN > Fla A2 T TIREF A A R
T -l A4 2 Tk~ ?iﬁf b BERER Y I CTORR S

5’#%ﬁd TR E L4 o FRFAEMEE o AP R 100 W BB
B AArEBROkfE RS R TRR 0 MR TS 3 TR ARE TR AR B G
TNAs 2 Fe-TNAs > 3 & * Pt> %% % &5 AQ/AQCI 1z 7 eng Bl { 4o
AR T e TR L KR (VS AQAQCH » T2k 5 0.1 M & Y4 -Kia% > T oniR
TP 5L 2504 0 B M EFIEPER 5 504) o

414§ H2 RAFBREER

= & ¢ % (Trichloroethylene, C2HCls, 99.5%) % 7 & #0814 - >t fie & pF 7 3R
TEFLAGEARRBITALE 0 LR 7 P ARITTF > pe 1000 ppm TCE 7 B~ 713
ULTCE M2 33 -k 283 1040 ml 5 F5gE L 10kati2 24 NEBEHE 12 )
st o @ TCE = 2330-k¢ o ﬁﬁﬁﬁa&ué g AEE o k20 £ 250
ppm > FroRFRIRERA R ETFTRRE 0 XA ﬁ‘@ﬁr%ﬁﬁ}&@iiﬂ A2 18 50
Brid oo g AR FL > L 20mL ¢ AEfe A 4RA TR Y R

Z & e (k&R G 1000 ppm) g EHE 12 o] REATRE 0 B Rz 5 o G E
ekt kAR R BT R f RS REL

Cis-1,2-DCE ~ Trans-1,2,-DCE ~ 1,1-DCE 2 VC -+ ®# mipk > 2 el £ 4

Fe G AURAPRANMCENRFHPEE LT EFTRHE CREEE
2r ¥ ooEaga g o

W
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RALT R hRmgBB TR F L F R
4152 § v H 2 BlAF A

AR RF HAIEE B B AP ITR -V GgS 1 4k B(GC-FID) A 47
TCE - cis-1,2-DCE -~ trans-1,2,-DCE ~ 1,1-DCE 2 VC ;i it# 5484 5 5 ml» 3t
RF FHREERF 11a 480 p B84k 2 GCIFID &7 4 47 ©

FAREVRAPFERLSM S J&W 3155 DB-624> & 5 30 m~ pT i
032mmz 35 5 18 um » A7 iFE i st e B R 5 220°C ~ At 5 150 ~ i
BIECER S 200°C ~ 4R R 535°Cieg 4min 12 5°C/min = ;8 3 50 °C >
FEImin 5 5°C/min 2§ 3 95°C > #F:82min; 15°C/min 2 £ 3 150 °C > #F8
1min> 30°C/min # g % 220°C > #FE2min~ 2% % (N2, 99. 999%) 5 4o F 18
aeiE 5 3.7 ml/min s a3 § (Zero AIR, 21% Oz + N2) % & # i & %] (Hydrogen,
H2, 99.999%) = 400 ml/min %2 30 ml/min - TCE ~ Cis-1,2-DCE ~ Trans-1,2,-DCE ~
11-DCE 2 VC# g 4~ % 5846~ 541~ 375~ 2.73% 1564 45 -

48



416 (T (L 8 4

e myg ik
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B REAT 1 FR ﬁ#%*ﬁmKWiéﬂaéie% IR =E T
R isnptp W HAF BRHEFT % B4 0 Z DA GLIFR
2R S A R S A k'ﬂy%ﬁ?‘-—g ET R TR O AARY R INE R
/? = {4\:_3‘15_' ; f%’fﬁfgl V‘ﬁ_ﬁ‘fg r'// F4e ] ppm 2

- % z fF/p /1>?750 mL > .uf’%;—'%ﬁ‘—’*
F V4 L‘F%féfﬁi&k%/ﬁlm—
£§¢+TUE#

-

T IRE

R
<ﬁuﬁimﬂy%@m&wﬁﬁﬁmﬂ’1ka%ﬁnw&%1m’mﬁ&““Ol

KR PERAY T AFBFTHREE S
oUW L RPN RRT IR

b gcts o PR A 15530~ 60 - 90 ~ 120 ~ 180% 2404 45 0 St H R,
AR AR T B F L i 0 B AR RS o 5Bk

Bz F L AR EPE mL R I R F KR
Ao M F AR AT R -

Gag S i i 4 B(GC-FID) i® =4 7

CORLE Il 3 ¢
Jo;ﬁ'“?’%aﬂﬁﬂ_%_lppmﬁj}.é‘b)ﬁ s
it P > 1k

ok :gz,aﬁﬁgggg
S
FCe%oa
L 0 ens 5
258 578 R BLNE A S LA

T #&(TNAs &2 Fe-TNAS)*x ¥
%@Fiﬂ“

R FBE TR TEEN S BRIOV BT S E G
FRHREAHES > BRI F pd AOH - )%

d % D EEN Y
2o iR AL APYTIETEHTIE > BILEN Y = F o ;Tvﬁ
V) _“5% };ﬂ ‘\4 Kk ﬁ* o
4
| Autolab |
6
4
N
W43 kT H %

A M(L: 2 FTHETNAS & Fe-TNAS~ 2t #E# PLs
3: % ¥ T®AQAQCI~4: Ti*E L4k~ 5 B3I L3N
6:100W B BE BT gHkT o)
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FIF BraUG

FIE-REEHEB
5.1 TNAs & Fe-TNAs-St-3 mL ~ 15 mL % 27 mL 2 ¥ #t-¥ Bk
(UV-vis) A 5 W]

®15.15 TNAs -~ Fe-TNAs-St-3 mL -~ Fe-TNAs-St-15 mL £ Fe-TNAs-St-27 mL
el vh T B T B 0 T O R AR GE R B ok ae sk £ TNAS e Tkt
£ % 5420 nm > Fe-TNAs-St-3mL ~ Fe-TNAs-St-15 mL % Fe-TNAS-St-27mL 4 %]
H 430 ~ 474% 543 nm > TNAs & 5 kit 5k » e B A £ gy FF o+ (Eg=3.1 eV) »
Wil LR T BRE PR H R ERE SRR FRL > 2T
MFF AL T TIETRE A AL EE T RN RT D TNAs & o
TG oo B R S 253 eV sfrb £ e i 1K R il B0 A
,IO«N’# L o

2.5
et
\\ Illi
o — 2
-~ \\ ‘é ‘//'
=o - //2,/”/
3 1.5 \ 7 /j’ /
w N Z 4
= AN et Y4
< \\ \\ 15 25 35 4.5 55 ok
"E \ \ \ \ Photon energy (eV)
s 1 VAN —
@ L Dt s ¢ —
= \ AN —
< L T e
\ XN ——TNAs
03 \\ \\ \ \\ Fe-TNAs-St-3 mL
v\ \\ \ Fe-TNAs-St-15 mL
) I T Fe-TNAs-St-27 mL
200 300 400 500 600 700 800
Wavelength (nm)

®5.1 TNAsS ~ Fe-TNAs-St-3 mL ~ Fe-TNAs-St-15 mL %
Fe-TNASs-St-27 mL 2_ % #} -7 8 3k & 47 §)
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AALTF A REIZF TR R
5.2 TNAs &2 Fe-TNAs-St-3mL ~ 15 mL % 27 mL 2. § /= F? i Z R
£l

B]5.2 % TNAs ~ Fe-TNAs-St-3 mL ~ Fe-TNAs-St-15 mL ¥ Fe-TNAs-St-27 mL
2. R BB ERIEE 0 TNAs sk 4 x5 2.83 mA/cm? » Fe-TNAs-St-3mL ~
Fe-TNAs-St-15 mL 3 Fe-TNAs-St-27 mL 4 %]4.49 ~ 4.69% 4.94 mA/cm? ; & jff 4k
kg g4 R+ "E’i':«f?*ﬁ HREBRTCEFREZREAT N 7 LRI
HHEA222F kbR PEF AL TR DI FE o 22 (2 h Fe-TNAs-St-27 mL
BRIOT R TNAS ch R i3l 4e 2 1.74 & > 3 LABSEA 2 45 {5 2. Fe-TNAS ¥ 7 7%
£ 1 TNAS 2_ ¢ FE(4r5.18 9751 ) » B 4 TR (L V vs. Ag/AQCl) » ¥ ig £ 4 ¢
52 B MET T T REAFEST  HA TN

T
ot
3

6 TNAs Fe-TNAs-St-3 mL Fe-TNAs-St-15 mL Fe-TNAs-St-27 mL
Light on Light on
— 4.94 mA/em?
= 5
g 4.69 mA/em?
<
49 mA/cm?

g 4 4.49 mA/cm
—
)
=
7]
5 3 A S -\ pmnrm s A
= 2.83 mA/em? | p T [~
praey
=
2 2
=
=
&)

3 |

Light off | | Light off Light off
0 ~r .
0 50 100 150 200 250

Time (s)
® 5.2 TNAS ~ Fe-TNAs-St-3 mL ~ Fe-TNAs-St-15 mL %
Fe-TNAS-St-27 mL 2. & in R M ZERIFA W
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R 1 2022£70 5p T = (9:19
$IF %3815

5.3 TNAs & Fe-TNAs-St-3 mL ~ 15 mL % 27 mL 2. & 7 3|58 #
# :8T  BKB.(AFE-SEM) & 45

FEA TR FFFR R s>t TNAS ~ Fe-TNAs-St-3 mL ~ Fe-TNAs-
St-15 mL £ Fe-TNAs-St-27 mL i& 7 HL & & Ffe ~ 45 » 7 Mg T TNAs 2 ¢ /&
'éf] % 46.87 nm(§]5.3) » A+ B F 5100 KX ™ » o St plpasspg g i 4R

PR TNAs chg o b o SR Aot by B RAem
r%p\(0015 M)ﬂwn B Bkt 2 F Y B4 4oB5.6 0 ARG E A A
Fe-TNAs-St-27 mL # & g © o

& AFE-SEM ehgiw » 47+ > TNAs g £ £ 5 1.597 pm > Fe-TNAs-St-3 mL »
Fe-TNAs-St-15 mL £ Fe-TNAs-St-27 mL ¢hg £ & A 5 1.860 um ~ 1.855 pm £
2038 ym > FEOFR AT F % o @ 2 F5.8 F5.92 B5.10:0R|F F L 3FABAE
FrAt S F AR R R o RS R AR T ROt E T R
=N ? e o

0 X 5.1 mm K 5.00 K Signal A= In S8 Grid 00 V Date :11 Jun 2021 .
Mag ~ 10000 K X 100 nm® D 5.1 mm ENT g v ignal A= InlLens £SB Giid v ate n ZFISS

Auriga3950 FIB Imaging = SEM  FIB EHT = 0.00 kV System Vacuum = 9.33¢ 006 mbar  Time :10:58:02

W53 TNAs 2 A 47 A3 #F & 3 T F B, 47

53



L BpER 202272 5p T = 09:19

RALTF ARAIF Tk F e ERF2AY

®5.4 Fe-TNAS-St-3mL 2. & 7 3|35 F HFHh ' T+ ik~ 7

W15.5 Fe-TNAsS-St-15 mL 2. A $5 3| 3% # & N T F ks L 47
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L BpER 202272 5p T = 09:19

FIF BraUG

Mag = 100.00 K X . EHT = 500 kv Signal A = InLens ESB Grid 300 v Date 5 Jul 2021
Auriga-39-50 FIB Imaging = SEM FIB EHT = 0.00 kV System Vacuum = 7.52¢ 006 mbar  Time :9:08:12

W]5.6 Fe-TNAS-St-27 mL 2 A $5 3| 3-8 #4 ;5 T F Bk A 5

&

S .
P
&. s untss BP W
” | Yoy
=
aTh 3 y N - il -
Mag = 3000 KX D EHT 5.00 kV Signal A = InLens ESB Grid 300V Date :11 Jun 2021

ZEISS

Auriga39-50 SEM FIB EHT = 0.00 kV System Vacuum = 4.45¢ 006 mbar  Time :13:10:39

W5.7 TNAS(%® )2 A A F-F #Hh N T 3 k&L 7
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SR 202270 58 T = 09:19
ATABT B IRRIES TR F L RFRF LY

Mag = 30.00 K X
Auriga39-50

” " WD = 5.6 mm EHT = 5.00 kV Signal A « InLens
300 nmy’

ESB Grid 300 vV Date :5 Jul 2021 2EISS
FIB Imaging = SEM FIB EHT = 0.00 kV System Vacuum = 7.05e 006 mbar  Time :9:14:47

B15.8 Fe-TNAs-St-3 mL(%w )2 A 7 3|35 F 4 38 T F BkEL 7

RS

,
[PAPPRI GO 260

al\y
fian, 8"

-
e

R e -

Mag 30.00 K X 200 nm® WD = 5.7 mm EHT = 5.00 kV Signal A

InLens ESB Grid 300 vV Date :5 Jul 2021
Auriga39-50

ZEISS
FIB Imaging = SEM FIB EHT = 0.00 kV System Vacuum = 7.11e 006 mbar  Time :9:17:06

®5.9 Fe-TNAS-St-15 mL (%% )2. & Hr A F-F FHh N T+ k8L, 47



FidpE R 2022872 5p 7= 09:19

FIF BraUG

Mag = 30,00 KX n WD = 58 mm EHT = 5.00 kV Signal A = InLe| ESB Grid 300V

Auriga-3950 FIB Imaging = SEM FIB EHT = 0.00 kV System Vacuum = 6.54e 006 mbar

#15.10 Fe-TNAS-St-27 mL(3# )2 A~ 7 3 F-#F HFH S T 5 Bikd A 7

54 TNAs &2 Fe-TNAs-St-3mL~15mL 227 mL ~&% % & &=
(Mapping) % it £ 4§tk # & (EDS)4 #7

B15.11 % Fe-TNAs-St-27 mL =~ % % & ‘2 4 +7(Mapping) » ¥ s ~ %
PRI ER B B F PRI AV AHEER D A F A
AT EEFFT T A EAL AR e “nj‘?‘*" - F i
F g Lsami s o £515 TNAs ~ Fe-TNAs-St-3 mL ~ Fe-TNAs-St-15 mL % Fe-
TNAS-St-27 mL iy £ ¢ §r X kS k4 47 > A TNASHEDS ~ % 2= 2477 >
i RF5)557.21% ~ 45 5 v R 5 30.83% ~ Bl R 0 5] H.11.84% o A FH A
T B4 TNAS s~ 2877 EDS 245 > TNAS 48 R+ v 5] 5 0.12% » ¢
—gii}%rﬁfrjm/k SR Ac(3mL~15mL 227 mL) > ¥4 Fe-TNAs ¥ 2 48 + +*
o o Fe-TNAS St-27 mL 4 + a0 5 2.75% > ¢t 2 5% 22534 AFE-SEM z_ % %
I e e

Fe-TNAs ¥ ¢h-7 Bk (UV-vis) > 47 2 % &7 » ¥~ 2 hs £/ 2 - #
&’l’f.iﬁ»a e R 9430~543 nm o R A B ECFTABMR S F A E N F
FIE 5w F prbs Beig R SOl R T B D AR RE LB i H R
P o T RITHEMERFATY o Fe-TNAs S ¥4+ ek » A4 2 F
on#-d 4.49 mA/cmZﬁJ T 4.94 mA/cm? 5 B L ABRIE R BIAREIRE T ok
PN RBEF DT FETFEATE S A R o

B Nu-a
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#5.11 TNAs ~ Fe-TNAs-St-3 mL ~ Fe-TNAs-St-15 mL %
Fe-TNAs-St-27 mL 2. 4 & (= (mapping)

cps/eVv

il ol
LA L I O

1 2 3 4 5 5] 7 g 9 10
kev

#®]5.12 TNASs ~ Fe-TNAs-St-3 mL ~ Fe-TNAs-St-15 mL %
Fe-TNAs-St-27 mL 2_ it & 4754k 3# & (EDS) 4 #7

£ 5.1 TNASs ~ Fe-TNAs-St-3 mL ~ Fe-TNAs-St-15 mL %
Fe-TNAs-St-27 mL 2. ~ % 2= & {5

C O Ti Fe
(Atomic %)  (Atomic %) (Atomic %) (Atomic %)

TNAs 11.84 57.21 30.83 0.12
Fe-TNAs-St-3 mL 5.22 47.97 44.59 2.22
Fe-TNAs-St-15 mL 9.46 58.41 29.77 2.36
Fe-TNAs-St-27 mL 7.30 52.75 37.20 2.75
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55 TNAs & Fe-TNAs-St-3mL ~ 15 mL % 27 mL 2. X sk $£5¢ 4 45
i

B15.13 5 TNAs -~ Fe-TNAs-St-3 mL - Fe-TNAs-St-15 mL %2 Fe-TNAs-St-27
ML e X RS A 47 R] o = §F V452 R4 S Z BB HUREH - £ 7 U2 FEH
BBV R GRERE ET NP B F R 4 o {5 Bl ot ke x SEs
e 4 B FHE (Joint Committee for Powder Diffraction Files, JCPDS) e 2 ] +
vedt s TNAS 3 BLdreds 2 Acd A 20 =25.3° ~ 37.8° %2 B54.0° "t B I &
u| £_(101) ~ (004) % (105) (JCPDS # % 55 : 21-1272) » %% 47 5 B F % @404 =
FolresmE(Amea) B R WLEAS S RERFEYPEBE: £ T A
EA b Th Rdp o LD F MEEFNFEAZ kB4 o

ARG B CARRIBRY = % 48 ﬂi—ﬁzwi‘%? TNAs F » & Fe-
TNASs B ¢ o 48 endEstE 5 20 = 24.16° ~ 35.74°~ 54.23° 2 62.26° » H ¥ & e
fom A B 5 (012) ~ (110) ~ (116) ~ (214) (JCPDS # % % : 00-001-1053) - & &7
7 2. XRD B p e 2 P48 s s faip| £ Y Fe-TNAs 2. Fe¥*ehX j2(0.64 A)
Bhgc g ¢ n TiMen2 (2(0.68 A)dpis » $ 1 Fe® fsndr g it ® A4ca Tivx =
A5 Fe-O-Ti 4t (Zhu et al. 2006) » +# st Fe3+§ Bnbi oy 4 WY oI d o
S B LR ERE o

= 9 ¢ Anatase
< T3 ;E’ M Titanium
3) sVm % CES-= g
(<> gt T i P
* ¥ L1 *H B Fe-TNAs-St-27 mL
= ¢ ‘= N
5 ¢
= *‘ * e B INASSLIS mL
g | ¢ 'm N .
= ‘ [ | , . _Qt.
" * ) ' N «l Fe-TNAs-St-3 mL
¢ ' |
| i | '
s . ] | U A S /Y
10 20 30 40 50 60 70 80 90
20

#®5.13 TNAS ~ Fe-TNAs-St-3 mL ~ Fe-TNAs-St-15 mL %
Fe-TNAS-St-27 mL 2. X sk 8¢ 4 15 |
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5.6 Fe-TNASs-St-27 mL 2. X &3k § 3 it # 2 4 5 W (XPS)

B15.14 5 Fe-TNAS-St-27 mL &1 X 548 § F it 2% 2 & 47 B(XPS) » 12 XPS %t
WA TR TR A1 B5.14 (b)F BT 529 eV Az fAciE o Bk & O
1s #u¥ » % 7 § 12 0% 3% f(Biesinger, Payne et al. 2011) -

H15.14 (C)¥ FLIF| 458.6 eV £ 464.6 eV s ek » A W& & Ti 2pyde Ti

212 0 T E T AR TiY O Ao

B15.14 (d)f| .88 7 711.0 eV % 724.8 eV 2 i - 4 % % 4 Fe 2papfc Fe
2p12 0 4w 4R Fe?t 33 & (Xu and Yu 2011) -

#5.2% TNAs ~ Fe-TNAs-St-3 mL -~ Fe-TNAs-St-15 mL 2 Fe-TNAs-St-27 mL
IXPS 2 2 &7 % s A F 0 b4 B H<0.1% >~ 25% ~ 4.0%% 4.9% - & o7
REg g SRR AT R R A RS T S 2 o B (NP-Fe) = it gk R of F LA
(TNAs)g © F » P4~ % 7 £ g/ 4 i'-i,]?‘_’rﬁ;‘,jt%c:%_rﬁ 2 FREET AFY
Fd zxZ27 a8 Fe-TNAs w4223 ¢ Fe-TNAS-St-27 mL 4% ~ % & = &
B 7 i£4.9% o

(a) Cls (b) O1s

(285eV) (529 V)

Intensity (CPS)
Intensity (CPS)

275 280 285 290 295 300 523 528 533 538 543
Binding Energy (eV) Binding Energy (eV)

(c) Tizps, (d) Fe2p;, Felpy,
(458.6 eV) (711.0€V)(724.8 V)

Intensity (CPS)
Intensity (CPS)

448 453 458 463 468 473 700 705 710 715 720 725 730 735 740 745
Binding Energy (eV) Binding Energy (eV)

W5.14 Fe-TNAs-St-27 mL 2. X &3k § F st 32 A 47@: (@) C1ls(b) O 1s
(c) Ti2p (d) Fe 2p3
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% 5.2 TNAs ~ Fe-TNAs-St-3 mL ~ Fe-TNAs-St-15 mL %
Fe-TNAs-St-27mL 2. XPS ~ % 2 € & 4%

C O Ti Fe
(Atomic %)  (Atomic %) (Atomic %) (Atomic %)

TNAs 55.8 34.9 9.2 <0.1
Fe-TNAs-St-3 mL 45.1 41.5 10.9 2.5
Fe-TNAs-St-15 mL 48.3 32.7 15.0 4.0

Fe-TNAs-St-27 mL 514 28.4 154 4.9

61



RMAXTE A RAIEY TR F LA R LAY
5.7 TNAs & Fe-TNAs-St-27 mL 2. § + "gEgi % 3= 4 17 (EPR)

ST TR Y > 17T 4R TNAs 2 Fe-TNAS-St-27 mL »* F &t

KgegF gk o FEKAEA T F pd AOH:) rfc"zg’*"ﬁxé—*—'i&(EPR)%’e‘-F ’

d Pl A 4% > DMPO %% (0.202 M)iT 5 & § p o fAerdfdidl > ¥ 46 ad F i
2 4ok kBB &FT {4 B) DMPO-OH » 2t 25 o

B15.15% §]5.16 5 TNAs 2 Fe-TNASs-St-27 mL 17 + " + 3= (EPR) A 45 2 % >
B15.15(a) 5 TNAs @ 2 ch EPR e 4525 » Bap g kP Y @4 X4 5§ pd Ao
FEE R

TNAs 2 Fe-TNAS-St-27 mL =% 3% ¢ e jpei$2 248 25 A dbis ¥ A4 A% 5
Bt 51221405 0 P LM BAEF R E o g L SRS Ek
427 F pd Ao BT TNAs 2 Fe-TNAS-St-27 mL 3tk 3 (4 8 kv ¥4 & 4

§ B R(OH - )t fak? 2 § 2% -

0.14 0.07

(@) (b)

A e

e
=
3

s AAANAMA AN s

Intensity (a.u.)
Intensity (a.u.)

-0.07

-0.14 -0.07

3440 3460 3480 3500 3520 3540 3560 3580 3440 3460 3480 3500 3520 3540 3560 3380
Magnetic field (G) Magnetic field (G)
0.07 0.07
(c) (d)
- p_—
= =
G &
S S
Z 0 Z o IW‘
7] 7
= £
et U
' et
= =
L ]
-0.07 -0.07
3440 3460 3480 3500 3520 3540 3560 3580 3440 3460 3480 3500 3520 3540 3560 3580
Magnetic field (G) Magnetic field (G)

W5.15 TNAS® 3 2 % *h L B o™ crin 3 () 2 ()% B30 F)(C) % B2 A 48
(d) B&5 A 48 (DMPO=0.202 M ~ UV A =413 nm)
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Intensity (a.u.)

Intensity (a.u.)

FIF BraUG

0.14 0.07
() (b)
0-0? /-.\
.
=
S
0 o WWWJ\
w
W%WW =
W
=
0.07 -
-0.14 -0.07
3440 3460 3480 3500 3520 3540 3560 3580 3440 3460 3480 3500 3520 3540 3560 3580
Magnetic field (G) Magnetic field (G)
0.07 0.07
(c) (d)
-
-
=
o
0 3‘ 0 I
' -
D
o
—
-0.07 0,07
3440 3460 3430 3500 3520 3540 3560 3580 3440 3460 3480 3500 3520 3540 3560 3580
Magnetic field (G) Magnetic field (G)

B15.16 Fe-TNAS-St-27 mL & 7 2 % ¢ & B 8¢ e $.(a)s5 2 (D) B30 #
(C)%k BB 2 A 48 (d)% 5 A 4 (DMPO=0.202 M ~ UV A =413 nm)
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58 *F 3 *(P-PC~EC2 PEC)%f2=§ ¢ "ﬁ"@’?:sﬁ

AT UVAR HAENF BERELCELATR A2 E’:%@.J BT
TNAs 2 Fe-TNAs-St-27 mL it 52 1 it & ~PtiT 2 #H3 & %% 7 &5 AgQ/AgCI >
2100 W B BRAZFL Lt chfEx £k > T3 501 M & :Lﬁp\ kT
2 (Photoelectrochemical - PEC) ~ & i & (Electrochemical » EC) ~ k& i it
(Photocatalytic - PC) % s j#(Photolysis » P) % = jx » ' f&1 ppm = § 2 ‘%73 7%
"2 Fe-TNAsS-St-27 mL fF 5 B ie1 (TR 4&pF > = & e ' fed Fiap 5 T+ 7
(PEC) ~ ki i+ (PC) ~ kfz(P) ~ 7 i £(EC) -

T e st R 5N (15.18)F T 0 T (EC)E A i e vk =
Fodo AL PR RS W 540% 0 @ 0 RFR(P)E R & L T U b4 ] PR R
%31£98.58% ; % it (PC)¥ £ 4 Fe-TNAs-St-27 mL > FJJ ¥ Mg 13+ & %
T RTFT ML KF L EEF A AOH ) B2 F e GRPIIBE
WP g fLJI)f%’ 4] pFptE RS 5 98.6% 0 Bt kT i F i (PEC)E R 0 T
FEEC)HHRE FALOV P T BREBMP AL 2 T F F51 2 R > 4ot B
BT UTF LSRR EZF Z»JTF’W/%\; v KR 4 BER T RS :2100% -

i

#53% F%’fé%ﬁ"“ 21 ppm sh= F ¢ % 0 B % Aov & PEC k¢ > v Fe-
TNAs-St-27 mL 5 5 1 (TR &P » "8 j3 = & ¢ % & K& F ¥ #0.0794 mint &
TNAs T 5 1 (F 3 4&F i 5 ¥ #0.0373 minti £ &+ tc e Fe-TNAs-St-27
ML 2 & S AR T RS T g T o (BIS.LT) 0 A T M S R e
WES > BEEYP #TF L maFpd AR F o FeiFmd e FR N
Fe-TNAs-St-27 mL % PEC s %ep 3 TNAS (752 1 (TR & { & & K igit a0 4 o

Excitation

NZA
lﬁ<: OH-
Fe4+

WI5.17 righr§t = § U457 5K B 5k L {8
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B15.19% kT i # (PEC) & ‘s ﬁiﬁ‘, ¢ 5121 ppm2 TCE - &
HoBd R FRIFIAFEF SN 2 BRIOV IIET S
12 Fe-TNAS-St-27 mL i 5 B3 * & % sLenq &pr > H ISR f3-

}"(

# % 0.0037 min# TNAs F i 5 % #0.0023 min': 3 > 7 11240 e ﬁ_e’v’vﬁ

PR 2 & o R LAT% - GIEIEHERZ o S & ’
#

TAARERASF > 112

S

0.9 -
0.8 -
0.7 -
0.6 -
- P
Y05 |
S PC-Fe-TNAs-St-27 mL
0.4 -
0.3 | EC-Fe-TNAs-St-27 mL
0.2 4 PEC-TNAs
0.1 -
—B-PEC-FeTNAs-St-27 mL
0 = - a
120 180 240
Time (min)

Fe

e~ F-l2-2 R gL %'T%(%ji'é‘ :

W518 = § 2 2 X T8 % 5B 1&HN "4 139 H(TCEER 1 ppm ~ T 13
7%:0.1 M NaCl ~ 1 1§ #&:Fe-TNAs-St-27 mL/TNAs ~ $# 7 #&:Pt~ 23 ¢
#&:AQ/AQCI ~ & K:100 W & % ~ #h4e § 2:1.0 V(vs. Ag/AgCI)) -
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1

0.9

0.8 1

0.7

0.6

=
o5
®)
0.4

03 PEC-TNAs

02 1 8- PEC-Fe-TNAs-St-27 mL

0.1 1

0 ; T ;
0 60 120 180 240

Time (min)

W5.19 = F e 2 KT F J a5 2R %(TCERR Lppm ~ T 2
&
3

#:0.1 M NaCl ~ 1 1§ {&:Fe-TNAs-St-27 mL/TNAs ~ ¥ 7 #&:Pt~ %
#&:AQ/AQCI ~ & FH:100 W & % ~ ¢h4e § 2:1.0 V(vs. Ag/AgCI)) -

=h
w

253 kF L &117 k1 i¥F & TNAs/Fe-TNAs-St-27 mL
BB P = & ¢ FEfEs

PEC-TNAs PEC-Fe-TNAs-St-27 mL
0 1 1
15 0.538 0.447
30 0.220 0.149
60 0.056 0.018
90 0.017 0
120 0.012 0
180 0 0
240 0 0

%5473 3 #(P-PC~EC2 PEC)HEH M = & ¢ 525

(2 1§ #&:Fe-TNAs-St-27 mL)
P

PC EC PEC
0 1 1 1 1
15 0.684 0.540 0.935 0.447
30 0.469 0.399 0.829 0.149
60 0.232 0.230 0.831 0.018
90 0.112 0.111 0.786 0
120 0.058 0.059 0.734 0
180 0.024 0.026 0.642 0
240 0.014 0.014 0.595 0
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#55PEC s 3tIEHBiip 2 1 iTT 4Rz § ¢ Wi fEF

PEC-TNAs PEC-Fe-TNAs-St-27 mL
0 1 1
30 0.839 0.707
60 0.797 0.683
120 0.702 0.601
180 0.569 0.548
240 0.501 0.466

BOMNA RN e FRERLMES A

AFG WRITERRZ F o iR A E M AE-12-2 & ¢ % (Cis-DCE)
1,2-= % ¢ % (trans-DCE) ~ 1,1-= % ¢ % (L, 1-DCE)fr& ¢ H(VC)Z & A+ -

GRIAP DAY BRI GBS £ o % 122 F ¢ HE F-12-C
Feaded s LT H(PEC) S T H(EC) - % it (PO)F £f2(P)E * 25 &
%ﬁzﬁli 3 ’fﬁ ~iE-12-- 3 ¢ ’fﬁ 2 F-12-- %3¢ ’TT‘: 7% 7(85.20) -

1k i 8 (PEC) ~ kit (PC)2 % ja(P)% = 2% 2= & ¢ % > MRl F11--
gc{%ﬁm‘;ﬁé_, " PEC ket w2112 gefg g3 P-PC2 EC> & @t EC

SN /;xﬁ FRIFL1-— & e > xR piLg BEL S F
Ayll-= F e AR o

E-2

100
80
‘é 70 ~4-PC-Fe-TNAs-St-27 mL
g
E 50 EC-Fe-TNAs-St-27 mL
-]
2 40
=]
[*]
O 30 PEC-TNAs
-
20
10 —-PEC-Fe-TNAs-St-27 mL
0 B—a—a = - - = a
0 60 120 180 240

Time (min)
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Py

&h

600

1,1-DCE concentration (ppb)

100 1

300 A

200 1

‘B ARARIF Tk F e RF Y

FiapERE 202287 5p T &

(b)

—4—PC-Fe-TNAs-5t-27 mL

—EC-Fe-TNAs-St-27 mL

PEC-TNAs

—B-PEC-Fe-TNAs-St-27 mL

0 60 120

Time (min)

180 240

100
920 (C) P
2
= 80
]
£ 70 4-PC-Fe-TNAs-St-27 mL
£
= 60
b
E 50 EC-Fe-TNAs-St-27 mL
@
g 40
304 PEC-TNAs
s
E 0
10 —-PEC-Fe-TNAs-St-27 mL
0 —a—a L - = - o
0 60 120 180 240

Time (min)

09:19
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Cis-1,2-DCE concentration (ppb)

FIF BraUG

w|(d) -
80
70 4~ PC-Fe-TNAs-St-27 mL
60
50 EC-Fe-TNAs-St-27mL
40
30 PEC-TNAs
20

10 ~B-PEC-Fe-TNAs-St-27 mL

0 —a—a = = - = a

0 60 120 180 240

Time (min)

W520 &7 P i@ TN HEE R £ L AL hRIAF
(@)# & % (VC) (b) 1,1-= & 2 % (1,1-DCE)

(€)F -= & 2 % (Trans-1,2-DCE) (d)"5-= & & % (Cis-1,2-DCE)

%56 % kit (P~ PC~EC2 PEC)BEH M & 2 H &8l A $ 447 (H t:ppb)

PEC
P PC EC PEC-TNAs Fe-TNAs-
27 mL
0 0 0 0 0 0
15 0 0 0 0 0
30 0 0 0 0 0
60 0 0 0 0 0
90 0 0 0 0 0
120 0 0 0 0 0
180 0 0 0 0 0
240 0 0 0 0 0
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£57 3 k% (P~PC~EC 2 PEC)H{EH P 11- § ¢ % Bl A% 4 4% (¥ =:ppb)

PEC-
= PC EC PEC-TNAs Fe-TNAs-
27 mL
0 0 0 0 0 0
15 4.349 0 0 0 51.807
30 28.818 12.911 0 9.936 68.120
60 75.620 53.888 0 51.863 106.682
90 138.274 104.726 0 88.455 209.209
120 197.729 169.628 0 140.145 280.159
180 357.436 281.165 0 242.869 336.709
240 568.595 428.26 3.525 485.844 574.112
#5824 ki (P-PC~EC2 PEC)B BN M F -12- § 2 %
Bl A & 17 (H i=:ppb)
PEC
P PC EC PEC-TNAs Fe-TNAs-
27 mL
0 0 0 0 0 0
15 0 0 0 0 0
30 0 0 0 0 0
60 0 0 0 0 0
90 0 0 0 0 0
120 0 0 0 0 0
180 0 0 0 0 0
240 0 0 0 0 0
2592 kiE®#(P-PC~EC2 PEC)B &N M "-12- § 2 %
Bl A 245 (H =:ppb)
PEC
= PC EC PEC-TNAs Fe-TNAs-
27 mL
0 0 0 0 0 0
15 0 0 0 0 0
30 0 0 0 0 0
60 0 0 0 0 0
90 0 0 0 0 0
120 0 0 0 0 0
180 0 0 0 0 0
240 0 0 0 0 0
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510 U3 3 %A=k e BEEHZHAL AT

M7 1 E% 18 TNAs 2 Fe-TNAS-St-27 mL i€ 5 1 (€ F 1&pF » IS 1R8] A 40
FI5.2147 7 » % | I B Bl A S A4 ¢ » 2T 1 B(PEC) - T i 8 (EC) ~ * &
L (PC)% % f2(P)% ~ i ¥ & # Rl T1 & ¢ % (VC) » "-1,2-= & ¢ % (Cis-1,2-DCE) %
F-1,2-= % ¢ % (Trans-1,2-DCE) 7% % (15.21) -

m & Fe-TNAs-St-27 mL ¥ 52 1 (T3 & PF > iEfe? 4 2 11-- 5 ¢ ’fﬁ (1,1-
DCE) % 5 11.1~16.8 ppb » 4p#*> TNAs itz 1 (TR &> & r L1-- F ¢ ’T“F 1

2aEE 5

100

-l (@)

80 4

PEC-TNAs
70

60
50
40

30 4

VC concentration (ppb)

—&-PEC-Fe-TNAs-5t-27 mL
20 A

10 4

0 —a—= i L L i |
0 60 120 180 240

Time (min)

100

| (b)

80

PEC-TNAs
70

60
50
40 1

30 4

1,1-DCE concentration (ppb)

—&-PEC-Fe-TNAs-St-27 mL
20 4

— —

| )P ——
0 60 120 180 240
Time (min)
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Trans-1,2-DCE concentration (ppb)

Cis-1,2-DCE concentration (ppb)

100

20

80 1

70 4

60 -

S0

40 1

30 4

20 -

10 -

(221

(¢)

PEC-TNAs

—&-PEC-Fe-TNAs-St-27 mL

0 —a—i & i i i I

100

90

80 1

70 4

60 A

50 A

40 1

30 A

20 4

10 4

60 120 180 240
Time (min)

(d)

PEC-TNAs

—B-PEC-Fe-TNAs-St-27 mL

0 —u—= = L L = .

60 120 180 240
Time (min)

W521 % P 1 ET RIS EFR= & o $TAZ PRIAS
(@)% 2 % (VC) (b) 1,1-= & 2 % (1,1-DCE)
(€)F -= & 2 % (Trans-1,2-DCE) (d)"5-= & ¢ % (Cis-1,2-DCE)
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£5.10 7 I 1 1€ & TNAs/Fe-TNAs-St-27 mL K43 P & 2 %
#l A % 4~ 47 (5 i=:ppb)

PEC-TNAs

PEC-Fe-TNAs-St-27 mL

0
15
30
60
90

120
180
240

[oNeNolNolNollollolNo)

OO O OO0 OoOOo

#5.11 # 1 ¥ ¢ #& TNAs/Fe-TNAs-St-27 mL £ & p

11-= § e oA+ 44 (H ix:ppb)

PEC-TNAs PEC-Fe-TNAs-St-27 mL
0 0 0
15 0 13.106
30 0 12.799
60 0 14.321
90 0 11.067
120 0 14.810
180 0 16.221
240 0 16.765

%512 % I 1 £ & TNAs/Fe-TNAs-St-27 mL K& # R

F-12-- & 2 F 8l A »17 (¥ :ppb)

PEC-TNAs

PEC-Fe-TNAs-St-27 mL

15
30
60
90
120
180
240

eoNolololNolololo]

0

OO OO OOoOo
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%513 7 I 1 i£ % & TNAs/Fe-TNAs-St-27 mL &g p
Wg-1,2-- &% ¢ %G @l A 4 15 (H =:ppb)

PEC-TNAs PEC-Fe-TNAs-St-27 mL
0 0 0
15 0 0
30 0 0
60 0 0
90 0 0
120 0 0
180 0 0
240 0 0

74



FIF BraUG

5.11 TNAs &2 Fe-TNAs-St-27 ml 2_ § i* & refus 7 (EIS)

Bl R mpeA 5T R PR KRR 5 8 DR A i

AR EHBEFE S F SR IFIEEZ100 WAE ~ T f3i% 0.1 M NaCl ~ #4547 5 4 [

0.01-10000 Hz ~ # % = 10mV ~ £ 4& 5 4 POT & ~ 2% 718 5 Ag/AQCI -

T F A 47 5 % hoB5.2247 T 0 B15.22(a) 3 TNAs 2 12 ¢ %2 & & 2 Fe-
TNAs-St-27 mL ¢ Nyquist B > 2 FlehE &+ ] 3 T FB T 27

BN A kA IR RPEAFE S K S EAT Fe-TNAS-St-27 mL ¥  »c

St-27 mL < Bode ] » B % 4p = & #2400 T i =12nfna 3 B T E
#5.13% TNAs 2 Fe-TNAs-St-27 mL 17 B4t & % % » Rs¥? Rp 4 4 4 i
fER2Z T -BRETEREF AL FESTIE > fnx 2 B & HH R 2 4F

157334 o TNAs 2 Fe-TNAs-St-27 mL 2 R (Q)4 ] % 67.95% 35.68 Q » Ry (Q)

A% 51085% 5512 Q> ™ 3 &% & & Fe-TNAs-St-27 mL 2. Rp -] TNAs - 2%
PUBR S F R G RS T TR AR A BT ET L F ksl
4 o

50 25
* TNAs TNAs

4 (a) (b) Fe-TNAs-St-27 mL

40 Fe-TNAs-St-27 mLL

(
o
N
Phase (0)
— [
wn [

y—
)

—
=]
n

=
At

2
b

=

7

PR
At

0 20 40 60 80 100 120 140 0.01 0.1 1 10 100 1000 10000

7' () Frequency (Hz)

W5.22 TNAs ~ Fe-TNAs-St-27 mL h g i s $5.8 % : (a) Niquist plot

(b) Bode plot (% #2i% 2 0.IM NaCl ;&% ~ #8 % % 10*Hz ~ 102 Hz ~
=g 10mV)
#.5.14 TNAs f= Fe-TNAs-St-27 mL th EIS# & % %

Rs Rp(ﬂ) Fmax (HZ) T (mS)
TNAs 67.951 108.5 0.548 290
Fe-TNAs-St-27 mL 35.68 55.122 6.062 26
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5.12 Fe-TNAs-St-27 mL 2 # 3 §& = | 4 47

57 f& Fe-TNAs-St-27 mL i 5 k¢ v & k42 1 iv 7 &4f& 21 #&# Fe-
TNAS-St-27 mL 2 7= & ¢ 'k faen= & Rid& > ARtk T 0§ e
EJ N WA AR R A G £ ﬁﬂp’iﬁ i * |4 o B]5.235% 11 Fe-TNAs-
St27mL T35 kT EAE=FoF > FHREES 100W AF~=F2%kR 1
ppm~ T f2% 5 0L M NaCl~ ¢+ 43R 1V -H1TEiuaP)T & %3 T &
Ag/AgCI -

Nz R 2l5 P FP = & o (1 ppm)tE 2 5 iE 5 100%
TAMEFR Y Tfeqn A gHE > T USRI F J AR &
)

2 nd 3rd

0.6

0.4
0.3
0.2

0.1

5 6 7

Time (hr)

=
=
=]
—
—

12

W15.23 Fe-TNAs-St-27 mL & PEC x st*3f2= § ¢ J-'fﬁ_:_

[

R
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513 =8 A3 F 3+

7‘;:':]\? 7}\1;5 i’j"&ﬁff‘f@w 2V A sty g d ﬁ%'ﬁﬁ"ﬁ'} FRE R 16, gk gL
gﬁﬁ»w#%rﬁﬁwﬁﬁ’¢ TR AL S R ST B R
ABEZZTCERBRY R A o

P % % 55 G H W o4t B (1750 ~/900 cm?) ~ ¢ = f%(7000 ~/19 L) ~ & i 4%
(2750 /250 g) ~ & FE45(2150 < /500 g) ~ A2 & i 4 (2500 ~/25 @)% & $EfL = 4
(2300 ~/500 g) » @ #42pie ¥ EFH & S HOEHFI T ARM S A o & SR
i 428 542 (3em?) ~ ¢ - fE(40 mL) ~ & i 48(0.222 g) ~ A 45 (0.0824 g) -
e 40 (0.0573 g) % 1R $FF4 = 40 (0.015g) -

P ERERZFETS F 330 W s 2 R4 5 51000 W & R
ﬂia EEHFLI00W2E T FREERIAFHW, 2RFFFRAELL |
PF~6.56 | BF~4 R4 ] PF o X k{20218 T BT 7 (26253 A /R)E R
ﬁﬁ’uﬁﬁipigﬁﬁﬁ%%§4¢iwﬁo

R RZERMBETRY F A G ORI Y o RN AE R
B AAH0.75 L BN AT T B N H R R S A o

2515 ¢ A% FERHE -Gz §

RHE 5 ¥ it g
VAl 1750 ~/900 cm? 3 cm?
1 4 7000 ~/19 L 40 mL
# v 4% 2750 = /250 g 0.222 ¢

# ek 2150 = /500 g 0.0824 g

g 2500 ~/25 g 0.0573 g

REFR=Z 4 2300 = /500 g 0.015¢

R I L LS B
1750( ~/900 cm?) x3(cm?)+7000( = /19 L)x40(mL)+2750( = /250g)x0.222(g)+2150( ~
/500 g)x0.0824(g)+2500( = /25 g)x0.0573(g)+2300( = /500 g)x0.015(g)=29.17( =)

%516 ¢ RBRAFIHAF2 2 B R

RERA 2 F(W) PR (0] P¥)
EANET &k 330 1
v 1000 6.56
BRE ARG 100 4
TrERE 75 4
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RALTF IRAIAF TR K ERF2F
CARE S -3

330(W) X 1(hr)+1000(W) X 6.56(hr)+ 100(W) X 4(hr)+75(W) X 4(hr)=7590(Wh)
7.59(& )X 2.6253(~/%)=19.93(~)

R bR 3 A

29.17(7)+19.93(+)=49.1~

ZERRTMEIMREBFoGE L S A

B AR WA :49.1(m)+(3><0.75( o A))=21.82(~ /=)
FHEFTEHR? L PAREIATHE 5

49.1(7~)*(10X0.75( = #))=6.55 (/= =)

Truong % 4 ¥t K AR 2 1 7 e AST AR (T X AR E IR 0 L F 452
23R TR JT R A 524F 2 NFRIFLEEFERERGE 2 2 o
BTORERIT A A Z26F 7 UERFEE RS O U T oRa g2 A 561
% 7 (Truong and Parmele 1992) - 2% 3 4= M F % FRPEFHHL & 2 > TiE(T
TCE "% & » zoii3t B ) duedT & A fadp B < FEB 0 ART g Fp o A
HACH A LS TNAS % K AJE B KAy o
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FIF BraUG

5.14 Fe-TNASs-St-27 mL &% j3 R Sk 15 H L 4 A2
Fe-TNAs-St-27 mL gk 1 8 % % ja= § ¢ 15 > 5 R0 @ jags B4
Mk T0 B g B F R A 1 B8 B 50 T 5 B (AFE-SEM) ~ &
% % & ‘2% (Mapping) ~ it A #ck# & (EDS)2 X stak T 3 it #(XPS) » 217

EEEES B PP B S

®15.24 5 *% {315 Fe-TNAS-St-27 mL 2 & 45 2|54 Fr dy 2 T + et 47 > 7
A B 5100 KX %™ o BTk 0 TNAs ehg v b o e fpiidt A g
% {2 AFE-SEM 4 17(B15.6) - B 7 'S8 fRentdl o g i 428 v i~ % o

F_L

B15.25 5 *% fZ2 1 Fe-TNAS-St-27 mL z_ % & 2 = (mapping) » 48 #3t & 5% & ~
% 2 247 (EDS)(B5.11) » 484 0 e B R AP G K 5 4B E e A R %
2.75% > *% j21s Fe-TNAS-St-27 mL 48~ % ‘== B ™ % 1 0.26% (% 5.16) °

®]5.26 = "% f%{s Fe-TNAS-St-27 mL 2. X #t4k 7 + sc 32 2 478 > 711.0 eV
% 724.8 eV 2_ i > & W N & Fe 2pande Fe 2pp 0 Fe¥* endpicid ¢ 57 P B >
Fe¥*witd 0 iTi 23 2 R HFHA v > Fe-TNAS-St-27 mL % kg N7+ T F
HomF 22 kF 0 FeEAx Fetoom HF 4 22 3 RRAE FeMLA)
Fe?* (Zhu, Chen et al. 2006, Pang and Abdullah 2012) » *% % 5 #4584 32 v 8 14
€3 TRB AT E4F R Fe-TNAS-St-27 mL 27k t B j2= § ¢ J{r
FRET % w15 P = & (1 ppm)E 75 iE $100% > v Fe-TNAs-St-
27TmLE EAEF kT LB BG4 o

Mag = 100.00 K X . WD=51mm  EHT=500kV  SignalA=InLens  ESB Grid= 300V Date :30 Dec 2021, ro
Auriga-39-50 FIB Imaging = SEM FIB EHT = 0.00 KV System Vacuum = 5.84e006 mbar  Time :15:16:01

W5.24 sk F v F #1152 Fe-TNAsS-St-27 mL 2. 4 5 3| 3% # # *
T EREALSY

79



FAKT L A AP TR §

W5.25 sk § i F it 182 Fe-TNAsS-St-27 mL 2. 4 & = (mapping)

#2517 kg L B@L {82 Fe-TNAS-St-2TmL 2 ~ % 2= 4 {7

(Atomic %)

(Atomic %)

O Ti

(Atomic %)

Fe
(Atomic %)

Fe-TNAs-St-27 mL 7.04 48.71 43.99 0.26
(a) (b)

. Cls a O1s

2 (285 eV) & (529 V)

=4 5

2 Z

z £

S =

E —

275 280 285 290 205 300 523 s28 533 538 543
Binding Energy (eV) Binding Energy (eV)
. (c)
Ti 2p;

é‘ (458.6 V) n

S Ti 2p,,, 6

£ (464.6 eV) >

g g

= =

- (724.8 eV)
448 453 458 463 468 a7 47t 700 705 710 715 720 725 730 735 740 745

Binding Energy (eV)

Binding Energy (eV)

W5.26 & § v 8 @1 152 Fe-TNAS-St-27 mL 2 X S48 6 5 & 2 A 45 W

(@) C1s(b) O 1s
(c) Ti 2p (d) Fe 2p3
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5.15 & 3%

Ji
By
o
—
R
~zy

ritF e ;%zﬁéﬁzxﬁi“: % V452 K ? Wi LR L g Fe T
i‘g p\:m'&‘?—r :

AEF I B 7 RE E =2 Fe-TNAsS-St-27 mL > # 12 5 x4 *5 14 TNAS it
Fe > me Mfd 3.1eV " 1253 eV sl & d 420 nm =4 1 543 nm > i &+
ALz kI # sk o

TNAs %260 = 25.3°~ 37.8°~ 54.0° N sdrds et > BT BRI hEHm 4 5

%_(101) ~ (004) % (105) - Bf -7 H B4 E> X ¥ S B IEFl4Rscdhz S dp 0 F

4] TNAS & @it i 4 o

FE-SEM % % 3T 46 2 A 3k 353 B E - s‘? gk gl e > PAREF

FBRABR A H A ¥ EDS 4B R+ v B 0 Fe-TNAS-St-27 mL 48

F s 5 2.75% o

Fe-TNAs-St-27 mL *t711.0 eV %2 724.8 eV 113 Fe 2psfr Fe 2puq2 # g

FooT4EE L FeY Ao m S <% 7 & Fe-TNAS-St-27 mL =48 ~ % 2 = p

L49% %P Feid g;% T A & & Fe-TNASs -

BRER T ek BRI EEFOT IETRHEAEE S > & I-T TR

¢ eré;;L 17 5 (4.94 mA/cm?) i TNAs 7 77(2.83 mA/cm?) 2 % » &9

A 5174 REAF L SHRIEINIAEE T TSR M R 1

TCE 2. % 3 o

%%‘E’ T+ p ek R4 17(EPR) 0 TNAs 2 &_Fe-TNAsS-27 mL &% ¢ & 2 A% % &

WAL s A kTN kY 3 XG55 pd AOH) 55 p o

ALFBF LA THTCERFTB BF Lo

TNAs 2 Fe-TNAs-St-27 mL 2z Rs (Q)4 %] % 67.95% 35.68 Q> Ry (Q)4 &

108.5%2 55,12 Q> Rs% Rp-]** TNAs - &7 'liﬁa n‘i\m EER A e
FRFAHE > EAFL TG R RS .

Fe-TNAS-St-27 mL sl fg e r 459 » HRE v nE Gfr E =7 afF

LSRR R AL

12 Fe-TNAS-St-27 mL 185 1 ie 4 > Bigth "5 2= & ¢ % F d 5 % 8

0.0794 min™ » tadm i 0"k f2= & © % F i 5 ¥ #p) 5 0.0037 mint o A5 3

BrkT P iR f LRt BT ME2 P IEY > VHZFHEFT

5 L BEin o

v
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5.16 1 3

1.

82

AKRFTE* 2 FRRAE S Fe-TNAs » 12 AFE-SEM (%478 J #| cn® 458 33
WS RE A E A2 2 et F A B TNAsehg o b o

MR CE LR F e )T«Fgg VSRR T et A G R T AL
HE=Fg e FETERFOF o

Bl t8F BA2 KNI FEMAY » A X711 GC-MS %‘i PR RS
=~ 2 B

SR TR BB T o MY RY ISR AR Tk T L R § I
R BT ERLE S fmmriﬂ P HRCE IR T Bt R ok
Bk Bl REE R R A (A P R R B RRAE) > 0 KT g
PR AR 2 B
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Abstract: This study used iron modified titanate nanotube arrays (Fe/TNAs) to remove E. coli in a
photoelectrochemical system. The Fe/TNAs was synthesized by the anodization method and fol-
lowed by the square wave voltammetry electrochemical deposition (SWVE) method with ferric ni-
trate as the precursor. Fe/TNAs were characterized by SEM, XRD, XPS, and UV-vis DRS to investi-
gate the surface properties and light absorption. As a result, the iron nanoparticles (NPs) were suc-
cessfully deposited on the tubular structure of the TNAs, which showed the best light utilization.
Moreover, the photoelectrochemical (PEC) properties of the Fe/TNAs were measured by current-
light response and electrochemical impedance spectroscopy. The photocurrent of the Fe/TNAs-0.5
(3.5 mA/cm?) was higher than TNAs (2.0 mA/cm?) and electron lifetime of Fe/TNAs-0.5 (433.3 ms)
were also longer than TNAs (290.3 ms). Compared to the photolytic (P), photocatalytic (PC), and
electrochemical (EC) method, Fe/TNAs PEC showed the best removal efficiency for methyl orange
degradation. Furthermore, the Fe/TNAs PEC system also performed better removal efficiency than
that of photolysis method in E. coli degradation experiments.

Keywords: titanate nanotube arrays; antibacterial; E. coli; photoelectrochemical

1. Introduction

Titanium dioxide (TiOz2) is one of the most promising photocatalysts because of its
excellent properties such as resistance to acid and alkali corrosion, relative low price, non-
toxicity, and small environmental footprint. Therefore, it has been widely applied in water
treatment [1], atmospheric VOC (volatile organic compounds) removal [2], disinfection
[3,4], hydrogen production [5-7], CO: reduction [8], DSSC (dye-sensitized solar cell)
[9,10], and sensing devices [11], etc. The photo-generated holes can react with water mo-
lecular to form hydroxyl radicals, which is a powerful oxidant, to oxidize most organic
compounds such as dyes, PPCPs (pharmaceutical and personal care products) [6,12],
VOCs [2], and PCDD/Fs (polychlorinated dibenzodioxins and polychlorinated dibenzo-
furans) [13,14]. On the other hand, the photo-generated electrons can react to generate
hydrogen, which is a kind of clean energy. Moreover, the photo-generated electrons can
also be applied for environmental applications, e.g., to reduce TCE (trichloroethylene) [15]
and to react with ammonia borane (NH3sBHs) to produce hydrogen [16].
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The large band gap of 3.2 eV is the main obstacle for TiO: applications. Many
researchers employed non-metals such as N [17,18], C [19], F [20], and S [21] to dope into
TiO2 to reduce the bandgap. The non-metal element can replace the oxygen vacancy to
manipulate the lattice of TiOz to form TiOzxAx (Where A refers to non-metal elements).
The other way is applying metals and/or metal oxides such as Ag [6,22], Pt [23], Au [22,24],
Pd [25], Fe [26], and Cu2O [5] to form a new Femi level of the as-synthesized metal-
modified TiO: to reduce the bandgap. Among various doping elements, trivalent iron is a
transition metal that is easy to obtain, low in price, and difficult to react with organic
compounds. The activity increase found for some reactions with Fe-doped titania has been
attributed to a faster diffusion of reaction intermediates in comparison to pure TiO2 [27].
The bandgap of Fe-TiO2 was reduced from 3.08 to 2.2 eV after Fe modification and showed
effective removal rate of phenol under 700 W visible light [28]. Zafar et al. (2021) used the
iron doped titanium dioxide nanotubes (Fe-TNT) photocatalyst in various environmental
water matrices including tap water, ultra-pure water, seawater, surface water, and
deionized water under visible light. Results showed the Fe-TNT performed significant CR
(Congo Red) decolorization, and TOC and COD removal in deionized water [29].

The other challenge of TiO: application is the rapid recombination of electron-hole
pairs. As the light with suitable energy (i.e.,, depends on the wavelength) TiO2, the
electrons can overcome the bandgap to jump from the valence band to the conduction
band, leading the holes in the valence band. The photo-generated electrons would
recombine with electrons rapidly, therefore, reducing the oxidation and/or reduction
ability of TiO2. By applying a bias potential between TiO:-anode and cathode in the
photoelectrochemical system can significantly reduce the recombination of electron-hole
pairs [30]. The electron lifetime can increase from 231.78 to 375.59 ms for silver modified
TNAs than pure TNAs at +1.0 V (vs. Ag/AgCl) bias potential [6].

Bacteria is one of the indicators of water quality in wastewater treatment plants. To
deal with bacteria issue, chlorination is the most used method for wastewater disinfection.
However, chlorination disinfection methods cause concerns regarding the toxicity of
chlorine residuals and its byproducts [31,32]. UV irradiation has become one of the most
important alternatives to chlorination for wastewater disinfection nowadays. Tosa and
Hirata (1999) found that the dose of UV light required for 90% and 99% inactivation of
EHEC O157:H7 was 1.5 and 3.0 mW scm [3]. Further UV disinfection combined with
TiOz [4], ozone [33], and radio frequency electric field [34] were also developed.

In this study, ferric nitrate was used as a precursor to modify titanium dioxide to
improve the photocatalytic activity of titanium dioxide. The iron modified TNAs are
characterized to demonstrate its physical, chemical and photoelectrochemical properties.
The E. coli was elected as the bio-target for evaluating the PEC oxidation ability of
Fe/TNAs for the very first time.

2. Materials and Methods
2.1. Preparation of Fe Modified Titanium Dioxide Nanotube Arrays (Fe/TNAs)

The titanium foil (99.5%, Zhang Jia Ltd., New Taipei City, Taiwan) was cut into the
size of 2 x 2.5 cm and then was washed via acetone, ethanol, and DI water sequent to
remove dust and impurities. After cleaning, the titanium foil was dried in the air. The pre-
treated titanium foil was used to synthesize TNAs by anodization method. The positive
electrode was connected to a titanium sheet, while the negative electrode was connected
to a platinum (Pt) electrode in the solution of ammonium fluoride (0.5 wt % NHJF (98%,
Alfa Aesar, Haverhill, MA, USA) and 6 vt % H20) as the etching solution. The titanium
foil was etched at a constant voltage of 40 V for 1 h to obtain TNAs. The as-synthesized
TNAs was rinsed with DI water, and dried in oven at 40 °C. To increase the crystalline,
the TNAs was calcined at 450 °C for 3 h. The iron deposited TNAs were synthesized by
square wave voltammetry electrochemical deposition method (SWVE). First, pH of mixed
solution of 0.2 M Fe(NOs)3-9H20 (98%, Alfa Aesar, Haverhill, MA, USA) and 0.05 M
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NaBHas (99%, Alfa Aesar, Haverhill, MA, USA) was adjusted to 3.5 via 0.5 M HNO:s (65%,
MERCK, Darmstadt, Germany). The TNAs sample was then immersed in the prepared
solution for 20 min. The initial and final applied voltage was set as -1.0 and 0.0 V,
respectively, with amplitude of 0.005 V and frequency of 2 Hz for the SWVE method. The
as-synthesized samples were named as Fe/TNAs-0.2 and Fe/TNAs-0.5 according to the
concentration of Fe(NOs):9H20 as 0.2 M and 0.5 M, respectively. The as-synthesized
Fe/TNAs was rinsed by DI water and dried at 40 °C for two hours.

2.2. Characterization of Nanotube Arrays

The crystal structure of TNAs and Fe/TNAs was investigated by X-ray diffraction
(XRD) (X'Pert Pro MRD, PANalytical, Almelo, Netherlands) using a Cu Ka source at a
wavelength of 0.154 nm. JCPDS PDF card database was selected as the identification of
XRD peaks. The morphology was studied using a field-emission scanning electron
microscope (Nova NanoSEM 430 FEI, Hillsboro, Oregon, USA). The specific surface area
of TNAs and Fe/TNAs were measured by BET (ASAP 2020 N (S/N: 1195), Micromeritics,
Norcross, USA) analysis under 740 mmHg of pressure (Po) and 77.350 K of bath
temperature. Raman analysis was conducted by using 532 nm Laser, with 1800 cm™!
grating and 50 s exposure time, operating by Labspec5 software. The X-ray photoelectron
spectroscopy (XPS) experiments were conducted on the TNAs and Fe/TNAs using a PHI
5000 Versa Probe system (Physical Electronics, Chanhassen, MN, USA). The binding
energy that was obtained from the XPS spectra was calibrated with reference to the Cls
peak at 284.8 eV. The UV-vis absorption spectra were measured in diffused reflection
mode using an integrating sphere (ISV-922, Jasco, Tokyo, Japan) that was attached to a
Jasco V-750 UV-vis DRS spectrometer (V-750, Jasco, Tokyo, Japan).

2.3. PEC and Electrochemical Measurements

All PEC experiments were carried out in three-electrode mode at room temperature.
A Fe/TNAs (2 cm?) and a Pt wire (99.997%, Alfa Aesar, Haverhill, MA, USA) served as a
working electrode and a counter electrode, respectively. An Ag/AgCl (3 M KCl,
OMetrohm, Herisau, Switzerland) electrode was selected as a reference electrode. A self-
designed H-type reactor separated the anode and cathode to enhance the pollutants
degradation. These two chambers were connected with a cation-exchanged membrane
(Nafion 212, DuPount, Wilmington, DE, USA) to keep the ion balance in the system. A
quartz window (7 cm?) on the side of the anode chamber provided high optical quality.
For the photocurrent measurement, the operating light source is a 100 W mercury lamp
(GGZ100, Shanghai Jiguang, Shanghai, China) at a bias potential of +1.0 V (vs. Ag/AgCl)
in the electrolyte of 0.1 M NaCl (99%, Avantor, Radnor, PA, USA), while a platinum (Pt)
and Ag/AgCl electrode work as the counter and reference electrode, respectively.
Electrochemical impedance spectroscopy (EIS) was performed under an open circuit
voltage with frequencies in the range from 10 kHz to 10 mHz with an AC voltage with an
amplitude of 5 mV. The potential for I-V, I-t curve measurements and PEC degradation
experiments were controlled by an electricity workstation ((QMetrohm-Autolab B.V.
PGSTAT204, Herisau, Switzerland). For the methyl orange (85%, Sigma Aldrich, St. Louis,
Missouri, USA) degradation, the PEC, photocatalytic (PC), electrochemical (EC) and
photolysis (P) experiments were examined at the illumination using 100 W Hg lamp.
Applied voltage in PEC and EC process was +1.0 V (vs. Ag/AgCl). E. coli is a gram-
negative bacteria and used as an indicator of fecal pollution in water. E. coli (CCRC 10674)
was purchased from the Bioresource Collection and Research Center of the Food Industry
Research and Development Institute (Hsinchu City, Taiwan). E. coli K-12 strain CCRC
10674 was grown aerobically in 100 mL of brain-heart infusion at 37 °C for 18 h and the
micro-organisms were cultured at 25 °C. Consequently, 1 mL aqueous samples containing
70 CFU/mL initial E. coli concentration were prepared and subjected to treatment. In this
study, E. coli was used to evaluate the Fe/TNAs PEC degradation ability. The operated
light source is 100 W Hg lamp at a bias potential of +1.0 V (vs. Ag/AgCl), while a reference
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electrode of Ag/AgCl, counter electrode of Pt wire, and a working electrode of Fe/TNAs-
0.5 were employed.

3. Results and Discussions
3.1. Surface Morphology of TNAs and Fe/TNAs

In this study, SEM was used to identify the morphology of the surface of the material,
and to explore the tubular structure of TNAs and Fe/TNAs prepared by the anodic oxida-
tion etching method. Figure 1 shows the SEM images of TNAs and Fe/TNAs, respectively.
Figure la shows an array of titanium dioxide nanotubes synthesized by anodizing
method. The structure is compact and neatly arranged, and the diameter of the tube were
approximately in the range of 50-100 nm. Many previous studies have reported a linear
correlation between the diameter of titanate nanotube arrays and the applied anode volt-
age (Marck et al. 2017; Yasuda et al. 2007). Figure 1b shows the cross-sectional view of the
un-modified titanium dioxide nanotube arrays with a length about 1.3 um. Cao et al.
(2016) applied anodization method to synthesize titanium dioxide nanotube arrays and
found that the length of TNAs increases with the time of anodization [35]. Figure 1c,d
shows the iron modified titanate nanotube arrays synthesized (Fe/TNAs) via SWVE
method with 0.2 and 0.5 M Fe(NOs)3-9H20 precursor, respectively. The structure of the
nanotube is not damaged after ferric nitrate modification, and the iron is successfully de-
posited on the surface of the TNAs in the form of sol particles. The morphology of iron is
irregular, and it is evenly distributed and accumulated around the surface of TNAs. No-
tably, as the concentration of precursor of iron nitrate increases, the iron deposits in-
creased on the TNAs. Previous literature showed a similar deposition morphology, con-
firming that sodium borohydride can successfully reduce Fe* in ferric nitrate to zero-va-
lent iron Fe? [36]. Table 1 shows the results of EDX analyses of TNAs, Fe/TNAs-0.2, and
Fe/TNAs-0.5, respectively. The measured elements include C, O, Ti, and Fe, individually.
The atomic percentage of Fe were 0.00, 0.93, and 7.44% for TNAs, Fe/TNAs-0.2, and
Fe/TNAs-0.5, respectively, illustrating that the Fe were successfully deposited on the sur-
face of TNAs. Notably, as shown in Figure 1d, most surface of the TNAs were covered by
Fe, therefore, the Ti content is much less in Fe-TNAs-0.5 (16.51%) than that of TNAs
(34.15%) and Fe/TNAs-0.2 (33.84%). Figure S1 shows the BET nitrogen adsorption-desorp-
tion isotherms of TNAs and Fe/TNAs. The measured surface area of TNAs and Fe/TNAs
were 0.1464 and 0.0029 m?/g, respectively.

Figure 1. SEM images for (a) TN As (x100 k), (b) cross-section image of TNAs (x50 k), (c) Fe/TNAs-
0.2 (x200 k), and (d) Fe/TNAs-0.5 (x200 k) (parentheses shows the magnification).
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Table 1. EDX analyses for TNA, Fe/TNAs-0.2, and Fe/TNAs-0.5.

Elements C (0] Ti Fe Total

Sample (Atomict %) (Atomict %) (Atomict %) (Atomict %)
TNAs 2.03 63.82 34.15 0.00 100.0
Fe/TNAs-0.2 1.97 63.25 33.84 0.93 100.0
Fe/TNAs-0.5 9.96 66.08 16.51 7.44 100.0

3.2. XRD Analyses

Figure 2 shows the XRD results for TNAs, Fe/TNAs-0.2, and Fe/TNAs-0.5. Compared
with the standard chart of the Joint Committee for Powder Diffraction Files (JCPDFs: 21—
1272), the XRD results show that TNAs exhibits anatase characteristic peaks at 20 =25.3°,
37.8° and 54.0°, corresponding to the crystal planes of (101), (004), and (105), respectively.
No rutile phase was observed due to the insufficient temperature [5,15]. Notably,
Fe/TNAs-0.2 and Fe/TNAs-0.5 show the diffraction peaks of Fe at 20 = 24.16°, 35.74°,
54.23°, 62.26°, corresponding to the crystal planes of (012), (110), (116), and (214) (JCPDS
file number: 00-001-1053), respectively, indicating that the Fe nanoparticles have been de-
posited on the surface of TNAs. Similar results of XRD analyses for TiO2-Fe20s were found
in literature, showing that the successfully deposited iron [37]. Moreover, with the in-
crease amount of Fe (see Table 1), the diffraction peak intensities corresponding to Fe in-
creases as well. Figure 52 shows the Raman analyses for bare TNAs and Fe/TNAs. In gen-
eral, anatase phase of titanium dioxide has six Raman active modes 1A1g, 2B1g, and 3Es.
TNAs and Fe/TNAs show solo peak at 143.1 and 144.5 cm™, respectively, that correspond-
ing to the active mode of E; of anatase phase of TiOz. The results in Ramana analyses are
in good agreement with the XRD observations. Notably, the main Eg mode located at
around 144 cm™ broadened and shifted toward higher wavenumber in Fe/TNA (inset plot
in Figure S1), indicating that the Fe® are successfully incorporated into the TiO2 frame-
work, replacing Ti* cations. This results in in consistent to the findings of Fe-TiO2 NPs
[38].

€ Anatase
(004) B Titanium
(101) 0( 101) « Fe

- (202)‘ a19) u (2?) (10‘532116) (300) ) (7
:S: . Fe/TNAs-0.5
Z| @ - (" e e, « m m
f; . 0. Fe/TNAs-0.2
¢ ¢ B =

TNAS

20 30 40 50 60 70 80
20 degree

Figure 2. The XRD patterns for TNAs, Fe/TNAs-0.2, and Fe/TNAs-0.5.
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3.3. XPS Analyses

The electron energy spectrometer (XPS), as shown in Figure 3a—e, are used to clarify
the composition of elements of Fe/TNAs and to analyze the energy spectrum. It is also
used to identify the uniformity and dispersion of surface elements of materials. Figure 3a
is the full-energy spectra of Fe/TNAs-0.5, showing that C, O, Ti, and Fe are distributed on
the surface of the material. Figure 3b shows the characteristic peak of C 1s at 284.5 eV. The
C element was attributed to the addition to the apparatus during the analysis. Figure 3¢
shows the characteristic peaks of Fe at 710 eV and 725 eV, corresponding to the element
states of 2ps2 and 2p1p, respectively. Notably, the enhancement in binding energy in the
elemental state of 2ps2 is due to the fact that Fe3* disperses to Ti* in the anatase lattice and
forms Fe—O-Ti bonds [39]. Zue et al. (2006) used sol-gel method to synthesize Fe-TiO2 and
indicated that the binding energies are 711.0-711.8 eV and 725.4-726.0 eV for 2ps» and
2p1p, respectively, of Fe3* [39], while Huerta-Flores, et al., (2021) illustrated that two main
peaks were identified around 710.7 eV and 724.8 eV attributed to Fe 2ps2 and 2p1 levels
of Fe3* in Fe2Os material [40]. Above findings are different to the observations of Fe? that
showing the characteristic peaks at 707.8 and 720.2eV for Fe 2ps;2 and 2p1y2, respectively, in
Wang et al. (2018) [41]. Hsieh et al. (2010) also indicated that two major peaks at 707.0 and
719.1 eV are representing the Fe 2ps2 and 2p112, corresponding to the zero-valent iron [42].
Hence, we confirmed the state of Fe in Fe/TNAs is Fe3* instead of Fe? as the findings in
Figure 3c. Figure 3d shows that O has a characteristic peak at 530 eV, which represents the
formation of Ti or Fe oxides [43]. Figure 3e shows that the characteristic peaks of Ti at 458
eV and 464 eV correspond to Ti 2ps2 and Ti 2p1.2 respectively, confirming that Ti exists in
the form of Ti* [44]. Table 2 shows the element percentage of Fe/TNAs-0.2 and Fe/TNAs-
0.5 by XPS analysis. The Fe content for Fe/TNAs-0.2 and Fe/TNAs-0.5 is 0.9% and 2.9%,
respectively, that are less than the results of EDX analyses. This is because the distribution
of iron particles on the surface of the titanium sheet is uneven, and the particle size is
different. The comparison of element components showed a slight difference between
EDX and XPS because of the following reasons: (a) the range of analytical depth for XPS
and EDX is within 10 and 100-1000 nm, respectively; (b) the analytical area of samples
was larger in XPS than that in EDX; (c) the appearance of the C element can be attributed
to extrinsic carbon during the sample fabrication and/or the XPS instrument itself.
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Figure 3. XPS spectra of (a) XPS spectrum of Fe/TNAs-0.5, (b) C 1s, (c) Fe 2p, (d) O 1s, and (e) Ti 2p.

Table 2. Element composition of XPS analyses for TNA, Fe/TNAs-0.2, and Fe/TNAs-0.5.

Elements C (0] Ti Fe

Sample (Atomict %)  (Atomict %)  (Atomict %)  (Atomict %)
Fe/TNAs-0.2 50.9 451 3 0.9
Fe/TNAs-0.5 53.4 27.7 16 29

3.4. UV-Vis DRS Analyses

The absorption coefficient of the thin films was calculated with the following for-
mula:

(hv) = ! 1 ! 1
where a is the absorption coefficient, d is the thickness of the film, and for a particular
wavelength T is transmission and R is the reflectance characteristics of the film.

A(hv — E;) = (ahv)'/n )

The optical band gap is calculated by plotting (ahv)!/" versus hv (i.e., eV), where a is
the absorption coefficient of the material, & is the Planck constant, v is the photon’s fre-
quency, A is a constant, and Ec is the bandgap energy. As to the constant n is 0.5 and 1 for
indirect and direct band gap materials, respectively. TiO2 has an indirect band gap [38].
As shown in Figure 4, the absorbance wavelength is 420, 530, 730 nm for TN As, Fe/TNAs-
0.2 and Fe/TNAs-0.5, respectively. The absorbance wavelength of TNAs red shift to longer
wavelength region after Fe nanoparticles modification illustrating the better light utiliza-
tion. Band gap (Ec) can be calculated according to the Tauc formula [45] as shown Equa-
tion (2) above. The inset plot in Figure 4 shows the corresponding bandgap is 2.9, 2.3, and
1.7 eV for TNAs, Fe/TNAs-0.2 and Fe/TNAs-0.5, individually. The results here are similar
to the findings of Fe-TiO: thin film [46] and Fe-TiO: nanoparticles [38,47] that applying
Tauc formula to investigate the bandgap energy. In general, there is a good correlation
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between light absorption and photocatalytic activity. Stronger light absorption correlated
with higher photocatalytic activity. UV-vis DRS spectra results confirmed that Fe nano-
particles were successfully deposited on TNAs.

1.8
TNAs
—Fe/TNAs-0.2 1 = '
1.4 2 TNAs
) ——Fe/TNAs-0.5 ‘ Fe/TNAs-0.2
1.2 Fe/TNAs-0.5

1 2 3 4 5 6
Bandgap energy (eV)

[S=y

Absorbance(a.u)
(=]
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Figure 4. UV-vis DRS spectra of TNAs, Fe/TNAs-0.2, and Fe/TNAs-0.5; insert plot: bandgap energy
for TNAs, Fe/TNAs-0.2, and Fe/TNAs-0.5.

3.5. Photocurrent Measurement

Figure 5 shows the measured photocurrent diagram by using TNAs, Fe/TNAs-0.2
and Fe/TNAs-0.5 as the photo-anode in a PEC system. As shown in the figure, the photo-
current was monitored under a 50 s on-off cycle. The photocurrent of three tested photo-
anodes is about 1-4 pA when the illumination is off. Because there is no light to excite the
photoelectrons on the surface of the material, leading to no photocurrent is generated.
When the light is on, all materials generate photocurrent as a stable straight line, which
means that the photoelectrochemical performance of the photo-anodes tend to a stable
state. The photocurrent densities of TNAs, Fe/TNAs-0.2, and Fe/TNAs-0.5 are 2.0, 3.0, and
3.5 mA/cm?, respectively. Notably, the photocurrent was 1.75 times higher for Fe/TNAs-
0.5 than that of pure TNAs at the same illumination. TNAs modified by iron can excite
more photo-generated electrons than TNAs under irradiation, which promotes the in-
crease of photocurrent, indicating that more electron-hole pairs are generated on the sur-
face of the material, resulting to better degrade pollutants.
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Figure 5. Photocurrent-time response of TNAs, Fe/TNAs-0.2, and Fe/TNAs-0.5 (light source: 100 W hg lamp, applied po-
tential: +1.0 V (vs. Ag/AgCl), electrolyte: 0.1 M NaCl, reference electrode: Ag/AgCl, counter electrode: Pt wire, and work-
ing electrode: TNAs, Fe/TNAs-0.2, and Fe/TNAs-0.5).

3.6. Electrochemical Impedance Spectrum

In this study, electrochemical impedance spectrum (EIS) was used to analyze the
electron-hole separation ability and electron transfer characteristics of TNAs, Fe/TNAs-
0.2 and Fe/TNAs-0.5 under light irradiation. The smaller the diameter of the arc refers to
the better the separation of electrons and holes, resulting in better photoelectrochemical
ability. Figure 6a shows the Nyquist plots of TNAs, Fe/TNAs-0.2, and Fe/TNAs-0.5 by EIS
analysis, indicating that the diameter of each semicircle follows the order: TNAs >
Fe/TNAs-0.2 > Fe/TNAs-0.5, which demonstrating that the electron mobility of TNAs was
enhanced by Fe modification. Figure 6b shows the Bode plot obtained by EIS analysis for
three photo-anodes. The maximum frequency obtained from the figure is then fitted with

the equation of 7, = # to calculate the electron lifetime. Table 3 shows the electron
max

lifetime was 290.3, 354.7, and 433.3 ms, corresponding to the fuax of 0.548, 0.449, and 0.367
Hz in Figure 6a, for TNA, Fe/TNAs-0.2, and Fe/TNAs-0.5, respectively. Table 3 summa-
rizes the result of fitted equivalent circuit for TNA, Fe/TNAs-0.2, and Fe/TNAs-0.5, re-
spectively. Notably, Rs refers to the resistance of the solution and R represents the charge
transfer at the interface between Fe/TNAs and electrolyte, while the CPE refers to the con-
stant phase element [5]. The Rp was 290.5, 143.33, and 130.97 for TNA, Fe/TNAs-0.2, and
Fe/TNAs-0.5, individually, with +1.0 V (vs. Ag/AgCl) of bias potential. According to the
results of Figure 6 and Table 3, we can preliminarily conclude that TNAs modified with
iron can effectively reduce the recombination of electron holes, prolong the residence time
of electrons or increase the mobility of electrons in the PEC system.



Nanomaterials 2021, 11, 1944 10 of 17

80
TNAS
70
= Fe/TNAs-0.2
60 u Fe/TNAs-0.5

2" (Q)

0 50 100 150 200 250 300
7'
TNAS

+ Fe/TNAs-0.2
Fe/TNAs-0.5

Phase (®)

0.01 0.1 1 10 100 1000 10000
Frequency (Hz)

Figure 6. Nyquist plot (a) and Bode plot (b) based on EIS analyses of TNA, Fe/TNAs-0.2, and Fe/TNAs-0.5.

Table 3. Fitting results of equivalent circuits of TNAs and Fe/TNAs.

Rs(Q) Rp(Q) CPE(Q) foe T (MS)
TNAs 38.93 209.50 0.0057 0.5484 290.3
Fe/TNAs-0.2 35.68 143.33 0.0066 0.4489 354.7

Fe/TNAs-0.5 34.56 130.97 0.0056 0.3674 433.3
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3.7. Mott-Schottky Plot for TNAs and Fe/TNAs

The Mott-Schottky plot is performed by applying the electrochemical impedance
method, which is carried out in the range of -0.6 V to +0.2 V (vs. Ag/AgCl) under fre-
quency of 100 Hz and amplitude of 10 mV. The type and flat band potential of semicon-
ductor were determined by following equation [40,48,49]:

1 2 KT
o, ) @
where ¢ is the dielectric constant of TiOz (i.e., 31 for anatase) [50,51], €0 is the permittivity
of vacuum (8.85 x 10* F cm™), A is the area of photo-anode (4 cm?), g is the elementary
charge (1.6 x 10 C), Np is the density of dopants (cm=), V'is the applied voltage, Vp is the
flat band potential, K is the Boltzman constant (1.381 x 10 ] K'), and T is the absolute
temperature (298 K). In addition, the charge carrier density (Nb) of semiconductor was
also calculated from the slope of Mott-Schottky plots, which is following equation
[48,52,53]:

dc~? _ 2
AV~ qegoNpA?

(4)

As shown in Figure 7, both TNAs and Fe/TNAs show the positive slope, confirming
that Fe depositing on TNAs does not change its n-type semiconductor property. Moreo-
ver, the Vp of TNAs and Fe/TNAs was -0.34 and —0.25 V (vs. Ag/AgCl), individually,
which were estimated from the intercept with the X-axis on the linear plot. The positive
shift of Vp in Fe/TNAs photo-anode implies the facilitating of photo-generated electron-
hole pairs separation and transfer, which is corresponding to EIS results (Figure 6) [48].
The charge carrier density (Np) of TNAs (9.04 x 102') was higher than that of Fe/TNAs (2.52
x 102! cm3). This was attributed to the slope of Fe/TNAs photo-anode (1.13 x 108) which
was higher than that of TNAs photo-anode (3.15 x 107), indicating the significant decrease
of charge carrier density of Fe/TNAs. Similar observations were found in Freitas et al.
(2014), indicating that the increasing of charge carrier density was attributed to a high
level of defects caused by oxygen vacancies [54].

In addition, when photo-anode is contacted with the electrolyte, the electrons on
photo-anode will transfer to electrolyte spontaneously to form depletion region with pos-
itive charge between the interface of photo-anode and electrolyte. The width of depletion
region (W) was also derived from the Mott-Schottky plot relationship and is described by
following equation [48,54]:

B (ZESO(V - Vfb))% )

- qNp

The depletion region of TNAs and Fe/TNAs was 0.311 and 0.661 nm, individually.
As the result, the oxygen vacancies were decreased with the substitution of Ti* by Fe3* at
the surface, enlarging the space charge region at TiOz-electrolyte interface [48]. Further-
more, the conduction band (Ecs) is determined from the following equation for n-type
semiconductor:

N,
Ecg =Vp, + KT In (FD) (6)
c

where K is the Bolzman constant (8.617 x 105 eV K™) and N is the effective density of
states (DOS) at the conduction band edge, which can be calculated by using equation:

2mmer KT 3 . . :
N, =2 (T)Z. The mef of 9 mo (for TiO2 anatase) is used for Ne calculations [55], where

mo is the mass of electron (9.109 x 10 kg), K is the Bolzman constant (1.381 x 1023 J K1),
T is the absolute temperature (298 K), and # is the Planck constant (6.626 x 104 ] s). By
applying the equation, N is determined as 6.71 x 102 cm3. Therefore, the conduction band
-0.27 and -0.22 V for TNAs and Fe/TNAs, respectively. Furthermore, UV-vis DRS results
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showed that the band gap of TNAs and Fe/TNAs was 2.9 and 1.7 eV, respectively, thus,
the position of the valence band was at approximately 2.63 and 1.48 V for TNAs and
Fe/TNAs, respectively.

® TNAs
054| ® Fernas

1/C? 10° F?)

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
Potential (V vs. Ag/AgCl)

Figure 7. Mott-Schottky plot of TNAs and Fe/TNAs at frequency of 100 Hz (working electrode:
TNAs (or Fe/TNAs); counter electrode: Pt wire; reference electrode: Ag/AgCl; temperature: 298 K;
electrolyte: 0.1 M NaCl; light source: 100 W Hg lamp; amplitude: 10 mV).

3.8. Methyl Orange Removal

Four methyl orange removal processes, namely, PEC, PC, EC and P processes were
conducted to evaluate the degradation efficiency of TNA, Fe/TNAs-0.2, and Fe/TNAs-0.5.
As shown in Figure 8, PEC process was the most efficient way to degrade MO among
three methods studied. The complete removal of 10 ppm of MO was observed after 120,
50 and 30 min for the PEC method by using TNA, Fe/TNAs-0.2, and Fe/TNAs-0.5, respec-
tively. The order of MO degradation by TNA, Fe/TNAs-0.2, and Fe/TNAs-0.5 is in con-
sistent to the photocurrent densities of TNAs, Fe/TNAs-0.2, and Fe/TNAs-0.5 that are 2.0,
3.0, and 3.5 mA/cm?, respectively. According to the EIS analyses, the electron lifetime was
290.3, 354.7, and 433.3 ms for TNA, Fe/TNAs-0.2, and Fe/TNAs-0.5, respectively, illustrat-
ing that the freedom of electrons has increased. This enhanced PEC performance was at-
tributed to the Fe modified as evidence of results of EDX and XPS.

Briefly, the MO degradation efficiency in four methods follows: PEC > PC > P > EC.
It was observed that the PEC method provided the most powerful way to degrade MO
due to the combination of electrochemical oxidation and photocatalysis [5].
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Figure 8. Comparison of methyl orange degradation in PEC, photocatalytic (PC), electrochemical
(EC) and photolysis (p) processes by (a)TNAs, (b) Fe/TNAs-0.2, and (c) Fe/TNAs-0.5 (light source:
100 W hg lamp, applied potential: +1.0 V (vs. Ag/AgCl), electrolyte: 10 ppm methyl orange in 0.1 M
NaCl solution, reference electrode: Ag/AgCl, counter electrode: Pt wire, and working electrode:
TNAs, Fe/TNAs-0.2, and Fe/TNAs-0.5).

3.9. E. coli Removal by Fe/TNAs PEC System

E. coli was selected as the bio-target for investigating the PEC disinfection ability.
Figure 8 shows the E. coli removal efficiency was 87.02% by using Fe/TNAs-0.5 as the
photo-anode in the PEC system within the reaction time of 60 min. E. coli degradation by
photolysis, the same light source (100 W Hg lamp) in the PEC, was conducted for com-
parison. The images of E. coli removal by TNAs and Fe/TNAs PEC system were demon-
strated in Figure S3. As shown in Figure 9, only 33.1% of E. coli was removed in the pho-
tolysis procedure. It is well known that UV light is commonly used in traditional water
treatment system. According to the literature, inactivation of EHEC O26 with photoreac-
tivation is 2.2 times greater than that without photoreactivation [3]. In addition, with the
addition of TiO:z in UV disinfection system, the damage of outer membrane was observed
for the cells. TiO:2 alone can break down lipopolysaccharide (LPS), the outermost layer of
the E. coli cells [4]. The hydroxyl radicals, which is a kind of most strong oxidants, were
responsible for E. coli removal in the TNAs PEC system [6]. Compared to photolysis at the
same irradiation, PEC system can generate strong oxidants, i.e., hydroxyl radicals [5,6], to
degrade E. coli. On the other hand, the recombination of electron-hole pairs is greatly re-
duced in PEC method as evidence of enhanced electron lifetime (see Table 3), that allowed
more photo-generated holes to react with H2O to form OH- to removal E. coli. The result
is in consistent to the findings of Ma et al. (2021) that Z-scheme g-CsNs/TNAs reduced
recombination of photo-generated electron-hole pairs [56].
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Figure 9. PEC and P removal of E. coli (light source: 100W hg lamp, applied potential: +1.0 V (vs.
Ag/AgCl), electrolyte: E. coli in 0.1 M NaCl solution, reference electrode: Ag/AgCl, counter elec-
trode: Pt wire, and working electrode: Fe/TNAs-0.5).

4. Conclusions

Fe/TNAs were fabricated by the SWVE method to remove the E. coli for the very first
time in this study. The SEM results showed that iron NPs were deposited on the surface
of the TNAs in the form of sol particles and the tubular structure was not damaged after
iron modification. The Fe content on the surface of TNAs was increased with the increas-
ing of the precursor concentration, which demonstrated by EDX and XPS results. XPS also
revealed that the binding energy of Fe located at 710 and 725 eV, which represent +3 state
of Fe. XRD analyses showed the characteristic peak of Fe at 20 =24.16°, 35.74°, 54.23°, and
62.26°, corresponding to the crystal planes of (012), (110), (116), and (214), illustrating the
successful loading of iron NPs. Moreover, UV-vis DRS showed that the light absorbance
was increased and the bandgap energy was decreased after iron modification to enhance
the light utilization. The results of photoelectrochemical performance indicated that
Fe/TNAs-0.5 performed the best photocurrent density (3.5 mA/cm?) as well as the electron
lifetime of Fe/TNAs-0.5 is 1.49 times greater than that of pure TNAs through the EIS and
Bode plot analyses, illustrating that the loading of Fe NPs is advantage to the separation
of electron-hole pairs to enhance the photoelectrochemical performance. The deep and
shallow trap states in bandgap of TNAs play an essential role in the electron mobility and
PEC performances. Therefore, investigation of the effect of the traps of the TNAs is rec-
ommended for future study. Compared to the P, PC, and EC methods, PEC was the best
method for MO degradation by using Fe/TNAs-0.5 as the photo-anode. Furthermore, the
Fe/TNAs-0.5 PEC system also performed better removal efficiency than the P method for
E. coli degradation. To sum up, the iron NPs deposited TNAs were successfully synthe-
sized in this study. Depositing Fe NPs on TNAs not only reduces the bandgap energy of
the TN As but also decreases the electron-hole recombination, therefore, leading to the en-
hancement of the PEC performances in MO and E. coli removal.
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