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Research Progress of Photocatalytic CO, Reduction Based on
Two—dimensional Materials
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Abstract In past decades, global warming, sea level rising, and other climate problems caused by greenhouse effect are
becoming more and more serious. Considerable efforts have been paid on developing new technology that can effectively
reduce the atmospheric level of carbon dioxide (CO,), the most representative one of greenhouse gases. Solar-driven conver-
sion of CO, into high value-added hydrocarbon fuels is considered as the most promising approach to alleviate the current
energy crisis and the rising CO, level. Benefiting from their high specific surface area and novel electronic structures, two
dimensional (2D) materials have drawn intense interest in the field of CO, photoreduction. Herein, the latest development of
2D materials for photocatalytic CO, reduction is presented, with special emphasis given to the structure-activity relationship
in catalytic reactions. The potentials of newly emerged 2D materials including black phosphorus, graphdiyne and covalent
organic frameworks as the next generation photocatalysts for CO, reduction are then discussed. Finally, the opportunities and

challenges in the field of CO, photoreduction are featured on the basis of its current development.
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Table 1 The main products of CO, reduction and corresponding reduc-
tion potentials with reference to NHE at pH 7 in aqueous solution,
25 C

Reactions E°redox/V (vs. NHE)
COz+e _’COZ. —1.85
CO,+2H"+2¢ —~HCOOH —0.61
CO,+2H"+2¢ —CO+H,0 —0.53
CO,+4H" +4e —~HCHO+H,0 —0.48
CO,+4H" +4e —C+2H,0 —0.20
CO,+6H"+6¢ —CH;0H+H,0 —0.38
CO,+8H"+8¢ —CH,+2H,0 —0.24
2C0,+12H" +12¢ —C,H,+4H,0 —0.34
2C0,+12H"+12¢ —C,HsOH+3H,0 —0.33
2C0,+ 14H" + 14 —C,H+4H,0 —0.27
2H +2¢ —H, —0.42
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Figure 1 2D material family'
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Figure 2 The advantages of 2D materials as photocatalysts for CO,
reduction!**!
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reduction!®
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Figure 6 (a) TEM image and (b) structural mode of monolayer BiOBr.
(c) Schematic illustration of band gap energy structures of bulk and mon-
olayer BiOBr. The evolution rates of (d) CO and (e) CH4 on bulk and
monolayer BiOBr, respectively!®. (f) UV-vis diffuse reflectance spec-
troscopy of BiOBr with Vo. (g) CO evolution rate on BiOBr with Vo,
without V, and bulk BiOBr, respectively!®.
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Figure 7 2D/2D Ni;HITP, MOF/rGO heterostructures: (a) low and (b)
high resolution TEM image, (c) schematic illustration of band gap struc-
tures and charge migration. Photocatalytic CO, reduction performance:
(d) CO and H, yields on per hour of time, (¢) CO yield on per gram of
catalysts, respectively!®.
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Figure 8 (a) Structure illustration of LDHs"®!\. Characterization results
of ZnAl-LDH: (b), (c) and (d) TEM images of three ZnAl-LDH samples
with different size and thickness, respectively. (e) Adsorption energy of
CO;. (f) CO yields on above mentioned three samples with different size
and thickness".
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Figure 9 Schematic illustration of structure evolution of MXene from
the pristine MAX 211, 312 and 413 phases'™.
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Figure 10 Graphene-based photocatalysts for CO, photoreduction!®”’.
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Figure 11 (a) Synthesis of g-C;N4 by thermal polymerization of N-rich
molecular precursors™®”. (b) Gibbs free energy diagrams for the activation
of CO, on g-C;N4 with/without V. (¢) Photocatalytic activity and selec-
tivity of g-C3N, with different concentrations of V2% (d), (e) and (f)
TEM images of g-C;N4 NSs implanted with Ti-O species; (g) the time

dependent CO productions on the pristine g-C;N4, TiO, and g-C;N4 NSs
implanted with Ti-O species'™).
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Figure 12 (a) Structure mode of A-BN™'!. Characterization results of
C-doped A-BN: (b) TEM image of BCN-30, (c) electron structures of
h-BN and BCN-30, (d) CO, photoreduction activity and selectivity of
BCN-302%, Characterization results of O-doped #-BN: (e) TEM image of
O-BN, (f) CO, photoreduction activity of O-BN and the pristine #-BN,
(g) adsorption energies of CO, on O-BN and the pristine #-BN?".,
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Figure 13 Structure modes of 2D heterojunctions: (a) Van der Waals heterojunctions, (b) in-plane heterojunctions'''”., Characterization results of
Ti3C,-Bi;WOs Van der Waals heterostructures: (c), (d) TEM images, (e) photocatalytic CO, activity of composite catalysts loading with different amount
of Ti;C,!'"*]. Characterization results of SnS,-SnO, in-plane heterostructures: (f) TEM images and corresponding elemental distribution, (g) CO, photore-
duction activity of samples containing with different SnO, component!?*.
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MOFs. LDHs fil MXenes, LAJANE 4@ (1047 88085 e
FIEYI(GO Al 1GO). g-C3N4 Al A-BN, H R} 78417
TE CO, Hi J5 I B A -3k &, FEO0E T 8L 2D
FeAEALT S H T CO, F Ak s B R 7E W] RE

PYPALIE R CO IR JF AT ik 2, 724 1% 40
WG PR S A8, FEAS LT ILANE: (1) CO,
FIEJEAIAE T EERAT FUM B, B BT B A % Sk E i)
PURTF LT 100%3E 511 B AR7=49, 15 CO, kL%
IRAE, Fem— 8N pmol BY, mmol 25 %)), iz A IA 2 a]
FF AR AE P2 KT (2) STk % F A BLA7 (] B
AT P B RS HE PR AE, B pmoleg 'sh ™,
X FA R R, RIS ECT I RS R
YRR AR, AMETHATHEERX I, mREL CO,
J6IE TR 1 K BH B8 % A0 R AR 9 VR R A TR PR 1 e —
FrifE; (3) H K 2 BOCHRFTGE IF1 CO, 3B JF F= 4 2 B4R
HTE C 72, AR Cor PP WRERD, BRI ) S
B -RR A B LASRAS m BROINEL ) Co P2, X A A R 1)
B FLE R (4R T AT - 2006 R 04T = R TR S
LR, 388 M DAAE fRE AR 5 R Ry 4 2 1) 8 7 W 1)
R, PIERR S NJEALRAER AR, S WL B M RIE 1T,
— D7 TS T R BALER BT, 55— D71, R R A R AE
SRR T 5 BRI £, Rk AL COL I JE HIE
FUHUAR 1F KR

X FIRTRHE) CO, SR R L AR, Cor
FEE /D ), AT DA S A AL USRI TR, W]
1T IR DI A% 32 AL B RN S BRI R AR A

()3 P iy SR SR, I Ak i gk AT, AR
P T IRIE, YA FRVER R CO, LR B
T RADERM &M, RECEITEE 1~2 MiuE
éﬁEE[ul_]Z}].

(2)3& JE $2 n SO NL g, — 7 T AT Rk 28 A R
il AR R R A, 5 — 5 THD R RO S SE A B T
TR-TR AR B B R AR, 2 I GRAE B e A A0 e 32 i )
FARIEIT AR R, fE R AT, g
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3w OB T AT R SRR L0 LN LA
Co+ 7).

(B)IINFER Ry, I R 2 SR B0 FA 1 1 5 ) e
. ARFTRERR, SCHEAIRI B AR R LG T B &
HIRME T2, IR, B8R TR aidE
WA Rt 845 5 2 (OB AR BT A TRE IS PR IR
Hi TR AR R T S 5 M T A
ALK AR, SIANCIZ)E, B2 H b i
HRKEAR, PP oim s Fik, - f b
AR — P T AT B AR 842

@FIH S EE RIS — I, ste)RrZm
BTSN TIO,), Wyl THB =it eE i
R, RV R SRR, T e R S A L AE B )
F LR TR EE 2 B A R 5 — i,
Au Al Ag S5t RAEGIE T R I 9 2K R i 45 25
SRR, 51K R 7 1 o, 3 37 FE AR R T
i, PRSI B AT

B2, MEMBREERE L SRR, A% 2D M
AN COL HEIE JF FIHTF FENG BRI RSN, A7 AE (KIS 7]
Bt —— Rk, MMl EZER LA 2D
MR BOHT— CO, it R AL

EEEN

R4, %7 F 2016 22019 K5 # b RF F 4 f 8
MMXFMEFAL, WA RFHEAEE L, IR F
E ¥, £ AR AR MR RABA 69X 6 R B S R
K Fa AL CO, EJR.

E %), 57 F 2001 #2008 5 F BT X FHEAF AL
F43, F 2008 £ AIEITKFFE R, 2009 F35 P EALE
AFHEFER 2011 EAG HFIEFHLAST LHITR]
UBB B “FrgHitR” , S 2 2R H @A (D))
KSR/ RETESRAERCEE. A8 HILFFR; (2
F FAR-MOFs &4 R A% & R 5 A5 B)dh RAE )
MR
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WA, NPRERITRPFLFUIFRERIRS, L5
KAERRAERLARFAFHITEE, RFHRHELAL.
RABFFHEEE, FEHEAEANAFFHEL, “FAG
XN HHAAFEALT KIZFHFRBE. L 2RI QA
kB LR\ EMACE, AR RIS, DAk kAt
HUAEME I A EREE F . & JACS, Angew. Chem. Int.
Ed., Nat. Commun., Accounts Chem. Res.% B &2 & 5] & k&
X200 A%, 7]k %k ) 18185 ik, H-index 7 66, Aik#+
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