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Effect of Cu-Ni Cocatalyst on Visible Photocatalytic Activity
of TiO, for Phenol Preparation

WEI Yuan KANG Shi-Zhao™ LI Xiang-Qing QIN Li-Xia MU Jin
(School of Chemical and Environmental Engineering, Shanghai Institute of Technology, Shanghai 201418, China)

Abstract: The Cu-Ni co-modified TiO,-based photocatalytic system was fabricated using TiO, nanoparticles as
the main catalyst component by an impregnation process followed by a reduction procedure. The effect of Cu-Ni
cocatalyst on the visible photocatalytic activity of TiO, for phenol preparation was studied using benzene as the
starting material and hydrogen peroxide as the oxidant. The action mechanism of Cu-Ni cocatalyst for the
photocatalytic activity of TiO, nanoparticles is discussed. The results show that the pure TiO, nanoparticles do not
have photocatalytic activity for the phenol production from benzene under visible light irradiation. In contrast, the
photocatalytic activity of TiO, nanoparticles can be enhanced obviously due to the introduction of Cu and Ni. The
yield of phenol is 18% when the Cu-Ni co-modified TiO, nanoparticles are used as a photocatalyst. Moreover,
there exists noticeable synergistic effect between Cu and Ni. The Cu-Ni co-modified TiO, nanoparticles exhibit
much higher photocatalytic activity in comparison with that of the Cu or Ni alone modified ones due to the
synergistic effect. These results imply that the cheap cocatalyst with outstanding performance than that of noble

metals may be prepared by taking advantage of the synergistic effect between various metals.
Key words: benzene; phenol; TiO,; Cu/Ni cocatalyst; photocatalysis
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ILTEC VAV &R (A Y & R N =R o
T KA WEB5%) SUEIK (30%) AR LG AT A
I E 2T BRA F] L Tio, 98Kk (P25)
W B P Degussa 23 v, SE56 BT K 428 25 8 1K

fd F PANalytical 23 42 7 B9 X' pert Pro MRD
Y X SR AT AN (7 22) %R A A AR AT e BT,
O BE 4°min”, FAHEF 10°~80°, TAEHE 40
kV, TAEH I 40 mA,Cu Ka 914 (A=0.154 18 nm),
Ni B8O R, B F A H8I0 28 20 B 158 A 1F EL b H i
AL L R AR AR DU AS , A SO BOp4E S 101 20,
TS CBE B R A4 6.6°, it JEOL 23 w) 4™
) JEM-2100F Y335 5F HL - 5 8% ( H A) BRAS AL 5 1
75 3 S BB (TEM) A i 20 9 3038 I3 vl 1 Wl
(HRTEM)M& J Jns fa &2 200 kV, 53 HE%Hh 0.14
nm, FIH Hitachi 23 7] 4 7 1) S3400N B! fE & (4 8L X
ST (H A X RE S TR S R AT b,
AR 20.8 KV, {45 Hh— AT UL 18 I 583 A
AR ER I UV 3900 7 %8 41— 0] UL 43 06 T
(Hitachi , Japan) Wl i& AR HERE & BaSO,, FE 5t 19 3
T A2 A F Micromeritics 2 1) 2E 72 1 ASAP 2020



%8

B B4 Cu/Ni B AL TR T5O, oA i TR 9 1 RE Y 52 1 1583

TR U 280 — MO Rl A (SR ) A, R
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eV,

1.2 A SRIEE TiO, Sk # F 1Y % & (TiO-Cu/

Ni)

FREC 1 g NaOH, B o f# 51) 12.5 mL 85%11 7K
AW ICAEE I AL B NiCLy(12 mg) Fl CuCly(8.5
mg) A fEAE 30 mL 1 & ZEEE Wb IC/EIR R B, 1K
FEF 45 0.8 g P25 INAFEEA 70 mlL & B =11
POt b B U S W S | 173 TiO, &7 i)
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s EIREA Y IIAE] 110 °C ARG B INAR
WA, TR A NG RS PE 45 min, i
Ja R NAR R ARAR R R R, Sdig Yeka R
J& AR EMARTE 45 CF B2 T b T Rk 18 Dk
77l R8N Ti0,2%Cu/Ni(men) , HH x% A Cu/Ni 1)
S men T BB Cu N A BT R
.

1.3 tEAZE

JCHEAL TSR TE AL RN AL (XPA FR 51, R ot
BIHLRT) TR, DN A% B K B
350 W AT M B BB B P TE 420 nm LAF 1Y
o GRS SO A H RS 10 em B 25 mg YA
A58 0.1 mL #£(0.011 27 mol) .20 mL(0.2 mol) A4 7K
(30%).2.6 mL ZJiEFl 2.4 mL £ & F KA #) 4 5
BN TR I A R S AR PR — B ) J5 | JT R R AT O
WEALSESS | RN iEAT — BB ) Je 45 1k R R ¥ R
WG RS 2 W b A 5 mL &5, B BB
FE R )RR KR AP T EOECH S X KA
AT 3 ARG, B A LA, A TCK B R
B LEE 15 ming R HISEORVE N AR
S TE X P AT A AT, T A
RS R AR A BR S W AR Y GC-112A S,
ARSI, iR 0.32 mmx0.5 wmx50 m &) OV-
1701 BB A0 HE (A 9%) ; SERE R TR B 15l 280 °C ;K
W28 FID SAA RN 2% | 5 EE 1l 280 °C R 2
J Tl 7 2O A A R LA 0 G R AR R R
100 °C; PR 5 min 5 TG THE  THEE R 10
°C-min™; Z 1R E B R 220 °C, 236 )5 SRR 2R E
20 min, N EAAT, WHEHN 1 mL-min™, 53
ek 1220,

2 HRSUE

2.1 X HE&HKRITHXRD)

Kl 1 78 B 72 P25 # TiO-1.0mol% Cu/Ni(1:1)
) XRD &, & 1b 7T 0L, 7E 20=25.28° 36.95° .
37.80° .38.58° .48.05° .53.89° .55.06° .62.69° .70.31°
J 75.03°4k , TiO,-1.0mol% Cu/Ni(1:1)H B8 T 47 5 0
IX B A7 SR U 43 S 6 T B BR 0 AL TiO, 19(101),
(103), (004) . (112).(200) ., (105). (211). (204) , (220) Fi
(215) @ I (PDF No.21-1272)1, b FeATT30 0] LLAE
20=27.45° 36.09° 41.23° 44.05° 54.32° 56.64° |
62.74° .64.04° 52 69.01°4b W52 F A7 0% B A153 51
Xt T 42 414 R TiO, 9 (110),(101), (111).(210).,
(211).(220).(002).(310) 1 (301) &#H1E (PDF No.21-
1276)1", Jf H 5 P25 #1175 W A A L6 4, TiO,-
1.0mol% Cu/Ni(1:1) A7 5 06 i) 057 B B A7 R A= 8
XU G AR | BRI AR EA S Tio, 1 s A%
BA i TiO, 1 AR SSA8 A A= AR 4607 SR T, A TiO,-
1.0mol% Cu/Ni (1:1)XRD B A W55 W] i 1 15 &
T RIVER (0 S 0 AT R R R A R Y R AR A
%, I B B 2 BUTE Ti0, e Ti b BRI ks RO 48
AN S B F I W AT s

J (a)

N
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20/(°)

1 P25 (a)f TiO,-1.0mol% Cu/Ni (1:1) (b)Y XRD
Fig.1 XRD patterns of P25 (a) and TiO,-1.0mol% Cu/Ni
(1:1) (b)
22 TEM
2 78 H 9 P25 A TiO,-1.0mol% Cu/Ni (1:1)
1 TEM f& 5, & 2b AT 0L B 43 2/ TiO,-1.0mol%
Cu/Ni(1:1) R 4K ks | 2 H A2 29 4 (24+5) nm, 5
P25 AHLEL(K 2a), KL I8 e RGP LA 2 5%, X
FHIH R T3 T TiO, YKk TR TE S A 5
Wi, 20 AL W] LU B TiO,-1.0mol% Cu/Ni(1:
)R A7 7E 2 — e U i (0 26 DX 0 R T4 0 5
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(200)

[# 2 P25 (a)f TEM 7 F1 TiO,-1.0 mol% Cu/Ni (1:1)8 TEM (b)Lh & HRTEM (c)# Fr
Fig.2 TEM images of P25 (a) and TiO,-1.0mol% Cu/Ni (1:1) (b) as well as HRTEM image of TiO,-1.0mol% Cu/Ni (1:1) (c)

SRR 1) DX S AT R R B AR X FE ALY HRTEM
TR (B 2¢) 2B 1R JR 60 X3 b A7 7 — 26 i A 2%
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[E] 15+ 20V & (PDF No.09-0205)13, 1% 45 S 2 B 38 AT]
T MR B B 4 01 8T Tio, 3R,
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W7 4R AE TiO, by Fh oy &)@, W e 18] 3b
FRATAT LOWEL B FE S Ni2p XPS i P AEAE s 4 4
XPS W, 43 54T 855.3 eV .861.7 eV .873.0 eV #il
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Cu®* Ni2 ) RGN TE], 45 Cu Ni 765 4 WUkL
A ATIEARYS) ERURL NS, R E Y Cu-Ni &
& MAESNT N &8 Cu-Ni A4, H FIEA £
J&  Ni PR g g L R 2SR A
MBS kAR, NI ZE R R IR B T — 2 Ni
(OH),, Ptk , rl LAAfIA  FeATE B #4% Cu-Ni &4
T TiO, R, A5 T i e,

2.4 ERHNAT LR S i

Bl 4 78 H T P25 1 Ti0,-1.0mol% Cu/Ni (1:1)f%)
AN AT W E OGS W 4a TR P25 TE 400
nm~800 nm Y P K 35 [ 9 L7 3% A W, R R
TiO,-1.0mol% Cu/Ni(1:1) 1 58 5h 7] UL 18 5 55 3%
ANLEAET Cu/Ni A aUE R Tio, I IR
WA RV RN, XERY] Cu/Ni & 41 7

(@)

(b)

Binding energy / eV

1 1 1 1 1 1 1 1 1 1 1 1 1
925 930 935 940 945 950 955 960 845 850 855 860 865 870 875 880 885

Binding energy / eV

K3 TiO,-1.0mol% Cu/Ni(1:1)f Cu2p (a)Fl Ni2p (b)is 53 B XPS 3%
Fig.3 High-resolution XPS spectra of Cu2p (a) and Ni2p (b) of TiO,-1.0 mol% Cu/Ni (1:1)
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XFTiO, WY REHF S5 A A AR KA 52, SR, Fe AT AT
PLE #,TiO,-1.0mol% Cu/Ni(1:1)7E ] WL OIS N A1
— MW, X UL TiO, Ml Cu/Ni & & Z (B fE1E &
WA EAE i, FRATHED Ti0,-1.0mol% Cu/Ni
(1:1) ] BB HA AT WOLHEAL TS P,

1.5

=)

<
[

Absorbance / a.u.

(2)

0.0

1 1 T I 1
300 400 500 600 700 800
Wavelength / nm

& 4 (a) P25 Fl(b) TiO,-1.0 mol% Cu/Ni (1:1)f
S Hh -] DL R O
Fig.4 Diffuse reflectance UV-Vis spectra of P25 (a) and
Ti0,-1.0mol% Cu/Ni (1:1) (b)

2.5 REMXE
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Ti0,-0.5mol% Ni AL B | 28 48 Ak il BOR 87 1) 5l
JitEhe, AT, FRATIEAN T AE R AL Tio.-
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TEPE JGIR T W 5, 2R 07 R AT 38 18% , JF H, A&
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Ni A2 — A5 8 80 T WAL R 7E 4 5 a1k
B R I o B — g AT, A, FRATT A
5a B AT LU B Y9G BN R T 7 h B 2R 0 77
Wi 5 G FR S T P 348 D 7 2 T R AT o B R B 5 1Y
Ji DAL AT 8 A2 i ' R ST ) A B K | T A i ) A 5y
H Cu-Ni 5@ K4 T, d & 5b FIE 5¢ a] A,
Ti0,-0.5mol% Cu ¥ T~ 4% 48 Ak ] AR Wy S5 1y (14 A

TGRS, YEIR 7 h 5 R 0 7R ALR 5%, T
Ti0,-0.5mol% Ni X T2 48 Ak il BOAS Wy J2 oy ¥ A1 Dl
HEALVET , XL R Cu Ni Z AT TR IR Y
REVER , e, B EEEHATRER S ST
Cu Z57, Ni 45509 32 4F FH AT RE 2 38 i 415 M 4%
HEpe 2 R MO AE R - O I B A
LU TiO,-Cu/Ni FY 42 55 1 YA AR 15 1 mT BB R UR T %
PAEAEI

20

15+
X

= 10+
.2
=

S5+

/‘/A\
[ =
0 4 8 12 16

Reaction time / h
K5 w8 (a) TiO,-1.0mol% Cu/Ni (ne,/
ny=1) (l), (b) TiO»-0.5 mol% Cu (A), (c) TiO»-0.5
mol%% Ni (W) 4 fl 35 1 36 410 B B 9 1 3
Jicp i ge. LA RAERE b (d) TiO,-1.0mol% Cu/Ni
(nea! ny=1) (@ )AL 4 S84k i JROAE B 1 8 25 il
2L (PR: 0.045 mol- L™, H,0,: 8.0 mol- L, ZJf: 2.0
mol - L AL 1.0 g- L)
Fig.5 Time-courses of phenol production over TiO,-
1.0mol% Cu/Ni (n¢,/nx=1) (a), Ti02-0.5mol%
Cu (b) and Ti0,-0.5mol% Ni (c) under
visible-light as well as the time-course of
phenol production over TiO,-1.0mol% Cu/Ni
(e, / ni=1) (d) in dark at room temperature;
(Benzene: 0.045 mol -L~", H,0,: 8.0 mol -L7,
Acetonitrile: 2.0 mol- L, Catalyst: 1.0 gL
35 BE R ATTHEM TiO-Cu/Ni (96 AE AL HLER 41T
T Cu-Ni &4 9 51 8L KK & 9 6 A4S TiO,
AR R TR A B 2 | 2 BUTIO, S5 P A 2R R g
G2 NTHAE Tio, 99Kk T X T Al WO BA T —
FERIRNL (2R WG BT | B 8Ok B Tio,
R ﬁ/ﬁi SC-HL T XS TiO, bRy A 7T B
KR NLAE G T ¥R 4R H i A 7E TiO, 5 Cu-Ni & 42 16
M AR RERE 2 E IR, DA TR B E] Cu-Ni &
GORE b5 0, ROV AE R O, 58 EAE MY R AR5
WeAR e Atk B R RS IR RO AR B
K, Horb, Cu-Ni & 4 BURLE 35 25 - L 7 X% 70 85
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BF, DR = e Bl A 0 B[] A 15 5 R R 2]
TRE, YR ETEN 7 h BEINE] 15 h, R RN
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A UK B 2R A 1A T

K6 7t T 4R A 4 v R P I Y L )
Ti0,-Cu/Ni SR TG PE RS2, anlEl 6 Fros | i 6 28
1) P25 Xof 24 4L Ak il IO B B i e A Ak v v B
AR RGN, AR R A A P S s Y
ne/nx=1,TiO,-Cu/Ni G A IE PR IS B By, andk
SE BTN 5 B TIO-Cu/Ni F A AL 16 M I 1R &
RS FRATTHE N BT BE A B R AR A A bl
BN FH YA 2440 R 0 T A e 1 E A/ INe | B R
AR, B AR I R 2 53 B R I B I AR
FHAL RS Z 38 n, AT AR & & 3G m 5 1S T Ti0,-Cu/
Ni DGR TS P3G 5 Y 5 SR o i) 2 %) LAk B 1
LJE, B ik — 20 i 2 it B 1k R0 0% 2 g 28
L2 5 R ORI A ik — 2 I AR RO AT 3L
R 7= R REAR AN | B i Rk 2 5 R AR A 4
5 Tj0, M09 1 553 fE 2 8/ AR A 7 ) 4

B e WU AS | SO B 18] B [R] A 8055 i 17
JE R AR AR A I — IR
7 7 T SRR G < A B 2R X R ) R A 5

-
=3

Yield/ %
© —~ N W A L O 9 o O

1%Ni 14 12 1°1 211 41 1% Cu
n(?u/nm

Kl 6 i8R G 4 h H B 4 T 10 & 22 HE X TiO,-1.0mol %
Cu/Ni JEHEAL T PE B2 (8 0.045 mol - L7,
H,0,: 8.0 mol-L", ZJii: 3.8 mol- L, #EAL:
1 gL SR O h, * 83 6 A A )
Fig.6  Effect of the molar ratio of Cu to Ni on the

photocatalytic activity of TiO,-1.0mol% Cu/Ni
(Benzene: 0.045 mol -L.”', H,0,: 8.0 mol - L7,
Acetonitrile: 3.8 mol - L', photocatalyst: 1 g- 1.7,
Time: 9 h, *: no phenol obtained)
Wi, MR U Y, 24 538 A 0. 1mol %04 Jin 5]
3.0mol %, G IR 7 h J5 A B R 5350 .0 4%
9% 1% 3%, 1XFRWIFIR IS BEE B 5 & Tt i
B Ry R e AR B RS e R

9L
8 -
7k
= or
s sk
2
> a4l
3L
2k
1F
*
0
0.1 0.5 1.0 2.0 3.0
Loading of Cu/Ni/mol%
7 R G e B A8 a0 IR 7 R S (R 0.045

mol-L™, H,0,: 8.0 mol-L7, ZJif: 3.8 mol-L,
5 1.0 g+ L7, ne/ng=1, SOBEF]: 7 b, * 43R
A A 1)

Fig.7 Effect of the content of Cu/Ni alloy on the yield of
phenol (Benzene: 0.045 mol - L™, H,0,: 8.0 mol - L7,
Acetonitrile: 3.8 mol L™, photocatalyst: 1.0 gL,

na/ny=1, Time: 7 h, * no phenol obtained)
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Table 1 Effect of H,O, concentration, benzene concentration and acetonitrile concentration on the yield of phenol

H,0, / (mol - 1) Benzene / (mol - 1) Acetonitrile / (mol -1") Time / h Yield / %
0 0.045 3.8 7 0
1 0.045 3.8 7 6
2 0.045 38 7 7
4 0.045 38 7 7
6 0.045 38 7 8
8 0.045 38 7 9
8 0.03 38 9 3
8 0.045 3.8 9 9
8 0.09 38 9 9
8 0.225 3.8 9 9
8 0.36 3.8 9 3
8 0.45 3.8 9 2
8 0.045 0 9 8
8 0.045 0.5 9 12
8 0.045 1.0 9 14
8 0.045 2.0 9 16
8 0.045 3.0 9 12
8 0.045 3.8 9 9
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