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Abstract: Titanium dioxide (Ti0,) is a cheap and non-toxic material with excellent stability and photocatalytic redox
ability, therefore it has attracted considerable interest in academy and industry. However, two intrinsic defects
have limited its applications, including the low utilization of visible light, and fast recombination of photogenerat-
ed electron-hole pairs. These two defects could be remedied by constructing TiO, based Z-scheme heterojunction
which also shows stronger oxidation or reduction properties than TiO,. In this review, we summarized the band
alignment and the principles of electron transfer for pure TiO, photocatalysts, heterojunction photocatalysts and
TiO, based Z-scheme heterojunction photocatalysts. Moreover, we discussed the similarity and difference between
Z-scheme heterojunction and type- Il heterojunction, and some methods to distinguish them were developed. At

the end, we tried to summarize applications of the TiO, based Z-scheme heterojunction in photocatalysis.
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water splitting; carbon dioxide reduction
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Fig.3 Three types of heterojunctions in a typical semiconductor hybrid nanocomposite

TR 2 BB L IER R AR 1 A B, AR
Fpfk 1 ERM, RATSH TR FESRIESEE L
AR RS, Bl 3 N type- TS BT 45 |2 Flp: Rk Y
A P W CHESY i 5 A TR S R T B
10 275 LA B 3 RS B4 | type- I 57 4 23X 3 #
S O 4 TP AR R L O S ) B B R AR e

S,
3 TiO, EZERRE

31 ZBRRES type-IHER

Br T LA L 3 RS G S5 45 51 | TiO,- A1 28 06 5 i
G580 pon ZEBRH] 7, BY S T 452500 HAY o B
THEMRES),  HLAE A 1% 1 o 5 Al I
T EART type- T 5 . Hoh | Z B 5% &5 A58 —
T B S o 4 A REAT A RS 5 type- [T 5 B4 +
Sy AR 35 5 3 52 SCECHRS i 2 A [R) s 7E T
ML BB 7 AN R (B 4), & da K type- 1T 5 B4
RIREHES 5 AL, B 5 A O TR
SR 2 B AR AR 1 R B R, S T AE
23 8] b 0 8 AR X A A% J7 2UH 58 1 OB AR

(a) Type-II heterojunction

48R IR RE T, BV A 78 B BR AR AIR Y Al AL
W RE IS 23 GRS B AR AL = 1A A | SRk
e 10855, & 4b k7 RS A A e HES S T
RN, Sk 2 S L5240k 1 i
WA TR, SRR MR T R TS
1A LA N REAAE TSR 2 B
b, BRI T B S A eSS W R R
M, AHXFT type- 11 5 Bi 4 | Z B 57 B 45 WAL 3 AE T
HL 7R 50 D BE SR b BB 28 PR BRI B 1 R
B AR B BE ST 5 . Grela SFMMIRIE T Cu,0/TiO,
HEWLL 7z AR TSN TR, ST Co, ikJE
PAKBHIE T Cu0 YIRS ko | AR 46 42 40 i 1B
1% B (] 5e) 18 Cu0 1954 (E ) NN A (B ) 7
433 R -1.27 1 0.76 €V, Tl TiO, B9 57 (Eyy) AT
W (Evp) 553 512 -0.57 A1 2.59 eV, % HRIE 5a 1
type- I S RES O EALALIE (Hoh B, B E,,, 5751k
TiO, Al Cu0 IR, 8 U R A TE TiO, 19448
I AR R K AT Cuy0 M L T K SRk = A
FR L E O EE(-OH) By AL AR [ HL #5227 eV, Cu0
My 2 OR B LUVEAR K A - O, SR, i 7-

Reduction

Oxidation
S1 S2
(b) Z-scheme heterojunction

B4 (a) type- T 58025 FI(b) 7 760 5 4% 0 e 4 HE 10 s 4 B BL I

Fig.4 Band arrangement and electron migration mechanism of (a) type- Il heterojunctions and (b) Z-scheme heterojunctions



g BRI A%, — S AL R EE 7 20 7 3

SEIe LR 1325

%8
Mechanism A
(@) : ]
H e
: ECB,Z
1)
E CB,1 hv=E a2
.
i /
[
\ E h* Eva,z
h* .
{
TiO, : Cu,0
© [©° @
0.50
N 5.50
TiO, 3
z
2.97 6.14 g
""" £
Cu O/T10

-0.7 0.0 07 142128
Binding energy/eV

7.0

& 5 Cu,0/Ti0, BE W53 514 (a) type- I 57 BT &5 Fl(b) 7 Y 5+ i 4
T AT A1 B 43 SR Rl RO R ) A R
5 A=305 nm G T Cu,0/Ti0, R 1A - OH WAFTE LL I

Cu,0/TiO, 5+ 45K (T )i 5 AL B 7 BE
(At i 7- AL AR TR I 9O BRI £
AR B B4« OHL 7 g En

1x 10

5% 10° 4

Mechanism B

® P
= ECB,Z
.
. /
e W>E,_ ,
\ Evs,z
hv=E
gap,1
.
\ :
.
.
.
.
H
Epy *
h* =
i
TiO, ; Cu,0
_ ~ 08
h,=456mm  § T é
‘ E_-d 0.6 /’/
5 5 041 -8
‘a ~ u/
&% 0040

400 450 500 550 600
Wavelength / nm

EHDERALHLIL (o) Cu,0 (1) .28 Ti0, ().

Fig.5 (a) Type- I mechanism and (b) direct Z-scheme mechanism of Cu,0/TiO, composites; (c) Ultraviolet photoelectron

spectra for Cu,0 octahedral (top), pure TiO, (center), and Cu,0/TiO, heterostructure (bottom). Extrapolations to the

left and right hand sides correspond to the onset values for the valence band and secondary electron spectra,

respectively; (d) Fluorescence spectra of 7-hydroxycoumarin for probing +OH on the surface Cu,0/TiO, during

irradiation at A =305 nm and the corresponding production amount of - OH"!

B U R MO (K Sd)E EHM - O, 45 Rk
ST -OH WAELE . B, AT HEN &2 G 2091 E type- 1T
SBTAE M 7 B 5 B4 | S A RE 71 SR | K S RN
RAAE TiO, Bl b (& Sb), HiX—Z1nT i,z 5
S o 4 e B AR R RE ) AT type- II 5 Fas,
32 X4 type-URREM Z BRREN T %
FRAE F R, FEAL A 5 5T 25 I S [ 345 2]
7 RASEK RI UG 2 Rl R R AR S
s CHES I ARME R 3 B B WS IR T type- 1 57
&8I 7 B S B4, AN . 78 TiOy/g-CsN, K2
A WRIOETE R Li SRR T 5 A T RV M B
T Ti0,@g-C3N, B 5T 9K R 51 (] 6a) , I 38 48 55 —
PR 5B ) SN I S Tio, A 5 g-CaN, I

WHBERZEN 1.34 eV, /NT TiO, 47 5 g-CoN,
WHRENZE 1.44 eV, BT HE S Ti0, T 1] g-
CN, i . B IL  Ti0,@g-CN, A% 72 40 K 1 FE 51
i 7 BOCMEAHLEE i 6¢ FTw, 534, Yu 550
LRGSR RUE T Tio, A1 g-CN, Z Al
ST AH EAE PR HE 9 2 L S O A, DT o i e
M TiO, 18] g-CoN, B 56 H X WEIIE T TiOy/g-CaN, J&
T 7 SR RES L HLER K1 7E Martin S5
WHEE & B B AR R AL 2% S5 8 19 Ti0y/g-CaN, 44
KE AW (E 6b)yHHIAE N type- I 57 45 (K 6d),
21 gt T AP T RIE I — & 51 TiOy/g-C3N,
YR E G, HERATH, o-CN, M TiO, kR E &
Wf A BB 5 7 BSR4 oA ] REAS 3 type- 1



1326

xoH Ak

#o% 4R

35 %

E/V (vs NHE)

RED and OX are reduction products and oxidation products, respectively
7 B 5 4 Ti0,/g-CoN, DK FE [ 3 1) SEM & () FOGAEALHLELE (c)2)
type- Il 5 B 45 Ti0,/g-C;N, 9 TEM Bl (b) M 6L HLER E ()
Fig.6 SEM image (a) and photocatalytic mechanism diagram (c) of Z-scheme heterojunction TiO,/g-C;N, nanorods

K6

arrays™; TEM image (b) and photocatalytic mechanism (d) of type- Il heterojunction TiO,/g-C;N,*!

®1 AE TiO/g-CN, St LT B 5 B4 2 B Fn i A
Table 1 Types of heterojunction and applications of different TiO,/g-C;N, photocatalysts
Photocatalyst Type of heterojunction Application Reference
Ti0,@g-C3N, core-shell nanorods arrays Z-scheme Degradation of RhB [42]
TiO,g-C3N, Type- I Reduction of CO, and decomposition of N,O [44]
Hierarchical TiO»/g-C5Ny hybrids Z-scheme Degradation of RhB [45]
TiOy/g-C3N, Type- I Degradation of MO [46]
Mesoporous TiO»/g-C;N; microspheres Type- I Degradation of phenol [47]
Spherical TiO»/g-C;N, Type- I Decomposition of MB [48]
Ti0y/g-C3N4 nanofibers Z-scheme Degradation of RhB [49]
Nanofibrous TiO»/g-C;N, Z-scheme Degradation of RhB [50]
Ultrathin g-C;Ny/anatase TiO, nanosheets Type- I Degradation of MB [51]
Core-shell TiO,@g-C;N, hollow microspheres Type- I Degradation of RhB [52]
TiOy/g-C3Ny Z-scheme Decomposition of N20 [53]
Ti0,@g-C;3N, core-shell quantum heterojunction Type- I Degradation of tetracycline [54]
TiOo/C3Ny Z-scheme Water splitting [55]
2-C3N4-Ti0, Z-scheme Remove of propylene [56]
2-C3N4-Ti0, Z-scheme Decomposition of formaldehyde [57]

RhB: rhodamine B; MB: methylene blue; MO:

methyl orange
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Fig.7 (a) Scheme illustration for the charge transfer and separation in conventional type- Il heterojunction; (b) Proposed

mechanism for the photocatalytic degradation of 4-NP over MoSe,@Ti0O, nanotube arrays (TNTs) direct Z-scheme

composite under artificial solar light irradiation®
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Table 2 Applications of TiO, based Z-scheme heterojunctions in photocatalysis

Photocatalyst Light source Application Photocatalytic efficiency Reference
Ti0,@g-C;N, core-shell nanorod arrays 100 W Xe lamp Degradation of RhB 180 min, 95.68% [42]
Hierarchical TiO»/g-C;N4 350 W Xe arc lamp Degradation of RhB 0.055 min™* [45]
Ti02/g-C;N, nanofibers 300 W Xe lamp Degradation of RhB 70 min, 99% [49]
Nanofibrous TiO»/g-C5N, 500 W Xe lamp Degradation of RhB 0.053 45 min™ [50]
TiOy/g-C3Ny 8 W Hg lamp Photocatalytic N,O 0.001 1 min™ [53]
BiOI/TiO, 500 W Xe lamp Degradation of MO 25 min, 85.0% [87]
¢-C3N,-Ti*/Ti0, nanotube arrays 11 W incandescent lamp Degradation of phenol 7 h, 74% [88]
2-C3N,-RGO-TiO, 300 W Xe lamp Degradation of MB 0.013 7 min™ [78]
Rutile Ti02/g-CsN, quantum dots 500 W Xe lamp Degradation of RhB 0.011 5 min™ [61]
g-C3Ny nanosheets/Ti0, nanosheets 300 W Xe lamp Degradation of MO 0.037 31 min™ [89]
TiO, nanotubes/Ag;PO, Sunlight irradiation Degradation of MB 0.048 min™ [90]
Nitrogen-doped carbon dots/{001}

TiO, nanosheets 350 W Xe lamp Degradation of diclofenac 60 min, 91.5% [91]
Carbon-modified TiO/WO; nanofibers 300 W Xe arc lamp Hydrogen production ~1 570 pmol-g™-h™" for H, [92]
TiO/WO4/Pt 300 W Xe arc lamp Hydrogen production 128.66 pmol-g™-h™ [82]
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Anatase/rutile TiO, nanofibers 350 W Xe arc lamp Hydrogen production 6 480 pmol ¢ h! 93]
WO, quantum dots/TiO; 300 W Xe lamp Hydrogen production 17 700 pmol -g+h” [94]
TiO/WOy/Au nanofibers 300 W Xe arc lamp Hydrogen production 5393 wmol-g”'+h™ [95]
CuZn-TiO, solar light Hydrogen production 14 521 pwmol-g™'+h™ [96]
Au/Pt/WOyTiO, nanofibers 300 W Xe arc lamp Hydrogen production 242.09 pmol-g™+h™ [97]
2-C3NJ/TiO, 300 W Xe lamp Hydrogen production 12 600 pmol-g™+h™ for H, [59]
Ti0,/C3Ny 150 W Xe lamp Water splitting 251 wmol-g™+h™ for H, [55]
121.5 pmol - g™ -h™ for O,
Ti0y/Cu0 1 kW Hg (Xe) arc lamp Reduction of CO, 2.11 pmol-g™+h™ for CO [41]
Cu0/TiO, 300 W Xe lamp Photocatalytic propane 0.54 min™ for C;H [98]
TiO,/CulnS, 350 W Xe arc lamp Reduction of CO, 2.5 pmol -g™+h™ for CH [65]
0.86 pmol g™ -h™ for CH;OH
ZnIn,S/Ti0, 300 W Xe lamp Reduction of CO, 1.135 pmol-g™'+h™ for CH, [99]
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Fig.12  (a) Schematic illustration of synthesis process of TiO,@g-C;N, core-shell nanorod arrays, (b) photocatalytic activity

plots of TiO, and Ti0,@g-C;N, nanorod arrays for degradation of RhB dye under visible light, and (c) degradation

mechanism of g-C;N,@Ti0, in the form of Z-scheme!; (d) Schematic representation of the fabrication of electrospun

nanofibrous Ti0,/g-C;N, heterojunction photocatalysts, (e) photocatalytic degradation RhB aqueous solution over

different TiOy/g-C3N, photocatalysts under simulated solar light irradiation, and (f) schematic showing the Z-scheme

photocatalytic mechanism of the nanofibrous TiO,/g-C;N, heterojunction photocatalys™
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(a, b) SEM images, (c) a low-resolution TEM image and (d~h) HRTEM images of as-prepared S2 sample;

photocatalytic hydrogen production activity (i) and stability (j) of different samples under UV-Vis light

irradiation; (k) schematic diagram of the photocatalytic H, generation over the Z-scheme heterojunction

TiO,/WO4/Au composite nanofibers®™
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Fig.14 Schematic illustration (a) of the fabrication of 3D Znln,S, nanosheets/Ti0, nanobelts direct Z-scheme photocatalysts;
(b) CH, generation velocity over (1) Znln,S; nanosheets, (2) ZIS-0.25/TO (1, s /o, (molar radio of ZnInyS, to TiO,)=

0.25), (3) ZIS-0.33/TO (n, s /10, =0.33), (4) ZIS-0.50/TO (ny, s /i, =0.50), (5) ZIS-1/TO (g, s /o =1) and (6) TiO,

nanobelts; (c) Schematic diagrams for photocatalysis of ZnIn,S, nanosheets/TiO, nanobelts under UV-Vis irradiation”
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