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A BT LDHs 766k CO, i JFU
A LT A8 S R A2 43 AR A B AF SR AR 2D L.

FE G T AR b, FRATT 3 2o i R 2 R
3% BiOBr/ZnAl-LDH 53 Jfi 25 #4) Y6 A £k 7). 76 A%
UK BH Y56 BT 2 -4 CO, i A3 M, 47 EE T BiOBr
(21.58 yumol-g '"*h") F1ZnAl-LDH (6.88 pmol-g *h "),
BiOBr/ZnAl-LDH Yk CO, iR & CO 1 P4 K
% 46.03 pmol-g *h . Z54 I1S-XPS Fl IS-DRIFTS $
AR, TATHE R T 454 BiOBr/ZnAl-LDH H it
A i ff i #% M KA E AL CO, i J5ad 7 rp e 1hi 4
IYBIBh AL, S5 F: CO, 4r T84 T BiOBr
(14 Bi v s, T HP TR, (15 Bi 5 B
75 Bi—'CO, Fl Bi— CO #ff; i H,O 4+ N
BT ZnAL-LDH 1% Zn 36 PE. 24505 B8 T4k 5
FAALET, CO, il H,O 4343 HI7E Bi Al Zn i si &
AR 7 AR SRR A S N 29 T A 1 UK IE S 5
JREEF AR A T R A R Bl T2 T B AR CO,
W RIS ARk, X8 K BRI T RAL CO,
TR JEUR A LRI S I A R 4Rt T S A48 7 3L
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1.1 EZEiLH

F BT K 925 % Al kAL (18.25 MQ-em 7,
Molecular Corp.) H . iFREE (7Hr4l). MRS (77
Mraf), WSmR s (S AT 2l). 175 fe 5k — H SRR Ak
(el IRE (st AR (53Hral) Fiikii
2N (et B A E 25 AR A Ak 2R A R .
1.2 FEUEE

175 51 L F W A% (TEM, TF20 microscope; 3 [#
FEI Tecnai); X #ZA75{X (XRD, Smartlab-SE; H 4%
FA); X RO FREIEY (XPS, ESCALAB 250Xi,
ThermoFisher Scientific, America); <A {415 (GC,
Agilent 7890A); £ 25 68 & Y6 i 4X (PL, F-7000,
Hitachi); BRI FECR G (TR-PL, HORIBA
FL-3); GBS ISOETREIY (TR-TA, LP980, Edinburgh);
8 B AR BT AMSEREY (FT-IR, VERTEX 70, Bruker);
&7 T+ Ak 2% W B 43 Brf (CO,-TPD, Chemisorb
2720, Micromeritics); k] Y6 (MICROSOLAR300,
PerfectLight); Hi k2% T /E3E (CHI 660D, i JR4E
IERA R FD; =B AL (TG16-WS, i B Y
BLDHULEAT R D).
1.3 ELHE

ZnAl-LDH S A b 551 1 i) 45 - Sk FH el iy 7K #

P& 40 1.0 mmol ASFREE . 0.5 mmol AR
BRI 1.5 mmol JREVE T 30 mL £ 81K, #% J11i
FEIR A W 30 min J5, & 7 i1 A 50 mL NaOH
(1 mol-L™") il NaHCO, (1 mol-L™") ¥AWi. ¥ W& 19 pH
{HAAEFTE 10, JF4REEHEFE 10 min. 25, KA RO
WERS BRI N4 R R4S (100 mL) H, 78 120 °C
AT AKRALBE 18 h, B F R B oK FIJEK 2B
LRIEVERUR, 16 60 °C FHEZ T4 12 h 53] @
#& ZnAl-LDH.

BiOBr YA 1k 71 14 il 45+ SR i ke ik 7k ik B,
1 mmol fEFZEEFT 1 mmol 75k 3t = F 3L Ak &%
(CTAB) 405 A 20 mL 258 /Kb, MIZUHTE 1 h
JE ¥4 3] 50 mL WA, 78 160 °C T K #k
B 24 h, FJC/K Z BRI 46K 3 VR JE LA 60 °C K
25 TR N TR 12 h, 153 BOB K.

BiOBr/ZnAl-LDH 6 Ak 551 () il £« 2R FH
FI 4280750 o E R A B3 Y ZnAl #1 BOB 3
A, T AIFRE 0.1 g A1 0.2 g BESH M HIIE 50 mL 255
TR, FEEIR N RIZINEHE 12 h )5, F T UiiE 1
oK CEERN LB F K B W VR EOR, B 5 #E 60 C
T HEZ T4 12 h 35] BOB/ZnAl H G H K.
1.4 fE4LFIRAE

FEHTH T S (TEM, 200 kV) T W84k
FIRTE A RS FHIC 3 40 A 5 X-56 2 b R A SR
(XRD, TAEHLIE 40 kV), Cu Ka J5F£RIE, 575
Ky 50~80°, FHHHR N 5 (°)-min ', HoA A X 512
FEHY (IS-XRD) M B8 5 /i J5 1Y) S AR 25 74 A2 4k
Bl B ABEBUOOEIE (PL) BAEZOC/HEEETT
- FH 200 nm 93O & ARAS 1Y, TEHE] 2 BEE B
KIS 250 nm A9 0B, BRSO
1% (TR-TAS) N2 355 nm I & GIE s 0Y; fhf
W BfH i (CO,-TPD) T st AL 7% CO, 1k
RS fif 2 i T3 D A7 18 i S AR N7 AR S £ A1 S (IS-
DRIFTS) # CO, fil H,O 5| A i #& 20 min, ik |
W B . AE Xe ST BES R i s,

JFAE X BB HL T RE TS (IS-XPS) BL 4 300 W
Xe JTVE R IEIR. ZEFRM BiOBr/ZnAl-LDH Yt
b CO, & pi it i h w2 A RS AR A R v, FRATT
T e R SN, A R AR RS R R
R T IS | TR R, R IR,
Fifn B, JFAZAGI CO, Fl HyO 73T 1
R AR, FRMRE A A1k,
R fr TR Bl ) 2 R R A I s A AR i R,
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FIEME%, W5 45 BiOBr/ZnAl-LDH Y HLfif i # S H @3k CO, iR JRiE 1t 103

1.5 fELEREILK

FIFHAHE SN 2R GE VA i A il DAL — 4R
b Bk 8 JFPE BE. B ST 20 mg BE 5 7S 4 BUAE
50 mL 25 &K, SRS A CRESI ) A JE B S 2 A
W, N AR R RE. BRBH A, e TP RRSEEE A
=4l (99.999%) CO, 15 min, VA= 4 CO, fil H,O
IR G, BURE AR 125 <. i 300 WRkT
EEAPL R ZR G0 R BE Y, I 38 it PG IR F KR B vE
TR AR FELE 10 °C. £F 15 min N ZFHHIE 0.5 mL
SRFEN A ETEL, ZAERECAS T JHE B Tk
MZ% (FID) MK M4 (TCD). S~ T Hfi4k C fi1 O
IR, PCO, MM S B AR, IS AR € 3-
T A (GC-MS) HHA TR AL R AR 5L 5.

JI A SRR 2B R 2 R = r R 5 0 R AR,
HRAE G RAR . Ag/AgCl AR R R AR 20 S FHAE T
VErtR . SRR, HEAF, 0.2 mol- L™ Na,SO,
VEWRAE by AR T, TR R 300 W Xe KT 1E M &
VR K 5 mg fEAL TR S 38T 1| mL IR AR
(750 uL H,0. 0.25 mL 5N EEFAT 20 pL 5% Nafion)
H, MR 30 min. BEJS, B S0 pL IR A BIR TR AE
FTO 35 I (TR LTI 1 em®), 375 60 C
T4 2 h, 153 BOB/ZnAl JGHLM, HLAL2# BTG
i (BIS) M4 FE K 10~10° Hz.

Al

200 nm‘“ il
— o

2 HREIE

2.1 KRS

K 1(a) M4ER ZnAl-LDH(ZnAl) 37 51 7 i 3%
5% (TEM) B, FATAT LAXEE 2] T i 45 1) ZnAl-LDH
ELA 4 RDR98 K AR 457 5 k. HR-TEM [F1%
(E 1(b)) 7, 402K R i b T R 43 531 ok 0.23 il
0.26 nm, IXLE{E 43 5% T ZnAl 1 (015) AT (101)
s, Bl 1(c) 4l BiOBr(BOB) ) TEM K14,
HREEAT EG0K AR GE M REE, HIL B A
A, DA LS B Ao . &1 1(d) 7Y HR-TEM &%
E—25 A A1 BOB 4K J (1) St i A1 #E R 0.28 nm, FL
Xt BET BOB Y (110) i 1 P, HLH: 5 i 3 11
90°. Fifi 55 FA K LR PR A R BT K P 2R T
KB R A B, FoATTH 2515 5] BOB &4fif) ZnAl
A G (BOB/ZnAl). | TEM &% (& 1(e))
AT LUIE HAE ZnAl #1 BOB 347 T2 & #1RHAK
Zh. iR ZnAl il BOB 75 ARk 1017 42,
& 1(f) /& BOB/ZnAl /) HR-TEM [EIZ, T A T6EMETH
B MR £ ZnAl il BOB A4 fib A% 2% 20 S H 5 i d A
FEMTERA. K 1(g) J& BOB/ ZnAl HYRE B BUS X 4
4ot (EDX), HIEIFRATAT A, Zn Fil Al TTE IS5
1 T2 8 AR PR, ZEHAMIT I 514010 O, Bi
M Br ot &, LA 45 R 5HIESS ZnAl #1 BOB .2

Bl 1 AEFIE SRS : ZnAl 1Y (a)TEM Al (b)HR-TEM [El{%; BOB /4 (c)TEM A1 (d)HR-TEM [&{%; BOB/ZnAl ] TEM (e) Fll
HR-TEM (f) El#%; BOB/ZnAl BT E 434 1 (g)
Fig.1 Structural characterization: TEM (a) and HR-TEM (b) images of ZnAl; TEM (c) and HR-TEM (d) images of BOB; TEM (e)
and HR-TEM (f) images of BOB/ZnAl; elemental mapping (g) of BOB/ZnAl catalysts
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24, BIE R T AR 2D/2D $%fi. i T BOB(001)
R F MR FEFE T2 Br 5", i ZnAl(001) 542
BT OH KA i TR AT AT LAHEWT ZnAl Fi
BOB it H—O--- Br ##f7 A &4 4.
2.2 KFEMEEES L FEES T

TR R AR B G AT 1 14 OG5
[AZ. BOB/ZnAl. ZnAl F1 BOB HDEEURGOGRE (PL)
e 2(a) Frzs, A T4 ZnAl Fi1 BOB, BOB/ZnAl
JE B B R AIRAY PL ISR ), 31X 2 B BOB/ZnAl
A A TR SR AR s B B[R] BEEEUR
St (TR-PL, & 2(b)) i#f — 2 48 7 1} ZnAl, BOB

Tr i RS HE 1300, BESEAT S0 it Ak Ry = 5k A
TR TG R A AR Ak, FRATTIE FI A
WO (TR-TAS) X3 & AN (Y BE & ot 71 A A
LR RS AT AT IR A fEl 2(c) R RE R B9 TR-
TAS YGil, FEBCE KR 355 nm WS, Zead —
WA EAUA AL T, ZnAl, BOB F1 BOB/ZnAl - #1
W A o B 29.27. 37.79 A1 63.29 ns, 45 S 1 W
BOB/ZnAl 1] LIA SR #E 64 %fﬁ%ﬁ&ﬁ#ﬂﬁﬁﬁ
TR A, YA P
FERTRLR PH O HRG, FRATT0 i Ak A4 L 17
Tl CO, 3B R RETEAN ™. an &l 2(d) 7T %,
FHEL T2l ZnAl (13.76 pmol-g ') 1 BOB (43.16
umol-g '), BOB/ZnAl Ji& /i i & 3 42 T 19 6 it 4k

1 BOB/ZnAl B 3586 HF a5k 1.29, 1.78 il
3.17 ns, BOB/ZnAl B A K )52 651, I H
(a) ZnAl
— BOB
——— BOB/ZnAl

(b) ) @ ZnAl 7,,=1.29 ns
0 BOB 7,,=1.78 ns

© 3
b

é' °ZnAl 7,,=29.27 ns

3 3 8(‘0 BOB/ZnAl 7,,,=3.17 ns =
g s Q¢ g
Z > @ : > ¢
g £ 8 ¢ = *3 * BOB/ZnAl 7,,=63.29 ns
g g 8 g 1 -
= = =
*BOB 7,=37.79 ns
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Wavelength/nm Time/ns Time/ns
d
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=y H] i 15} ° o R
HE : 5 | jelecc e
Ez O 2 S ol
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F€ 2 BOB/ZnAl, ZnAl #1 BOB ALY (a) S A (b) WM HOLBCOLIEHE; (o) BREWIBOLHEE, MK N
355 nm; (d) AL CO, IRJFIHHEMI; (e) CO T HIHEARAT H; () BOB/ZnAl K #Elli; (g) BOB/ZnAl A1k CO,
WIFHI GC-MS K3 (h) i-t {12k (i) EIS 3%

Fig.2 (a) PL spectra, (b) TR-PL spectra and (c) Transient absorption spectroscopy of BOB/ZnAl, ZnAl and BOB; (d) Photocatalytic

CO, reduction; (¢) Comparative presentation of CO evolution rates; (f) The cycling photocatalytic performance test of BOB/ZnAl
catalyst; (g) GC-MS spectra of BOB/ZnAl photocatalytic reduction 13C02; (h) i-t curves and (i) EIS for catalysts
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SEF45 ) BiOBr/ZnAl-LDH S L faf i A8 S Hs 8% CO, 38 JET 105

CO, it JLZE CO i1, 2 120 min S ALK )5
BOB/ZnAl ff# k7] CO 7 Hi# % Ky 92.06 umol-g .
ME 2(e) HIRATTREDS 1 T #b 7 £ BOB/ZnAl 1) CO
BT 138 28 46.03 umol-g “h ™', 43 Bl /& ZnAl (6.88
umol-g *h’") il BOB (21.58 pmol'g *h") ¥ 6.7 Fl
2.1 5. B 20 SRt 5 WAEAMIR 1) CO, 7 %
ek B, IEH ] LA H, BOB/ZnAl 7 CO, i 5
£ CO W ZRAEIR LR R E T BAe e i 1, X
Ut BOB/ZnAl I R AF OGRS e PR, A i
HEF=4) CO BRI, Tl PHe WA 2 iy Co, Eefhe
I3 PCO, MR i AT AL CO, 185
PEMY, FFH A 5 - Bk 1 AL (GC-MS) 38 B A
R JE =4, W 2(g) iR, i KA RS0 3 4
7, AR BALA PCO F1PCO, [k, e 4y vt
IO 1) 955 I LA 5 R °CO, (m/z=45) F1°CO (m/z=29),
45 J 8] BOB/ZnAl Y fb A4 LAY CO 5Lk A

(2)
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2% (PEC) K. i-t Mk anf& 2(h) Fi7R, BOB/ZnAl |
S HL I %5 B B B = T ZnAlL Fil BOB, 45 532 3@ 1+
SR AR A 2 GE T L o ST RS
1. B 2(3) S A Ak 70 BH AR B BB Nyquist B,
BOB/ZnAl HA fie/ N RIS A%, 2% B H far 76 44
DA Bt % R0 TED Ak 1 BELABL 5 /S, A1 3 i 1y AR L v
EEREN Lr g R SE UL A R A Y
BOB/ZnAl #4LFI BB AT U HE AR HEL i 3 85 S i
B, It WAERR I CO, R TE M.
2.3 CO, HFW M RIEAL N ST

HRAEE 3(a) FT7R 1 CO, T8 A Ak 751 2 i W B 1]
i, FATREIE MELF] BOB/ZnAl 7F 115 °C &b 230
4 I B 0. X — 25 SRR BAAH LT ZnAl Fil BOB 1
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Fig.3 CO, molecules adsorption on the catalyst surface and its in-situ spectra: (a) CO,-TPD spectra; (b) In-situ XRD spectrum of

3 HELLFIEE CO, K HIFA GRS (a) CO, BFEFTHEBLIE1%; (b) CO, WKt T BOB/ZnAl J5ifii XRD [i;
(c) CO, W Ff-F BOB/ZnAl JRAZ T AMGIERE; (d) BOB/ZnAl Jifi CO, il JRETAMEE

CO, adsorption on BOB/ZnAl; (c) In-situ DRIFTS spectra of CO, adsorption on BOB/ZnAl and (d) Photocatalytic
CO, reduction on BOB/ZnAl
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M5 CO, s RASG, B2 S IR B A g

W RRF Y CO, 437 M T ™, Bt s T A 1o i
IS-XRD XM CO, MfEALTIIEA T A IARLE AR A
(&l 3(b)). YGRS H I, CO, 7E BOB/
ZnAl T & LE SN T IR K CO, Fe LU
CO [RMIZ 2RI, FHUALR SR S5 R IK. o5
4b, AR DRIFTS H AR #E—#5% CO, Ml H,0
FEMAL TR MR RE 1. Wl 3(c) Wiaw, P
A I B W 0504 2 350 em | H B T CO, 43 F B A Xt
PRABGEAR S vCO,, Tfif 3 740 em * WX T H,0 43
T B9 45 4% shi% vH,0. X BB ZE I T IESE T CO,
1 H,0 43T BOB/ZnAl F W AR it n-situ
DRIFTS $¢ ARS8 5 5 0 AR, HE e far i fh i
N A%, QIR 3(d) BT, B P R ERAE 04 Bt 5 R A1)

TR, VA TR B A v R T A R B TR AN I
. B ARk, 1092, 1132, 1162 F1 1190 cm '
)& T b-HCO;, 1326 1 1488 cm ' )& T b-CO*,
1512 f1 1564 cm ' JA@ T m-CO,”, iXLLIgEH 2 CO,
VT H,O P24 0. 1342 F11550 em ' Ab I R
T COOH, X £ i1 °CO, F 2 746 i 7 A . T
1288, 1531, 1600, 1658 Fl 1707 cm ' [ W i i
& T CO, B2 CO My H A T P rr ) ¢,
2.4 PR

8 R A LT RS ATy B R BT 4 5y B
AR AR, B X SR OB T BETE (IS-XPS)
Xt BOB/ZnAl £ [fi JG 2 1b 2 25728 b B AT 2047,
P 4(a—c) J& 45 J0 2 16 W5 A FOG &1 F Ay fk 2
WA KR dl o AE k. WFoR 45 R &, CO, A1 H,0

(2)
Light  «co

*CO,
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o c—C
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GH
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P 4 TEMRBRDEIE T A BOB/ZnAl SEHEALHIAY (a) C Ls; (b) Bi 4f; (c) Zn 2p WY 70 i3 1S-XPS il
(d) BOB/ZnAl Jfifk CO, i JEHLEEE
Fig.4 High resolution IS-XPS spectra of (a) C 1s; (b) Bi 4f; (c) Zn 2p on BOB/ZnAl tested in dark and under light irradiation;
(d) The possible CO, photoreduction process over the BOB/ZnAl photocatalyst
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FIFHL . RS R45H BiOBr/ZnAl-LDH FL HL AT 4% % H i CO, i JBiR M 107

W BfE T A1 RE e B, € 1s K38 (B 4(a)) IT LA
h 288.5, 286.3 Fil 284.8 eV = ANHFAE I, X 1 T
'CO,. "COMMFFEALIE C sp’ i C—C 4. Bi 4f
Kl (8 4(b)) B AT 43 R Bi— CO, (163.7 eV),
Bi—CO' (161.4 eV) F1 Bi’" (159.7 eV), #H] CO, 4>
W B -4 AT Bi . M 7E Zn 2p K (K 4(c))
W1 1024.5 F1 1023 eV H BLURRAFE W v LI JE T
Zn—H,0 1 Zn—OH, &K 7 T WMt F Zn 76 P
B, EAR IR TAEALRI SR, A C 1s 1B E TP e T
WiE 2, "CO, I B R, "CO 14, B COo, 7Rt
RS A CO. 78 Bi 4f X B IR AT ] RE W% 2]
Bi— CO, &1k, Bi— CO Jh &, X F 2 IHH T
CO, BB Bi il AR F I A A= AL 72 i
£ Zn 2p IXIRIRATUWLER 2] Zn—H,0 BH W FEAIK, 1
Zn— OH | &% 945, P H,0 4> T8 Zn i &/
AL MR B OH 3 A1 . 35 T DL b 9 52 36 45 38
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Unveiling the Interfacial Charge Migration and Activity Origin of
Heterojuncted BiOBr/ZnAl-LDH for Photocatalytic CO, Reduction

WANG Zhengchao, HUANG Xiaojuan', BI Yingpu', ZHANG Yajun'
(1. State Key Laboratory of Low Carbon Catalysis and Carbon Dioxide Utlization, Lanzhou Institute of Chemical
Physics, Chinese Academy of Sciences, Lanzhou 730000, China; 2. University of Chinese Academy of Sciences,
Beijing 100049, China)

Abstract: Heterostructured photocatalytic materials with efficient charge transfer pathways have been widely
studied and applied in the field of photocatalysis. However, there are few reports on the interfacial charge transfer
kinetics and the evolution of surface/interface chemical compositions during the photocatalytic CO, reduction
process. In this study, we systematically investigated the interfacial charge migration and dynamic evolution of
surface/interface chemical compositions of BiOBr/ZnAl-LDH during the photocatalytic CO, reduction process by
combining in-situ X-ray photoelectron spectroscopy (IS-XPS) and in-situ Fourier transform infrared spectroscopy
(IS-DRIFTS). The results show that under the ground state conditions, CO, is adsorbed and bonded to the Bi
active sites in BiOBr, resulting in the appearance of Bi— CO, and Bi— CO species, while H,O molecules can be
adsorbed at the Zn active sites in ZnAl-LDH. When light irradiates the sample surface, the peak of Bi— CO,
significantly decreases, and the peak of Bi— CO obviously increases, indicating the activation and bond breaking
of CO, molecules at the Bi active sites; while the peak of H,O at the Zn site decreases, and the peak of OH
increases, indicating the oxidative dissociation of H,O molecules at the Zn active sites providing protons. The
activity test results show that the CO production rate of BiOBr/ZnAl-LDH is 46.03 pmol-g '*h"', which is 6.7
times higher than that of ZnAI-LDH (6.88 umol-gfl'hfl) and 2.1 times higher than that of BiOBr (21.58
umol-g "*h'"). This research provides important insights for the efficient CO, reduction of heterostructured
photocatalytic materials.

Key words: photocatalysis; heterostructure; BiOBr/ZnAl-LDH; interfacial charge migration; CO, reduciton
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