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Fig.1 XRD patterns of Ni,P/TiO,(A), SEM image of TiO, NRs(B), TEM(C) and HRTEM images(D)
of the Ni,P/TiO, sample
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Fig.2 UV-Vis absorption spectra(A) and band gap(B) of Ni,P/TiO,

L RAGHEBE . S L AT E TR AR 20 (S1) ~20(S3) (AT T HE BO 51 . K 2(B) A Ni,P/TiO,
B BRI, B HHA 3.1 eV I BRI, CASHA 2.3 eV AYAFBI[EIS5(B) |5 CN, AR 2. 78 eV
[EIS5(D) J. 3k Ni,P J& 3 Fh 2l AR M BRI A AR L, 0B Ni,P 3 A 3R SR s . K1
HIH T TiO,, CASF1CN, 3 Fhf SR A K .

Table 1 Band gap(E,), conduction band(E ), valence band(E,;), electronegativity(X) and hydrogen
standard potential of free electron(E®) of TiO,, CdS and C,N, samples

Sample EJeV E eV Ey/eV X/eV EleV
TiO, 3.1 -0.24 2.86 5.81 4.5
CdS 22 -0.36 1.94 5.29 4.5
C,N, 2.7 -1.16 1.62 4.73 4.5
P, AR EAE T AT LUK SR T IR 5O SR, 28 8 1 AL RE 0 AT LK HCOOH 46 /b
jil COZLzlJ_

3(A)H Ni,P, TiO, 1 Ni,P/TiO, e Ab ] B R i i i . mT UL, Ni,P ICBHL 3 m b, TiO,
LI —E BYOCH IR, 7R3 NLP 5, 19%NiL,P/Ti0, 6 HL 7 B B 1858 . 2B 5 Ni,P F1 Ti0, AH Ft
19Ni,P/Ti0, HLAT 5 55 B9 6 AE 300 B ReE ™. S6(A) (LA H-H B R CdS Yefi bl e 250k
B O T 17 P, S LI R /N R NiP/CAS>CAS>NLP. Ui 5 CdS A HE , Ni,P/CdS HLAT B i3 (56175 S f
IR EIS6(C) N CN ARSI YL I M R 35 1, P, CoN, B AR IR (A B FL T , 156 BH LA B (1
T fE NS . AR NLP G, YEr I B3, 1568 Ni,P Al A K A 1 CN, B4 He g 402 .
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Fig. 3 Transient photocurrent response spectra(A) and PL spectra(B) of samples

3 (B) A 315 nm #& BK ROEE & Tio, F1 NLP/TIO, BE & 5 5 B Fa 2556 663 . al i,
TiO, 7E 368 1458 nm BfiL A7 60 , B Ni,P A9 540, FE GO0 R E] , -2 X0 G 0%
i, FRBARE S, 2R 40 2 B RE R RO HE T2, Ni,P/CAS[ B S6(B) ] HI Ni,P/C;N,[ Bl S6(D) J#
AR AT B 671 38 NiLP 5 AR A BRI ot i T2 &%
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(7= SR PR A A TIO, 19 23. 345, 3. 84, 5. 34 . 5. 4% . 4. 4%, 5. 6455, 4. 56, 3. SA5FAN2. 547
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Ti0, 58 A CHAL I P A IE P AT 15 41. 69 wmol -mg ™' +h™", J24E TiO, = E0E TERY 3. 8 4% . 5S4l CdS ML, 11
ZNLP J& , 7EARIAY HCOOH e £ T 19%Ni,P/CdS YAk ity 7 &G P B 48 S [ 4(B) ], 19%Ni,P/
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£ . BUEINLP J& , 109%Ni,P/CN, G AL 1 7 &6 35 He 26 CN, i BH B2 & [ 4(C) |, HAEARTR )
HCOOH ¥ & T ¥ & B0 H Fb CdS F1 TiO, 7 2 o B &g i 42 E 4 T . 24 HCOOH ¥ J& 4 16. 7 mol/L I,
10%Ni,P/C;N, & A LA L2l CN P25 T 337 4%
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Fig. 4 H, generation rate of TiO, and 1%Ni,P/TiO,(A), CdS and 1%Ni,P/CdS(B), C,N,and 10%Ni,P/C,N,(C)
at different concentrations of HCOOH

(HCOOH)/(mol-L™Y): a. 0, b. 3.3, c. 6.6, d. 9.9, e. 13.3, £. 16.7, g 20.0, h. 23.2, i. FA.

ANTF) Ni,P 7 805 (9 Ti0,, CdS Fl CN,AF S BB A S PEan i 5 firs . i B 5(A) AT I, 46 NiP
JUT- AR B CALTEYE . R NLP I, TiO 3G RG240 Ni,P(0. 5%) 5 Ti0, A1), #r &k
RRKAE T, =R NiLP Al IR — R 0 B AR, ARG 20 1 o B RS, Jf 4™
SRR, I T AR R . S5, NP I 1%, Sefit b S Rk Bk (41. 69
pmol mg ™' +h™). FEFE Ni,P & A — B350, ST S0 R AN, X AT RE B T & A9 Ni,P 2352
TiO, B AR, BHASE ML S . B 5(B) 2k CAS FE i FEAS [1] Ni, P 17 28 i B 1) A Ak = 00
Kl.OAOL, 24/0 4 NP (0. 5%) 5 CAS E A B, Hrall R KR & . R EiE 1%, PrasiRik s
22.45 pmol mg™ +h™', ARZEE AN Ni,P A9 7 20, SEARAUAT R BT, CN RS FEAN[F] Ni,P 11 2 R 81
HABARLR = SR S (C) 1. Bl Ni,P f ki 3, CoN, i Sl R Bl 38, Y Ni,P £ 2k it ik 2]
10% I}, P R IA R i K (47, 67 wmol *mg ™' +h™) , ARSEHEAN NLP (28, Po UG TEREAL .
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Fig. 5 H, generation rate of x%Ni,P/TiO,(A), x%Ni,P/CdS(B) and x%Ni,P/C,N,(C)

WM R ITA AL RI TE M  — AN E N 2, By HCOOH ] 3 2o W R 43 fif i 4% 7 4= H, 5K CO
(HCOOH—>H,+CO, 5t HCOOH—>H,0+CO). 3 iz 6l & B H, %% $44>92% (& S7, WA SCZ F5 (5
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B, HE = n(CO,) m(H,)>1, X AT AESE T SO0 2% A7 o A U 25 R,

S5 FE R IR 5 L Ol HL A BT S SR SRR S DI I AT, B S AR TS R SRR S B
PE L AT B BE AR TR RE 1A ¢ . TENLP S, BRI S 5m Al G, B B ) F oy 20
AE S AR A RS RE 2, XA B T4 R R A A, FLE G H R A A P AR L NP B
C,N, F HL 743 B A S R AR HEFE . LA THO,, CdS 1 C N, KR S 1 HE 2 TR AR 2351 K 36. 013, 24. 384 F
46. 420 m*g, H:ip CN, A e R LR AL, 128 Ni,P J5 288 B 2 A0 1G TR 5, TR NiLP fi X} C,N,
TR SR B AR , A BT EE AR R L HCOOH 43k iy 1 1k

[T, %F 19%NiL,P/TiO, B4 CHEAL RITERAL HCOOH W JE T #4T TR thiliat . i 6(A) fis, Ot
AR 280 10 RAEER, 7E 235 h NERFREL I RAF TG 1%, X B Ni,P/TiO, 7E SR R 25 AF T R B A 5+
R ErE . BB NLP 2 —Fh sk . R B B iR Tn] . 2 S1TOILA S HR MR B Bl T Ak e ik
HCOOH 73+t = S M 25 3L, FI UL, 19Ni,P/TiO, HA 3 i Fe e YE R Bk i f Ak & v . Ble(B) 4Rl T
Ni,P/TiO, AR FTE foe e 251 T S5 AR TR 2 ™ R [R) 5 4 JE i A0l (8 7= S S PR e B X B .
BRI, 19NL,PITi0, 8 A e AR BB E AR T PA/TIO, , B2 E0E M 5 5 PUTio fEAL A HE
Ni,P/Ti0, 58 & YA R TG PERS AR, SEBREAH Y . X F B NLP/TIO, & —Fl i R G AL HCOOH 43+ fif
PR, NLP 5 S EA SRR, B RIFWBIRIER, vI/E R 54 Jm 2 p kL

7300 (A Z ol
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Fig. 6 Stability test of 1%Ni,P/TiO, photocatalyst(A) and comparison of TiO, loaded with different
noble-metal cocatalysts with 1%Ni,P/TiO,(B)

23 fEHHLIE

COOH™ A] LA A 23 ORI 5L B f 56 (- OH) A4k A% CO,. HCOOH St i =3 R AL AT LLid o — 2
ML AT : 25 R EA, JOAEAT S FR a4, HCOOH+h—>CO,+2H +e ™5 1 AT LLid 1 B A 5 i L
# . HCOOH B 5B B e M , SR J5 B K CO,, HCOOH+h*——>HCOO-+H*, HCOO—>CO,+H"+e """
-OH 4 fk HCOOH 42 4 - OH+HCOO0 - —>CO,+H,0, it - OH ¥ HCOO - i fb A= i C0, .

FHXPS AL T TiO, 1 19Ni,P/TiO, 1) I ZH BRI HEL 4544 (181 7) 5 CdS F1 19%Ni,P/CdS 1) XPS 3% K] WL,
5] S8 (AR S48, ) 5 N, F1 10%Ni,P/C,N, (1 XPS 15 5] T 18] SO (LA SC 455 8. X T4l Tio, ke b
[EI7(A) ], 455 REDN 458. 36 F1464. 05 eV AR HYUEITJE T Ti,, FITi, #iE. 5 Ni,PZEE, 19%Ni,P/
TiO, 1 Ti BS54 BE 20 B K T 0. 10 F10. 11 eV WE 7(B) s, TiO, i O, 7E 454 fE h 529. 60 F1
531.31 eV LA WAL, 23918 T Ti0, H ) Ti—O—Ti FIR M A48 (Ti—0—H). H# NP J5, Tio,
H %) Ti—O—Ti Al Ti—O—H MY 45 & REZ> BB N T 0. 15F10. 41 eV, AL, 1£533. 02 eV 4b H B 16 W b
KR I (H—O0—H) ™. ] 7(C)FI(D) 4124 19%Ni,P/Ti0, H Ni,, Al P, () XPS &l . B F 1%Ni,P/TiO,
HNi, PO iAD, IHNG AP (19 XPS A5 55055 . 7E Ni, JGIE L 7(C) I, 855. 98 FI861. 5 eV Ak ik 3
5318 T Ni,P H7 Ni** (0<8<2) , S8 AL25 Ni #yFh (Ni>*) R Ni,, 9 TR I . 870. 00, 873. 39 F1878. 20 eV AbHY
WSk Niy,  REZLIE , XoF 13 Ni P Y Niv*, Nt Ny, REZRAG TR, P, B9 XPS O I Anl&l 7(D) B,
129. 81 1133. 33 eV &b (g4 515 0 Ni,P Hr Y P A 28 S il S AL 5 A R AL B 0 Rl

19%NLP/Ti0, H Tiy, FITi,, AR O A Ti—O—Ti Ml Ti—O—H WA FL A TiO, [ =i 255 BT [ A 3
Vi FLEAE HL T M TiO, B RS B LI AR A NP, HeAh, 19N, P/TiOFE i Y Ti—O—H W B3R | FL 7AW ff
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Fig.7 XPS spectra of Ti,,(A), O,,(B) of TiO, and 1%Ni,P/TiO, and Ni,,(C) and P,,(D) of 1%Ni,P/TiO,
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Fig.8 <OH trapping fluorescence spectra for the Fig.9 Isotope mass spectrometry measurement of the
system bond cleavage of H,, HD and D, generated

from HCOOH-D,0 solution
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Scheme 1 Mechanism of photocatalytic decomposition of formic acid to hydrogen
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Co-catalytic Effect of Ni,P on Photocatalytic Formic Acid
Dehydrogenation over Different Semiconductors’

XIAO Zhaozhong'?, MA Zhi", PIAO Lingyu™
(1. School of Chemical Engineering and Technology , Tianjin University , Tianjin 300072, China;
2. CAS Key Laboratory of Standardization and Measurement for Nanotechnology, CAS Center for Excellence in
Nanoscience, National Center for Nanoscience and Technology , Beijing 100190, China)

Abstract The co-catalytic effect of Ni,P in the field of photocatalytic formic acid dehydrogenation on
different photocatalysts (TiO,, CdS and C,;N,) was studied. Ni,P as a cocatalyst combined with the three semi-
conductors showed good activity for hydrogen production from formic acid decomposition. The optimal H,
evolution rate reaches 41.69, 22.45 and 47.67 pmol-mg ' -h™" under the optimal HCOOH concentration over
Ni,P/Ti0,, Ni,P/CdS and Ni,P/C;N, photocatalyst, respectively, which are 3.8, 10 and 210 times greater than
those of pure TiO,, CdS and C;N,. The result indicates that Ni,P has universality in photocatalytic decomposi-
tion of formic acid for hydrogen production. Finally, the mechanism of photocatalytic hydrogen production was
proposed. The introduction of Ni,P significantly accelerates photogenerated electrons transfer from semiconduc-
tor to Ni,P and the separation of photogenerated electrons. At the same time, Ni,P promotes the formation of
active species *OH and enhances H, evolution efficiency. These research results show that nickel phosphide
has high hydrogen production activity. It has a good application prospects for constructing an efficient photoca-
talytic formic acid dehydrogenation system.

Keywords  Photocatalysis; Formic acid dehydrogenation; Hydrogen evolution; Mechanism; Nickel

phosphide
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