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Abstract

The effect of single rare earth atom (Y) adsorption on the photocatalytic activity of anatase TiO;
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thin film was studied by the first-principles calculation based on density functional theory (DFT).
Due to the charge transfer of yttrium atom to anatase TiO, (101) surface, the work function of the
adsorbed surface is significantly smaller than that of the pure surface, indicating that the surface
activity is enhanced. The 3d orbital of titanium atom appears as an impurity energy level at the
bottom of the conduction band, becoming a shallow energy level and enhancing the optical ab-
sorption rate by narrowing the band gap. When the single yttrium atom is adsorbed, the potential
energy of the surface Ti atom is close to the vacuum level, which significantly promotes electron
transfer and thus hydrogen production. In the excited TiO, photocatalyst, the photoinduced elec-
trons can be transferred to the target species via the surface titanium atom, meaning that the elec-
tron-hole pair can be effectively separated to improve the photocatalytic activity. In addition, due
to the adsorption of yttrium atom, the upward shift of the conduction band edge will improve the
reduction ability of anatase TiO:. The results of this study provide a new idea for improving the
photocatalytic performance of single metal atom adsorption.
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1. 51§

H AR IR B KA BE T R RIRI SRR IR AR AR AS S o DRI REVRSEAL I, M T A 6]
FREWAEE . AZ . RPHBERERME TIRAWF . X —H 5T, 2 SHOL A RIE A PHAE H i
FEHEAL TS G o A5 ' i K ) EAH 2 (16 FRLE S AN BE IR AT A 2] 1 )2 ISR AR & [1] [2]. Kazuhito
Hashimoto [3]55 WEHEFIH AR M M FELRIR T Tio, e EIAR 1k B ML AR/ 5t TER T I & Fhok i
e, AR — R AR E AL BRI A N R RL, BT A LTS G i s A o R R
Ji R WA TRARRA, ETFZ2HEARRBHSE] T HK([4] [5] [6]. BT H T,
EANE L AME RN T A AN, BRI T HBMERT].

N T TiO, LA EAUR R Gk i, AR Z R, fEFIRTHE b, AR % 2 R T8 (Density
Functional Theory, DFT) ] B ¥ v KA @ MORHF LTS5 . P21 J6%s. MES BV S5 AR )
PE[8] [9]. BHIF TAE & 3T DFT 5K B 715 4%[10]-[15]. #t &8 714k . Rk [16] [17] [18] [19] [20].
PR RE AWM EH21] [22]55 & Al el A 1 7 1k o A Ak 75 P S 3R A5 K BH R R 26 1 236 F Be ek
BENFMEE, (H2 KRR T 78 TAEIR > [23] [24] [25].

B T4 R 40 K 5 R x5 o B AN N LA B A P R R, DR V2 B T 2 AR
PR B 4 TR AL AR ST, B H AT T IZRAR A A RS U T 558 1) 4 S ok 4 . B 4
KL AT Be SIS R FIEVEAL L, BAARFE MR . DRI, IXFRA IS — P E e 1 4 v A A )
AR, B RRAR T R A R IR PR E[26] 0 PR JE T IR B AT DASEEI R BE ) AR IR R AL
PR B o

FIFRBHBE AR, R THLE ARG HIE, &R EIEERIFEH AN, K, Xing 2 AR5
I T RS R TR TR R P BAERET TiO, (L01)3R T 4544 , 45 5 - fh A A RO R A 5 | A B Ak
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AT, TSR 2 I B 26 R T IR BRI THO, (LOL)ZRTT LA™ TiO, (LO1) & T FLA S8 U
BEEeST, XART A AR AR [27]. BT TiO, (101)FR M — A AR IR FRETE[27]
AR, B RORRERR), R Y WHTEBERE TiO, (L01)ZRIHI Ly AOBAE I 1K A Lh
PRI TR R, T AP T ORI TR SRR RAE F1, 87 T ML BB LM FE LA

2. WEH*

ATTAES, {8 MS B4 rh i) CASTEP #idk, 78 J LTIt Au A e v 5 v R FH B et AL (GGA + PW91)
+U (U =25eV)Jjik. Zit 5 a3l 5 R AR SO 2 I PA(GGA-PWIL) K] Perdew-Wang (PW91)#:k:
F o SRR RS, b RR RN EK 3d BUE R U {[HZS %05 712 300 1 2.5eV. F G HUL T k fiMA% 2 x 3 x
1P AR A2 P A LK X AT SRR, PR R TS A K SRR 4 x 4 x 1o BT Y IR 8
BRA R (L0L) ) 2 x 2 FRTHAL A A HIME AR B, IR s B E N 15 AL AR5 P02 O-Ti-0,
IHH 48 MR A, BLEKD™ TiO, (L0L)RMA ST 2 BLfif O JEF(0x), 5 B Ti ST (Tise)s
3 BCALI O 57 (Osc) 1 6 FEALIT Ti AT (Tisc)e AR FIRHTE 2 x 2 BLEKH™ TiO, K1 BB, Y uERE
AN 025ML. Y, Ti Ml O M HTH 58 3, 12 F1 6. 4IANEE IR TR E AL BN, 7
VEF B AR R v T R, JF B R S 8 0 & AT B4k . /b 4k B 2 Broyden Fletch-
er-Goldfarb-Shanno (BFGS) /7 &, i fie/IMb & fg & A5 7 1 RALAL IR T AL bR DLIR TS HERA I 45 R o 75 LA
A, B e T R T AU ®) 0.05 eVIA, EREE USRI % B N 0.0001 eV,

3. ER57vHe
3.1. REWMLE

e 1 FTaR, ASH FU VTS R AR B S A B0 S SEEGAE [ 28] [29] T4 HiT , T AT 4 B mT S
Al EE— BT IE ST

Table 1. Lattice constants of anatase TiO, and their differences from experimental measurements
1 P TIO, MBRERRHEELWNENESR

hn i AL HHE S W
a/b (A) 3.801 3.776 0.66%
c(A) 9.636 9.486 1.60%

A R I (101) 2 0 R TR AL AT (A & 1)), HFH Y JEFRE R PR, B
25 5 W T 3R T VR A [0101 7 1] BRI A O ST 2[RI IR 427 B (n ] 1(b) FTom), T R4 Ja B —RE AL
S, B Oy JR T Z AIEEK 2008 2A (I 2 fiR),  S5emiigs FARML[30] [31] [32].

W B B 2 B FH R o A A S R i AR 1k, A Ul [24]:

E.= ETiOZ:Y - ETio2 -E 1)

R Ero, 5 B,y ZAH LB TR AR TiO, A RM B AER: By &R LR T SRR, ROTF
Wb 5 RIS RGO R 2 . M By (SR, XA, B0 (8 ROZanT R A, I
HRE. Y EM9IERERT, WA R AR R AAE. 7 2 fis, WIASE N TE, BOIRI SR
.

72 ST X B S, (RIS L RO S5 T 5 R BN B HRAE[33]. A5, 38
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ok LA RR R T AT ) T 20 AR R e R R T D e B [27] T e R R NIRRT K 2 T OB - B -
BiARH™ (101) 3% 1 W B £ 140 (14 T o B BR A T D bR ORI ERSORAMS 22, Dhe o/, R 2k 25
T UHIERINE IR VEAR 38, A A A RO S 44 -

@) (b)
Figure 1. Structural model: (a) The slab of the pure anatase TiO, (101) plane after structure optimization; (b)
Structural model of yttrium-anatase (101) surface adsorption structure. Red and gray spheres represent O and
Ti atoms, respectively
B 1 SRR (a) SHMMALENAHET (101)FREFRIEE; (b) $7 - FHEAH (101) R E WML
SRR, ABFMRBHNKEIARFZTOMTIRET

Table 2. Average bond length of four Ti-O bonds (two Tig.-O, and two Tis.-O,.), average bond length value of Y-O,. bond,
adsorption energy, average Hirshfeld Charge of four Ti ions (two Tig.and two Tis.), surface work function (experimental
value 7.20 eV) and average charge Population of Ti-O bond

F 2. A Ti-O (A Tige-Oz FIFN Tisc-Oo0) IR, Y-Or EVF IR KE(E, WHHEE, T Ti BF(A
A Tiee FAREA Tis) T4 Hirshfeld BT, FRMELHEH(SLIAER 7.20 eV)H Ti-O §2AY T =745 /5 (Population)

T Ti-O K Y-O, BT 15 Ti B Hirshfeld {2 Ihm ¥ Ti-O &8

TERUNEY A RE(A) BEKFEA) KBt e (e V) B (e) V) )
SRR 451 1.838 — — 0.620 7.52 0.450
W B &5 44 2.012 2.265 -5.83 0.535 433 0.268

W B SR 7 S5 BT TiO, 2 171 2 18] (1) FLfar 5 7 5 [R) R e S BRIR B R SE I AR EME . N 1 RAEAE SR
TiO, (101) 7% [f W Bt B J5i Y I PR Py BT 0 A 1, SR DA A SKOR v B el fr 2 i 22
AP =P — PTiOZ -P 2

HoAt s Prow AN AR BFT L, Pro, A1 Py 73RN BUERE™ TiO, RIEATRA Y M. X
2 BoR T HERE T Y WHAEBUERET TiO, (101)FR M b5 Ao iyl 5 22 . ] i FELAaT A IR PR 20 S Y
RSB BRI TiO, (L01)3RTH, ¥iM Y JRF# A e Il f T BEEK0™ TiO, (101)3K 1. K& 1 FRURTE S
X3, Ti &7 LA BRTES, SHE Y MREMANBE T D EER Ti i1 %, (ERmERE
TIEJR . XN Ti %7 Hirshfeld fGHE A /NFG, Ti 81 Hirshfeld HipiE /N, Eifm Ti &7 L
R TR . Hr % ZE A0 Hirshfeld FLHE AT R U (U = 2.5 eV)ZECRTTEGE Y Ti 7 RE 3R
BEZRHE T, A, M Ti-O BRI AR RS Ti-0 SR A8 gy, KA TR AR R, B3t
Mg rEReg . BN Ti B FIRE A SR e M O B2 A w11, S8 Ti-O #anEaryg, Al
FHRL SR AR, [RIRTHE Oge B A B4 1(0)FzR) . EDR Sy LA Ay 5 RV B 22 ) 2 THD AT T AN S
JERUE RV SR, AR TI5 e 5 R A R, 75 5 AT 15 OSSRk B 43 5 G i) E 11
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Figure 2. Charge density difference for single Y atom adsorption on
anatase TiO, (101) surface. The cyan region represents charge deple-
tion and the yellow region represents charge accumulation. The iso-
surface value is 0.2 /A3, The red and gray spheres represent O and
Ti atoms, respectively, and the metal atoms are denoted

2. B8R TIiO, (10)F/E BT Y WM EBTZEEE. BEEF
BHEXEH AR REFFERMBETRE. SEEER 0.2 /A%
TEMREBHKIARFZOMTIRTF

3.2. BF&EH

Wi 3 frow, tHEAARIRBLERD(101) R i THE T BRE A 3.049 eV, 5 BUERA K (101) % i S5 E
3.050 eV 74z . WP Y JR S BUARHT(101) R BT I Re g FE AR K, AR T A2, #8h
HFHFHT - B E R 8. Mo, ReRE AR RIEGHREER Y TR A TR Ti
B bE. BeAT A S R IR RE L, PRSI AS /N 2.407 eV, K2 S EOCRIER A T E .

4(a) i, ABLERET FIAN A RIS 20 A R 2 O JE-1 2p VR Ti Jii 7 3d BuE Ak, S2eriniss 1
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Figure 3. Energy band structure, the abscissa is the geometrically highly symmetrical
point in inverted lattice space, and the ordinate is the energy: (a) Surface band structure
of pure anatase thin film (101); (b) Surface band structure of anatase thin film (101) ad-
sorbed with single Y atoms
B 3. gegat), MR AERZEPRLASRE, ILIRAEESE: (a) A
ERE(101)RERETHLEM; (b) MM Y R FRIS AN TEIE(101)RE REH LM

RN Y R IR B E ) B R I B R th 2 BRI T 1 Bk, BAE PR T
B2 5 AR M i BRI Ti 7 1 A [ 4(c) R R 1Y SR ISR AL TIO, (101)
R fe 2T Ti-3d HUE K PDOS 421k, AL N 0.47 eV, O 7T LR 7388, DL TSREN NS

Pebb
T He

Po HHA

REZUBET, TiJ5 7 Ik SR ge i . Bt Ul LR BRI Ti J5 7 AE e AL R i (ke 3 13 SR A7 s 1R
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Figure 4. Density of states: (a) PDOS of the pure anatase thin film (101) Surface;
(b) four Ti ions (two Tig. and two Tisc) and four O ions (two O,. and two Ogz)
closest to the Y atom on the surface of anatase film (101), including the Y atom it-
self, PDOS of the nine surface atoms; (c) comparison of 3d orbital PDOS positions
of surface Ti ions with adsorption structure and pure surface structure, and the ver-
tical dashed lines represent the Fermi level

B 4. SEE: (a) ST EE(101)RE PDOS; (b) HEAT EE(0)RE L
BY BFRIEMEAD Ti BFEEA Tie FAFED Tis) MEA O BF(#FHA 0,0
A Oy), BREY BFAS, —HANKREEFH PDOS; (c) WHMiLEHFNLL
RELEHINRE Ti BF 3d 318 PDOS L EXILL, XIkisHEKaEL

T TU(CBM) R AR Y, &R AEiaR, 17 IR(VBM) ARG, AL RETRER[35]. N T Eh kAl
RN [ W B 5 A R A B, BRATTRE M RE R N %« ZUBLERE™ TiO, (101)R M i) il A B 5 R A/
S5 —3[36]. AHXSTAiEM, Y FE TR CBM FIHALEFTem T, ZBIEN 047 eV, FHOLE
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S HTIE IR RE /1485

bR (145 2 [ RE R VBM HLA AR fh e, (H2
g T EIE R AL (HYHL) o B AR Y R 7 ik
1 7.
3.3. MRk

T RIS UE R (S5 R AUE B IR A A S I B, FRATTTHE T AR B AR R S A
AR O, il 5 Fos . SEBUERET TiO, T B oE, R AEIRICE At o T Ie bk o fif 1 J 2,
FEME IR BRBE(EQ) M iZ KT 1.2 eV A RESE /K /- fi#, (HEAG R A T WoB(K: 400~780 nm,
HJGH 43%), Eg Zi/NT- 3.0 eV [37]. Y STt e, i id oA s s 2 e A i B o 5] N R 2% o g
I Ti BT 3d PUERE LG/ T A BRYEEE, K BH ARSI IR AP ) BT LG XSk e, 5 3R 4
7% o WSO 1 5 T B SR KT RE T BRAF DG, 2545 3048, RSO 3 2 92088 TR A R IEHT RN 2.407 eV,
FIT LA AR B At B R AT (102) e T WS Ko M 475 nm JF4R ) o] WG X IAE T, S80I 2r s, I HAH
I R A v P 2 A R B T4
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Figure 5. Uv-vis absorption spectra of pure and adsorbed structures
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g R TR, TRUDOIRM Y R T RBUERE HE TiO, (LOL)ZETH i M T-1 Fidk (T T 8¢ 4Tl DFT. Y
JET I8k Tio, (100)RMHA KR AEAT, KEMEDERT Ti H7 L, MEdi. Bk, Y ET
(IR B S R T RIS R KL, 2 e PRI R T RIS M . OO (03T Ti TR DU 0 4 B
TR T - 7, FIRE I 3d HUBTE N2 R RESOR AN, R BRI . (AT, T4
WIS LR, RIS SRR, M Y F R, £l L2 Ti B3 a 8 e
PR, WM T T HEE R, AT, Bk, SR ORI R B e AR

B O
AR TARBOAHTEE H A X B RRFA T RI(B 28R 2 5 ) 5 25 300 H (N0.2021D01C037) -
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