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Controllable Synthesis of Pd/Cu,Co; O, Interfaces for
Highly Efficient Catalytic Combustion of Toluene

FENG Yi-Na ZENG Yi-Qiang JIANG Wu JI Wei-Jie*
(Key Laboratory of Mesoscopic Chemistry, MOE, School of Chemisiry and Chemical Engineering,
Nanjing University, Nanjing 210023, China)

Abstract: The morphologically uniform Co;0, hexagonal plates (h-Co;0,) with the dominantly exposed (112) facet
were fabricated by a hydrothermal synthesis approach. Then Cu elemental doping was successfully applied to the
h-Co;0, substrate, and further controllable deposition of Pd nanoparticles with a narrow size distribution was
achievevd. All the fabrication procedures were technically simplified and environmentally friendly, with high
production efficiency. Among the various catalysts, the Pd/h-Cug3C0,50, showed the lowest Ty, value (the reaction
temperature at which the conversion rate of toluene reaches 90%) (198 °C) for toluene combustion. The structural
and physicochemical properties of catalysts were characterized by X-ray diffraction (XRD), scanning electron
microscope (SEM), transmission electron microscope (TEM), N, adsorption-desorption (BET), hydrogen temperature
programmed reduction (H,-TPR), and X-ray photoelectron spectroscopy (XPS). The results showed that the
specific surface area of the substrate decreased after the Cu doping into Co;04, accompanying with the enriched
surface defects (oxygen vacant sites) responsible for the enhanced capability of oxygen adsorption/activation and
the abundant oxygen adspecies as a result. These characters ensured a promising catalyst performance
comparable to that of noble metal-based catalysts. The surface dispersed Pd component was found to mainly exist
in the form of PdO, and the Cu-doping of substrate further increased the oxidation state of Pd species, accounting

for the existence of highly reactive oxygen species in a greater amount.
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CugwC02010, h-CugiC0,0, -CuigrCoy730, FEM .

CuO/h-Cos0, W il #5 . R HI AR BUR W1, LA h-
Cos0, WEARTZ CuO, FREL 2 g h-Coy0,, SR F 75
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Fig.1 Catalytic activity of h-C030,, h-Cu,Co; 0, and

CuO/h-Co50, catalysts for toluene oxidation
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Table 1 Performance of total oxidation of toluene over various catalysts
VOC concentration / GHSV / Rate (180 °C) / )
Sample Toy | °C Reference
(wL-L7) (mL-g™-h™) (wmol -g,™-h™)
LaMnO; (citrate sol-gel) 1 000 15 000 213 80.4 [5]
MnCo-3 1 000 40 080 214 143.1 [8]
0.5%(w/w) K/Mn;0,4 1 000 15 000 250 335 [12]
Pd/Co;AlO (coprecipitation) 800 30 000 230 85.7 [17]
Co-KIT6 1 000 20 000 180 803.5 [24]
C0;0,-300 C 1 000 37 500 240 418.5 [25]
7.4Au/Coy0,4 1 000 20 000 250 1429 [29]
8%(w/w) Co;0./three-dimensionally
1 000 20 000 227 142.9 [30]

ordered microporous LaysSry4CoO5
Pd-CoAlO-Al 2 000 60 000 210 10714 [31]
6.55Au/Fe05 1 000 20 000 240 321.4 [32]
0.99Pd/three-dimensionally ordered

) 1 000 40 000 218 178.6 [33]
microporous Cos04
Pd/h-Cug15C0,50, 1 000 30 000 198 482.1 This work
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Fig.2 Catalytic activity of h-Co30,, h-Cug,;5C0,£0, and

Pd-loaded samples for toluene oxidation
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TP E & Cu B 28 SRR IR 450 A e M
AT Jed 308 250 48 B I I8 35 A B ST 4548, 3X M Cu
B 13T 6% (w/w) I A AL TG 1 ST R AT 36 B A
ek

o HER gL (K S) R Pd/h-Cos0, F Pd/h-

Kl 4 (a) h-Co304.(b) h-CugpCoy00,(c) h-CugisC0,50, F(d) h-CugyCo,70, 1 SEM K
Fig.4 SEM images of (a) h-C0304, (b) h-CuppC0,9,0,, (¢) h-Cupi5C0,50, and (d) ~-CugzC0,70,

5 (a, b) Pd/h-Coy0, F(c, d) Pd/h-Cug5C0,50, 1) TEM/HRTEM &
Fig.5 TEM/HRTEM images of (a, b) Pd/h-Co;0, and (c, d) Pd/h-Cug,3C0,40,
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Cug1sC0y0, F M 43 HL T KLARTE 2~3 nm 1Y Pd KL
¥, B Pd kL5 5V M SRS SR80, B 0.22
nm , XN PAO 44 KL (110) i 11 14 Ji7 5 [E] B

X} Pd/h-Cug5C0,0, F i #E 47 1 (SEM)EDX-
Mapping 73 17 (Il 6), % %K Cu JTCR B AL Pd
Hop BN, AT ICR Mapping BIRFE ,Cu JC
2 UL Pd 83 o3 A R A TR 6(a, by BE I

B3 AN X, R T RE SR HE X 5 23 (EDX) X Pd/h-
Cug15C000, FE ST T 0 F & it iy I 2 | 7] e A 3
FH R G 55 B IR R R G (ICP-AES)#
o prilE 25 Rk 2 s, 453 8w XF s
) Pd .Cu,Co JCF , = MEUE Y b BHE T, R W4
31824 M Pd 45 BN T

Kl 6  Pd/h-Cug3C0:0, E"J(a) SEM [i‘JW(b) mapping &
Fig.6  (a) SEM image and (b) mapping images of Pd/h-Cug3C0,5,0,

#& 2 Pd/h-Cuy;5C0,00, ITESE
Table 2 Elemental content of Pd/k-Cu,,;5Co,5,0,

Mass fraction / %

Sample Pd

Co Cu

ICP EDX

Nominal value ICP

EDX Nominal value ICP EDX Nominal value

Pd/h-Cug5C0,50, 1.0 1.3 1.0 68.3

71.1 68.1 4.5 4.5 4.7

2.4 N, W Bt — Bt Bl

ANTRAE i 9 LR AR DL 3R 3 A TOHERRLAATE
7S FA R Al BE 3 T AR (Spe) B2 TE 10~20 m?-g™ Z
8], h-Coy0, MY L R MR K 2 37 m>- g, 2% Cu
JBE SR LR T AR B R R 25 A SEM 45 R &
FHIZEEARSRERSE, BT cu BTk
BT Co BT R4 BB IR)5 , fAk ik J1 K, BB
W HJRE Pd Z)5, LR B T R, hifk

%3 h-Cu,Co,,0, ¥ Pd/h-Cu,Co, 0, HI Lt REFR

Table 3 Specific surface area of #-Cu,Co; O, and
Pd/k-Cu,Co,; O,

Sample Sper / (m*-g™)
h-Cos0, 37
h-CupCo2/0, 16
h-Cuy,3C0250, 14
h-CugC02730, 9
Pd/h-Co;0, 21
Pd/h-Cug,5C0250, 11

R FRF | N R MIE M IR 5 R
IEAE,
2.5 H,TPR FR1E

— Rt HL-TPR YA Ji A7 ' 5 4 i 1 S 4k
AKX, WE 7 FiR , h-Cos0, A BB B 1 2 ik
JE | AR A T X6 B Co™ 3 Ik Co®, 488 v i i
BRI N Co* i J R 42 )@ Co, HH T4 B F 1k i 5
BT R A R RBENES ) i HAXF Co
M5 Cu WY& ARX A | P BEHE L FE Hy-TPR i
X3t Cu WIFP IR IR0 428 Cu Z )5, 2 ik gL
P ELRE ST 340 5 0GR I R AT, | 3R R I i A S
Wk, T3 Pd Z )5 R 54 R AE 105 CA A,
Xif I T2 1 Pd PR EYIE R B Pd BB A AT
LR R AR 5 RS Pd )RR S
FRRAR T LR A% A IR R L BB Pd WP S
FER WA B AR #E— 20 HI89 T Co-0O 8, —J7 Mk
1o T BT A RS AR S RN | D — T TR T AR
PoRhE B MR 1G K, 50 U WA 28 6, AR T I B A Ak
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KA WEFER T A TXN M Pd & &, BadEA

Xt h-Co304 . h-Cug15C025:0, . Pd/h-Cos0, H1 Pd/h-
Cug5C020, B H-TPR 3 ] Ay i 5t i 0 17 FRAK 4l
CuO PR AEIEAT TACIE | 3 8] 6 A9 #E & 2= 5 51 R
153.15.5.16.1 1 16.6 mmol -g™' (% 4), F 4 H 1
Peak T F Peak I 43551 5%F W7 16 7 Hp 484 O 18 B0 IR IR
AR R, 5 Co0, 78410 JF 1) PG FE S i
(16.6 mmol - g) L FHE AT | i 7 2840 Al 61K 55 45 4 4
PO LIS 3T 58 Ak it TR E S Pd A AHOCHY

323
2 h-Co 0,

295
252 .
1
303
275
00 *

h-Cu,  Co, O

0.18 2827n

I ‘ Pd/h-Co,0,

06
05
0 2

1
| J Pd/h-Cu,,,Co,,0,

i 1 M M
10

0.18 2.82
I

1 i
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Kl 7 h-Coy04 Fl h-CugysC0,50, S Pd FE S
H,-TPR [l
Fig.7 HyTPR profiles of h-Co30,, h-Cug3C0250, and
Pd-loaded samples
®4 HERH H-TPR EESDH
Table 4 H,-TPR quantitative analysis of samples

Amount of H, consumption / (mmol - g™

10 K5 Pd BIEA G E S F 045 Pd A5 %
S Mo A IS SRS T A R 2 A W B A ol
2.6 XPS RIE

K XPS 40 #7160 b 2 1w AR AR S R R
AR E R B8 AR FIFE S Co2p Ols
1 Pd3d 1Y XPS & & il b % o AR b & TR
1A AL SEAH R, WE 8(a) i, 7E Co2p i,
Co2py, Fl Co2pyp, FI 43 WE UL 55 2R 45 45 BETE 779.5,
781.1.794.7 1 796.6 eV 1) 4 AU, Hrh 7795 Fi
794.7 eV I T JE T Co*(45 & ik 2 {6 ABE=15.2
eV),781.1 A1 796.6 eV IHJ&E T Co*(ABE=15.5 eV)7*,
XF T H R AR AR Be S, Co? 5 AL I PR 25 YDA G
Co™ 1 7 B = | R 25 5 T W A3 or, W R 0 Ak 26 T
AYF 070, 0,7, A FIF &AL & A T LA R
T Co®/Co™ L9188 vay | e T 7] 0 41 i g 12720

dE— 2L TR R O1s 3L, Wil 8(b) T |
Ols BT LAG3 1 3 MR, 0T 529.7 eV (1%
H )& T 3R s 4 (0), B2 T 531.5 eV WY IH )& T
T B4R (0,) , 25 B BB T 533.0 eV I JE T
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(a) Co2p, (b) Ols and (c) Pd3d XPS spectra of the various substrates and the Pd-loaded samples
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Table 5 Surface ratios of Co*/Co*, 0,,/Oy and
Pd*/Pd* estimated by XPS

Sample n’(:‘f‘/nt:n“ ,L(),‘d\/n“l,m ”v.f'/nnf‘
h-Co304 0.53 0.61 —
h-Cug,3C0250, 0.55 0.90 —
Pd/h-Cos0, 0.60 0.73 0.21
Pd/h-Cup5C0,50, 0.61 0.96 0.45

Pd3ds, 1 Pd3dsy, 45 & BE 73 9 4 338.6 Fl 344.0
e VI3 IR A P 15 I Ak ) 2 1T I A
AHEE WS TEEED R X5 XPS (01s)45 R —3
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Fig.9  Arrhenius plots for various samples
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Table 6 Apparent activation energies and calculate equations of various samples

Sample Equation Intercept Slope R? E,/ (kJ-mol™)
h-Cos0,4 y==5.493-5.11x -5.493 =5.11 0.99 42.5
h-Cug,15C0,50, y=—6.519-4.37x -6.519 -4.37 0.99 36.3
Pd/h-Co50, y=—6.458-4.49x -6.458 -4.49 0.98 37.3
Pd/h-Cug,5C0250, y=—6.047-4.37x -7.341 -3.89 0.98 323

3 & it
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H A7 TARE 709 Pd 18R, A s AR T ik
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LR B3 P RE S, TR B 22 56 L 28 Pd FE S
A A Ak R R AR08 S I ) T P 28 198 °C , PH il it
AWFFE AR T 5 A8 e, T AR TR
b BV 1 5 1k REAE AL A4 BL . EDX-Mapping Ml 25
RWIRBAN Cu PR SR LAY 2] . H-TPR
ZERAER T R ISR Cu B AT T 3R 1 A
6 S S NP FLE I T A0S 6, XPS 25 SR ilE— 2B IE
T Cu BT T 2R Co™ Y L 191 LA B 3 1 1% B

SR XA R BRI Cu BT T Pd 9
A NI i 1 8 22 A 1% e 0 R i | 0 A5 A
[ A it b 2R 0L 3% L RE B 2 S Wt Cu 8 2% 1 Pd
TR B R A TS E Y T R
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