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Preparation of CoP-TiO, and its photocatalytic hydrolysis of
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Abstract: Co(NO3),*6H,0 was calcinated with tetrabutyl titanate to obtain product Co-TiO,, which was
then mixed with NaH,PO, in different mass ratio to prepare a series of transition metal phosphide catalysts
(CoP-TiO,) by grinding and calcination. The catalysts obtained were characterized by SEM, TEM, XRD,
XPS and UV-Vis DRS for analysis on microstructure and composition, and used to catalyze the hydrolysis
of ammonia borane (AB) for hydrogen production. The effects of m(NaH,PO,) : m(Co-TiO,), visible light
irradiation, reaction temperature and AB concentration on the catalytic performance of CoP-TiO, for AB
hydrolysis were investigated by control variable method, and the cycle stability of the catalyst under the
optimal reaction conditions was further evaluated. The results showed that 2CoP-TiO, prepared with
m(NaH,PO,) : m(Co-TiO,)=2 : 1 exhibited the best catalytic performance. Under the condition of visible
light irradiation, reaction temperature 298 K, 2CoP-TiO, 20 mg, AB aqueous solution 60 mL with a
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concentration of 0.5 mol/L, the conversion frequency of the reaction reached the highest of 38.7 min™', with

an activation energy of 46.4 kJ/mol. The 2CoP-TiO, also displayed good cycle stability. After 5 cycles of

testing, the reaction time did not increase significantly. The introduction of phosphorus reduced the band

gap energy from 2.70 eV of Co-TiO, to 2.46 eV of 2CoP-TiO,, which improved the electron migration rate

and promoted the photocatalytic reaction.
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AT R AR REVR A T2 M6 o A TR AR A4
R B B L, A (Hy) VEA—Fh AT
PG JE R AR IR L Rk A% Sl o A T 3 1Y) i TR
ik, HAER®E RN 120 kI/g, KABIHESA
BRRLS SR, SR8 i A AT BN BSR4 T &
RIS, fEfbAE SRR, & ike (AB) P
R > PRI A AL gl U1 By SRR RN . A8
AR EE AR, I HAE SR BE R B SEBR I 7 1
HAEBEKRE ., Hi, THHBEEN AB AW
Pt EE (19.6% ) FfEE%E (146 g/L), BML
Sfif SR i L e A T R b R 2 — 1 AB
B SRR IGE H AL RGO . AR AR R AR O i
3 it R g 5 5 B AL P 1A e TR
JERTRE = AG IR . M2, KAk,
BB R E AR B 4 B R AT 58 B o

TiO, F&=—FER I JCTE DERAE Y n Bl SRR
Bz A TR & . SR, SRkl
TiO, A, Gk 30 T 0 4l R, H AR
Fad e e, Wik, NREARUERER. BRERHE
DAY 542 JE PO AR ) (40 Pt Pd BY Au) WL
ENHEFRHERAR, H—L KR T Ea, o
PLSC Bl i AT A, (B TR B & S, Bali i
R, —sEReR. £RAkY . SEmk
YR & JE B L T LAVE ARG (4 Bh Ak . Horpr,
DLid I 4 IR AL ( TMPs ) 40 1> A G 1S PEbE R
VR —F R ResE . BEM O E A B R P50,
YUE 20" B4k 5] CoP 5 T4k Tio, B T
—Fh 2L S5 AL 7] ( CoP/TiO, ), CoP H4if T 484k
T DS RGO LT ROR R, AT B i T e
et & st . kIS B CoP/TiO, By G LA & 3 R
BTIO 4 1 11 4%,

ARSI IR A R Be T Kt I 4R Co 5 TiO,
HZES, 18572 Co-TiO,, it KB 5
Co-TiO, I Jii it H e il % — F 51 CoP-TiO, 1L 7,
B H AL AB JK i & o 2 SEM . TEM \XRD ,
XPS il UV-Vis DRS EAFE A5 CoP-TiO, X4 . ¥
iR ATV S W R R e X Uk P T E
il A8 R I K R A o i | ORISR A L NI IR
AB ¢ DL M AEHR R B CoP-TiO, #i4k AB 7K fift il
APERERYRZ M . DAY 40 i U 4 TR WA 4 ik 7

TEMEAL AB JK fift il 007 T8 (% PR S
1 SEIEES

1.1 RXFI 5N

Co(NO5),*6H,0 . KR MU T i ( C6H3604Ti ).
WeEhiR (s 8 38% ). LR, WA, AR,
E 25 Bl A RA R REE F127
( H(OCH,CH,),(OCH,CHCH;),(OCH,CH,).0H ],
AR, %[ Sigma-Aldrich 2 7 ; NaH,PO, ( Jii & 4345
99% ). AB (/4L 97% ), LigBTRL T A4k Bk
B AR s AR (RS 8L 99% ), R Bt Refh <
) KBk, Bl

Regulus 8100 #5543 #F7 & I 45 i 1
5% (SEM ), HZK Hitachi 227l ; JEM-F200 %137 % 5}
EH T WM (TEM) , HARHR P&
SmartLab SE %! X HIZEAT Y ( XRD ), H A< Rigaku
/vH); K-Alpha B X B4 FREIE (XPS), 3%
[E Thermo Fisher Scientific A7 ; UV-3600 %14 4h-
A UL I8 2 Y (UV-Vis DRS ) , HZS Shimadzu
I8
12 HEFE
1.2.1 Co-TiO, # %] &

TERIZAGEFE T, FF 2.000 g ZFRFI 2.000 g #e i
RmAE 30 mL MWAKR P, HH 0175 g
Co(NO;),*6H,0.,1.500 g F127 1 0.340 g £kA&2 U T fig
FERFEENEFE T IMAR] B IR Gy, JFHE 1 h,
BiJG, BIRATEWAE 313 K FTH: 24 h, 45854
TEETEE 353 K 4kZ: 1% 8 h, FFEmR A2 =G
B, 45 3 g IR AR, R RS RS I
il THEE N 5 K/min & THE E 623 K, AR
4h, 193 HA0EE 0.200 g, BN Co-TiO,,

1.2.2  CoP-TiO, # % %

¥ 0.100 g Co-TiO, Ml 0.200 g NaH,PO,
( m(NaH,PO,) : m(Co-TiO)=2 : 1 JWFEE X 2] J5 ~F-Hili
YA, ERAAAT, EHITHE#E 3 K/min
THEZ 573 K, JHRIE 2 h, 30RO E KL
CoP-TiO,, il 2CoP-TiO,,

KA L kL%, % m(NaH,PO,) :
m(Co-TiOy)=1: 1,3 : 1. 4 : 1, B4 CoP-TiO,



= 2016 *

M 4m 4 T FINE CHEMICALS

42

SBE N 1CoP-TiO, . 3CoP-TiO,. 4CoP-TiO,,
1.3 FRAEAEFNHERENK
1.3.1 RAETG %

SEM {3 : R (i fb 7] 2 3 5l e s 441
IS, RAMEA K7 (LED) £, T/EHRRR
20 pA, HFIEETE 5.0 kV, TEM M. BERE 5
B 75 43 R JC 7K T T 0 AE RO e S MRS B 245
Hy, TAEHJE 200kV, XRD Jik: i/ Cufl, &
HE 40 V, $FH 40 mA, K, LK (1) H
0.1541 nm, FHEZE 5 (°)/min, FFEIEHE 5°~90°,
XPS M i ALK, SFRVE, SeBER /N A 400 um,
TAEHRE 12 kV, TZHEH 6 mA, L C 1s
(284.8 eV ) JFEAEXTELE I TALIE . UV-Vis DRS
MR TS B 200~800 nm, 1] i R B1bR 4 4 B
AT, R AE 58 UG BT DR SR AR 1S 1
1.3.2  JEALH ]
1.3.2.1 {1k AB K fiil &

# 20 mg CoP-TiO, A Bl 3% B2 L AE 1) e i ik
it (AR 7em, 5 9cem) H, fRS i g
e R AR . IR B IR B 298 K,
FTIFGRAT (50 W), # 60 mL ¥ ¥4 0.5 mol/L AB
IKEBOMA B N A5, Sl AB KA
NP . S — AR E IR RIER, W R R
SmL g% 1 A, B AS - B R R,

R 28 s g 2%
P (1) AL B AL 45 R ( TOF, min ' ):
TOF=—"1t (1)
Pmetal Xt

K nm, B AB BYEALRIEE] 20%H B A
VIR, mol; e MAELFIT Co 4 & B9 5 1Y
i, mol; ¢ 8 AB ALK E] 20% it 2 1Y S )
[E], min,

P S e s R (2) T ROV 1S AL RE (E,,
kJ/mol ):

lnk:InA—Ea (2)
RT

K kA RON ERAE B A RTETTIR 5 R MEE
IRSRH B, 8.314 J/(mol-K); T W S2RIE, K.
1322 HELK

SR AR ik, i MU #EIE] (Co-Tio, .
1CoP-TiO,. 2CoP-TiO,. 3CoP-TiO, 1 4CoP-TiO, ).
W TR EE (298 303, 308, 313K ). ABHJF (0.5,
1.0, 1.5, 2.0 mol/L ), JeHEZM (A . L), %
LA TR] R XA 771k AB 7K ik ) 05 07 4 B i)
AR R — R, M RO AR R SRR
AL 2CoP-TiO, . i E 298 K. AB ¥k
0.5 mol/L . fEALFIH & 20 mg.

1.3.2.3 ALK

TE 3R SR 45 1 B Rt B 0R AT A4 b 70 47 2R S
5o BRSEAL 1 U, R AR % S o vk 3 A 1) 5
L, LA 8500 r/min B B0 R4, JRE 338 K
TR 12 ho BRSO T, FTE
TR i S N o 38 A b [T WA T ) 48 A 2 B Ao
K S ] 2k A A 7 B 40 A R e o

2 HR5WR

2.1 EUAFIRESH
& 1 & Co-TiO, 1 2CoP-TiO, 1) SEM K,

¢ ¥ 4 . » ol &
b ST BTNy (O SRR AR L )
o y 1 - o aat 3 o L e .

S w.

1 Co-TiO, (a. c) Hl 2CoP-TiO, (b, d) fEAR[FHK
fEECT Y SEM &
Fig. 1 SEM images of Co-TiO, (a, c¢) and 2CoP-TiO, (b, d)
at different magnifications
MIEL 1 AT LA, B L) 9 2CoP-TiO, (14 1b,
d) Lt Co-TiO, (& la. ¢) PRI AL ITA],
[ 2 4 Co-TiO, 1 2CoP-TiO, 1Y) TEM K],

K2 Co-TiO, (a. b) Fl 2CoP-TiO, (c. d) FEAIFHK
BRI TEM &
Fig. 2 TEM images of Co-TiO, (a, b) and 2CoP-TiO; (c, d) at
different magnifications



559

VFSLAR , 4: CoP-TiO, il # M HOL M AL 2Rl oe /K A i) S fiE

© 2017 ¢

MK 2 ATLAFE S, Co-TiO, (& 2b) HAHH R
SOV P S N 20 v e W= | B WY LTS 1 )
0.35 F1 0.24 nm, 4351 J& T TiO, K(101) & 1 A1 Co30,
BT FHT, £ Co 42 )8 LT 23 Tio, 2k I,
JFLL Cos04 IR AFTE, 2CoP-TiO, (& 2d) thLE
7B S A A SR B, A BT TR B R ()R R
0.28 nm, J& T CoP AY(011) HTE , UERH Co-TiO, 45
RIE B ), I8 TiOo, LAY Cos04 WL A
CoP, il T 2CoP-TiO,,

[l 3 2 2CoP-TiO, 175 fi B B IE G 43 415385 5
H1L 7 i i85 (HAADF-STEM ) & Co. O. P WTE
Wt

Kl 3 2CoP-TiO, ) HAADF-STEM &% %1 Co. O. P 14

JLER WA
Fig. 3 HAADF-STEM image of 2CoP-TiO, and element
mapping of Co, O, P

MK 3 ATLIFES, Co. O, P3FICE M MiE)
HARX L
[l 4 3} Co-TiO, 1 2CoP-TiO, ) XRD 1%,

— Co0;0, (JCPDS No. 76-1802)
TiO, (JCPDS No. 99-0008)
— CoP (JCPDS No. 29-0497)

/ \ I ) Co-TiO,
ﬁ 2CoP-TiO,
Wuﬂ:m W_..un L L

20 30 40 50 60 70 80
26/(°)

Kl 4  Co-TiO, Fl 2CoP-TiO, iy XRD %l
Fig. 4 XRD patterns of Co-TiO, and 2CoP-TiO,

M 4 7] LI H, 2CoP-TiO, Fil Co-TiO, ) XRD
T AL, $47E 20=25.3°,37.8°,48.0°,53.9°,55.1°,
62.7° LT TiO, [ERAEIERH | A3 BI%T W H(101)
(004). (200). (105). (211). (204)f# T ( JCPDS No.
99-0008 ), UiFAMRIRBEILXT TiO, AR M ] L Z 0§ A
it. 16 260=31.3°, 36.9°, 59.4°, 65.3°4b (AT IE 5>
FXF R Cos04 BY(220). (311), (511). (440) & 1a]
(JCPDS No. 76-1802 ), 7E 26=31.6°. 36.3°, 46.2°,
48.1°, 48.4° [ A7 S P4y T . CoP Y (011) .
(111), (112), (211) . (202) i ( JCPDS No. 29-0497 ),
5 TEM JIril s (] BE G 7 & T — 30 FRRIESE, fIK
TEBEALH ST A M CoP, JfH AT TiO, JLFJGH .

[ 5 & Co-TiO, Fll 2CoP-TiO, it XPS %A,

MK Sa iTLLE 1, WFEBFELE Co. O Fil Ti JG
R IFFENE , 2CoP-TiO, 2R LA Z H T P
JUE MRHIEIE

MIE 5b AT LA H, Co-TiO, i) Co 2p A LATLA
RPN AU Co 2p12( 796.87 €V ), Co 2p3;( 781.25eV)
F1 Co 2p1, (800.79 eV ). Co 2p3;, (785.00eV ), LA
KAy BIAE 788.25 FI 804.04 eV b Ay A4S U A ik
( Sat. ), 2CoP-TiO, i Co 2p [RJFERT LI A R X XL
I Co 2py2 (793.38 V). Co 2ps, (778.69 eV ) Al
Co 2p1, (79820 eV ), Co 2p3, (78226 eV ), LUK
Ay SIAE 787.01 F1 802.80 eV ARG TS, Xf L
Co-TiO, 5 2CoP-TiO, ¥ Co 2p Ei4r ¥t XPS &K n]
PIBEH, Co 2p WEIE S50 E KA WAL, UFIIK
TR IE B IIKE Co %54k 2k CoP,

a
Co2p Ols
Co-TiO,
cozp Ol
N Tizp P2
rd \
2CoP-TiO,
1000 800 600 400 200 0
ZEERbeV
b Co2p
Co 2py,
Sat. Co 2p1 Sat.
Co-TiO,
Co 2py,
Sat. Co2pin Sat.
=
2CoP-TiO,

808 804 800 796 792 788 784 780 776 772
GiaEeV



«2018 * 4 4m & T FINE CHEMICALS RS
Ti 2psp
Ti 2pyp o
Co-Ti0, >
ey
g
. Ti 2psp
Ti2py, 2CoP-TiO, / :
2.46 T __‘CO-TIOZ
eV e .
o= 2 ——2CoP-TiO,
TN 2706V L

470 468 466 464 462 460 458 456 454 452
254 REleV

d P—0 P2p

Co—P

2CoP-TiO,

140 138 136 134 132 130 128 126
GifrRE/eV

5 Co-TiO, Fll 2CoP-TiO, it XPS 4= (a); Co 2p &
Jr#F XPS i (b); Ti2p #550HF XPS T 1A (¢ );
P2p =539 XPS %A (d)

Fig. 5 XPS full spectra (a), high-resolution Co 2p (b), Ti

2p (c) and P 2p (d) XPS spectra for Co-TiO, and
2CoP-TiO,

MIE 5c TTLLEH, 464.49 Fil 458.85 eV KT )
PN ERAE W X I8 T Co-TiO, BY Ti 2p1n F1 Ti 2pss,
464.62 Fl1 458.96 eV [ iT 0 W0 A~ RFAiE 06 X B F
2CoP-TiO, H ) Ti 2py,, Al Ti 2p3,°Y. 5 Co-TiO, 1)
Ti2p Mk, 2CoP-TiO, ) Ti 2py, R T 0.13 eV,

MESd AT LAF Y, 455 580 130.73 F11129.67 eV
B P~ JE T CoP i Co—P #ERY P, 133.80 eV
Ak U IH 8 TR IR AR T R 1 P—O Wit

6 "N Co-TiO, fil 2CoP-TiO, i UV-Vis DRS St
T RN B AE 2

563 fa.u.

---Co-TiO,
— 2CoP-TiO,

200 300 400 500 600 700 800
P /mm

20 25 30 35 40 45 50 55 6.0
hv/eV

Kl 6 Co-TiO, Fil 2CoP-TiO, #) UV-Vis DRS St (a)
HBiEERE (b)
Fig. 6 UV-Vis DRS spectra (a) and band gap energies (b)
of Co-TiO, and 2CoP-TiO,

M 6 T LLFE H, Co-TiO, Fil 2CoP-TiO, ¥J7ET]
Y6 (380~750 nm ) S BN A — & MM, 25X
IRBE AL B S ) 2CoP-TiO, ## T Co-TiO, £ G
JEboug A B TE o AR O W IR 2 RE R Y
Kubelka-Munk 5855 B35 9 R4 4k 700 60 5 Bt i 47 40
Mral LA i, Co-TiO, 1 2CoP-TiO, (I B4 % A4
2.70 f12.46 eV (& 6b), 3 P A5 AfHH BlaE =
REA, DI EAS L DM 7 BR AT 25 55 T 5 BE R
ik, e TG R R g
2.2 {EFIIERES T

B 7 A AF#BELEB] Co-TiO,. 1CoP-TiO, .,
2CoP-TiO,. 3CoP-TiO, fil 4CoP-TiO, #1t AB 7K fi#
il S P RE

M 7 AT LA, £ BB CoP-TiO, H A BE
B Co-TiO, FEMEAL TG ME 3 #2571, Ui P A
ASHELE T A PEBEA 1IE 4R o X HER TRl 4L Eb 3]
i) CoP-TiO, Hil EE R LIE H (E 7a), 1E/H#E
FRBT Ak TR M R 2 A0 B i, T Wl e B A L 75 1
RETFIR TR, XJEm T, 20 P B T &85tk
Mo AB srTefih, MRRRAR T bk, Pk
AT A 2CoP-TiO,. 2CoP-TiO, 7E AJ WL T 1Y
6.81 min HI A SCEL AB 5S¢ @K fifil &, XF R TOF
WK (38.7min", & 7b), & Co-TiO, (17.3 min™")
() 2.24 15, CZEAC A SOl E ) (2 1),

30fa
25}
220F
£
& 15t
— Co-TiO,
1.or —— 1CoP-TiO,
—o—2CoP-TiO,
051 v 3CoP-TiO,
ok = 4CoP-TiO,

0 2 4 6 8 10 12 14
A} 1] /min



ECR VESIAR, 4% CoP-TiO, Ml £ S H A Ak S 0 e /K fire il &1 e + 2019 «
45 50
40P 38.7 45tb
351 40 - 38.7
= 30| 296 573 BT 30.1
g g 30|
Eas| 232 =
S 20 oy
©20r 173 0l
15+ 15+
10+ 10
50 sk
0
Co-TiO, 1CoP-TiO, 2CoP-TiO, 3CoP-TiO, 4CoP-TiO, PEp it TotH

HEAEFH

B 7 KNEGEAFMEL AB Kk ZRTERE (a) K& AB
JKfFFERFY TOF (b)

Fig. 7 Hydrogen production performance of AB hydrolysis
catalyzed by different catalysts (a) and corresponding
TOF for AB hydrolysis (b)
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Table 1 Activity of different catalysts for hydrogen production
from AB hydrolysis at room temperature

Ak TOF/min"  E/(kJ/mol) %3k
Cuy4Coos/BNNFs 8.4 218 [36]
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Co-CN-0-100 14.4 39.4 [38]
Co-Mo-B/NF 159 43.6 [39]
C0-C0304/CDs 18.0 40.0 [40]
Cu0-Co50,4 334 39.6 [41]
NiCo-NC 352 43.6 [42]
Co-CoP-NC/NF-2 10.0 30.6 [43]
0-(CoP/Co,P)@SC 35.0 57.9 [44]
2CoP-TiO, 38.7 46.4 AL
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Fig. 8 Performance of 2CoP-TiO, for AB hydrolysis to
produce hydrogen (a) and corresponding TOF (b)
with or without light irradiation
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Fig. 9 Effect of reaction temperature on catalytic performance

of 2CoP-TiO, for AB hydrolysis to produce
hydrogen (a) and fitting curve of Ink and 1000/T (b)
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