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Support effects on properties of Ce-Zr mixed oxide-supported gold catalysts
in oxidation of methanol
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Abstract: Ce-Zr oxide-supported nano-sized Au catalysts Au/Ce;xZrO, (x =0, 0.2, 0.4, 0.6, 0.8) were prepared by a deposition-precipitation
method. Their catalytic properties were examined in both the combustion of methanol and the selective oxidation of methanol to methyl
formate. The composition and structure of the catalysts were characterized by complementary methods including nitrogen physisorption,
X-ray diffraction, Raman spectroscopy, X-ray photoelectron spectroscopy, and high resolution transmission electron microscopy. Their acid-
ity and basicity were probed by CO, and NH; temperature-programmed desorption and also Fourier transform infrared spectroscopy for CO
adsorption. The characterization results showed that the catalysts possessed similar particle size and phase of the Cey.«ZrO, supports, and
their Au nanoparticles were of around 3.0 nm mainly in the state of AU’. In the CH;OH combustion reaction (1% CH30OH + 14% O,), the
activity of the Au/Ce;.«Zr O, catalysts decreased with decreasing the Ce contents in the Ce;.xZr«O supports. Similar change was also found
in the methanol selective oxidation (6% CH3;OH + 3% O), while the selectivity to methyl formate increased with decreasing the Ce contents.
Such changes in the catalytic activity of the Au/Ce;xZrcO, catalysts were in positive parallel with their oxygen storage capacity values, which
reflect the number of the lattice oxygen atoms active for the methanol oxidation. The support effects on the selectivity for methyl formate
were clear not due to effects of the supports on the acid-base properties of the catalysts but to the effects on the active lattice oxygen atoms
on catalyst surfaces and consequently their reducibility. Such understanding on the support effects provides useful information for design of
oxide-supported Au catalysts with improved activity or selectivity for the targeted oxidation reactions.
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AP eP8, S5 BLR B, 76 CO AL RN, Au i
TS B CeyxZrO, H Ce s (8 i3 n. ixX
L Ce & & X CerZr 0, Hfifi A & (OSC) I 52 i AH
—FU A SO B RS BB ST A R B I A R
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FH T2 A1 A I 2R 5 g U I B, o PR 5 4%
8 A 751 2 T P B AN EAL IR SR AE ) B A B, 5
A, 1% N AT T A R S L FR AR e A HR R

BRSOl ATHE Au 4L T HEEA L
S M. Friend 841 BUE M A R, R
FA S 2 A T P TR R B A b R 2 T4
P I/ T . AT B T T LR GK Au
AL, 22 I O S B0 R R G g % 1R B, v i
TR R B 1 Ag 4R R AUE A I HL, R R
U B SR ) R R R R . PRk 0, R g AR
Bk Au Ak 7 B 1 A T R, AR T AR O AR
HH % P TG 2 6

R, A S LA AL AR 254 . Ee R TEAR L K
12111 Cer,ZrO, (x = 0~0.8) JH A, K FH TR -UTiE
%45 T AulCer,Zr0, (=3 nm) AL 7, % 8L T #%
AR R T T A A SN i AR ) 3 B 1 1D R

12 483 7 BAR RN AT
2. SEREERSY

2.1, EUFIAEIE

Cey,Zr, O, [ ¥ 1A SR F K ik ) 4% 281, 76 I
BWHREN AW AEWKBEH, K
(NH,),Ce(NO3)s (AR, [H 24 £ A4 2= 357 PR A 7))
ZrO(NOs),-2H,0 (AR, Jb 5 6 5l 7 A \]) FR &
(AR, JbmiAe 21k & wl) Wi T 80 ml £ B 1K,
Ho ce: zro**: JR&E(BE/KE) = (1-x): x: 15 (x = 0,
0.2,0.4,0.6,0.8), &t & J& B T3 &4 0.1 mol/L. %4
G, KR EEH TR B+, 75 413 K RN 24
h. RS R &I B0 B, £ B TR CREAE B e
e EE, T 353 K R, 773 K K5k 4 h, HI
#1453 CerZrO, Ff .

KPR -TTVE ] % Au/Cey,Zr, 0, i 1k 7112,
¥ HAUCI,-4H,0 (AR, db 5246 5l ) & ) il T
B 7oK, Bk 1.46 mmol/L # AW . L 250 ml
% VA WA NaOH ¥ ¥ (0.1 mol/L) 7% pH i £ 10
FEOR#E 2 h, 2RJE 4 0.5 h T — R BLER KR pH A 10,
FAh BN 2 g Frifil Cer,ZrO, £ i, 4k824F 0.5 h
W pH 2y 10, % 6 h I A 70 ik 0.5 h (Zh = 180 W),
SRAUBRAECRE 2 h, i, Peikbr 2 & BT (H AgNO,
R B 2 I UTE AT H), T 308 K B 25 T i &
B 1 45 Au/CerxZr0, AL . LW EE . i& FL (16
MPa, 5 min). it ¥ (60~80 H) &+ H.
2.2, HEUFIARE

Ce1ZrO, % 1k ¥ 1) 1k #H 40 & 7E Bruker
S4-Explorer & X i 28 % % 70 M1 (XRF) 4 Ll 72 .
4L 5 Au [ 40 % & /£ Leeman PROFILE SPEC
BT R BHEEAL (ICP-AES) B . ki), B
G FH S R VA AR, IR 12 h J5 2. N W B - Jit B sz
% 7F Micromeritics ASAP 2010 % ¥ B0 B 4% b T
77.3 K F#b4T. FH BET yAE AR ELRE AL, I
RATFE S 7E 150 °C < 4 h £ A EK T 1.3 Pa.

FE S XS 2 8 K AT 5 (XRD) 1% 7 Rigaku
D/Max-2000 Y47 5 _Fill e, Nid € CuK, (4=
0.15418 nm) 128, &Ik 40 KV, & LI 150 mA, F1
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76 [l 20 = 20°~80°, ¥ 3# 4°/min. Ce;,Zr,0, A L H)
(07 4% 5% B HL 7 J5 M (112) T R DY J5 A (101) T A
N R AT T 42 Lorentzian 814 )5, FH Scherrer 24
NEA. TE 20 = 36°~40° [X [A] X A dh itk 47 25 i3k 1 3
(B4 0.02° W] 2s), DL Au B0k 2 15 K A2 5K
SR L.

B 5 10 5 WEE S T AR (HRTEM) B
72 G 3 K SHE I Philips-FEI Tecnai F30 7Y 3% 4 Hy,
i EIE. KA STEM B3, I3, Inid B 30 kV,
RO HRER 0.2 nm, TBOK A % 480000. KR R K
PO BRLE ZOBE TR, AR 5 T 28 0 B o B X gk AT
M. FHRAE d=Zndi/zn;, 2o o8 B — ek
PV B di BB T B . Au ORL S SR A% 2 i
i 100 MK G ik 45 R IR, A AR ST 2
RLAE L 200 ANKRLT- 1 Ge i 5 R 3RS

$7 2 (Raman) Y3 F T R AE Cey,Zr0, EH ALY
(] &5 AH 45 ¥, £ Bruker Senterra 3£ 3 £ 47 2 6 14X
AR, WOLREE 2 mW.L BE T 2R T 4L ORI S 4
B £ KRATOS AXIS Ultra B! X 5 2k o6 B 7 fig i
(XPS) X _FaEAT, f8 A 7 B € 25 A AR B0 X 5 2R (Al
Ke hv = 1486.71 eV, Th &N 225 W), 1 2% & 1K 1) &
TR T 1.3 pPa. Ayl fn X IR LR 0T FE A I 5 G 4R
A9 i A3 3 T G 3R AN A5 R AR AR A, A DK 1 B
WAL B TE] 272 F 10 min. &5 & A8 SR B B R B R TG
75 YL Tk () C 1s (BE = 284.6 eV) I i3k 47 1 k. Au/
Ce1 210, TEHEAT FIRRAERT, K5 B B A R B
LA B T b B S5 A AT TR B

CO Wi B (1 {8 BL w48 4 21 41 6 i (FT-IR) #£
Bruker Tensor 27 B 21 4R i A% Bk, A 5 #ilk
WA H R, CE T A CaFy & MR A JERE fh it
W TR B A A (30 mi/min) H, - 573 K A Ab 3 4
h, SR JG /ELLIEFE R A0 HE 2 h, f% % 298 K )5, Fl
AW 4k CO 47 IR,
2.3, BUEFIEIFEMN

FH 2 S A S I FE i T A 28 ] e R 8L 4% B 3k
17, IR HIRS I £ 0.2 K. K 10~80 mg fiE 4L 77 (1R
PR R E) AR MR 1g, 26
A 55cm K, W1% 6 mm, 4h4% 8 mm (1) A7 B e A
W, FEL 32 R (30 mi/min) - 573 K T Ab#E 2 h,
B DA S92 (273 K) I N P N OB AR, — M 2%
R, RO JERHSZH N 1% CH30H, 14% O,, Hk

J9 Ny A, SR 150 mi/min. Jy 38k 4 2= 1 v ek A
A R SR S, BT I e S N A RN R ) A R
R AE 493 K LA b s B J5URHS A= 4 23 e A
Porapak Q Al Carbosieve B ¥ 75+, TCD #4 il 2% 1)
Shimadzu GC 2010 24 < AH (4 15X AE 2 43 #r. F R 1)
A F MR ICP-AES M52 (1) Au HEE I, &
NN EFEEIR Au BE min B AL ) RS ) BE R B, 7R )
R 1de B D AR 1 ) AT B RSORE I B K L H I o
A IR A B AN IR AT AR 5 ) 2 B R A
4l CeO, S F M AMM AT 2 A IR BL 45 KW,
TE I A T WA o I 3] FE I e A AT ] s R 72 4)
1 4= .
2.4, fE®E (OSC) B E

Ff 5 ¥ OSC 7 &5 He A B4 [F] 52 PR e B2 4% 1l 7 .
FE i 26 SR A AL B2, %A 1R 1.3, I 7€ i, /£ 303 K
F He (60 ml/min) W49 % B 28 ~F £, S8 5 51 N Rk e
R, FAL RN 5% CO, 4% Ar (WA573), 4N He,
B IAEA 1 ml, Bk E Bg 7 min. kg 5 R A
Hidden 2 & HPR20 A i il A A&, K CO R
HFEE I OSC.
2.5. LT IR E BR M FORRIE BN E

fHE Ak 700 2 THT Y BRI SR L COp 2 5 T iR i B
(CO,-TPD) ¥EI&:. ¥ 40 mg i AL 57 FH A7 L ib 7 B
£ 0.2 g BN NE F, FERB) (30 ml/min)
573 K R AT AL B 2 h J5, 7F 303 K il A 4 CO,
(30 ml/min) Wi fff 2 h. 7 303 K £ He (60 ml/min)
W EF LR )E, PL 10 K/min FH & 780 K. i Bt
CO, 15 5K H Hidden 2 & HPR20 %Y Jii #f 4% £ £t
.

fHE AL 77 2 THT Y R M SR H NH3 B2 77 7 T Bt B
(NHs-TPD) % Wl & . f# 1k 77 2& 31 K& fil &b 2 [A)
CO,-TPD, %A J5 7E 373 K i A 4li NH5 (30 ml/min) %
Bt 2 h. #£ 373 K £ He (60 ml/min) WgiH % 3 45 7 4
J&, LA 10 K/min J+ % 850 K. it fff NH; 15 5 % H
Hidden /A &) HPR20 74 Jif 1% 7F £k K ).

3. #ER5iTiE

3.1.  Au/Cey,ZrO, L5 BY4E B Nz 4

F 1 NK AulCey ZrOy fHE1h 7 ) &5 Ha) F1 1 i
A LLE H, CerZrO, #ifh i Ce 1 Zr & 5 IRME
W14, H AulCerZrO, AL FI 1 Au $HE B AR+
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F 1 573K KBS Au/CerxZriO, HEAL FIHE SR BI L M FN 14 R
Table 1 Characterization of Au/Ce;..Zr,O, catalysts calcined at 573 K
Catalyst Oxide composition® Au loading” Surfacze area’ Binding energy®  Support particle size®  Au particle size®
(W/%) (m*g) (eVv) (hm) (hm)
Au/CeO, CeO; 1.96 86.8 83.9 8.6x1.5 3.3x0.7
Au/CeggZr; 20, Ceo.772r0.230, 2.01 118.1 83.7 5.7+14 3.0£0.4
Au/Ce;6Zr0.40, Ceo53Zr0.4702 1.86 109.7 83.4 5.8+1.0 3.1+04
Au/Ce;4Zr060, Ce0.41Zr05902 1.67 99.5 83.6 6.4+1.2 3.1+0.3
Au/Ce; 22150, Ce212r07902 1.23 94.2 83.5 6.3+1.5 3.2+04

Determined by XRF. "Determined by ICP-AES. ‘Obtained by BET method. “Binding energy of Au 4f determined by XPS. ®Determined by HRTEM.

2T, B Au/Ceq,Zre 50, (1.23%) KRS K 4h, Hee B
i fE 1.67%~2.01% []. 75 4, 3X L8484k 751 1) b 3% 1
FUEL A 2 3, 2L BL AulCegZr 0, f K (118.1
m?/g), Au/CeO, % /) (86.8 m?/g), T H: & ¥t & 7£
94.2~109.7 m?/g ).

Bl 1 /& 573 K K5 ke J5 Au/Cey(ZrOy 1 AL 71 1)
XRD . BB AL, SRS R L Au AT, £
B R T Au RL T8/ B BB 467 R Au i
BEBUCHTE. & LLE ), CeyyZrO, Ff it IR+ H
—fm A, W Au/CeO, ¥ i H B CeOy 7. 75 AHAT T 1.

Au(111)

N\ . AUCey,Zry 50,
AN AUCZI0s0,
~ ~  Au/CeysZro40,
P\ ~ Au/Ce5Zr0,0,

}\ A Au/CeO,

50 60 70 80
261(°)

Intensity

JAN
1.

1 573 K#ERR/E Au/CerZrkO, EWFIBI# R XRD &
Fig. 1. XRD patterns of Au/Ce;..Zr,O, catalysts calcined at 573 K.

20 40

Kl 2 5 573 K Kk J5 Au/Cer,ZrO, ¥ i 11
Raman . w1 & A W, Au/CeO, £ it K £ 461 cm™
Ab B X BT CeO, S5 AH I Fog #R 2N 45 101 Ra-
man HUH &, 5 XRD 45— 2. 1 Au/Cey,Zr0,
(x=0.2,0.4,0.6) £ & 7£ 138,312, 473 1 620 cm™*
B3 H I Raman B I, 2 BH 9 S A% 14 DY 75 A 45
K. X T AulCeqZrogO, FE i, MWL 55 1 6 4
Raman U, 22 B Ce,Zrog0, Ff: it N Ea 5& 19 VU J7 AH 45

Au/Cey,2r 30,

Au/Ceg_Ang_GOQ

\__N/\M@

Au/Ce 521,04

Intensity

Au/CeO,

700

1 1 1
400 500 600
Raman shift (cm™)

L Il Il
100 200 300 800

2 573K KEKRIE Au/CeZrO, L FIH Raman Ht i
Fig. 2. Raman spectra of Au/Ce.,Zr,O, catalysts calcined at 573 K.

*@[28].

W 1 Fir, % AulCeyZrO, fiE 4L 7 Au ki
T RSN 3nm 4. B CeO, ML 4% 4 ~8.6 nm
Ab, AR EIAL T 5.7~6.4 nm. &7 LLE H, &
AL LB SRS A, HE&fedRw i, &
T 83.4~83.9 eV [,

Zx BRTIR, il Au/CeyxZr O, A4 71 B A #H AU
A EE R AR L Au BORE 5 RO AT 38 DA S B AARL A2 A
s AH 45 14 55
3.2. Au/Cep,Zr0, BB & S W & RIEM

3 A% AulCey,Zr,0, i AL I F BT 56 42 4
RN Z5 R, 1E 1% CH30H-14% O, (LR Ny, it
150 mi/min [ e B2 Sk AF T, R 2] CO, =4,
LA TR T B o SR R Ce B B AR B R
B M1, 343 K i, & Au/Cep,Zr,0, H x M 0 3
£ 0.8, ) MM 5.3 S BE 22 0.6 mol/(mol-min).
PR R B R, 2 B AR ) ) R A

i1 b ST AT A, Au/Cer, Zr O, HE AL 71 HL A AR AL
Au BLAR RS Bk S A 4540 S L RSE (CeO, 1 K).
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Fig. 3. Correlation between the support compositions of the
Au/Ce1,Zr0O, catalysts and their activity in CH;OH combustion at
different reaction temperatures. Reaction conditions: 1% CH3;OH-14%
O,, balance N,, 150 ml/min total flow rate, 10-80 mg catalyst.
OSC—oxygen storage capacity measured at 303 K.

DR, 880 Pkt R IR e 2 v P ) S e L B A R0 2
VLS

N T R EARBS A T, A S BT N JE
KA H O, ¥ X AulCey,Zr O, 1 4k 7 | CH3OH
SEAEAM R BIE R, SRR TR 4. LR
i, Bl Oy R IR FRAIG, S B0 vE P B A 9] 4 7
17 Au/CeO, I, 4 O, ¥ FE M 20% F# fik 21| 1.5%
mF, & MW PE A 13.1 mol/(mol-min) & F| 6.4
mol/(mol-min). X & Wk £ 7k A8 AT Bt 5 2 X O,

16

= Au/CeO, & AulCeysZro.20;
o Au/CeysZrys0, A Au/CeysZrys0,
v Au/Ce 221050, -

12 -

Specific rate (mol/(mol-min))
[e¢]
T

4l
a4
0 5 10 15 20

O, concentration (%)

4 O REI AulCerxZrO; ELTIEREETE 2 E L
AESE MR

Fig. 4. Dependence of the activity for CH;OH oxidation on the con-
centration of O, over Au/Ce;xZrO, catalysts. Reaction conditions: 353
K, 1% CH;OH, balance N, 150 ml/min total flow rate, 10-80 mg
catalyst.

AN M K, Rk, B3 45 H 303K B %
Au/Cey.Zr,0, AL T ) OSC fH. ® LLFE H, Bl & %,
b Ce & & M BEAR, £ 45 ) OSC {H M 383.9 & i#i
B % 137.9 umol/g. 5 = B 3% VE (1) 48 fb i 34 — 5.
HBE— 2P AT LUK B, Au B BTN B B AR & T B
A ME M, IR T RRASTHEE. BT
CerZrOy B A I di i S AE & T 673 K N A 5 E
OSC i i fiT s I 48 & 5 7 CO B, R T JE 25 3R
5 303 K I 5 OSC 1?8, b wl WL, #ik Xt Au i
A7) FE R 8 A A S R ) 5 T TR R AT
T AR A H AN [ T

3.3. Au/Cey,ZrO, {4t CH;OH £ F & & N

i ERTIA, RSN 1% CH30H-14% O,
(H AN Np) I, 76 343~373 K Je MR JE L N, B
W oe s ihe, W AE R COyp; 1H 25 2 i R B i
ALl , W s kR S 4 s 6% CH30H-3% O, Y,
E 353 K, & il 7E B 9 FH BE A% AL 2R (1%~2%), T 7]
A 3 UL 452 1) 38 B 1 AL = 1 FR R H R (MIF) 9 A2
ARG 0 1) S 3 R .

Kl 5 /& Au/Cey,ZrO, M {71 I i ik % S AL
A2 M [ 5 R 35 M B L 3 5 1k Bl 3 A Ce 5 i
A 46, B AT, BE & iR N CeO, & N
Ceg2Zrog0;, I, [ B3 P4 A 7.3 mol/(mol-min) & 2
F% 2 1.4 mol/(mol-min), i MF &£ PE | i 4.3% &

8 60

Specific rate (mol/(mol-min))
MF selectivity (%)

. . . . 0
0.0 0.2 0.4 0.6 0.8
x in Au/Ce,,Zr,0,

Bl 5 #RE DX Au/Cer,ZrO, T LR EZEFE R A
TEE M & R ER PR BRI 1 RS20

Fig. 5. Dependence of the activity and selectivity for methyl formate
(MF) in CH;OH oxidation on the support compositions of
AulCe1,Zr,0O, catalysts. Reaction conditions: 353 K, 6% CH;OH-3%
O,, balance N, 150 ml/min total flow rate, 10-80 mg catalyst,
1.1%-1.4% conversion.
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EH % 52.4%.

4 Au/Cey,Zr,O, i A 77 7% 1 5 H OSC H1E A,
sERE 6 fian. —HEMRORLEXR, £H
AT FE T R A A N A 1 5 T R T A 7R 1
OSC 1H, BP R G Mk B A2 k. 5 E3C LK CO
G I8 A Ak s 7 0 5 BB R — B, HEoR T Au i
AT H I AR 255 AT 6 S SRR A Aot L 3R TS
A A% A H s

(o]

Specific rate (mol/(mol-min))
S
n

0 L L 1 L 1 L
100 150 200 250 300 350 400
OSC (umol/g)

B 6 Au/CeZrO, #ELFIH OSC ESHELRFIEESR
WIEMERXFR

Fig. 6. Correlation between the OSC values and the activity of
Au/Ce,Zr,0, catalysts in CH3OH selective oxidation. Reaction condi-
tions: 353 K, 6% CH3;OH-3% O,, balance N, 150 ml/min total flow
rate, 10-80 mg catalyst, 1.1%-1.4% conversion; OSC measured at 303
K.

BT IA WIS R, R B AW MF ik
P A5 A R 1 A RE A %, T B BT 3L
2 T R B e 130341

N T IR BT S B [ B MF 3 B 1 5 1 1)
wHE R, BRATRALE T Au/Cer,ZrO, HE AL 77 1) R 1
P B 7 N 1L Au/CeO,, Au/CegeZr 40, Al
Au/Ceg,Zrg 50, ] CO,-TPD . B\ UL, 2% FF i
BILAE 400 K 7o 45 UL T 5 — (1) CO, it b e, 24k
6By W) Ny 325,325 Al 328 K, a0 IR E 4 B N
404, 397 £ 398 K. 1] U, {4k 1) % T P B 14 22 3 A
K. {H Au/CeqeZro 40, F1 Au/Ceq,Zro 50, I ik F 16
TE R — I T AL i BRI R, S EAE R
Lt Au/CeO, B 5 [ Bk P mpvaCo . 38 ok gt e e 1 2 5545
Au/Ce0,, Au/CeqeZry0, FI Au/Ceg,Zro 50, 1 14 57
) CO, Jiit B & 43 7 Ny 37.4, 40.2 A1 36.6 umol/g.
DL, &R SR P O R ERN AR, BRI E, X
=N ERE LR ) Au/Ce 6Zrg.40, AT Au/Ceg2Zr 502
B REARL 5 B N R B 0

Aulceo_zzro_BOZ

AU/CeoleerAOZ

MS signal

Au/CeO,

' n :1 n 1 n 1 n 1 n
303 403 503 603 703 803
Temperature (K)

7 Au/CeOy, Au/CesZr¢402 F1 Au/Ceo2Zr050, 4 1t 7
BJ CO,-TPD i

Fig. 7. CO,-TPD profiles of Au/CeO,,
Au/Ce»Zr 50, catalysts.

AU/Ceo_szro_402, and

8 NAEALFIFE i Au/CeO,, Au/CegeZrg 40, Al
Au/Ceg,Zro 50, [ NH5-TPD . H1 & 7] WL, & K i
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Fig. 8. NHs-TPD profiles of Au/CeO, Au/CeysZros0, and
Au/Ce 2150, catalysts.
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Table 2 Temperatures of deconvoluted NH; desorption peaks and
desorption amounts of NH;

Peak temperature (K) Amount of NH; (umol/g)
1 2 3 Peak 1 Peak 2 Peak 3 Total

Au/CeO, 5049 5776 6775 51 239 95 385
Au/CeeZr40, 510.2 582.6 6812 6.6 234 7.8 378
Au/Ceg,Zr50, 513.3 586.9 6826 7.9 235 83 39.6
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Fig. 9. FT-IR spectra of CO adsorbed on Au/Ce;Zr,0; at 298 K.
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Support effects on properties of Ce-Zr mixed oxide-supported gold catalysts in
oxidation of methanol

Higher Ce contents in Au/Ce1-xZrxO2 lead to a greater number of active surface oxygen ) ) ]
species adjacent to Au sites, and consequently to higher activity and lower methyl 00 02 04 06 O
formate selectivity in methanol oxidation.
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