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Abstract

With sodium borohydride as reducing agent, white anatase titanium dioxide was successfully re-
duced to blue and black hydrogenated titanium dioxide by solid state reduction method by adjust-
ing the reaction temperature and time, and the properties of the obtained samples were characte-
rized and tested. The characterization results show that the hydrogenated titanium dioxide has a
typical core-shell structure (TiO2/Ti0O:—), including the inner layer of anatase crystal and the outer
layer of disordered structure. Hydrogenation reaction introduces a large number of defects in the
disordered layer, among which Ti3* and oxygen vacancy defects form impurity energy levels below
the conduction band, reducing the band gap of hydrogenated titanium dioxide materials, widening
the spectral absorption range, and enhancing the light absorption and utilization ability in the visi-
ble light region. The best photocatalytic performance was obtained by adjusting the defect content
through the preparation conditions. The results of photocatalytic degradation of rhodamine B (RhB)
showed that the blue hydrogenated titanium dioxide material prepared under 300°C and 50 min
reaction conditions had the best photocatalytic performance, and the degradation efficiency under
visible light irradiation was six times higher than that of white titanium dioxide.
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1. 518

B ARG R, I ™ E R IR S FAEE AR, K PHRE LA AR AR UL Re I 5 2R 85%
W R TR R SR 2 B e AR E MR 2 BRI TR R MEIF I SO AL, TEe LB AR
GH. SRR 5 T 7 ARCRIAEAL], (H PR A R AR 8 FE (BiEKR™ Eg = 3.2 eV).
HIF - O B B AN, BRI TG A R AGBRIEIN . DML A MLTS G5 7 T 1) SE B
RIF[2] [3]. BRI, 46 BRI e A P RE XA BR IR -5 PR R ) R A6 B 22 S i e AUk i
RAEJF N 5 NBFE, 5 BT St AR R bR T iR B (4], S SR A B2
BERE L BRTE IR GEE,  [RINE & R T ARSI T - O RS, B P
Ky, HERE. PP B S NG R R B E5R5] [6]. B, S TEALEGR Y RS A
JeAHE A P e ) B BT BRI AL A

Hl /AN AR EFEA S EERE FWERERE. AFETHE, R EES, Xy
A B A . Chen 258 A\ [4]% i B V026 B AL AR BRI AE 2 x 1078 Pa 4l 5/ 200°CHE K
5K, R T RBEANAN AR, HBOGRE I 24 1200 nm, 254 S ERVNE 1.54 eV, RIVAT
fry TIBBEABI NS EIR B A T RILWFRZESN, XEBTMHEHILT “HES” &M,
13RS RE T AN A S 1 B35 5 T Yu S8 N [7TR A R S0l & ) 59 RT M B ER — S AL ek Ot
£ 500°C~700°C AR N3R1F T — RIIAFIFE S ZFAEK, AT A A2 Al b A v SR 190 3 (] 4
FH, 3 22/ R 35 5 LA o] DASR TG AL iE I, T R VE 3 sGE BRI, RN R T A B ML i 1N O,
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GESAL . Wang 25 N[S]R AL B Tk, Bt S ALERAE S & 5 TR o 500°C T B 4~5 h i %
S EARER, PRV R, TEW WORRIE Z0A XA 5 RE SR O i, e R ML e 1 R
BRI . Liu 55 A [9R A8 [0, 3023 5618 T 15 56 800°C A Al AH2I 1 4 — 44K 7E 300°C~600°C
I 6~12 h il A AR, HRT SN EA. TI B S T AR T g, RIkEE
T RRERL HAE AT WO XA B O s, BRI ERE . BRI & TR TR S AR R
SREEE T ORI E, (HERFMFHEESR. &k, BN, PRBAR, AR T seprd =
R Bk, e —Rhi B B e ki A — AR & T iRy

AN EAA AR TEF], 5 A AT A 38 5 J5 SR [ A5 38 SRk ) 46 S S e, 78 Ar
T AN R] S B R (8] R B & 1 — RPN FE B ERE S, 2O AR, A RO T .
G R A AR B I (RS A5, AR AT WO T IR LT AP X SRR A RS 5. A B A% RhB
SRR, S E AR R AT WO R R 2, RO B S RDGAETE . ot TR 4. Bl
Ak PERESG SR AL .

2. SEWERSY
2.1 W SR

SN ToK CEE . Ak sk B E AL A=A R AR, 4 Naira; A6 8k
(T818939)k H FifFZZ wibkAw], Kif2%k 30 nm; malidl ok B T H U EA R AR . X B2 RATH
1% (Bruker D8, fH[E i), M ILRIES-X320, HAHET); X S 1A% (ESCALAB Xi',
EEFEERK); FHIEN B BAEI(TALOS F200X, EEFEERK); %Lk (F-4500, HAHI); Fig
JEIE(DXR2 Xi, FEFEERK): AHh - AT WA SR (UV 2600, H A B EE): 2640 - AT WL 0GR THUV
1800PC, _-i3EHT).

22. ST IURAIHIF

HEMAR R 0.15 g L BAR 0.3 g F 8 —SAALBR T30IERT oAb, D& S ARy 2 #HGTU BT 20 min,
P BN — AL BRI 5 25 50 HAG 21 A T 408 K o i L [ (AR AR TN B 07 Ak b R I e 78 22 <URE
AP, R HEE T, JFUL 5°C/min THILE B B SN —E TR, SRJG B AR R R, U
PERS BN FIBERE R . DA RERR A, LB T /RAMEK QREHRYES pH = 7, fifi)5 80°C
THRAT RS SRR o BSOS AN Rl 44, 0 300-50 4 300°C ¥ 50 min 574 .

2.3. RIES S

I X M ARATEH(XRD) F3E 5 L BAEE(STEM) 52 1% (Raman) 2 AT db AR 25 44 55
S, X ST RIS A (XPS) 7 M BLER T A FoIRES . SR A A E; o7 IL IR (EPR)
SIHTADRER TR A RS 56 a il (PL) T — AR B - 7O 40 B AR B s 584 — T AL I 4438 e of
(UV-Vis DRS) 7 TG IS il s 2841 — 7T L 43 6 6 BETH(UV-Vis) O AL B 3 2 11 B B (RhB)VA R 1T
WEE.

2.4, FerEfLgEMIR

¥ 0.10 g S AL AL ERRE S 2 210 HIZE 1.0 x 107° mol/L RhB ¥, 300 W GUKT HE St S [ b ], 0
i RhB &AL 554 nm AbHRFER SR, PPASGAEMIETE. ) CUT 425 38t v LA, HHAR
FERAE ] DGR G ERE . N R GG AT TC G HE 30 min DA 38R B i By P-4 .
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3. &R 5vHe
3.1. 5w

HEBUERE A A AGERRE S 1 X S 2R AT RS sl 1 o, ATSd M 20 = 2537 37.9°, 48.2°.
53.9°, 55.2°, 62.8°. 68.9° 70.3° 75.1° &b AT 5 06 43 S5l % BT Bi ek A AL — S Ak K (PDF#73-1764) [£1(101) -
(004). (200). (105). (211). (204). (116). (220). (215)¢HMi[10]. HHEITI %I, 300°C 254 T il & FIFE i
(300-50, 300-70)fR+F T BN BILE M s i NI (] 38 I i ;e 1 A S g o FE AR R 959 1 v Vg TR AT 186K,
i I i o s 7 BT TR) PR3, A i 45 R A BT R . BT 300°C S MR FE UK, B AN S Ak it
50 min A1 70 min J NS R IZ KA SRS, TN JE w2 G FEEBURN AH 45 AR TE BRI, B SR AL
BN A AR R I AR TR S (] 2)o A HE, 7E 350°C R R 50 min T A3 2 FIRE A B
t, RARMRA N RMAEFETE A RIZL . I 1 2 Hr 3, 350-50 AF: il A1 BT 0T AR 77 S 0eg i FE
ARG, REMRIZE RN, BB s T 0 S A AR — S BRI 04 i A e 22 SR P 357
IR T N2 s S S AL, JFHL, AT 20 =31.2° 42.3°, 47.4°, 62. 1° KL I T B AT STIE, 4 TipsOs
(PDF#03-065-6711) A1 TisOs (PDF#01-074-0819). 3 Hi Il B ERE AL YIAH b — A BV E B &1, 2
SR T8 5 R B A S IR BE G N5 B[ 11 (A R IR E R IR T (300°C) e B 2% 7= A S ¥ A

ER AU
% Tip 503 — 350-50
® Tiz05 — 300-70
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Figure 1. XRD patterns of hydrogenated TiO, prepared at different temperatures and times
1. AELIREFETE)HI &GS S LR XRD EliE

Figure 2. Photographs of white anatase and hydrogenated titanium dioxide
2. BB REX_SLIKNEA
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FEAE E

3N E BT A B A S R o €] 3(A)~(D) 43 il 1 6 — 48 KK . 300-50
350-70 A1 350-50 ¥, AT WA IR SR G AR RARFITE A S AR A AR B AR A, ASKIU g SR ()~
BIRAR 27 30 nm; AHBEFE SN BT, AT SRR o XA AR A NG T, €8 350-50 AF: il kL H]
KRG . K 3(E) R At E BB i A% 2540, SRTTAIEE A 0.35 nm, SR T8 EkH™(101) divifd . Kl 3(F)
N5 8 300-50 FE AN R BLGTER T A% 5e 450, N JZ e B A daS BUERD AR, SR NIEEL N 1
nm TG4 o B SN FE T ar, WA €5 300-70 A (107 R JZ B IE 28 2.5 nm (1] 3(G)), 11 H& % 350-50
B R IC R JE AR R X047 (] 3(H)) [12]. L4k, 350-50 £f 5 WL EIEEE v 0.21 nm [R5k 2540, X
T Tips05 FI(130) AR T, 1 B il I ZL AL S R AR T TP A2 IR E,  [FIRT A T N 2 4
A, SR SFEMREATALER T HEIEEN SR, X5 XRD 7 Hr—5.

(A) (E) Anatase; (B) (F) 300-50; (C) (G) 300-70; (D) (H) 350-50.

Figure 3. STEM pictures of hydrogenated TiO, prepared at different conditions
3. FRIZGHIZRSEH RN STEM B R

P2k — PR T S RS AR SRS FRR AR . s 4 Foshr 2ok, Aesise =
SAALARTE 144, 197, 396. 515. 640 cm ' kb BURREIE, Fh 144 om™ EIRFNIEZE T O-Ti-O 25 hiRzh
BE5[2[13]. T # f4 300-50 11 300-70 & ik R MFEFERUK, X A R A BEIR D, BT R 2
T R ARBIE AL AR KR B AW, (R — T R R s (HBEE RS IRNRRL R, A% IR 5 8
B PE AR, T DAMBOSCRE 5 v B P9 PR OR IR B g, S €1 350-50 £ i R I NI SR FF SRk /N S U B8 A K
I TFB R A A 13 BT R A R [14] -

3.2. ERBEFIAE

5(A)N A S AL AR RN 5 300-50 FE ALK Ti 2p XPS 1. B FES I Ti 2ps 1 Ti 2py, 45
A RESr AT 458.6 eV il 464.3 eV, FE/R Ti Kb && +4, AR T ZH RS AF Ti-O-Ti FRIES5H
SALFE S Ti 2pa, S5 A REIE IR R, RVAIL)E Ti R BIRM SRR, FEMha TS e, A
R RAE ARSI T T3 B [15]. N T T8 & &AMk, X Ti 2pa, BIRE T 4 0%
U4 (18 5(B)~(D)), Al W, L WAL T 45 4 fit 458.6 (20.1) eV Ab, N ML A Ti** B 1 1R 45 4 e s 7 T 45 45 RE 457.2
(0.1) eV L [I/INIEN Ti%* 2pg, Yo FUE . UG SERIW, A OB BRI RGN, Ti% ok B R i 1
K, TTIYEE R LM 0.05 (7 300-50 4% )48 A 0.14 (2 {5 350-50 FE ).
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Figure 4. Raman patterns of white anatase and hydrogenated samples
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Figure 5. Ti 2p XPS and of Ti 2ps, curve fitting spectra of white anatase and hydrogenated TiO,
5. At SRS AERE Ti 20XPS # Ti 2py, SIEHIEE
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Kl 6 A AR S 1 O 1s XPS KEil, Aril& 45 R EoR, Ti-O-Ti SRR O 1s J il I £
454t 529.8 (0.1) eV, i TH &S5 4rfe 531.7 (+0.1) eV AL B T Ti-OH, Ui B S A RE i 2 1 H 3
-OH £ [, BIEM RS R — AAERH Ti-O-Ti B/ pL Ti-OH #[16], ZALFES H Ti-OH/Ti-O-Ti f&
HBELLBI A 0.13 (5 21 300-50 # )3 K2 0.23 (B 350-50 FF b)), 2 M FRIEIE A AE e fi b s B A ml DL
R, BN AR . KA TR R R, R S| S BT R T A EGR T T R
N, $RE 7O PERE[LT]

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

T T T T T T T T T T T
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Binding energy(eV) Binding energy(eV)
(A) (B)
----- 350-50 O1s
Ti-Q-Ti
£l
)
z
@
2
2
E
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©

Figure 6. Curve fitting of O 1s XPS spectra of hydrogenated TiO,
6. S ZFE IR O 1s FUEHIEE

{4 300-50 AF ) BT IR 3L AR (EPR) B3t —BAE W S Ak SN 51N T T RIS S A Bpe (4 7),
H g =1.97 ) EPR {5 5 R /R BT A Ti* (Ti*":g = 1.96~1.99) [18], g = 2.003 A 47 H BT EPR HF AL
F A A LA R A T R RS S 19] .
3.3. JefEfbidsE

8(A) Nt 300-50 i £E AT WG S AF N FE AR RhB TR A1 - o] WU % . ¥14h RhB 1 i

FIOLEZIN 1.4 (t=0min); FEFEICIBET, WOLRRRERERIL, A)EHEELZ: S 60 min 5
SRR B, OGN 0.6, TSR ARZIN 60%. RhB IFRMA AN, ki
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W el A\ 554 nm W58 222 500 nm, =B TR b 2B TE S B e B R R R A [20] [21]; W
SFNA7T 259 nm RO IR B R B, 10 B AT DO HES T REE IR 58 4 B A D K R — AL

8(B) N A 8 AL BN A A L 7E W] WG RS T AL B ff RhB VA VR TR I - k(] il 28 . e I mT 3,
SULFE A BRI T A EBUARE AR s €8 300-50 FF i AT OB EAL R 2 A B8R FE 5
6 LA b, B BE €5 350-50 FFahthIME 7415 5. AT, SRR T AR R AT L IX e i
i, E IR TS RE S AR 58 B ek N AN R T Ti-OH 6] i PR R (et e o Bt Sk SRR A
I I3 0, SRR PP R S 5, Ui R E & Sd m AR Tk e B . 1% 2 BRI 2 [k
M TEBGT SN - BFEAEF L, “HEEEREDICHIEAKE, TEXRIEHE(E 9, lx = 250 nm)
ERICABE IR . B, S AR DG RE A S R BE A BT 5 A 0%, N -
HLF 5 I R0 B AR B B R A . 5 (5 300-50 FE LB EIR G T, BEREMRICTT WOk, X REA R st
A ORI, DRI R It B A B G fE AL % RhB I TRU80R

sH-TiO,

EPR.Intensity(a.u.)

1.90 1.95 2.00 2.05
g Value

Figure 7. EPR spectrum of blue hydrogenated TiO,
7. #5t8 300-50 S = E M ERHY EPR EliE

| cut 425nm 300-50 oA
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Figure 8. (A) UV-Vis absorption spectra of RhB solution degraded by blue 300-50 sample under visible light; (B) Relationship
between C/C, and time of RhB solution degraded by white anatase and hydrogenation samples under visible light

8. (A) A 300-50 #¥A7ER] W5 TFHERE RhB AIRAY SRS - AT IUIRULEE ; (B) AEFSAT RENERA LK
S TRERZ RhB /&K C/ICy SRT/E] X R Lk
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Figure 9. PL spectra of white anatase and hydrogenated TiO,
E 9. At _SHRMELERIIRILE

3.4. RETHRSGE

10(A) N I S AR AR S [ A 08 S it s o el B mT 2, (1 Bk — 48 Ak 4k (anatase)
INAERAN XA TR, T S RE T eI B 2R WG X o W8 SRR 7 AT D' [X 3 PR A A S 43
5k, S 350-50 7RI G LT A B AR xRS EAT — B o T DA R L 6
WCa G, Bl BRI T 384 nm BRSO TR ALK AAE TR, 3 SR S R A PR
P 480 nm FHIT, 1 2B L EALAE B IWOGRE JIAE 724 nm JERGE R . X B UL O 3 R AR
AR DL FEI/N AT WO X BE B AT LAOR HL T RGE 1 SRR AR G IRR (A > 724 nm) VAR T ARSI 1 [22] -

10(B) A MR A8 [ 1418 5 5 B W15 31 (K (ahv)>hy SR IR, IR AEREALARAM b IX A B A~ SRR R
(RN TEFE Ege HorP, o WWRIRREL, hv AOGTRER, h AMEATEHEL v ANSDE TR, C N
23], SHRER, AGBEY A MRNE TEELN 3.35 eV BB AL VAR EEIEIN, S ALRE S AR
G IR/, W 5 300-50 A¥: R B €4 350-50 FF i R 55 B2 4 il 3.21 eV A1 2.78 eV 5] 10(C)Hy
1 AR EURE S 1 XPS &5 . FTLVE tH, BBV =S ERIIM iy TA T- 2K Ae L LA T 3.26
eV &b Bl S BRI, SRR TE T ANE R RN, A & T [24],  #5 # 300-50 £

1.8

anatase

— 300-50
— 300-70
— 350-50

1.6
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0.44 — anatase
—300-50
0.29 —300-70
— 350-50 3.35eV_ e\ 2.78eV
0- 0 ] \I‘ ' T / T T
T T T T T
200 300 400 500 600 700 800 4.0 3.5 3.0 2.5 2.0 1.5
Wavelength(nm) hv(eV)
(A) (B)

DOI: 10.12677/nat.2023.134009 93 PERFEAR


https://doi.org/10.12677/nat.2023.134009

A 4

——350-50 vs.NHE(eV) vs.NHE(eV) vs.NHE(eV)
—300-50 -1 -1 1
anatase CB CB CB
-0.09eV
2.69¢V - O e o
- Oy) N
| ) o,
& 1 \
z 1 1 e
2 - v/
2 3.20eV 3350V LA ——liz.mv
= 5 5 )
1.74eV
2.6%9¢V T
—
A0 120y 3 Caa L T
- VB VB VB
T T T T T T T T T
o 9 8 7 6 5 4 3 2 1 0 4 4 4
Binding energy(eV) W-TiO, sH-TiO,
©) (D)

Figure 10. (A) UV-Vis DRS spectra; (B) Relationship between («hv)? and hv; (C) XPS valence state spectrum and (D)
Energy band structure of white anatase and hydrogenated samples
& 10. AEFKT MENFEREI(A) UV-Vis DRS Elit; (B) (ahv)’-hv XFREl; (C) XPS MZSILH(D) BETLEH

FE A 350-50 K 5 A H T2 510 )9 3.20 eV 1 2.69 eV . R4 LA L e R 45 M5 B2 Ak —E b Bk ey 45
N 10(D) AT, Z4JRAER 5 SCRRIRIE —[25]. S0 B BN Tis IR 25 o7 e 78 2571 b T 2% o
Regl, W HTFERITATTRAEE, ORI BB, A SRR IR ISCAT WK X KRR E
TR - P RTRIE, By R T ROl XH, SR SO G AL B A LIS G 8% 3 1
(& 8(B)). B AP JFEFEBE IR, S S AR i s e & B 0 T DA BT I i 7 - 20X
SEAEFC, FEOCMABCEREE, KILEE 350-50 £ 5 AH LTI 6 300-50 A5 F 80 H B 2 L AL I
#£[26] [27].

4. #hig

KA &R SR, DA B I IR ) 2 7 8 (oAl SR (e Sfe — 5Bk, il ik g T . N
SFAFRAT SNV AR S R AL BRI i B R R Te it B SAL R BNAEFE IR, TR R
FGRBEIR LR R, WO XA e, ORI 5. R OIS, WS S RAEN
G RhB e, AL A GBIk — A B T 6 5.

E&WE

Hh g R e ke 2 i 7 e B ARV b 45 B T 4 ¥ B (CZY23018), B 5 1 SRR 3 4 v B I H
(21971258).
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