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HNJZ H IR A Mo ™", Mk A S 24 i i b

B, BT ARL R I Y CO, 43 FRENE R A it —

BRI CO, MBS Mo ™™ i R 2% T4k

HE— AR IO A AT CO, 43 & AR SO Y ao 72
Hh, AR TR 3R B A LR AR A, R R ROLAE AL

CO, it J5d R AR BT SR R B R e AT 2L
FE

1 SEIGERS

1.1 FERH

SEEG R G 225 K B Al K AL (Molecular
Corp., 18.25 MQ-cm *) 1 3§15 5. f§HR 4L (Bi(NOs);-
5H,0,73 Mr4ki), $HIR 8 (Na,MoO,-2H,0, 734 4ki), +
ek = W AR A EE (CoHy,BrN, 234 4l), ek &
1% (C,H,OH, 23 #Hr4l), BRI HH (Na,SO,, 7 Hral), 5
PR (C3H;0, 43#ral), Lh_E Sl A 3 S8 [ [E 25
LA A BR A W], BT 2 3 o ik — 2B 4l
fEAbH,
1.2 FENE

AT LI B SRS (UV-Vis DRS, UV-
2550, Shimadzu); X-H1 27 51X (XRD, X’Pert PRO,
PANalytical); 3% & 4 9 4 i + 1 0 5% (FE-SEM,
JSM-6701F, JEOL); i% 4J H F & il %% (TEM, FEI
Tecnai TF20 microscope, FEI Tecnai); X-5F 2k H
T BE %1X (XPS, ESCALAB 250Xi, ThermoFisher
Scientific); H# HLIH-A5 21 4N % AL (FT-IR, V70, £
[ A v A 7)) B AL (TG16-WS, 151 1= 0
UL ES A FR2 FD); 260640 66 EE T (F-7000, H 57
(P A BRAFD; SAHEGTEY (Agilent 7890A, L4
R PR ;AT 6T (MICROSOLAR300, b
HUAAESERHE A PR |, HLfk2%: TAE#; (CHI 760D,
RS A FRA ), Ag/AgClL S R (LR
SULER, B RAEAER A A, BESIRIBOLHE (LPISO,
% TR, JRF 1 B #UBE (AFM, Multimode-8,
Bruker Nano inc).
1.3 EAFIFIE

B Bi,MoO, 40K A (U-BMO) % FH MR/ 7K
P4 2 5ek 1 mmol 4HAREN, 2 mmol AY RS
F10.05 g Toxfedt = H Rk EL (CTAB) 43l mA
F] 80 mL X 1K, Rk R ZUHFE 40 min. B )5
PHRA IR RE] 100 mL B9 N4, 76 100 C R
IKBALFE 24 h. A 25 o I S 1S 31 35 (A oK
FHTCIK AN 25 B8 /K 388 1 VR EIOR, LA 60 °C
HEAA TP 12 h, 155 U-BMO FE.

Btk Bi,MoO4(B-BMO) 3K FH /K #h ik il ' 44
2 mmol %H B2 1 A1 4 mmol Al BR 4% 43 1 m A | 30
mL 258K, FREERIZIEFE 30 min. Bl K TR
BV E] 100 mL BN N 28, 78 180 C
K HAEFE 20 h. A5 B EY I TOOK O EER L BT
IK BRI BEBR, A 60 °C HEAE T T4 12 h, 153
B-BMO # /.

1.4 fE4LFIRAE

5 T B (HR-TEM, HLJE 200 kV) T
FAE A A T S0 R F. X-5F 48 £ ik R A0 5
(XRD) AR A Cu Ka, MIIKTE IR 10°~70°, £
N 5°) -min |, F T FRALEE S G S RS54 A
YIRS, 2 50-0T ULIE [ 5863 (UV-Vis DRS) DA
BaSO, I Z MYy, G FI R 200~800 nm, 5 4T 4]
i H Kubelka-Munk 22 2CHE1T % 3. JEEUR GBS
(PL) FED 6B T L 360 nm 8 & I K 0045
. B X AT Y (IS-XRD) fifi 4] 300 W i
JTVE R OGIR, 0 %G IUR T 19 XRD 8, TR
SRR I SRR ZE R AR 1L

J A5 V8 B S ST AR k2T A0 SRS (in situ
DRIFTS) S 7E it £546 Harrick 1 TR W 1t A 21 485
TEA AT, ST ROEIR. FHE AR (CO,
K2R ) SIA R AR 1, RERG 1 min 105 — 454K
. FEIR BT 5, AEEIRA M N AR 3 min 2R
BE— .

HEJRA X ST EEH T HEIE (QIS-XPS): B 4til
NGRS VAT, DL2% B b 751 2 i i B ) 2
Jo. B R R SR AR K 8 SRR A AR A b B
1 AR SR T, ZEREI AN 1 h. R JER A B A )
AL TG AL 3] XPS AR 1 40 B = Hp Ak DA
300 W LT 7 i e R, A6 AR RS T il
% QIS-XPS #dE, MEKZE LA C 1s /) 284.8 eV 25
A e BRI HE.

1.5 EAFIHERE MK

JeAEfk CO, iR S PEI: FREL 5 mg fi# £k 7]
AT 400 pL (25 B FoK b, A5 3 B B TR TR
TEYZ RS LT AERSE . 5 P B B 4 A B B S
B N, R O RIS BRI e . A
AT RN 2 T, 1) 27 i R RRSE I A B 4l CO, i
(99.999%)10 min, LAPRIIEJZ W #% FF 78 il CO, A AA.
VR B LR T P 003 A 52 7 308 B R AE 20 °C,
300 W U TAE LG, 2 4R J5 4R 15 min
WIS R g 0.5 mL AUATE AR SAR AT . G
SHIR T MRS 1 MEARLEHE, FRREESE
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A4l CO, 54k 10 min, HEHEE 1 IRIGIAL Ay
FRAYSAR. Bl FT AT gk e b A PR, JF %t
P AR CO, i G IR 2 5 Lk —3,
AAE IR LR S350 | 365, 380, 435, 450, 475 Fil
500 nm (14738 P8 Fr . ZE R R bRic L5, i
PCo, TMAREECO, SARMENBRIE, 1 H,0 10k
H,'°0, Ff:i e S (0 13 -3 6 P SO Bt < A4 7= ).

FeHL A 2E P REIN: Ffh2f TAE S 7E — F il A
F AT AL R AT, A 0GR (PR TAE
T BUR 1 em?®) 1 TR HU MR, S0 R 15 o 3 i A,
Ag/AgCIVE N S LB FELF7R TV VR VA B2 R 0.2
mol'L ™' Na,SO, (pH=6.8) ¥4, Y6 A 300 W AT
J T 5 TAEAL, ¥ 10 mg HEALF 3 BE S 20
uL Nafion ¥ W (5%, w) Fl 250 uL P EEH 1 mL
IR, T B ST RE SR A ). Bl H 100 uL

()

FEIR A Y SRR AE T 50 FTO 3535 - |- (1.0
cm x 1.0 cm), #1515 5] U-BMO(ZZ B-BMO) JtHL
We. TEEIRTR, DL 107 ~10° Hz A2 FEl 1 T i Ak
2EBHBTIE S BT (EIS).

2 #ER51E

2.1 RIS

& 1(a) b # 3 Bi,MoOg 44 >k A (U-BMO) f
%5 3 FL ¥ i 7% (transmission electron microscopy,
TEM) EI&, AT LA & il 45 i 8 ok 22 0E 7B
AR, RS2 0~150 nm. iE— 25 85 40 9 S L 7t
% (HR-TEM) 1% (K 1(b)) 7T LA H e il 4 40
K T TR EE 43 5108 0.274 F10.275 nm, Ho 4 5%}
N T IEAE £ Bi,MoOg Y (002) Fi1 (200) /i, 1 i
2K R R 55 AL T R (010) ST CY. ML,

=619 nm
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|
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Kl 1 Bi,MoO, 44K FrIESH45HIZR1AE: U-BMO 9 TEM (a); HR-TEM (b) 1 AFM (c) K1%; B-BMO A4 TEM (d); HR-TEM (e) F
AFM (f) E; U-BMO F1 B-BMO XA = 12k (g); XRD (h) Fl Raman (i) &%
Fig.1 Structural characterization of Bi,MoO, nanosheets: TEM (a); HR-TEM (b) and AFM (c) images of U-BMO; TEM (d); HR-
TEM (e) and AFM (f) image of B-BMO; Height profiles (g); XRD (h) and Raman (i) patterns of U-BMO and B-BMO
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FE RN SRR A SN2 48 S 10 35 CTAB, il #4575 2 B
& Bi,MoO, 41K F- (B-BOM). )\ TEM K% (] 1(d))
] DL A Bi,MoO, MITESRIRIRE R E )T IE, H
B 1) K SF 29 °~200 nm. B-BMO [ i k& 55 2 6] 5
(& 1(e)) SHBIEAIK 7 HH— 3K, wd BH BT il 4 04 7
of ot L i B re S A TR ). SR B (AFM) Bk
FHF 1 I 5 R i R, R 1(e), () AT (g) AT
SN, R TR R S 9 JEE B 43 1 2408 4 T 48 nm. i
H X B AT (X-ray diffraction, XRD) X fr ifill £ #
i P AR AR S R B T R AE AT, (] 1(h) SIE S T il £ 719
U-BMO #i1 B-BMO /& 1A 45 ¥ 5 b i 1E 52 b &
Bi,MoO,(PDF#72-1524) #H 44", t Raman St 3%
AT (B 131)), 76 791~815 1 852 cm ' I AT 43 3]
T )& T MoOg /\ T 4 4 Xof Bk AR X Bk i 4o A =X,
180~500 cm ' X 3k 47 B 1% 19 & T MoO, /\ i A1
25 i LA I [Bi,0,]” o R Ay b,
2.2 SEELEMN

FERLRUR FHYE IR ST, LA CO, A H,O 1E R R
Yy, F 1% U-BMO #1 B-BMO #4764k CO, it
J P R, F A €3 43 B T R A ) 2

RN =91k CO Mt CH,. WA 2(a) TR, TERE 2
M, RIEMA CO F=YA g, RIEBE T
PR RHE IR ShE AL CO, 8 T R & A ) B2 2%
PF. 26 RE S AL LT _EIE, CO, 38 BRI P I 4
K. Hrr, U-BMO R 3 3 5 G i A CO, i i
1 CO W% 1 (41.8 pmol-g “h '), H & B-BMO | CO
A GE R 4.2 1% F 2(b) & U-BMO 61 fk CO,
I JF R E P, EH AT LR ), U-BMO 71
1k CO, i JFE FR P 28t 3 YRR, Hm M A {4
AR, 2B U-BMO LRI P R A, A iE—HAiE
2 CO WIF=H IR, A 14T RN 2 PO, Frid
MRS, FFHASAR S BT (GS-MS) S 7.
WKl 2(c) fir s, CO, Fl CO # (0,15 43 55 Az,
W 7% 43 5310 ok 7 A% B HE A5 P COL(m/z=45) F1 °CO
(m/z=29), WESLAR R i = R/ CO RIE T CO,. It
G, A8 AR Z FRAT TR A I B S R AR, R
TR AR R, AT T T R 2
H," "0 pRicsci. MM ] LU Y, FOREAR 2 el g
K20 (m/z=18) F1°0, (m/z=36), 25 F F2 0 7= 4y
SOk A H, 0 B L. 18 2(d) /& U-BMO 7E A [

80| @ ~ (b) IECE 5CO,
ES P g H
] - T < =
S 60 | @ U-BMO-Light 5 = g =l
g O U-BMO-Dark g Z | e 160 Temn BCO
< @ B-BMO-Light S0} 5| nC IO |
£ 40| O B-BMO-Dark s E .
= £ g 10| H,"*0
g E =
S 20+ g 15+ 1
Q =) =
O & 150,
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o 3]
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Kl 2 U-BMO F1 B-BMO Jtffifk OGP REMIR: (a) U-BMO #1 B-BMO 6L CO, i JFEREMIR; (b) U-BMO £ il
(c) U-BOM YAk " CO, MR JE 1A H,"0 (I8 =My GC-MS [E3%; (d) AR K U-BMO Jefitfl CO, i ST HE;
(e) U-BMO #1 B-BMO TEJE IR TN 451 F i-t fh£k; (f) U-BMO F1 B-BMO % EIS &%

Fig.2 Photocatalytic activity and photoelectrochemical performance of U-BMO and B-BMO: (a) Photocatalytic CO, reduction over
as-prepared U-BMO and B-BMO under the light irradiation; (b) The cycling photocatalytic test of U-BMO; (c) GS-MS spectra of the

products after “co, photoreduction and H,'"®0 oxidation over U-BMO; (d) Wavelength dependence of CO evolution activities of

U-BMO catalysts; (e) i-t curves and (f) electrochemical impedance spectroscopy (EIS) for U-BMO and B-BMO samples
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WAL T CO, I JR TR T, 45 53 BIAE S 7E 380
nm G IR R SR P R 5 5 6.34 pmol-g “h
FL Ak 2 P RB IR 1 — 20 N T il B8 it (1) 6
FEA L faf 43 B KGR RS RE ST [ 2(e) A2 PRI AL 551
MBS 25 -t 2k, 455388 U-BMO $i47 fix
R G A, BB AT R S AR F 2SO
oy B BRI RR . LAk 2= BHPLRE (BIS) T LA R
FAE AL TR o} 3 5L 1o Ak 1) 280 A% AN R & 1
5, P 2(F) PR A R EIS Nyquist B3, i AT
A1, U-BMO EAT e/ NF (B, 2 BH G Ha oy 5 7% Fi BH I
I, AR A f i AT A RIS 4 R
BH: B S5 M R oA sl for 20 8 ST R, A
b CO, i it T Hh R B 1St 2 188 K A YA T
2.3 RFMHEER R NIL O

P ARMH 2 E RSO SE  HO A AT 1 O
SR 2R AR R RE i 18 55 A0 -] UL s g I
& 3(a) A7~ . AH HF B-BMO W Wit i1, U-BMO 7&
A G IX W b 214 K. A Taue-plot AT
RESRIOAHF BRI, BIAZ: (ahv)" = A(hv - E,), 1K 3(a)
P 1 & BT 7, B-BMO Fil U-BMO 1 4 B 43 51 4
2.55 F1 2.49 eV. Ry T WFFEMEAL DG A HE 1oy 43 25 g
77, TATR DR RO IE AT 5. dnl&l 3(b) /2
FEREEUR G, 25 %W U-BMO #H 1L T B-

BMO () PL W5 B 341K, $i B U-BMO 54 | 15
e L T2 7O B4 B C L IR AR RS Rk i — b
PRGTHE i G AR AT G RS BE T, WL 3(c) P, &8
i TRAEEENA, B-BMO Fll U-BMO B 47567
ik 30.78 F1 41.17 ns, Hr, U-BMO 5K (1975¢
S F A B B HO A s g & A R f b, A RO
A K2 ML) A 32EA T, 36 451 T P9 A A T P 25 SR
—5 AN, R RN B AL LT AN 6 (in situ
DRIFTS) £ AR 5E CO, Fl H,O 43 F 1AL M K T 1
B W B BE . & 3(d) B, U-BMO 2 T W% Bt 6
CO, Ml H,O A4 45 i U 58 55 [ 25 W% BFF e ] 32 3 43
K, TEFELEW Y 30 min J5, W} CO, A1 H,O K& #4
TR, 2B AL R R T O 2t T I B AR R
P T, W BRAEARE S BB CO, A1 HL0 43 F1ELL
AT BT P AL, 4356 R F CO, Al HL,O
A% B9 R X R A 46 5280 (vCO,, ~2 350 cm ) Fl
(VH,0, ~3 740 cm ), f1 L Hi & CO, Al H,O 4> F1E
A 70 2 T B I B ASE SRS g — ) R i situ
DRIFTS £ A #4510 U-BMO StAAk CO, i JF T 72
w8 SO R TR, AR 5] 3(e) [T, B DG BRI [R] Y
FE, 35 & Hh B — ZR 8 e I LRt s ) 4 A8 AR
Wrsni, 2 W HL R R r A4 A e FE e R IR AE Ak, LA
ZEHANTR, 1264 cm ' AL R0, VAR T b-CO,7 LA
RSN, 302 CO, 5 H,0 MEHIA BRI, 1 550

(@) 2091 —uBMo (b) 2 —9— U-BMO © o B-BMO
i ¢ | —o— B-BMO A 7,,.=30.78 ns
- 3 8
3 3 _ _ °
K £ 2 3 H
5 3 z P :
= < Z Z
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Kl 3 ARG RSODETE: (a) SEANAT LI RUFOERE; (b) YEECEOLRE; (o) BRI B, (d) CO, WMt T U-BMO i
LT HMEIE R (e) U-BMO ] 43 BEEAL CO, B JRLLAME R () CO, WFT U-BMO Jiifii XRD /&l
Fig.3 Optical properties and in situ spectra of catalysts: (a) UV-Vis diffuse reflectance spectroscopy; (b) Photoluminescence spectra

and (c) time-resolved photoluminescence spectra of U-BMO and B-BMO; Time-resolved in situ DRIFTS spectra of CO, adsorption
on U-BMO (d) and photocatalytic CO, reduction over U-BMO (e); (f) In situ XRD spectra of CO, adsorption on U-BMO
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1718 cm ' H BT JE T COOH, % A AER IR T
CO, H AT Y1405 em ™ BRI T R
F'CO, HARHALIFREIL CO 7=y (1% 8 2 v ) 1,
R it — TR CO, 3R, AL TIRE i A AR
2ER AL IR, SR X SR AT A A il 3(H) B,
M AT DU B, RIS T U-BMO YL 5
TECHEAL CO, i It A2 L2 a] BE MG A, 3% 24
T CO, T A R Mt F i /M2 5 8% Bi 1G4
57 7 AR L R B AR 3 I s 0, S B fb
F AT R B, ARG ACAE . i IR SRR
I LR, T CO, 77 Bi G £ 2 i+

R B T IR L CO Wb, IR R i 2 T i
BITFLL CO UL, i ARSI K.
2.4 HUIEERFR
N T i —2 B U-BMO 7E 64 Ak CO, i 5
b AR O H R RS S SR S AR Ak, R HTHE AL
X B4R H# BE 1% (quasi in situ X-ray photoelectron
spectroscopy, QIS-XPS) X H: & FL1h 41 43 F 4k 2=
FEIEAT AT P 4(a) S QIS-XPS /R, HiEFAT
—IU%L‘H AT RS AR TN TR A A
FIE R TR I ) ot 2 T 1) Ak 2 41 03 B LAk S
l@ 4(b)—(e) A TCRAEMT A FE AT AY AL 25 AN

) Cls

) Mo 3d
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& 4 (a) HES X SHREH FHERE R Z K, U-BMO 14 (b) C 1s; (¢) Bi 4f: (d) Mo 3d; () O 1s ¥

TR M HRIEIRUE X TR

JEHLFRERS: () U-BMO Jtfifl CO, i AL
Fig.4 (a) Schematic diagram of QIS-XPS for exploring surface electronic structures and chemical states under the excited state; High-
resolution QIS-XPS spectra of C 1s (b); Bi 4f(c); Mo 3d (d) and O 1s (e) on U-BMO sample tested in darkness and under
illumination; (f) The possible photocatalytic process for CO, reduction over the U-BMO sample
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Unveiling the Activity Origin of Ultrathin Bi,MoO4 Nanosheets for
Photocatalytic CO, Reduction

LAN Yusjie"’, LIANG Qing', HUANG Xiao-juan', BI Ying-pu', ZHANG Ya-jun'
(1. State Key Laboratory of Oxo Synthesis and Selective Oxidation, Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences, Lanzhou 730000, China; 2. University of Chinese Academy of Sciences, Beijing
100049, China)

Abstract: Bismuth-based layer semiconductors have attracted particular attention for various photocatalytic
applications, owing to their unique surface properties. However, the changes of photocharge migration and
surface/interface structure during photocatalytic reactions are rarely reported. Herein, we first observe the
dynamic evolution of photocharge migration and surface/interface structure over ultrathin Bi,MoO, nanosheets
during photocatalytic CO, reduction via quasi in situ X-ray photoelectron spectroscopy. Specifically, under the
ground state, CO, molecules adsorbed on the Bi activity site of the (010) exposed facet, owing to the strong

electron-attraction of CO, molecules, leading to the high-valance Mo ™"

in the inner layer increase significantly.
Upon light irradiation, the characterization peak of "co, significantly decreased, while the peak of Co evidently
increased, indicating that CO, molecules were activated, and reacted with the photogenerated electrons to form
"CO, which increased the proportion of high-valance Mo species. By virtue of the above unique characteristic
changes, ultrathin Bi,MoO, nanosheets exhibit excellent CO, reduction to CO activity (41.8 umol-gfhh*l), which
is nearly 4.2 times higher than that of bulk Bi,MoO, nanosheets. Thus, this case provides new possibilities for
photocatalyst design using two-dimensional materials with high solar-driven photocatalytic activity.

Key words: photocatalysis; ultrathin nanosheets; Bi,MoQOg; CO, reduction; charge migration
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