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Abstract

Because of the energy crisis, seeking new alternative energy solutions is important today.
Hydrogen, with its high energy density, is a promising energy source. When hydrogen is
produced from photocatalytic water splitting, the inexhaustible nature of water resources
and the carbon-free process qualify it as a sustainable green energy.

The current challenge for photocatalysts is the rapid recombination rate of electron-hole
pairs. To address this issue, traditional photocatalysts often load noble metal cocatalysts
on the surface as electron traps to capture electrons, which could increase the probability
of surface reaction. This study combines strontium titanate (STO) and carbon nitride
(gCN) photocatalysts, forming a heterostructural photocatalyst to separate electrons and
holes and to reduce the recombination probability of electron-hole pairs, leading to the
further increasing of hydrogen evolution activity. Here we show that the gCN catalyst
could be effectively exfoliated using the one-step exfoliation method, gCN_ OS2, exhibits
the highest degree of exfoliation and demonstrates the highest hydrogen production
efficiency of 7.18 umol/g*hr. For STO catalyst, 2Ni:STOH1 prepared by hydrothermal
method with a heating rate of 1 °C/min and doped by nickel could possesses small particle
size to be conducive to electron transport. When compounded with gCN, it effectively
reduced the impedance. Under UV irradiation and using triethanolamine as a sacrificial
agent, 10% 2Ni:STOH1/gCN_OS2 achieved a maximum hydrogen production activity
of 285.4 umol/g*hr, which is 39.7 times higher than that of the pure gCN catalyst.

For Ni:STO/gCN catalyst, the hydrogen reduction active sites transfer from STO to gCN,
forming the Z-scheme system. This not only enhances the driving potential of the reaction
but also significantly reduces the recombination rate of electron-hole pairs.

The results of activity tests conducted using a single-wavelength LED light source

indicate a significant decrease in activity when only gCN is excited while STO remains

M doi:10.6342/NTU202501176



unexcited. This suggests the interaction between the two catalysts and the critical
importance of the Z-scheme system for enhancing activity. Through the Z-scheme system
structure, the recombination of electron-hole pairs is effectively suppressed even without
noble metal cocatalyst loading, thereby significantly enhancing photocatalytic hydrogen
production activity. Thus, compared to traditional photocatalysts, the absence of noble
metal cocatalysts can effectively reduce preparation costs and enhance the potential for

photocatalyst development.

Keywords: Photocatalytic water splitting, Strontium titanate, Graphitic-carbon nitride, Z-

scheme system, Hydrogen.
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gCN_ 0S4 g-C3Ny One-step exfoliation (calcination 4 hours)
gCN T g-C3Ny Thermal exfoliation
e 1 5 e i 4 R ER w5 R EF
STOF SrTiO3 - Flux method 10 °C/min
STOH1 SrTiO03 - Hydrothermal method 1 °C/min
STOH2 SrTiO3 - Hydrothermal method 2 °C/min
2Co:STOH1 SrTiO3 2 mol% Co Hydrothermal method 1 °C/min
2Mn:STOH1 SrTi03 2 mol% Mn Hydrothermal method 1 °C/min
INi:STOH1 SrTiO3 1 mol% Ni Hydrothermal method 1 °C/min
2Ni:STOH1 SrTi03 2 mol% Ni Hydrothermal method 1 °C/min
3Ni:STOH1 SrTiO3 3 mol% Ni Hydrothermal method 1 °C/min
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3% STO/gCN 3:100
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Figure 2-9 The strategy of g-C3N4 ultrasonication exfoliation'!.

Table 2-1 The characterization of g-CsN4 from different exfoliation method (UCN:
untreated bulk carbon nitride, UHCN: thermal exfoliation, UACN: chemical exfoliation,

USCN: ultrasonication exfoliation, UWCN: one-step exfoliation)!'*l,

Samples  Surface Pore Interlayer Ratio Yield Yield
area volume distance of C/N toUCN to
(m?/g) (cm®/g) (nm) urea
UCN 44.91 0.497 0.328 0.805 - 4.8%
UHCN 72.14 0.616 0.324 0.737 47.5% 2.3%
UACN 16.45 0.242 0.323 0.892 58.1% 2.8%
USCN 69.73 0.592 0.326 0.768 14.7% 0.7%
UWCN 146.62 0.908 0.328 0.784 - 7.3%
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Figure 2-10 (a)-(e) SEM images, (f)-(i) TEM images of g-C3N4 from different

exfoliation'¥.
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Figure 2-11 Charge transfer and separation mechanism of g-C3N4['!,
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Figure 2-16 (a) TEM image, (b) AFM result, (c) surface height of untreated g-C3N4, and

(d) TEM image, (e) AFM result, (f) surface height of exfoliated g-C3Na.
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Figure 2-17 Structure of perovskite ABX3?",
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Figure 2-18 The current bound of Goldschmidt’s tolerance plane (Red plane: T=1.05,

Gray plane: T=1.00, blue plane: T=0.77)1!1,
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Figure 2-19 SEM images of (a)-(f) 6-facet, (g)-(1) 18-facet SrTiO3 nanocrystals with

photodeposition of noble metals or metal oxides cocatalyst!??,
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Figure 2-20 Doping of (a) trivalent cations and (b) pentavalent cations in SrTiO31%%,
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Table 2-2 Photo-oxidation and photoreduction process in doped SrTiO3*!.

Impurity Method of observation

ions Photo-oxidation Photoreduction EPR Optical
Fe, Mo Fe¥ — Felt Mo® —Mo™ Fe®, Mo™ Fe®*, Mo™
Ni, Mo Ni%* —Ni¥ Mo® — Mo ™ Ni%, Ni*, Mo™ Ni¥*, Mo®™

Fe Fe¥ —Fe' unknown [possibly Fe*, Fe¥-V,(e) Fel

FeM-v,—Fe*-V,(0)]
Ni Ni¥* — Ni¥ Ni*-Vy (e ) Ni¥*-V,(2e) Ni%*, Ni¥*, Ni¥*-v,, Ni¥*, Ni*-vo(2e)
Ni** -V (2e)

Co Co* — Co* Co¥ — Co** Co® co*

Cr Cr¥*—cr® unknown cr¥® cri
Mn, V no significant Mn®*

PC effect

D13 1% KB B T A

SHBEEREIRPLEY EL etz - o Y RS EREATIRR
f B2 - B SRR 2R MY 24 1 4ol 1 5 (Vacancy Defect)
2 5 B (Grain Boundary) » J 842 KaF]1 5 HER F 2 T > s KfHEY 23T

LEeg; ¥- JRI R VR I ’kpg/%f]?m%%‘% T3 Aom 2B %ﬁi,

2 F METRHREERRY KA HNERRTREARF B B F RSt
Eq.3 ~ Eq. 4 17 Bl
TiO, + OH™ + 2H,0 — Ti(OH)%™ Eq.3
Sr?* + Ti(OH)%™ - SrTi0; + 3H,0 Eq. 4
B P 30 R#GE Y A2 R R F PRI R SRR AL £ o AR B STk
A Bz 2 s d TEM 7 3 B 8 (Figure 2-21)7 2> H 5 3v 3 fo s
CAFIERZ P HAGARNRF R 0E 4 A S BRSSP SR T
LRI 2 T k2 P A ABRE W LG L T AR T YR HRIER T

7 A& MR > d Table 2-3 ¥ RL-R#2 £ FALE T B2 HARF B spL4L
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3z B2,

Figure 2-21 TEM images of Cr-doped SrTiO3 synthesized at (a) 80 °C, (b) 120 °C, (c)

160 °C, and (d) 200 °C32,

Table 2-3 The characterization and hydrogen evolution rate of SrTiO3 synthesized under

different conditionZ.

H; evolution rate

Synthesized Condition ~ Sger (m?g™) Grain size (nm)
(umol h')
80°C,24h 65.4 18.2 6.7
120 °C, 24 h 32.7 20.7 254
160 °C, 24 h 243 22.6 343
200 °C, 24 h 19.3 30.7 82.6
Solid State Reaction 4.5 - 21
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Figure 2-22 Three types heterojunctions!.
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2.2.1 Z 3] % ¥u(Z-scheme system)
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Figure 2-27 g-C3N4/SrTiO3 Z-scheme system (a) before (b) after Pt coating®!.
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Figure 2-28 (a) TEM image and (b) EDS mapping results of Pt- g-C3N4/SrTiO3146],
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Figure 2-29 Timeline: The key development of overall water splitting using particulate
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Table 2-4 Permittivity, oxidation potential, and H» evolution rate from 20% sacrificial

agent solution™],

Sacrificial reagents  Permittivity ~ Oxidation potential (¢V)  H, evolution rate (umol h ' g™ )
Methanol 32 1.05 599

Ethanol 25 1.1 111

Ethylene glycol 38.9 1.54 116

Triethanolamine 293 0.56 1197

Methylamine 17.9 0.75 279

Ethylamine 11.9 0.8 101

Ethylenediamine 12:9 0.76 84.2
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Ty 10000 | —— methanol fw /|| = 10000} —=—methanot 3 o 10000 —— lactic acid
3 —— ::tl;:’:udso T / o —a— lactic acid E’ al _: —v— NapS/NaySOy
——Na a. z = > /
E; so00 | 2S/NazS03 = g o0l = szff"astS 3. J . g 8000) —+— triethanolamine
= 3 TR W 3 = e NN T
S 6000 tradiation e ) £ 6000 racation tm ) S so00
5 = ]
= 3
g 4000 2 4000 ‘s 4000
> °
o~ o
o o / ™ 2000 = 2000
T
0 0 0
[ 1 2 3 4 5 0 1 2 3 + 5 0 1 2 3 4 5
Irradiation time (h) Irradiation time (h) Irradiation time (h)

Figure 2-34 H; evolution reaction with different sacrificial agents from (a) TiO: (b) g-

C3Ns (¢) ZngsCdo sSP1.

HE R BRI kA fRAE P 2 e B RE AL AT F A
s g4 (Figure 2-35)0 o o 3§ v gl i 41 AR il i K R
WA F ¢ % X k4 (photocorrsion)§ 5 A IR BHER L0630, sk d sz o fiR R
2R R R T B G T R B RPE TS R

Ao T F oA AR R 2T LT 0T 5 fe i A L0004 dx Al g Rt kR R en

BECH s R PR R S B R 2 4 00 ean g ki ok
3
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300

—®— Methanol g'C3N4
®— Ethanol

2501 4a pa °
—V—EG
2004 ¢ Glycerol &

Lactic acid
»— Glucose ¥
150 1—&—na,s

*— Na,S0,

100 1—® Na,SiNa,S0,
—9— TEOA

H, production (micro mole)
(4]
o

Time (h)

Figure 2-35 Ha evolution of g-C3N4 with different sacrificial agents!®®],

Wk LR A fRE o KRR T AU kg WA oY R ITH & 4
WKL G L F P AT I A RS R BRI A G

P o I F AL R T LA P EEOY R PRE Y LR EH LR
Yo & R TS R RARE o JUF 2 o FRARIT S AR EATE § RN TR

T 5 ka0 d B ij(Figure 2-36)7 R > A F 2 K2 f A < [ 4 B 5 56 nm
2 73nm > R K2 A5 AR E ST FIREEH A 3 A R G HE

g*g;fg@[%] °
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5] (b) AuMeOH/TIO,

(d) Au-TEOAITIO,

Figure 2-36 SEM images of photodepostion Au on TiO; using (a) MeOH (Methanol),
(c) TEOA, and EDS mapping of photodepostion Au on TiO using (b) MeOH, (d)

TEOAL®6],
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¥3% g% 2
31 FERARHERENS

3.1.1 & 5

(1) & p&48(Strontium carbonate, StCO3) : 99%; Thermo Fisher » 5 % fr 32

(2) = § 1 4x(Titanium oxide, TiO2, P25) : 99.5%; Aldrich » 5 # % fri 32

(3) # it 4L= -k & #~(Strontium chloride hexahydrate, SrCl, - 6H20) : 99+%; Thermo
Fisher » & /% % frit 1@

(4) Jk % (Urea, (NH2)2CO) * 99+%; J.T.Baker » ¢ 8 % {r 32

(5) #®pasdiw -k & # (Strontium nitrate tetrahydrate, St(NO3)2 - 4H>0) : 99%; Alfa Aesar
o S LA

(6) ¢ = p%(Ethylene glycol, (CH20H)2) : 99+%; J.T.Baker » & # % fo 12

(7) 4xpeéw ~ fy(Titanium butoxide, Ti(OC4Ho)s) : 99+%; Thermo Fisher > & & % fr
LA

(8) ¥ 1* 4 (Sodium hydroxide, NaOH) : 98+%; Honeywell » 5 # % fo 12

(9) 2 p pR(Isopropanol, (CH3)2CHOH) : 99.8+%; Honeywell » 5 % % fo 8 12

(10) % i 4 = -k & % (Manganese(Il) chloride tetrahydrate, MnCl, - 4H>0) :
99+%;Aldrich » 5 % fr3Z

(11) A e 45 -k & # (Cobalt(IT) nitrate hexahydrate, Co(NO3). - 6H20) : 98.0-102.0%;
Thermo Fisher » & #* % fo %12

(12) A pa 43 = -k & # (Nickel(Il) nitrate hexahydrate, Ni(NO3)> - 6H20) : 98%; Alfa
Aesar > & s frit i@

(13) ¥ pg(Methanol, CH30H) : 99.8%; Honeywell > 5 /# % fr 32

(14) = ¢ pg "=(Triethanolamine, N(CH2CH20H)3) : 99+%; Aldrich » 5 % fr 32

39 doi:10.6342/NTU202501176



(15) 5* & (Lactic acid, CH;CH(OH)COOH) : 88.0-92.0%;Aldrich » 7 i 4 4c ik 7

(16) pH #5 3] 3 XA (Acid alkali test paper) : Whatman

3.1.2 4 &

(\®)

(1) & # (Argon gas, Ar): 99.999% ; 2m &%

(Argon gas, Ar):99.9995% ; @ &%

-anlv

(2) & #
(3) # # %% % (Mixture of hydrogen and argon): 0.3%Hz, 99.7%Ar ; =4

i
Fanll
%w
&

313 KB

(1) = 2334&'8% (Muffle Furnace) : Kindleuro Company Ltd.

(2) Se# IR (Stirrer) : PC420D, Corning

(3) &% (Centrifuge) : Z206A, Hermle Labortechnik

(4) 424 4w 48 (Sonicator) : Qsonica Q125

(5) -kind F # (Water Pump Aspirator) : AS-3, NewLab Instruments Co., Ltd.

(6) “4a (Oven) : DH400, Deng Yang Instruments

(7) 250 pL # % /31 %4+ (Gas-tight Syringe) : IMR-VLL-GT, Trajan Scientific &
Medical

8) # k1T R-£ B HE AR W P E (Gas Chromatography-Thermal Conductivity
Detector, GC-TCD) : China Chromatography 2000 ; Column : Molecular Sieve SA
mesh 80/100, Agilent Technologies

(9) #&F A RF-kH (Ultrasonic Bath) : DC300, Delta New Instruments

(10) 200 W & B & & (200 W High Pressure Mercury Lamp) : Series 1500, OmniCure

(11) UV LED & *%/& (UV LED AreaCure) : BK-AreaCure-5050 UV LED Module,
Brightek Co., Ltd.

(12) 3 & 3+ (Optical Power Meter) : Model 843-R, Newport

(13) #3538 kg B E  (Thermopile Sensor) : 919P-003-10, Newport
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(14) v“ £ & 23 B & & & 17 & (Specific Surface Area & Pore Size Distribution by
Gas Adsorption Method) : ASAP2010, Micromeritics

(15) X & ¥£44 1% (X-ray Diffractometer, XRD) : SmartLab SE, Rigaku

(16) #1 € & 47 ik (Thermogravimetric Analysis, TGA) : SDT650, TA Instruments

(17) &2 % /347 3% 5 ¢ + ¥ #ic8 (FEI Ultra-High Resolution FE-SEM with low
vacuum mode) : Nova™ NanoSEM 230

(18) & = i 4% = *F s k3% ik (Fourier-Transform Infrared Spectroscopy) : Spectrum
100, Perkin Elmer

(19) X &k 7 &+ &t 3% % (X-ray Photoelectron Spectroscope) : ULVAC-PHI, Quante

(20) % b &k /¥ B %k k¥ ik (UV-Vis Spectrophotometer, UV-Vis) : CARY 300nc,

Agilent Technologies
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3.2 kfuens &

32182 540 F MARFTEE =

3.2.1.1 #u ] g

o AR4e Figure 3-1 #7757 » #-20 g R & >0 1 U7 ¢ BrAnid B~ § (VARH IR -

TEIHEE L F A A4 ¢ 1 5°C/min 2R T 520°C #FE 3 pE 0 X

(& B~ Eﬂﬁ‘@r SR R ] 'Lw\ﬂ“*j—%‘)\ﬁﬁ%ﬂj}-‘hpj

EN
-3

Fom5°%C/min 2 E T 500°C FE2 PP FARFRELIFES EAED

Bsany o T ERLEE AT F W*égCN T

20g Urea % !

500 °C 2 hr

:> | |::> gCN_T

52019C 3 ht

Figure 3-1 The preparation of gCN using thermal exfoliation method.

3.2.1.2 — # % #i2

o A2 4o Figure 3-2 9771 » 15g FR& 01 LA & ¢ Brrss? 20 mL 35 K3 dg4r ¢ 35
FERE D FRFRDBMEE O BIRFRBRE N F VEMEY CFT P E N
15°C/min en= g 3¢ 528 3 550°CH 458 X P> Fp RFREw 3RS AT
fe b IR ALY 0 - A A 2 F A gCN_OSX e *tpt 2 R ¢ 0 F R A

EAEETAIES 233 kP 0 wEBHF s (bulk CN) 0 B4e Figure 3-3 #771 °
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Stir until dissolved
15g Urea —
20 mL Water

550 °C X hr

I:> :> gCN_0SX

Figure 3-2 The preparation of gCN using one-step exfoliation method.

m 550°C 2 hr
15g Urea |::> =208 :> bulk CN

Figure 3-3 The preparation of bulk CN.

3.2.2 4xpadLfE iz & =
3.22.1 % @2

i A2 4e Figure 3-4 #777 » 45 e 4L 452 % %47 (10 mmol SrCOs ~ 10 mmol TiO:
2 2% SrClh - 6HO) R *t i Ak ® » A B30~ 483 R £353 15 > E 30§ 448
BHE o 2os B AR Y 0 12 10 °C/min - g F AR T 1150 °CiE (7400 0 ¥
Bl P B R AR P 1 OC/min fhiE F Tl T R o HARUER & 1L o s
Ko F VAERE AR ORI T R R ATELELA P M MY MY 4 TR

PEREGERRY BB RIS E R RREREREF S g AT

T

Fip BATAR D o R A B 3T 60°CH4a P Mgc 0 FR 2 R0 S 0 AT ER RS K-

WY

AR AL ALR Sl B D R ST 0 I B2 W W 2 4h 4L STOF o
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0.01 mol SrCO;
0.01 mol P25 TiO, ::>
0.1 mol SrCl,

- 6H,0

Remove molten

salts
1150 °C 2 hr
/

:> STOF

Figure 3-4 The preparation of STO using flux method.

3222 k#k

s A24e Figure 3-5 #777 » #-40mL & = @2 % >2%45 ¢ » 4 » 40 mmol Sr(NOs),
FALPEGE R A~ B b Blic iR 302 & b Bpde (4o Table 3-1 #0m )ik aLn g
Mgk Ae g R 3 80°C 0 #F St(NOs), % 273 &8 0 4r » 40 mmol 45fam = fig > 4¢
*igBRT €3 R BEMRIFA 2 o FAPALT SR B RPN VR MITY S LR
f¢ o 4v» 25 mL 5SM NaOH ki3 % » #3430 » 45 {5 B B4k 4 » B3R EH I

A RIEY o M RBSEFAH S A FEF S XC/min o #FE 24 FREER R
FIRIEE o RFE BB RM R RT e RS Z Y EEFIRY
pH iRl 15 pH E423T 7 chibig » 7 A 4o > ©HT K TR E T 60 °C

o FR >yl U ﬁ,ﬁﬂﬁj‘r/ﬁ‘ R S E ﬁﬂ%iﬁﬁiﬁ;STOHXf’
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Until dissolved 0.04 mol Ti(C,H,0),

m m 25 mL 5M NaOHy,,
0.04 mol Sr(NOs), - )
40 mL Ethylene |:> |:>

Glycol

80 °C
200 °C 24 hr
with ramping rate X °C/min

9 = Vs

Centrifugation until pH=7
|::> STOHX

Figure 3-5 The preparation method of STO using hydrothermal method.

Table 3-1 The transition metal doped in SrTiOs.

Ionic radius (pm) precursor
Mn?* 67 MnCl; - 4H20
Co* 74.5 Co(NOs), -+ 6H,O
Ni** 69 Ni(NO3)2 - 6H20

4 doi:10.6342/NTU202501176



323 SRFRALI SR F R T AR R &

Br025g F CRLAYL 0 TR FEHRIEEE A Bl b2 ARRATIER & o AR
%% > X%STO/gCN 2 ff 47 % 7 4 4Lt § ez £ 810 5 X 1100 #8 & 14
2 s kAo r S0mL50vol% R (A kiR e T4I* L fwe gl b e TR T
Loppr AR eoy g AR I8 22 pPREREAELFER R
G E 00 100°CH4 F R 240% B F L 4EHEY > F L E > 12 5°C/min
I S500°C R 3 (Fp AR FRE BFAREIRSRY B

Figure 3-6 #77 °

N

N e
STO ] [
———
50 mL 50%

isopropanol solution Sonication 1 hr

500 °C 3 hr

|:> X% STO/gCN

Figure 3-6 The preparation of STO/gCN combined catalyst.

46 doi:10.6342/NTU202501176



3.3 SR A 47 R

3.3.1 X k& 3284 ik (X-ray Diffraction, XRD)
XRD ** HufF PR LAY o ¥ F T HMP IS AT TR B
Pt Gk ] 2 R R RR 4T o B AR RITAANF PR 20
(Bragg's Law) » 2 25584 Eq. 21 #75% o d 2% X Bl £ & %37 3t {2 R 3 a0
BB SR B TETAHNE G ORM BB LSS R X KX HE S SR R
FEET AL S £ > j8m A4 SR o 4 X 28ET R A it h+ T F 6455
EFIAREE LB A A ke Lo BT RS AR L o ~ s E L P
4o Figure 3-7 #7171 Fge /s AB~BC & B 4 8|23 /2 DG~ HF & R 4p % » H &
5 GEH> ¥ Lz k2 Fenkfpf % 5 2dsing » % 897 » stk el £ & BF
BB EAALERET W b~ FEBRAORET F o E S FA Y

F i EEHEREA ORI -

Incident
Beam

N
4.
4.

Diffracted
*~. Beam

Figure 3-7 Diffraction of incident X-ray beam by atomic planes!®”!.

2dsinf = ni Eq. 21
d: 7 k&2 &R+ E R EE

0:Xkrsrkr Bgm2 &i

47

doi:10.6342/NTU202501176



n: ik

AiX kg &

XRD 2 3% ¥ 4= Figure 3-8 #7711 » # » sp L hr e 52 & & 7 5 00 X0 dfdy ¥
KR g A o B A R E 2 284 > @ XRD B¢ feR) Sk B R

By btk AR 0 x5 200

Normal to Surface
' 3
X-ray

S Detector
— Diffracted ’
X-rays

Inciden
X-rays

Figure 3-8 Illustration of basic principle of XRDI®®!,

XRD Rlz# e et crd 3¢ X Pl fd® o 2] ~ PIES ~ B RAIEERE
pEEFRRE S FRRED KA o g BT IR PR e
(Scherrer Equation)#- = B # & — 4= » 4 Eq. 22 #777 » § fh&nfakedd | > pIH #
Ao 2. X 3 % (full width at half maximum, FWHM) € 47 % 5 2% # #c K € S 55
Al 23 8 kL KiE L 098

K4
- Bcos6

Eq. 22
D: &k Tior <

K a7k ¥ di

L X kR

B: Mebfdpcit 2 LB g

0: Xk rstker BGz &4
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AT SXRD#* Cusiedtr & X%5iE 1.5418A eh CuKa i o i&
Fadrm o Mo T FE P L o DA B P RE LG BT E o RE
B FRIE 0 2 15%min i S d 5OHF 4 I 90°5 @ F 1t a4 14 15%/min
chig Fd 5O4F4s 2 50° 0 HFE P70 1.5%min g Fd 254 T 3000k ik 4

¥ oo

3.3.2 % ¢k k-7 A 5k k2§ ik (UV-Visible spectrometer, UV-Vis)
UV-Vis ffd se @ %Rt £ > 7Rl HAl 67 il £ 7 ek fch ~ TS AR
BF o bR nE P TET L ARR LT o - @E* 1 BRI Eq.23
I %ﬁﬂ e B R (B RS EBE D VREFRSLER o
A=1og(2) Eq. 23
AR
Io : » &k 3
[0 st &6 2 0 8k 5
R o HREMRS FIREEE TER S MEREZZ B S NRE
FrrT L Eeh S ow BB K Bk ¥ (UV-Visible Diffuse Reflectance Spectroscopy, UV-
VisDRS)e ;Ui (TRl £ > § » PR RS I FIR R &P p 3885 + § A5 F &f-
FTHE B R BT ;‘gg} fi A s B F sk gl B % 4Ede Figure 3-9 #7or
Fom B Rz e BT B R+ 2% 32 4758 (Kubelka-Munk Equation) # 12

2L E R 2 R T B 0 40 BEq. 24 ~ Eq. 25 o o
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Diffuse
reflected light

Specular
reflected light

Sample

Figure 3-9 Illustration of integrating sphere in UV-Vis DRS[?],

_ 2
Fu%)zgzﬁif Eq. 24

R, = Jwsample Eq. 25

Reo,standard
F(Ro) * BB+ -5 5 Snilic
K @ sz iz #ic
S : ¥t ik

Ry * & " UE AR J-2 F 55

o

Lob s g LR A 2 o d UV-VisDRS 2 s e Bz %% 5 V- #H i

I

14 5. Bl(Tauc Plot)en= jZ 32 5 M H G A~ 0] > 3 2 iR #F Eq.26 ® st #ika &2
Mz R’

g %o B0 RS T EMEE AL T R

bo

E3

—=
N

= »

E Han

Wi

P

E

= »

i dplon TG TR R o URRT Y ATR Y 2 ACEALE § S RRFIERS B B F Y
AEEAM o EniEs 05

(ahv)n = B(hv — E,) Eq. 26
o TR K

he kA

v AR

n: gk
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B: ¥ #&
Eg: it A% A&

PP Fla g 23tk AR > & Eq.26 ¥ # 5 Bq. 27«05 » £ 04
WA B 2.7 oo #-DRS #7182 Bl S % SR 5 0 4o Figure 3-10 A M5 P
BNT® R TG (P R 7 S L A W B ph2 BT G L

Ko A RBERAFELR > B ERrE LGB A w0

1
(Ahv)n = B(hv — Ej) Eq. 27
AR

(khv)? [e]?
() [eV]"™

25 27 33 x .S 32 34
(hv) [eV] (hv) [eV]

Figure 3-10 The Tauc plots of different phases TiO; from P25 (An: anatase, Ru: rutile),

calculated by (a) direct band gap: n=0.5, (b) indirect band gap: n=21"",

3.3.3 # £ & 17 & (Thermogravimetric analysis, TGA)

TGA ¥ * MRIERSTEARC 2 ELR > B ol BRSNS

PR TR E N BT B A I I S MR EER

FOHAINERLATBEAOEEARAS B AR T ERM R EE S A

el

~

sqg/,'

BHBEER KA RALE AL R B NERY NG HY Rl &g

BT o kR SE e ¥ A 4f22 A% o 4o Figure 3-11 #7771 o

Figure 3-11 Illustration of instrument of TGA"!1.
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AR P o 35 mg 4L 2T 90 uL chF AEHIE Y > 2N E F RET
AME R D100 BT R A G 2 kA3 0 B 1802 10°C/min ik & 28

1 800°CTwsr g o

3.3.4 3% #F 4 ;8 T B s (Field Emission-Scanning Electron

Microscope, FESEM)
AR BB R > A B XV 130822 3HSEM ¢ AR R

BB A UERIMRE L AR RE BHOREL - B BT RNET ko

5

THREEZ A FAJ T IR 2FHh - F AR FIH X EF LR AR
3l deig 0 TR GFRPUBTREE B2 TN VA H NS 8- H ¥ SEM
ER R AT T A EY s BE AL W E G LR 3T A
FRTFIAEREEREI2HF G o RO BRES R - FRAB T UK
FEFARENHE S LG 72 AT G 2 4 (Figure 3-12)14 -

ERFREHELAG 22T EY 8 ¢ 443 REEA DT F 245 b (Figure
3-13)71, & SEM iRl B i & #r i plen T F R &2 RS EEMERR S T o 40T
-+ (Backscattered Electrons)!Z 2 57 + d i F &4 o m ML o A F - T+
(Secondary Electrons) > = =x & &+ Flat £H& ™ > ] 3 50eV & ¥ d &4 % 10nm
R AL 2 RF AT R RIT  F R ERAR SR G 2R SR -

FESEM £ SEM 2 £ % &30 E ¥ 2 BRh73 b % E 27 » S @ R g S
RERBEF NN O RTEF A X T GRAPEES B AP EOT B 2
OB e 2 S5 iR o T G 4% (Figure3-14)0 3 2 R { % ERBGJHTAF -
rPESE AL 2 R

AR Y RERIE SR 100 Co s R A A G Sk A S
HsPs RS AN  FA 5 e B BT AT A

Se Bl R R
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Cathode

- Wehnelt Cap

I Anad
Aperture —] et

I- Alignment Coils

|- Condenser Lens
Aperture —

I-Condenser Lens

| Scanning Coils
Aperture —

Objective (Probe) Lens

Aperture —1

Detector

Vacuum System

Figure 3-12 Illustration of instrument of SEM!7],

Backscattered Incident X-Ray
Electrons Electrons (EDS/WDS)

Secondary | Auger
Electrons Electrons

Sample
Absorbed
Electrons
Transmitted
Electrons

Figure 3-13 Illustration of a scanning electron beam incident on a solid surface!”].

>3 doi:10.6342/NTU202501176



(a) (b) (c)
Tungsten Hair-Pin LaB, Tungsten Field
Filament Emission Tip

)

Figure 3-14 Illustration of electron source: (a) tungsten filament, (b) LaBe tip, and (¢)

sharp tungsten tip{’2!.

3.3.5 it ¥ ~ %7 % 3% & (Energy Dispersive Spectrometer, EDS)
Ay @ orig * 22 SEM % Nova™ NanoSEM 230 > § P ¢ EDS 2 # it >
MR X GREFHEAR A F LR AL o TR ELRF AREHPEA

R RGERI L B T FIEE Y RMAFEF B X kA5

s b X kT L g X % > 4o Figure 3-15 #r7 o B2 ~ & ehit 143 24P

oo e X kv * uili sz 3 o

M M,
\ L2L3 = SE L. L 8 X-ray line
9 1 i K-Lj (Koy)
e e /
.
-0 ’K/

Figure 3-15 The process of the emission of the characteristic X-rays!’.

3.3.6 % f247 R 7 % ;% 7 F & k4 (High Resolution
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Transmission Electron Microscope, HRTEM)

g gp A s 25fen SEM % o> TEM & % 14k i p 3807 fE 27 5 1Y
Bfo 2 SEM 4prt - TEM “fi¢ * 2 1 v R B % » B8 TR T+ @ k4
#oEAEIERORETEF YRS TAARSY - S BRIEBR S
B R F L 100nm 0 T F KA FUTE o

TEM 2 fk * # i 4 Figure 3-16 #7511 g2 SEM #f 02 » H &k f 203 3 &

2253 3 BEaila vigd BEFS O EFLSEDTERE & ¥ TEM

=

ERN DT F RS FURENRET R FFTEREF §EREN NS

=
A2 XTI 05 R ARR Z A0S B § At 408+ R+ (Elastic Scattered
Electrons)¥? 4% % i % + (Transmitted Electrons) > € % {6 F2 B 431 % > )X pl oy

F LRl A R R L A -

LJ— Electron source

N

S T |
N \/ }—Condenser lenses
[ -

—

Condenser aperture

‘l

= Sample
I Objective lens

_II mmmm——— Objective aperture

Emmmm|  jmmmmm-——— Selected area aperture
| |
b4 ———Intermediate lenses
BN
N

-{ SEE— Projective lens

Fluo t 1

Figure 3-16 Illustration of instrument of TEM!"3,

# % T + %54 (Selected-area Electron Diffraction, SAED) & - 38 * 1147 5 & HH

ALz Fope> 3t TEM ¢ > 1 * ¢ [ 34 & (Intermediate Lenses) 2 # ¥ £ [B](Selected-area
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Aperture)iE Ptk & ¢ chiF LR T H T S MESRAEL 0 d S0 P e ] EROOE 0 7T
VR AL HE 2 ST I M H & S T P RS EE S A Y 8 & SR T
TF R ERMT ZA R > g A) Bk SRS

SR Y M- Smg fELE 20mL PSS R S 0 B 3L 3R A R

100 °CE-fa s e ic 2 % FWEE &6 kA S o WAR L TR

337w & g fF g3tk ~ F Bl £ &R (BET Surface Area Analysis)

BET = #% & d # & % f (Brunauer) ~ ¥ 45 (Emmett)£ % E‘*(Teller)“r* 3
2o F RSO RCAIIR S 0 AT Y E 3235 (Langmuir Adsorption Theory)2. i 2 >
WO S M T ST AR TR 5§ S T s
WA G P A LR A TR REIITIER 4 P R E S HIT G
F-H gL A E 2 ot BET h2 2587 4o Eq. 28 #n 70 g
PTRRA S T A PN RFH RS A Vi e

ALY o B FMEY Y 2§ F 0 A2 105 °CheF T 8 ) PR &
o TR R R L BHRERETING B s S R ERIEL 0 H

CILR A F BRI F R RS AR 0 X 5 B

"

-k i T B
* e ek A 2P£= 0.06 ~0.08 ~0.12 ~0.16 ~0.20:& 7B & > *% fﬁ‘?ﬁ“‘ L=
0

\LL%\'\iﬁfO

1 c-1P 1
- =4 Eq. 28
V(%—n Vi C P + Vi C d

P g

Py tefok i B

VT g R A
Vit H & § Hecq A

C : BET % #&
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3.3.8 X kb § F it 3 iR (X-ray photoelectron spectroscopy, XPS)
XPS {Eﬁaé\?ﬁt% /_/L@?’r %Z\ g_ *fr_’ ‘2‘7 — ¥ l»(]—tff'z\ \m—%]%
A YRS R RT L R X REERS P AT

W4 & (Figure3-17 ()7 @8 % & 0 1~10nm T + 4 g4 I8 £ B0

IR RSN IO =y Tl S B B R R RS R R
RAFERRALELN 2 H/D &7 HE2G A FEFTELAIT R XPS P hT it

EARY Nl A PR B2 KT F > REXPS rii A e AR FAEA -

Er: @+ &85
Exk @ & + # i
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a b C

Figure 3-17 (a) Photoelectron, (b) X-ray fluorescence, and (c) Auger electron from X-

ray bombardment of a surface!”’).
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(Auger Electron) » ¥ 4% i jp] BHeqz » w3t XPS B3¢ > ¥ A3 &
PRt B RT L AR ENETRT RN R H PR 6

BomkFTIRAE o

X-ray Anode

Figure 3-18 Illustration of monochromator of XPS!7”],
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Figure 3-19 Illustration of instrument of XPS!"7],
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£z Xk B B4pf4Ez KaH d ke w gt £ X k2 28 5 4 Figure 3-18 #7
ATNIXPS Ae g R S JER R BT MR R S T
BN ARG MAR BT PO REF R RS A e PRI N

£

PR XPS ¥ ied p A v G BFRS A FF A 6 & 107 S
B - LHALKELNE  F - FLHR LB

FiRlEE 0 XPS 2 1 i
ZRFI BB AR IFPLBLT I R EH IR LTI ELEL BN TR MR
® oo H 2 H 4o Figure 3-19 #5771

WAL P o0t XPS T 4EIF A iRie o E AT 22 X 1077 mbar:

E&ﬂgﬁ,H@Qﬁ@?§$4%%%i5ﬁi%%ﬁ%?°

3.3.9 & it & e 1Ll ¥ (Electrochemical Impedance Spectroscopy,

EIS)
EIS 7 " 8% % kv - Rl 8 f ) iz e d S inT 2 Rin g i
AR AR H B R 6N

X ok A4

LIRR R o FESG - A7 #2538 BUBq. 30 0 #x EIS 2 BlFH A WL PR f2 3R R

2y ’éfc"’ ?J’E_l FE'*fi;‘—' T 7 j\“&;.u]rg‘#go ft

(\x,

BIEE XY #ho
Z(w) =Zge = jZim Eq. 30
Z(®) © & FLp R
(O IR R
Zre * [E4LF Bt A
m © PP HedR A
FRIRE L VRS B S IRA o 245 L ERE TR P RIE(Ry)
i 235 REis DTFBLETEAF DT F(C) > HTRAAT AR
Figure 3-20(a) > m ;3 /& M FR2_JE3L™ & 5 B B R [ Ry 2 % T % (Pseudocapacity, Cs)

EE T AESTIE R E L F FresyWarburg Impedance, Zy) » 4- Figure 3-20 (b) ©
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Figure 3-20 (a) Equivalent circuit of an electrochemical cell. (b) Substitution of Z¢

into Rs and Cs, or into Ret and Zw 78,

BRBT L F AP T F AP AR 2 ETRT AL BB K P
S o NP Zre S Zim 2 BT O G - WEALS L 1 ehE M L Eq. 31 H BT

2% Figure 3-21 () § X R X B> T2 a2 Pl T3 0Kk 5E9 218

-

%4

s i REf R ERTRVARGATFERSTILIBMUEL SN T 2r B

)

] ERR D Ry Py

| 1

NS

ReEnlEom AR ZREFEHZ LBLG
e R PR gL PFER BLHCA VAT 02 5 Figure 3-21(b) s @ H & % B3k P AT 07 Figure 3-21

()78«
Zim = Zge — Ry — Rer + 20%Cy Eq. 31

o . Rg &

60 doi:10.6342/NTU202501176



Zpe =R+ Ry~ 2(,%
R Slope = 1

(b) Zre ()

Zim

w=1R.C, Ca
|1
© o 1
/ \ W
o 0 Ry
| AAA
Ry Ro+ Ry Zge

Figure 3-21 Impedance plane plot for (a) low frequencies and (b) high frequencies, and

(c) the equivalent circuit of a system in high frequencies!®].

*t EIS Rl E 2 b pF > 7% e R AR (7 B 4- 0 45 AL 5 475 (Mott-Schottky
Equation)z_ /& J2 » ¥ L g plm 2 » Hao F 28 A2 8 A e 7 ek B2 s
HAEeHEH T I s R0 P ey cn X2y v d
T ¥ (FlatBand) =B 8 %@ e § n AL EMBE SR TRT AR T3 FTF
AR LB o REFEIBRRIRR BH I N ERLF AT IR LA D
TR IEREFT I G R E AT RS BRI P RN T B R
— A R R RS ARABRPE R SRR L I TR AR
FETH 2 LBV L&V @tk 3 T 0 H 424 Figure 3-22 #157 e

kgT

EIS #cth 5 Bq. 32 A2 5% AELaig | 7 20p - 5 M BN A BT 5 T T

i oo

L2y kT

E = c20eNp (V VFB B Eq 32
C:haT?

elAHA R WK
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Figure 3-22 The equilibrium between n-type semiconductor and solution!”!.
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itz r» LT RaRY « AL EYZRRTARLZ I MERSGZ R #
BTG A S TRR G AVE F AT R TR BRIFEEQ33 RS d &g
BEY TR L EEE TRk

Vane = Vag/ager + 0.1952 + 0.0592 x pH Eq. 33

3.3.10 sk 3% ¥ -k sk 2# (Photoluminescence, PL)

R CERILASET AT 0 I BB 2 e ERET RS S 0 2
o RENT I Ed PABER  FENE AL Rt d - RF T FTF
HOoRFE3EEU R FEHEBY A EARTFITLFE S S BPEFERY
- 3R A R AT AT L R DRR T R
Figure 3-23 #rn B0 o JE Rgf b k3l > P AN A PR &Y T TF L B EE S

ZARELE > BT o B2 F ”oﬁg)?.fi\mﬂ CHF T AT RET IR
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Figure 3-23 PL process!®”.

WA G Y o B Smg 4 10mL DI k54 8 & > B3RA 3% PL 4 &

W oo FEApeF R 5 350nm 0 ¥ KFH AL S 400nm T 650 nm -

3.4 § 48 & #7 % (Gas Chromatography, GC)

GC™ ¥ Pl FHFIREF 2 AR F MR ESF A T 0 FFd 3 M
FHASLATHTLE  RIREF L A4 A e R LA -

% & 35 % 8 (Mobile Phase)2 §475 § H30 § 4L ) %R pF o o R § X T
18 % 7 TAp (Stationary Phase)si®* 4 58> d 2t gz p FTARH T b f 42 %3]
SA LB g RERESPE FRHAREGEIAL LB R AR Y it
ST RS TRES L B R BN E LT

AL FHAFZFIEERE 27 d FTRFE AR LG4 B TR

GC z. % L entd P B & & L W55 44 p| B (Flame Ionization Detector, FID) % #u
% 5P| B (Thermal Conductivity Detector, TCD)% » AF= % #rA $72. A4 1 & 5 &

FookE O EBFME L AG s A4 TCD -

63 doi:10.6342/NTU202501176



= — F

TCD 2 Rz £ jEd fhisf e fnf M2 B EF LR A2 A5a 7 - TCD

PG - R TR B R AT T A 0 4o Figure 3-24 477U £ Rl T A A 4

.

BE A GO FHERSF WA BB TCD 352 B 47F LHHDHTIE Re 2 Ry
Prod A RFHFOERREREIR  RETHS RIGERAEZ R G AR

?mﬂﬁiﬂ’ﬁ?%ﬁ%i?&iﬂWi$ﬂ%°

Current |

Analytical
Column Reference

Effluent Flow

Figure 3-24 Wheatstone bridge in TCD8!l,

AREE P AT 2§ AR 1T R &9 S8 2 Table 3-2 -

Table 3-2 The parameters of GC-TCD

GC model China Chromatography 2000

Detector TCD
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Column Molecular Sieve 5A, 80/100 mesh, 3.5 m

Carrier Gas Ar (99.9995 %)
Flow Rate 20 mL/min
Injection Temperature 50°C
TCD Temperature 50 °C
Oven Temperature 60 °C
TCD Electric Current 60 mA

SFktRERL YT
AT G R R PR BEN B KA RAL L F 2 F o B
(SHF EEY 2 F A~ GCTCD ¥ 27 xR AT o d AR ¢ i % A

ngﬁ‘l:"é ]\/»\ﬁ:::";{l?_ A :’i*:F’ M2 GiEo

3513 FREMYIT

AFETATR Y L FEEL S 03 vol%E F % 99.7% vol%E F 2R L F B R
G RHREREFHEC RF 10 AR AP IR F o % 250 ul R 4N T
0 A BB~ 50~ 100 ~ 150 ~ 200 ~ 250 pL 04 4872 » GC-TCD p » & fER# % P15

AT UELZ AT 6 T LI W RS R M 2

FREF 7R T e P R RESy TV RFRFA T FARAT 6 ff
B4 F X B gz kE MO s e Figure 3-25 ¥ Eq. 34 #7571 ©
Y = 8.00 x 1078X Eq. 34

Y ! 3§ 2 %3 #i(umol)

X : GC-TCD 2 3L ELR T & #f
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Equation v=a+hx
Intercept 0t
Slope 8.00339E-8 + 1.0967
Residual Sum of Squa 1.55385E-6
0.030 ~ Pearson's r 0.99962 //.
R-Square (COD) 0.99925 %
Ad). R-Square 0.99906 //
0.025 A /,/
4//
5 0.020 -
E .
= //
0.015 + 2
/./’/
0.010 + / E
vl
"/
0.005 1

T T T T T T T T
50000 100000 150000 200000 250000 300000 350000 400000
Area

Figure 3-25 H; calibration line.

FAA310mL ¢ > £ ANA k210 mL > e AR E o

484 Bq357 @ o

3.6.1 % bk FEiRE H k¥

200W 3 RACE TS KK 2 % ¢ kR 4o Figure 3-26

3-27» ¥ F # {4k & 320 nm~500 nm 2_jg ¥ -

66

» F]GC-TCD 2 i & ¢ 418/ 5 0.3 mL > ® F]F &

KA ;;/F’
Eq. 35

H k2§ B4 Figure
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Figure 3-26 OmniCure S1500 UV lamp source.

OmniCure’ S1500 Lamp Spectra
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Figure 3-27 OmniCure S1500 Lamp Spectra.

3.6.2 kg it 714 S ﬁg: /:% 5
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AT L BOF 20 A AR IEL IS A0 BR Y o B 15 # e $de Figure 3-28
S A EFHBREERF 20 A4 R SRR LLF o FRFELE 1

A BFEFMIVER & ARFT02kgw/em e
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Ar

Figure 3-28 Illustration of experiment setup.
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wk-F BB S GC J'zﬁgfﬁzﬁ#‘é’u.,éi%{;ﬁ‘i%%ﬁ%p\igfgof@%‘rw}é’zﬁ BB
TEHRELS RS HEBpIEr E R L e R F M~ GC-TCD &7 4 47 >

P

SRR F 2 REMB I TR Ao
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4.1 XRD 3644 +7

N

4.1.1 GRFLdl )k 7 1] L) 3% A 47

ARG IR B LB R HGE R (T A FRAL(SITIONZ WA > F A w k& 5 STOF
Z STOHX » # ¢ X & 7 -k#i2 flgd 2 2 8@ F > & 40 dg i 4Lie (7 XRD Bl
A 45 4e Figure 4-1 (a)*777 » £ 153 B3# JCPDS #35-0734 v+ $f » & %] i £ (100)
(110) ~ (111) ~ (200) ~ (210) ~ (211) ~ (220) ~ (300) ~ (310) ~ (311) ~ (222)F34% fic 20
=22.8°+32.4°~39.9°~46.5° ~ 523" ~57.8" ~67.8° ~ 725" ~772° ~81.7" ~ 86.2°
RO ToH E BE 2R AR & 2 ARPRAL T OB TR TS A1 1T 2 45 R 4L XRD
AELRARIES 2 F RARHRE 0 995 Bq 22 ol ot 2R AR LS

Hgod s 44E% o E AL HEI0)H £ fode s | 4o Table 4-1 577 -

(a) (b)
[ SsTOF |: STOH1
STOH2 P A A A
—— STOH1
STO standard 2Co:STOH1
= = R
&) S, |
g 5 i ‘ 2Mn:STOH1
g, g Ard Mol i
FER g SO o L
£ | £ —— 2Ni:STOH1
N"““"--uu_.t | U R D T
“"'—-—-»'_—)\__&_.&___&_.‘___A_.___
STO standard
20 40 60 8 2 40 60 80
20 (degrees) 20 (degrees)

Figure 4-1 XRD patterns of (a) STO, (b) doped STOHI.

U R AT 2 AR RAL S Y B R T 2M B SICL - 60 HIRE T St di b 2
£o@v AL IREA A 1207 nm 2 o8 5 F - 2 o oR#GE o E 2 4R
B FIRAPH R T F & kAt L Ul 0§ 44T & 7 (Amorphous) FIH ¢ $
KR 2 0 B R E L T T RN IR Y TR e R R
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L SEERIRNS TR L ¥ S NN VRN L 3L RS
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oW AR k2w 4 0 A ;ﬁ:}%ﬁ?‘m NER AR RS B 4
FLdlz St d r0E MBS L o k-4 & 5 XMISTOHL » 2 ¢ X 4 7483

- ARk ¥ 4 1°C/min >

S
=

2 AR apaAz XA EF M B RESE LR A
XRD B]:# % % 4c Figure 4-1 (b)#77F » ¥ % I35 32 & B ¥tecpesiz XRD 44 ¥ &
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3

H Bk < o] B4 Table 4-1 #7571 o

Table 4-1 Crystal size of STO series catalysts.

Catalyst Size (A)
STOF 1207
STOH2 108
STOHI1 94.4
2Co:STOH1 76.4
2Mn:STOH1 127.3
2Ni:STOH1 74.1

A12 55 F S AP F 1“8k 2| -8 3% 4~ 47

ALY RE A AR EAF A (EON) > B AT A e S S R A g

~

REH A RBH R TR N RET A LB T T A
M2 Lot o f btz XRDFHcE 33 B> - £ kp 20=127"hTq &
A A Z EK P 20=274 oAk Bipidy o A F RS > B R
B IEME BACGTR I EQ2l 00 A R A AREE I K2k
ZPEELH S 0 RAF LR BB o 4o Figured-2 1w 0 ¥ RS2 | PRAEAIT 2
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- H A gE gt gCN OS2 £ 7 B f 2 4|3’ > & b d g2 § i

gCN TR 7 LHAYE ST 7T o

(a) (b)
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Figure 4-2 XRD patterns of (a) fast scan, (b) slow scan of gCN.
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Figure 4-3 XRD patterns of (a) STOH1/gCN_0S2, (b) 2Co:STOH1/gCN_0S2, (c)

2Mn:STOH1/gCN_08S2, and (d) 2Ni:STOH1/gCN_0OS2.
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4.2 UV-Vis % ¢} 6_7 8 & & 38 A 5

4.2.1 Sxpadl i 7| fR a4 4

LY 2y ;fﬁ UV-Vis DRS it {7 45 a4l & 7| fR &2 s L BRI - k42 2 3 @
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2 B 2 ARphALZ R R % > 4o Figured-4 (a)f7tor 0 RIS S R R v B
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| °C/min -k #:i% 5% c4cfe 4 STOHI 2 47 L% T B2 el 66 3 %
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Figure 4-4 (a) UV-Vis Spectra, (b) Tauc plot of STO.
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Figure 4-5 (a) UV-Vis Spectra, (b) Tauc plot of doped STOHI.
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Figure 4-6 (a) UV-Vis Spectra, (b) Tauc plot of gCN.
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Figure 4-7 (a) UV-Vis Spectra, (b) Tauc plot of STO/gCN.
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4.3 FTIR(Fourier-Transform Infrared Spectroscopy)
Ll E% PO

AR RLAL-F P RLR & fi 4> % XRD Bl %2 S pEind R &% 4% FTIR
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Figure 4-8 FTIR spectra of 2Ni:STOH1, gCN OS2 and 10% 2Ni:STOH1/gCN_0OS2

catalysts.
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4.4 EPR(Electron Paramagnetic Resonance) & + "8z
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Figure 4-9 EPR patterns of doped STOHI.

78 doi:10.6342/NTU202501176



4.5 TGA . € & ¥7

d3F LA B ETRAET b ARAE R B ARATER L T

BCEPE IR § R RACE AR S R A O A RALH S PRZ IR R

BRAREPEZREER -

dEEERALBRLLT N RTLELEFABRT CRETF T L
AR AF SR BT § AR KT A ARALT AL B TSI 4E
HRBTLERHL R F Ao A RE I00CHP R L ERHL 0 B
100°Cis 2. £ B4 4 (74 r 16 > H &% 4r Figure 4-10 #7571 °

MR EH AT 800 °C e 2 F A GEEAA AR FEHEY T
fl= &
B2 GRERAL BT LGB S F AN SR Bl G L 2 A Y

B RO AL A T W ARANERALE F TR 2 v B> iR TGA B % ¢ F

AR AL-F 1Y AR & R4 STOHI/gCN_OS2 i¥ 2 A3 > HAepd & 2 & S8 #73
Ko R ATREL S P R LB KR TGA S E AR kv 2
EXPLALY B o

PR h ARRRALEF AR S B3 T 150100 pF RS H AR TR
596.19 % > FiT M acLELZ 97.56 % o 2 % 4.1.3 & ¢ Figure 4-3 (d)2 XRD B3#
Bheh L ET R KT ST EFSEA . A R F RS e

EE A R ARERALE F AR R AR & BIRCKPE S SR T R Y 1
PERLEL f S AT AR BE T R BURENT S R T B

7 doi:10.6342/NTU202501176



100 - 97.58 %
97.37 %
—— gCN_0S2
80 5% STOH1/gCN_0S2
< —— 10% STOH1/gCN_0S2
f_: STOH1
= 604 |——15% 2Ni:STOH1/gCN OS2
‘O
=
S 404
(@]
|_
20 19.66 %
6.06 %
0+

b I ' 1 i+ 1 * 1 » I " I
100 200 300 400 500 600 700
Temperature (C)

Figure 4-10 TGA results of STOH1, gCN_0S2, X% STOH1/gCN_0OS2 (X=5, 10) and

15% 2Ni:STOH1/gCN_0S2.
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Figure 4-11 SEM images of (a)(b) bulk CN, (c)(d) gCN_T, (e)(f) gCN_0S2, and (g)(h)

¢CN_0S3.
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Figure 4-12 SEM images of (a)(b) STOF, (¢)(d) STOH2, (e)(f) STOHI, and (g)(h)

2Ni:STOH1.
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Figure 4-13 SEM images of (a)(b) 5% STOF/gCN _T, (c)-(f) 5% STOH2/gCN _T, (g)(h)
5% STOH1/gCN_0S2, (i)(j) 10% 2Ni:STOH1/gCN_0S2, (k)(1) 15%

2Ni:STOH1/gCN_0S2.
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Figure 4-14 EDS mapping of 2N1:STOH]1.
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Figure 4-15 EDS analysis result of 5% STOH2/gCN_T for (a) STO region, (b) gCN

region.

87 doi:10.6342/NTU202501176



NKal 2 Sr Lal

Figure 4-16 EDS mapping analysis result of 5% STOH2/gCN _T.
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Figure 4-17 EDS mapping analysis result of 5% STOH1/gCN_OS2.
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Figure 4-18 EDS analysis result of 10% 2Ni:STOH1/gCN_OS2.

N Kal 2 Sr Lal

Figure 4-19 EDS mapping analysis result of 10% 2Ni:STOH1/gCN_0OS2.
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Figure 4-20 TEM images of (a)(b) gCN_0S2, (¢)(d) gCN_OS3.
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Figure 4-21 (a) TEM image, (b) SAED images of gCN_0OS2, and (c) TEM image, (d)

SAED images of gCN_OS3.
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Figure 4-22 (a)(b) TEM images of 10% 2Ni:STOH1/gCN_0OS2.
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Figure 4-23 SAED patterns of 10% 2Ni:STOH1/gCN_0OS2.
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Figure 4-24 BET surface area plot of gCN_OS2.
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Figure 4-25 Langmuir surface area plot of gCN_OS2.

Table 4-2 Specific surface area of gCN series catalysts.

Catalyst Specific surface area (m?/g)

bulk CN 41.4683

gCN T 72.5496
gCN_08S2 81.2823
gCN_0OS3 51.7754
gCN_0S4 53.7777
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Figure 4-26 XPS survey scan pattern of gCN_0OS2, 2Ni:STOH1, and X%
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Figure 4-27 XPS (a) Sr 3d, (b) Ti 2p, (c) O 1s patterns of 2Ni:STOHI1 and 10%

2Ni:STOH1/gCN_0S2.
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Figure 4-28 XPS Ni 2p pattern of 2Ni:STOH1.
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Figure 4-29 XPS (a) C 1s, (b) N 1s patterns of gCN_OS2 and 10%

2Ni:STOH1/gCN_0OS2.
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Figure 4-30 Mott-Schottky analysis of (a) gCN_0S2, STOH1, 5% STOH1/gCN_0S2,

(b) doped STOHI1.

Table 4-3 Conduction band and valence band of gCN_0S2, STOH1, and doped

STOHI.

Catalyst Band Gap (V)  Conduction Band (V)  Valence Band (V)
gCN_08S2 2.92 -0.99 1.93
STOH1 3.21 -0.91 2.30
2Co:STOH1 2.18 -0.46 1.72
2Mn:STOHI1 2.54 -0.47 2.07
2Ni:STOH1 3.03 -0.41 2.62
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Figure 4-31 EIS analysis of gCN_0OS2, STOHI, and 10% Ni:STOH1/gCN series

catalysts.

Table 4-4 Resistance of gCN_0OS2, STOH1, and 10% Ni:STOH1/gCN series catalysts.

Catalyst Resistance, Ret (QQ)
gCN_0S2 1033.9
10% INi:STOH1/gCN_0S2 94.83
10% 2Ni:STOH1/gCN_0S2 99.864
10% 2Ni:STOH1/gCN_0S3 89.748
10% 2Ni:STOH1/gCN_0S4 118.12
10% 3Ni:STOH1/gCN_0S2 92.16
STOHI1 80.345
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Figure 4-32 PL spectra of doped STO/gCN catalyst.
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Figure 4-33 PL spectra of 10% XNi:STOH1/gCN_OS2 catalyst (X=1, 2, 3).
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Figure 4-34 Photocurrent results of 10% Ni:STOH1/gCN series catalysts.
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Table 5-1 Hz evolution rate of STO series catalysts using methanol as sacrificial agent.

H; evolution rate (umol/g*hr)

STOF 4.79
STOH2 67.44
STOH1 136.2
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Table 5-2 H» evolution rate of doped STOHI series catalysts using methanol as

sacrificial agent.

H: evolution rate (umol/g*hr)

2Co0:STOH1 5.35
2Mn:STOH1 4.66
2Ni:STOH1 8.88
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Table 5-3 H» evolution rate of gCN series catalysts using TEOA as sacrificial agent.

H; evolution rate (umol/g*hr)
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Table 5-4 pH values of 10 vol% sacrificial agent aqueous solution.

Sacrificial agent Lactic acid Methanol Triethanolamine

pH value 1.71 6.33 10.74
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Figure 5-1 Hz evolution rate of 5% STOF/gCN T catalysts under different sacrificial

agent condition.

Figure 5-2 SEM images of gCN_T after reaction under (a) no sacrificial agent, (b)

MeOH, (c¢) TEOA condition.
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Figure 5-3 H» evolution rate of STO/gCN series catalysts from different preparation
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Figure 5-4 Illustration of (a) STOF/gCN_T, (b) STOH2/gCN T, (c¢) STOH1/gCN_0OS2

(gCN and STO are described by orange and gray respectively).
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Wavelength (nm) 365 385 405 450
IQE (%) 0.98 1.02 0.21 0.0017
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Figure 5-12 The comparison of UV-Vis spectra and IQE results of 10%
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