
4

LDH 2 3

Ni
2+

Fe
3+

LDH NiFe-LDH

 

NiFe-LDH LDH-ns

STEM AFM LDH-ns

1.2 nm 1 M KOH

80 mV XAFS

Fe
3+

 

    



Conclusions

Introduction

Results and discussion

Synthesis of gold nanoclusters Synthesis of Au/LDH-ns TEM STEM

Synthesis of NiFe-LDH nanosheet Characterization of NiFe-LDH nanosheet

Catalytic performances

NiFe-LDH

( ) 

XAFS measurement (Au(S)/NiFe-ns, 2wt%)

Renewable energy-
derived electricity

Water electrolysis

e-e-

O2H2

H2O H2O

Oxygen Evolution Reaction
(OER)

Slow kinetics

4OH-↔ O2 + 2H2O + 4e
-

1.23 V vs RHE
(in alkaline solution)

Highly active 
electrocatalysts

4-electron transfer step
High overpotential

Layered Double Hydroxide: 
LDH

Low conductivity

Carbon nanotube (CNT) /NiFe-LDH

LDH Monolayer

NiFe-LDH nanosheet

Improvement of conductivity

Nat. Chem., 2014, 5, 4477

M2+: Mg2+, Zn2+

Mn2+, Ni2+

Instability of carbon materials

M3+: Al3+, Ga3+

In3+, Fe3+
M2+

M3+

Hydroxide nanosheet

Hydroxide 
nanosheett

Water

Anion LDH nanosheets
(LDH-ns)

Exfoliation
Combination with 
gold clusters 

Au/LDH-ns

electrocatalyst

A /L

h 

LDH

C

LDH n
Improvement 
of conductivity

E

Au

Au cluster

High conductivity
Stability

Enhancement of catalytic activity

Ni(NO3)2 6H2O  : 60 mM

Fe(NO3)3 9H2O : 20 mM

Urea : 140 mM

Distilled water : 40 ml

150oC, 36 h

NiFe-LDH CO3
2-

Hydrothermal 
treatment

Triethanolamine : 50 mM

Washing, drying 

Ni : Fe = 3 : 1

ClO4
- exchange solution

Methanol + aq. HClO4

:50 ml (ClO4
- /CO3

2-= 2.5)

Stirring with Ar flow : 1h
Washing : methanol
Drying, 24 h

NiFe-LDH CO3
2-

NiFe-LDH ClO4
-

Formamide
Stirring with Ar flow 
: 24 h

NiFe-LDH nanosheet
(NiFe-ns)

3.0
2.5
2.0
1.5
1.0
0.5H

e
ig
h
t 
(n
m
)

0.30.20.10.0
X (!m)

3.0
2.5
2.0
1.5
1.0
0.5H

e
ig
h
t 
(n
m
)

0.40.30.20.10.0
X (!m)

3.0
2.5
2.0
1.5
1.0
0.5H

e
ig
h
t 
(n
m
)

0.200.150.100.050.00
X (!m)

A

B

C

A
B

C

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

In
te
n
si
ty
 (
a
.u
.)

71357130712571207115
Energy (eV)

NiFe-ns
Au/NiFe-ns
Fe foil

1.5

1.0

0.5

0.0

In
te
n
si
ty
 (
a
.u
.)

83508345834083358330
Energy (eV)

Ni foil
NiFe-ns
Au/NiFe-ns

 

1.2

1.0

0.8

0.6

0.4

0.2

0.0

In
te
n
si
ty
 (
a
.u
.)

1192511920119151191011905
Energy (eV)

Au foil
Au clusers
Au/NiFe-ns

Au Fe Ni

Oxidation Reduction No change

Au-O

e-

Charge transfer from 
Au clusters to nanosheet

Change in electronic state 
of Fe active site

Ni2+Ni2+Fe3+

Au cluster : M

DMF : 5 ml

Au cluster : L

DMF : 5 ml

Heating with stirring
: 150oC, 8 h

Heating with stirring
: 150oC, 2 h

HAuCl4 in DMF 
: 100 mM, 150 !l

HAuCl4 in DMF 
: 100 mM, 37.5 !l

4

DMF : 5 ml

Heating with stirring
: 150oC, 4 h

HAuCl4 in DMF 
: 100 mM, 150 !l

DMF

HAuCl4

150oC

"

Au cluster : S

Colloidal solution (10 ppm)

Au cluster S M L

J. Am. Chem. Soc. 2013, 135, 8452

Objective

Synthesis of a highly active LDH-based 
electrocatalyst by loading of Au clusters

e-

Electron pathway 
through Au clusters

200 nm

NiFe-LDH CO3
2-

200 nm

NiFe-LDH nanosheet

G. Abellan, et.al., J. Mater. Chem., 2010, 20, 7451

Iyi, et.al., Appl. Clay Sci., 2011, 54, 132

5 !m

1 !m

Enlargement

NiFe-LDH CO3
2-

5040302010
2 # (degree)

NiFe-LDH CO3
2-

Ni0.75Fe0.25(CO3)0.125(OH)2 0.38H2O

0
0
3

0
0
6

1
0
1

1
0
2

1
0
5

1
0
8

NiFe-LDH ClO4
-

d = 0.780 nm

d = 0.921 nm

003 : layers distance

$(CO3
2-)$(ClO4

-)O3
2- $(C

T
ra
n
sm
itt
a
n
ce
 (
a
.u
.)

4000 3000 2000 1000

Wavenumber (cm
-1
)

NiFe-LDH CO3
2-

NiFe-LDH ClO4
-

NiFe-LDH nanosheet

Colloidal Au : 30 !l 

NiFe-ns: 150 !l

Mixing, stirring

Au/NiFe-ns

Au ratio :
0.4-6.8 wt%

Drying at 125oC

Au/NiFe-ns 
on rotating disk electrode

12 !l

LSV (iR-corrected)

0.26

0.28

0.3

0.32

0.34

0 1 2 3 4 5 6 7

O
v

e
rp

o
te

n
ti

a
l 

a
t 

1
0
 m

A
/c

m
2
 (

V
)

Au ratio (wt%)

0.262 V

Au/NiFe-ns (S)
Au/NiFe-ns (M)
Au/NiFe-ns (L)

Effects of Au ratio

Au/LDH-ns showed high activities for OER.

20

15

10

5

0

C
u
rr
e
n
t 
d
e
n
si
ty
 (
m
A
 c
m
-2
)

1.601.551.501.451.40
Potential (V vs RHE)

NiFe-ns

Au/NiFe-ns
(S, 2wt%)

Au (S)

IrO2

The Au/NiFe-ns showed much higher activity than that of NiFe-ns, indicating that application of Au clusters to NiFe-ns significantly
improved catalytic activities.

Performances of the Au/NiFe-ns electrocatalyst depended on size and amount of gold clusters, and smaller Au clusters were preferable
for higher performances of the Au/NiFe-ns.
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