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Water Gas Shift Reaction Catalyzed by AuCu Alloy Nanoparticles Supported on
Layered Double Hydroxides: Catalytic Performance and Structural Composition
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Abstract: Au nanoparticles supported on layered double hydroxides (Au/LDHs) and AuCu alloy nanoparticles
supported on layered double hydroxides (AuCu/LDHs) based on ZnAl layered double hydroxides (ZnAl-LDHs)
were synthesized and used for catalyzing water gas shift reaction (WGSR). The structure and composition of Au/
LDHs and AuCu/LDHs was characterized and confirmed by using X-ray powder diffraction (XRD), high
resolution transmission electron microscopy (HRTEM) and scanning and transmission electron microscope
(STEM). The effect of different molar ratios of Au and Cu (nanc,) for AuCu/LDHs onto the catalytic performance
of WGSR was investigated and compared with the activity from Au/LDHs. It indicates that Au/LDHs has
obviously higher activity compared to plain LDHs, while, AuCu alloy supporting can further largely enhance the
catalytic activity for WGSR. Au,Cu/LDHs (ny;nq=2:1) exhibited the best catalytic efficiency: activity was 207.1
pmol - g, ' +s7!, TOF was 1.79 s™, and activity energy was 31.1 kJ-mol™. The effect of ny ng, onto the Au particle

size, Au dispersity, coverage degree of Au, and catalytic activity was discussed based on the comparison of
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physicochemical properties for different catalysts. The active species of Au/LLDHs and AuCu/LDHs with different

nane, were analyzed and compared by X-ray photoelectron spectrometry (XPS). It was found that the introduction

of the secondary element increased the percentage of Au® (Au,Cu/LDHs had the highest Au* content), which

maybe resulted in the enhancement of WGSR activity.

Keywords: AuCu alloy; supporting; layered double hydroxides; water gas shift reaction; catalyst composition; reaction activity
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B BB KK CERTES THRE, 1TH Au
TR KW ARTIRIR, R E=RT K 1.0g I
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HFEPE ST

F; VadMAu
D=WXIOO% (1)
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(009)/(012) ,(015) .(018) . (110) . (113) F1(116)F#1E A7 5
U |5 SCHRHRAE 1 ZnAl KA SR — B0 5
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(b) ZnAl-LDHs; (¢) Auw/LDHs; (d) Au,Cu/LDHs

K1
Fig.1

R FURE R BIXRD (@) 2 TEM FE (bd)
XRD patterns (a) and TEM images (b~d) of different samples
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Frdn BB I T AR Au 3k AuCu A& RS H
H Au B AR AR EL, 1T AuCu A 4 53 A0 B %
%, K2 & Aw/LDHs 1 AuCw/LDHs ) HRTEM &,
LA o3 A B B R e X 77 31 SAED Bl =4y
B F L B v RO — 1 B 5 R T80 Au 90
KPR, 283 AN T K Aw/LDHs ' Au(111)
TR R 0.244 nm, HAE 5 SCHRHR & 19 A — 35002,

AuCw/LDHs ) HRTEM IR W] | 71481 AuCu &4 R
BB A — (111 A A AT ) PR 0.229 nm, A AR
F Aw/LDHs ' Au f(11 1) (4 (] BE B B d /N, X5
XRD B4 & TR R 20 75 A8 &AW
()22 [ E AR ) ) 45 SR AH — 28, 7840 Ul A B R A i
R AuCu &K A,

Kl 3 J& Au/LDHs #l Au,Cu/LDHs 2 % 3 %5t

D=6.1 nm

4
Particle size / nm

D=52nm

Ring  d-spacing/nm  (hkl)
1 0.2443 (111)

2 02145 (200)
3 0.1543 (220)
4 0.1294 311)

8

Ring  d-spacing / nm
1 0.228 9
2 02114
3 0.1552
4 0.1270

Particle size / nm

8 10 12

(a~c) Au/LDHs; (d~f) Au,Cu/LDHs

2 HRTEMH (a, d), Au B# AuCu & 4 BV IRAR 530 [ (b, ) B 545 45 &l SAED (e, f)
Fig.2 HRTEM images (a, d), particle size distribution (b, €) and electron diffraction pattern (SAED) (c, f) of samples
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Position / ym

(a) Au/LLDHs; (b) Au,Cu/LDHs
K3 A8 FEITR ARG K EDS 55 A 1% K 19 STEM &1k
Fig.3 STEM images with elemental mapping and EDS intensity spetra
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FEMGFRHFER P EAE C.0 . Zn Al Au 3¢ Cu 57T
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] A 2 6 X 38 3 AT R B Aw/LDHs 2 & A Au Zn Fl
Al BIAH R %4 1 AuCuw/LDHs 7E Mt FE Al b 3 21
TR Cu WIEZR, #F— D UESE T A R EE 2
i 2% Au 9 ZnAl-LDHs LA} 1 2% AuCu & & 10
LDHs,
22 EX WGSR R FEY BREEREEF A

M BE

[l 4a & Z FhAE S AL WGSR 7E 150~300 CF
CO My HE A3l £k, R Al LI Y | ZnAl-LDHs B9 CO
MeAL AR R AR, TEWREE/NT 200 I FEA A H 4k
RO R 300 CHF AR m N 18.7% .,
KU AR Au S5, W PEA I AR R SO TR R

100+ 975
90 —=— ZnAVLDHSs @ 926
] —e— AwLDHs 85.1
804 —A— Au,Cu/LDHs
® 70] —¥— Au,Cu/LDHs
2 | —<— AuCu/LDHs 058
g 60 A
g 4
'% 50-_
5 4]
8 301
20 187
10
0 E i T E T = T ¥ T E
150 175 200 225 250 275 300

Temperature / ‘C

1004575 ©

AAAAAAAAAAAAAAAAAAAAAAA93.1

90
80+ Reaction temperature: 300 C
xX 4
> 704 659
E 60_..0000.0000..0...00.0000.62,1
2 ]
§ 504 ® ZnAl/LDHs
§ 40l © AwLDHs
o ] A Au,Cu,/LDHs
© 30
118.7
20'_-ll.llll.llllllllllllll-17.2
10

0 5 10 15

—
20 25 30 35 40 45 50 55
Time /h

300 CH, Au/LDHs 19 CO # Ak ET+ R 65.9%, i

B A MK AR R AL WGSR 136 1 7E B4l 171
o Au B EEAE B OCH T B R T AuCu/
LDHs 1 CO ¥ L37E 300 °CHY N 85.19%~97.5%, I
HBEE A4 Cu & it iy £ & R B 5E 8 K5 8/
e Hor i AR 3 1 B S 8 Au,Cu/LDHs # i
Mizuno “5FIF] ] MgAl /K #4772k AuPd & 4 i 1k
OB S AR B TR AR, TR A
& TR R DAL PR B A A AT P LB 4
R IR R N B L AR e s 2
S £y 4 11 235 R R P T S ) £ B R R I kAR TR
P, XS5 MR R P S AuCu & 44K
B O T AR A A G

ORI i a7 o Tl s NI X i el 1 LR R G VA
K AL Z ) 25 S 8 o) B 0 A A fi i Ak 3R A1

5

(b)

44 E=31.1~37.2 kJ-mol™!

® ZnAl/LDHs E =70.7 kJ-mol™!

14 ® Au/LDHs
A Au Cu/LDHs

v Au,Cu/LDHs
01 < AuCu/LDHs

E =529 kJ-mol™!

In[Reaction rate / (umol-g_ ~"s™)]

7777
1.7 1.8 1.9 2.0 2.1 22 2.3 24

1000/T /K-
120 I ZnAw/LDH: @
7 S [ Au,Cu /LDHs
[ Aw/LDHs i

100 97.5 96.0
=
3
g 80+
5
7] 65.9 63.2
z 60
g
o
© 404

204 18.7 17.8

1 2 3 4
Reutilization times

Reaction condition: catalyst dosage was 100 mg, a mixture of 3% (V/V) CO, 15% (V/V) H,0 and Ar was introduced into the reactor with

a flow rate of 150 mL-min™, the corresponding space velocity was 90 000 mL-g,"-h™'

K4

AT ARG FRAE it AL WGSR #Y CO #e Al 3 Bl B2 A8 L A It 2 () LA B S o7 328 3 B i B2 A8 AR ) 03 26 (b);
SR A 300 CI CO R AL A8 B 2 B I T 19 A2 4K () LA M2 22 Wk T 52 R S92 30 45

(d)

Fig.4 CO conversion rate as a function of temperature (a) and reaction rate as a function of temperature (b) for the WGSR

over different catalysts; CO conversion rate as a function of time (c) and reutilization results (d) of WGSR over

different catalysts at 300 °C



7

TE A R4 KT R AuCu & B A A K R AU S5 S A A B 5 45 4 21 1245

T 20% , EMLAS AN 1A T 45 A A 4 A K RS
7L 4 SN PR SN T S R B R (TOF) , 45 5191 T 3%
1, [FIEE D E 7HE N 8h ) 2 S5O0 6 545
TR WS AL 85 T 4b, ZnAl-LDHs f# 1k
WGSR 149 5 K 28 K& AR 530 21.1 pmol - g,
s F1 70.7 kJ-mol ™, 1 Au/LDHs FJAH N ZU{H K 78.6
pwmol - g, +s™ A1 52.9 kJ-mol ™, X b & B, Au 1148
AR K A M ORMEEAE WGSR IR GRUR UK
WA 113 AuCu & 4 )5 L WGSR 1Y /2 B i R |
TOF i S 36 AL BE 43 5124 153.4~207.1 pmol - g, " +s7
1.32~1.79 s 31.1~37.2 kJ +mol™', B4, f1#k AuCu
BERKEARZM TR A Ao KR EA
BRI SN TR HE K TOF i B /NI 16 AL RE
FHGIASE 4R Cu B AuCu &4 7 LITE4L Au
T35 0 LAl 1 — 25 52 TH K I A R R fE WGSR

IR

AN % LA K W A B L WGSR Y B2 1
J o 5 R M RE AR EAT T (B 4(c,d)), 24 RN B
A F 48 h B, KA T Au KA B3
AuCu & 4 1 7K ¥ A1 (Au,Cu/LDHs) ¥ CO 1 % f %
M W) ) 18.7% .65.9% 1 97.5% 43 il ¥k /N F
17.2% 62.1% 1 93.1% , i B 55/ Ul Au 171 2%
J& 0K AR R AT DL K B R AR E 9 T A
WGSR, W4 Nk I A A R 22 g0 Wik T K
AT IR SR AL B A7 2 R I &
M2 4 W E R A LTI co k=45 ] 4k
FEFE 17.8% ,63.2%F1 96.0% , 1 1 % Wl M7 25 A 55 /)N
IR RULH  Au KL AuCu & & R A K I A B
AR Rae e R 2w EE AT
1k WGSR,

F1 MR 300 CHENL WGSR S H
Table 1 Catalytic performance of various samples for WGSR at 300 °C

Au Cu Reaction rate / E./
Catalyst n, ol a1 % Xeo ! % TOF / s
content" / % content” / % (wmol - g, +s7) (kJ - mol™)

ZnAl-LDHs — — — 18.7 21.1 — 70.7
Au/LDHs 2.27 — 39.7 65.9 78.6 0.74 529
Au,Cu/LDHs 1.15 0.37 57.8 85.2 153.4 1.32 37.2
Au,Cu/LDHs 1.51 0.25 65.5 97.5 207.1 1.79 31.1
AusCu/LDHs 1.87 0.13 61.4 92.6 179.8 1.56 33.7

*Au content and "Cu content were determined by ICP-AES; © 1, s/ a0 Was calculated based on XPS result; Reaction condition: catalyst

dosage was 100 mg, a mixture of 3% (V/V) CO, 15% (V/V) H,0 and Ar was introduced into the reactor with a flow rate of 150 mL-min™, the

corresponding space velocity was 90 000 mL-g.,"+h™, and the CO conversion rate was tested at a range of 150~300 °C.

23 MHEMENARSELEEZENXRER
X AN TR Ak 750 1) ) B Ak 2 PR BE S B AT T 14
AN e S b, 45 R T3 2, N BET il 2 45 2R AT
H TR Au JE K A B T A 3R N 71
m?- g ! B K F] 86 m?- ¢!, M AuCu/LDHs # 8FY b 3%
T AU 3E — 25 38 Kk 92~98 m?-g!, 43l B TEM il
JE I XRD 2 H80T8E T MK R A 99K B0k 1Y
-2 R RGP BUE RO H20E | Y9380 Au/DHs<
Au,Cu/LDHs<AusCu/LDHs<Au,Cu,/LDHs HIF | 53
S CO b 2= B 45 51 Je TEM I 5E 13 2019 Au (1)
ankE RCHIH R T &8 Au B S S5 580 T3
2, RFEIAE T Au (953 08 5 Ak WGSR B (191
PERCHE UL 5a, MR AT, LR TEM T3 45 (10 54
(B3 KT 1 CO Ak W B BT 2 B B s, (H R
) AR —3, AuCu/LDHs [t Aw/LDHs B A 5 5
1) Au 43 HORE SO R Ak is M, JF HBEE Au Al

Cu I FL IS | Au 1 43 HICRE FIARE A3 M 1 52 30
BRI R BB nyine=201 B R S AR A 4
ik %,

N T HE— AR IR 25 A 2 S AR T
] f DG BK 3 i XPS 26 1IF Xt A [R) 4 £ 7 4k & 1 905
Moy ieAT 1 o pr (B 5), &l Sb J& ZnAl-LDHs #11
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AU C.0.Zn 1 Al FXEMWES, Hi Aw
LDHs ) BI1EA & A 2 A AR Audf BLIE Y
5 5 W Audfyn (84.1 eV)Hl Audfs, (87.8 €V), 43 %l
I JE F Au F7 IE B A7 36 PR AR Au® B+ [ S Ry
Au,Cu/LDHs i XPS FEAEZ5 R | Au,Cu/LDHs #Y XPS
EIE AR B T 455 BE(BE)TE 84.1 1 87.8 eV ALY
FRAE WS H M B T 7€ 952.5 eV 4b 0 % Cu2p,,
932.5 eV AMREE Cu2py, HIME T 06 HE— 25 R B 5 AL
PIRE S 2 AuCu A 4 T KA, B E R,
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WA, It AR XPS 3 g 1 AR AT T
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BN n olniga a S HEACTE TR Z 18] 5C R BT AN () 119
RARZ X CO bR BEE Au % i 1Y $2 55 1 1] ol 3%
K, UEHIARME R A B & B A A TR & AL
WGSR WG PE, X F AR nyine, AusCu, 2e3HE T
HBRM Co #etb®, HEA RSN A& &, AuCuy,
K2, Au,Cuy B2,
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Table 2 Physicochemical properties of different catalysts

BET surface Au content® /

Sample Au crystallite Mean Au Metal Au Metal Au Coverage degree
area / (m*+g™) %o (wlw) size” / nm particle size" / nm  dispersity’ / %  dispersity* / % of Au'/ %
ZnAl-LDHs 71 — — — — —
Au/LDHs 86 2.27 7.3 6.7 0.69 1.54 51
Au,Cuy/LDHs 92 1.15 6.7 6.1 0.83 1.76 64
Au,Cuy/LDHs 98 1.51 5.6 5.2 0.94 1.92 73
AusCu/LDHs 96 1.87 6.1 5.5 0.87 1.84 69

*Determined by ICP-AES; " Determined by XRD results based on the Scherrer equation; © Determined by TEM images;  Calculated based

on the results of CO pulse chemisorption at 20 °C; Estimated from Au particle size measured by TEM; ‘Calculated based on the results of CO

chemisorption and Au particle size measured by TEM.

e Au,Cu /LDHs
164 / Au,Cu /LDHs /
1.4+ f Au,Cu /LDHs /
Tw
= 1.2
©]
=
10 —a— by CO chemisorption
07 —e— by TEM
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£
2
&
- =
6570 75 80 85 90 95100105 110115120125 g
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FES T Au B 50 B0 B 55 08 M Z AT 56 R IR (a); ZnAl-LDHs  Aw/LDHs #1 Au,Cuy/LDHs 1) XPS & 3%,

Fig.5 Relationship between the Au dispersity and activity (a); XPS spetra of ZnAl-LDHs, Au/LDHs and Au,Cu/LDHs (b, ¢);

Relationship between CO conversion rate and n, ~/ny, 1, for WGSR of samples (d)
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& Au/LDHs 16 CO 19 %% 1k 2 53 5l o 18.7% Fi
65.9% . 7 AuCu & 4 /K 11 #1L WGSR 1)
CO b — L35 T 85.2%~97.5% . I H A
TG B A 4D Cu & 5 P38 5 2580 K5 0/
a3 Hoh i P B = o Au,Cuy/LDHs FE i Hfi#E 4L
TGN 207.1 pmol - g, +s™, TOF {H°H 1.79 s, I fk
fiEN 31.1 kJ-mol™, #ALPEFR ATt R0 | gk ik R
T Au Bl Cu 1 B A9 X 4 Ak 551 40 B8 Ak 27 2 80052 ) A
K, H ning=2:1 B AR R A KM Au 53
O /N R RS e v 1 26 T 7 56 | TR AL
Al AR TEYE . XPS R, IMAZE — &8
Co TEIE &R AR T A fER A& & JF
HREEENE Au,Cu,>AusCu>Au,Cu,, AFEM Au 7125
RN CO B b Bl A Au 7 5 19 2 5 1 B & 15
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