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Abstract: Black phosphorous (BP), as a new two-dimensional material, with an adjustable band gap (0.3~2.0 eV)
based on the number of layers and high carrier mobility (1000 ¢cm*+V™'+s™") | has been widely concerned in photocatalysis.
The strong absorption intensity in visible and near-infrared light regions of BP makes it to be a broad-spectrum-responsive
semiconductor photocatalyst, which is an advantage that other materials can’t match. The high carrier mobility of BP makes
it an excellent transport material for photogenerated carrier transfer. Furthermore, the BP nanomaterials have large specific
surface area, which can provide abundant reactive sites for photocatalytic reactions, thereby increasing the catalytic efficien-
cy. Currently, BP has been widely studied in the fields of photocatalytic hydrogen production, photocatalytic nitrogen fixa-
tion and photocatalytic CO, reduction, it shows unique advantages and good performance, which means BP is an ideal photo-
catalyst material. In this review, the latest research progress of BP materials in photocatalysis was reviewed. The structure
and basic properties of BP were firstly introduced in detail, and then the preparation methods of BP materials were summa-
rized. The relationship between structure and performance of BP photocatalyst was also discussed. At last, the future devel-
opment direction of BP for photocatalysis was proposed.
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two-dimensional material
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Table 1 Reaction equations and reduction potentials of different
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side views from the Armchair (a) and the Zigzag (b) direction; (c) top view; (d)

zoomed-in local atomic structure of the P—P bonding configuration
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alytic H, production with different catalysts under visible-NIR light irradiation for 3 h (¢) (70, TEM images of 12% BP/MBWO heterojunction

(d) (73] ; comparison of H, production rate over different samples under UV-vis-NIR, vis-NIR, and NIR light irradiation (e) ; schematic illus-

tration of electron-transfer pathway in the BP-Au-CdS system (f) (73], TEM (g) and HRTEM (h) images of BPQDs/CdS composites; pohoto-

catalytic H, evolution rates over various samples under visible light (A>420 nm) irradiation (i) L76]
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Is in CNS and 0. 05BPCNS (b), XPS spectra of P 2p in BP and 0. 05BPCNS(¢) , transient photocurrent response for CNS and
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H2Z X R, BPCNS B C 1s A T4E CNS [ B 55 o 4%
FREAN K TS, X RS 1T BE 2 4 F T N A
HLF 1 CNS % % BPNS 231y, I THBEIT C IR
THANES B 2% 5, I HI S T 2 T R AE
M2 C 1s MEs A RERM, FIRE, P I H 2%
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VBXPS 453, Wi WEE GG 45454 . BPCNS b
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FIER, M3 & T 6 400 7 19 4 3 80R; Hok,
C—P AR ¢ 5 P IRT R FE M B FEF 04, P
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2020 4F, Yu Sl LA 2RI & T B 2 Ry
TEM 2 BB 9K F (eBP NFs) ™ 4 BE g% K 5 20
ZHFK[ (2-bromoethyl ) -benzene | 73 #FE NMP %1, Jin
A—E & KOH FIEEFK, 7 100 CFHRFEINEA 3 h,
i3t 13 000 v/min = B0 10 min, FRAHREIARIK . 2B,
DMF, NMP & ¥k /5 ¥ Tk, 4 7000 v/min &5 .0
10 min B A] 753 3 B 231 FURAIE R R BE Kl LB R
HEME 6a~6d 7R, H TEM BT, FFS48k A 17
PIRGEAE 90 nm 2247, HEEEARBAPIRE, H AFM
FASRN K A - Y R RE R 10 nm A2 47, F i BEYLAE 35
3 nm (SR, R IR A TS B 0 SR B AN K R 2 T U R R
S, g FfmvEIRZ . HRTEM B8 F & 3 oA A MR 4
KR HA AN B Y SRR DX, S [ X P A A AR 4k
B T ARl B T, 4 eBP NF #5 H 4 22 88 4 /)
B SRR SRR A B, SR R BEALME AL S eBP NFs J&
JEARY ST LA K SR TETARRE , AT 7F 2% 11 340 % R 3 1 Ab AE 2
WL MG, RN R 2 57 454, 7ELL 0. 05 mol/L
#Y Na,S/Na,SO, FHEFI GO T, X eBP NFs #4756
AL K (B 6e) . BA £ i1 FAFIERT eBP NFs 19
fEALPERE N 2. 37 wmol -L7'-h™", H 8 h fyFaE Pk 5
FAEALPERE VA W R R, MRt bl X3t id MR g oK
F (BP NFs) 7EAH R 0 25040 T 247008, #E 1 1 e AU A
0.9 pmol -L™" -h™", kT eBP NFs, HILiEIA B ugaik
R B G AL FGR S i B b B AR, e
b E ML A AL 7~ 2 I of fit 6g Fin, N, 2 F %
Mi#E eBP NFs i1k, BB E G- At -5

SN, HTFERBA SR N, 5 %, eBP NFs i
A g AT LU B LR 1) 45 4 RN T i 2%,
PR DL FE A B AL A1 00, 2 30 HE AN 8 19 4 1k
PERE.

2020 4, Yuan F5EHER#ES CdS EETEMAESE)R
SEFREEEALF (BPNS/CAS) , I TOGbRBIRE ™, B
Se i ik B Ak 2 B IR v ) £ 15 B SRR A0 K B (BPNSs) , K
HAYBUE & B, A — 5 i 114 T 2 7 R B DR
(Thiourea) , 7E N, 4 H 160 C AN 16 h, M1 7E B #k
gk F R EZEAK CdS, Eid TEM ([ 6h) WL # 45
BIRHRA, ATLR I —A 2R gr 2 /N B 5
Bl CdS ¥y b KA Muk ok iy e, HA &L R
X, ok, Haicds ML, HIEHERSHER SRS, CdS
WORL RS AE 50 nm 2247, MR TRk il DL& B, CdS
L RAEE TR, XA —ERE L
FELAS O, 55 FRBA I Hz f ok 27 DRIl 1) o3 A it v AR e
UV-vis G & B 2B B4k B 7E 500 ~ 800 nm 1] WYX
BRI AR W R, AE L T4l CdS A EE, BPNS/CdS
ST AE A ARE AT IO DX 11 WA i Bt B g B %) 4 T T
Bl e DR I Ak R A R, xR R T LG
(A>420 nm) T #47 6 h G AR R, PERESE R
mE 6i i, ZR AR 70 55k, 4l Cds
HE MO E I e, RIS B e A IR T, L
YEREZ W T, e SR 1L 5% s B R RME, N
57.64 pmol -L™'-h™", J&4 CdS Y 3.69 £, XFhASfLi
AR TTRER, BT &I SIA T E 2T A
AU, MNIMPERESR & MY BB S i 20, PIEZ R
HAHBER R T S R B R, FRAR T A AR, @
PTG 5 2 S Z RS AL, A&l 65 ~ 61 i
TN o TESE L, P AN A AR B B AT R, BTN
J7 CdS (9 2 K BE AV B (-0.06 V vs. RHE) L B HEHY
(0.46 V vs. RHE)Hf1, P #nT LI CdS b3k
T Joh, BRI AL 2T IORRER, BkE
HLFFELAL R . BEIE T B T BPNS/CdS
JEEE T LU IR TR, FIRR TS s O A LR,
PEEBEA R A MERE . A5 B BPNS/CAS [t Ak [
AAHLH, CdS T LAl i B B B e 1 iy, 7
POA e A A NG, Bl 14 300 5% 2 I IV PR 1 A7
4.3 FtfE) CO, EBIE

2020 4F, Zhong 484 Bk 5 LM = W2 22 ( covalent
triazine framework, CTF) A ARS8 2D/2D 1 CTF-BP #4
R B T YE CTF i A E S BB NMP/ 2 BEIR A,
S SR E P O AT R CTF-BP Fii4s . XPS
MR & B, CTF-BP H1 P 2p 4 3 NIEAH HL T4l SR8 b4 i)
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Fig. 6 TEM image and EDS map of an individual eBP NFs (a) ; AFM image of an individual eBP NFs(b) ; HRTEM image of eéBP NFs(c) ; lat-

tice fringes of different areas shown in fig. 6¢ (d) ; photocatalytic ammonia production rates using eBP NFs and BP NFs as the catalyst

() ; schematic mechanism of semiconductor-based photocatalysis for ammonia fixation (f, g) L78] ; SEM image of 1. 5% BPNS/CdS pho-

tocatalyst (h) ; NH; evolution rates of various samples under visible light irradiation (A>420 nm) (i) ; theory calculation of BPNS/CdS

heterojunction (j-1) [79]

RS A RE I T WA%, TMAE N 1s Bl d, CTF-BP iyl
HMILLF CTF 13 S g SAL &L T # ., 78 Raman Bl
LT ARG, HULIER CTF 5 BP Z [AIfEAE 5 4
ZHAEM, 438 10 h f6fEf Co, i J5 K (# 7a) ,
CTF-BP () CO F=HiA%] 46.0 pumol -g™' (4. 53 wmol -g”'*h™"),
SrHELRBES CTF /) 3 f5 5 2 f%, CH, M= &N
78.1 pmol -g (7. 68 wmol g™ +h™"), 45l &4l Bk 5
CTF 1y 23 %55 16 £, HEAZS™E, kY] CTF-BP Xt
Tk co, AL CO 5 CH, HAT RUFmtkfE, it B
WA AL, B )% M EH, CTF-BP L1
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PN, CTF 5REEEE A5, R TR TS5 CO™ 4
A, MR TR CH, MRERRME, BLAh, BE5RAY A R
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P AR R

2020 4, Wang 5538 o 15 AH B 75 16 il 25 R B 40 oK Fr
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Br,/BP Jefi L™ . TEM BEH (& 7b Al 7¢) o, /MR
SHIY CsPbBr, JURL 43 A7 78 SR W5 94 oK 5 6 TE,  Hy AH . 1
HRTEM iEB, [al#E4 0. 41 nm 854 4808 T CsPbBr,
YK (110) ST, [AEE R 0. 26 nm [ 5446 S 808 T
LR (040) §hIE . 850 3 h BOEHEAL CO, i N,
AR R RE QI B 7d B, SR & N S% T,
CsPbBr,/BP #1 BRI H - EE, CH, F1 CO W= &
) 3k #) 32 pmol +g™' (10.7 pmol - g - h7') F
134 pmol -g™' (44.7 wmol +g™' -h™"), 4 & T 4 2 gk
CsPbBr, MPERE 3835 o bR A i k70 A f b M R e
B, VEF A BN T ML Co, i FURHA B X
(1), FRISTTFRIGT 2% O 9 2 AL T =2 () 7 6 v 17 B Aoy 2% 3
ML E A %5 8, B CsPbBr, 5 B 2 1] 1 n At o 42
MG B F B2 mIEAS, B CsPhBr, H R 5] T 265 L,
i BT 2ERFSE CsPbBr, 55 CsPhBr,/BP HYGAE AL 2 1 %
12, CO, SARAE A7) 2 18 W B O 00 Ak J5 247 T T8
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AT, BPQDs £ WO, RIEA #H RIFH T, HEAKRLE
M5, @ik HRTEM #7490k 2 WO,, Bk &
MR, SCERFEET, BPQD-WO, S5 45 b RHE i S5O0 B 5t
RIS, A Th BR, FESE TN,
BW-2 % 3t % 5 19 CO AE i 3R 72.47 ol - g', i
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CO, WJFN C,H, PERE, SMVEHHMER BPQD 76 Ml fi
EE T OCHEME A B T SR O ik i AR kAT
5T, 3B BB Armchair 1 2% 1 Zigzag 31 %% 1 )2 i #4
Fi2E AT, AR, TE AC & b, BURMRE
BERS — -2 7O L B CO—COH iyt e,
BN -0.3 eV, 78 22 % I, R B2
*CO—COH &fkl* CO—CHOH (15372, HAEZ2 H-0.7 eV,
HITE AC W%k ¥ 5 T & CO, K C,H, 1R N,
HAE 22 a1 LA A RS . Ah, BPQDs ffif C—C
RS T R A, AR R T AL CO Y Tl BE
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Fig. 7 Averaged production rates of CO and CH, by BP, CTF, CTF-BP (a) (0] ; TEM (b) and HRTEM (c¢) images of CsPbBr;/BP; effect of weight

ratio of BP in CsPbBr;/BP for photocatalytic CO, reduction to CH,(blue) and CO (red) after 3 h (d) ; scheme of the band diagrams of CsPb-

Br; and BP versus vacuum and NHE at pH=0 (e) (8. TEM (f) and HRTEM ( g) images of BW-3; comparison of photocatalytic activity of the

first hour (BW-1, BW-2, BW-3, BW-4 represent the content of black phosphorus is 1%, 3%, 7%, and 10% respectively) (h) (2]
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AE 6~ 8 wm, il TEM 5 EDS JG & 43 1 43 #1 ik B
BPQDs 5] [ 7E TCN KT, 78 OTC-HCI B R At A ik
(E 8a) h, B /K fEILFIA OTC-HCI 7EREG A T HiHE
2 h, JUTBAH OTC-HCI #EREff , B LR 20T WO R I]
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b, RAEMAERR oD-1D 454y, JE R T A P—C
ILWBHAT T #m T RE A5 1Ak, BPQDs HYHIAM K i
P& T BPTCN MG W PR, Hi I IE B BPQDs Xt T
BPTCN f#Efb RS THE 2 T OCHEER .

—— 45 min
124 —— 60 min

5405 nm

Absorbance (a.u.)
g

400 450 500 550 600
A(nm)

K8 SEHEALEE# OTC-HCL PERE(a) , Cr (VI) ARG IS Al (366 AP Ay 4 A0S 1R I 00 OO € 18 ) (b) T
Fig. 8 Photocatalytic degradation of OTC-HCI over CN, TCN, and BPTCN (a), temporal absorption spectra of Cr ( VI) with BPTCN catalysts un-

der visible light irradiation ( the inset in Fig. 8b is the photographs of Cr ( VI) aqueous solution after reaction) (b) (3]

4.5 NG
ARTEVENA T BB AEOL AL U N, i
A= S LA A, el CO, Wb JERTA LY R i
SO, NERLFH M EREXT gk 2 FrR, e SGEAL AT
ML, BetRilihiE 2 Mes s, mEFWIEN, K
SRS PENI AL ) ORI ISOE B AR, DA AR 5
B G M, AR Bt R R L EAE

Mo BT B, BBl R M —LmE, i s
TRAMR AL, XTI IR E A AR W R
Wi, A OGS O BRBE LU 2 e Ah, PRBEAOK A
R U A R SR PR R 5 3 2 WA
S, fefa, AR R LS
A—EW T, [PRATEERERABISE, T EA
XA BB BT AL, $R R AR RE RS E

F2 BEBHELFESE SR AT

Table 2 Comparison of BP related catalysts for different photocatalytic applications

Applications Catalysts Light source Scavenger Performance Reference

BP >420 nm — 512 pmol+h™'-g™! [35]

MoS,-BP/GO 350~ 1800 nm Methanol 10. 4 wmol (3 h) [70]

BP-Ni,P >420 nm 10 vol% TEOA 858.2 pmol-h™' g™ [72]

Hydrogen BP/MBWO >420 nm Triethanolamine 21 042 pmol-g™' (5 h) [73]

production BP/MoS, >420 nm Na,S/Na, S0, 1286 pmol+h™'-g! [74]
Full spectrum 10.1 mmol+h™'-g™!

BP-Au-CdS Na,$/Na, S0, [75]
>700 nm 4.3 mmol-h™! .g-l

BPQDs/CdS >420 nm Lactic acid 9.9 mmol+h™'+g”" [76]
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Applications Catalysts Light source Scavenger Performance Reference
BPNS/CNS >420 nm Methanol 347.5 wmol-L™" +h™ [77]
eBP NFs 2.37 pmol - L' -h™!
Nitrogen reduction =420nm Na,S/Na, SO0, [78]
BP NFs 0.9 pmol-L7"-h™!
BPNS/CdS >420 nm Methanol 57.64 pmol - L' +h™! [79]
CTF-BP >420 nm TEOA 4.53 umol-g™"-h™'(CO) [80]
c 10.7 l-¢”'-h™'(CH,) ,
CsPbBry/BP Full spectrum Fihyl acetate pmol g7 -h 7 (CH, ) [81]
CO, reduction (200 W) 44.7 umol-g_l -h71(CO)
72.47 pmol-g™' (1 h, CO)
BPQD-WO, — — pmoe [82]

5.92 pmol-g”'(1 h, C,H,)

5 & iF

TEREPEHLAN PR (R 4P R 2 B R, 2 fe
PERTREBOT R SFHT, Tolk Az =gk @ AL Fs Jig e 2
AN TARME R SEHELEAR LUK FHYEAE  fE i ok
W, AR E, 2k @, HE B A AT FR8L E
P, MBLEEHE =S BR K CO, b JFHAR K AR,
ARV PRI BRI . 08 TS e M HER, B BT 55 ]
B,

B RO ST BN S M RE,
R TOeE 2, R CO, il IEAENHT, HE A
W @ BEEPORRA SA-RT W 2L AR R 5L
HH, AR TR R R ORISR @ BB R
HARSRER 7T, 8RR 7208 8or; O
AREA TSR, BRI R @ Rk
AR BARORI AR TR, B KA i PR

IR HETRBEA RO A SR E 2 R T —E 1
RERTS, (AHOR T B RARIBISE, e, HAjRu
TESCAR A %L 0 R AR SR D 2, A RIS Bt — 20
W, BAh, BB B R AL, — DA
TR, 55— 7 AR5 T 5 A AU
REfd, BICHHIE . & DL SR A 2 B R IR A T
BEAT, P 1L AS o HRTEAT S0 00 S A A A 10 A
Jit, [N e A IR P2 St B PR (0 (AL 6 P, R T A G
M—xlo R, FRDN RS AL T 7 o i1
JECBE G AN, R B ST N DS IR SRR L K e AR AU
WREZDMEHEITIRART, RAEEE T o
FERALBLR AL |, A BEEE XS OL AL AR, A R
TRBERIHEALCR

RSO PRI S5 40 | SRR KR | RERERLRL A A
JPEHEAT R A, S R R DG A AL T P Y
SHIETE, AT RBEAREC AT R R, e

TRRBE R CHEAL P PR R, PR D — Bl R B
RURPRE, T2 BB R B 0L AT, HXE T R
IR EWFTEN A — L TR AR R
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