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Nanoporous gold fabricated by the dealloying of binary Au alloys

has a three-dimensional network of fine ligaments on the nano-scale,

which is a novel unsupported gold catalyst with exceptional catalytic

activity for CO oxidation. Here we report a new nanoporous

structure—a composite formed by alternately layered Au/Fe3O4/Au

with layer spacing�200 nm and with porous structure (the pore size

is below 20 nm). The Au/Fe3O4/Au revealed much higher catalytic

performance for CO oxidation than the previously reported

conventional Au/Fe2O3 catalyst, where the porous Au and porous

Fe3O4 were responsible for the high activity and high thermal

stability, respectively. The porous structure is formed via a self-

assembly process by the dealloying of Al in a NaOH aqueous

solution for a conventionally melting Al-Au-Fe alloy precursor with

an alternately layered Al2Au/Al2Fe/Al2Au structure. We show here,

that a fine composite nanoporous structure could be intentionally

designed on the basis of the metallurgically tailored microstructure

of the precursor alloy.
Porous metals have been attracting attention as useful functional

materials, for example, as catalysts, sensors and in electrochemical

devices.1,2 In particular, RANEY�-type catalysts with a porous

structure are widely used as heterogeneous catalysts with excellent

performance characteristics for liquid-phase and gas-phase reac-

tions.3 In general, RANEY�-type catalysts are formed by the

leaching of aluminum from Al–TM alloys (TM ¼ Ni, Cu, Co) with

an alkaline aqueous solution. However, in many cases there are

problems associated with thermal stability and handling of these

materials that have limited the utilization of these catalysts.

Recently, a dealloying process using the selective dissolution of

elements with varying electrochemical activities has been used to

fabricate nano- or mesoporous metals.4–7 A typical example is the

dealloying of Ag from Ag-Au alloys to form nanoporous Au.7–9

Nanoporous Au has been verified by electron beam tomography

method to have a three-dimensionally porous structure on the nano-

scale.10 It was also revealed to have extraordinarily high activity for
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CO oxidation even at low temperatures.8,9,11 Since Au and Ag form

a solid solution over the whole compositional range the atomic sites

for each atom in the alloy are not well defined. This creates a difficulty

in determining treatment conditions with the change in composition.

Independent of the Au-Ag system, selective dissolution (leaching) of

Cu from an intermetallic Cu3Au compound was found to create

homogeneous mesoporous Au.12 An intermetallic compound, in

which atoms are located at definite positions in an orderly manner,

generally has a sharp stoichiometric composition. This characteristic

ensures homogeneity on the atomic level, different from a solid

solution wherein atoms are located randomly at lattice points. In spite

of the small surface area (� 1 m2/g) the mesoporous Au exhibited

high activity, comparable to standard Au/TiO2 for CO oxidation.12

This implies that the nano-sized Au and oxide supports may not be

the only causes for the high activity, and suggests that mesoporous

Au has the potential of being an unsupported catalyst. This

demonstrates that an intermetallic compound is a promising

precursor for leaching for the fabrication of a nano-architecture and

for obtaining unsupported catalysts.

Unsupported porous metallic catalysts are very promising mate-

rials since the microstructure and composition of the alloys are easily

controlled. Naturally, one would expect to extend an unsupported

catalyst with composite dual porous metals exhibiting multiple

functions. The composite porous metals could improve the catalytic

activity or create a new catalytic function, and could enhance thermal

stability, depending on the combination of metals. The resultant

porous structure is determined by the microstructure of the precursor

alloys. Therefore, in terms of microstructure-tailoring for an expected

composite porous structure, metallurgical knowledge and processes

are indispensable. For example, unsupported porous metal catalysts

such as nanoporous Au are generally unstable at high tempera-

tures.9,13,14 This could be overcome by developing a designed dual

porous structure adjoining each other, one for the high heat resistance

phase and/or the other for high catalytic activity. Such a dual porous

structure is likely to impart high thermal stability as well as the dual

catalytic functionality. In metallurgy, the microstructure of the

precursor alloy tailored for the dual porous structure is readily

obtained through eutectic solidification wherein a melt is solidified to

two solid phases at eutectic composition and eutectic temperature. In

this study, we designed a fine lamellar structure formed by interme-

tallic compounds Al2Au and Al2Fe alternately in a conventionally

solidified Al67Au19Fe14 alloy. After dealloying by leaching with

a NaOH aqueous solution, the microstructure was replaced by an

alternately layered Au/Fe3O4/Au dually-porous composite structure

exhibiting extremely high activity for CO oxidation and high thermal

stability.

Alloys with compositions of Al67Au19Fe14, Al2Au and Al2Fe were

prepared from the pure elements with a purity of 99.9 wt.% in an arc
This journal is ª The Royal Society of Chemistry 2010
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furnace in an Ar atmosphere. Hereafter, alloy samples of

Al67Au19Fe14, Al2Au and Al2Fe are called Al-Au-Fe, Al-Au and Al-

Fe, respectively. The alloy samples were crushed to powder form with

particle sizes of interest (< 200 mm) in a ball mill. The surface area of

the particles was determined by BET analysis. The sample powders

were leached in a 10 wt.% NaOH aqueous solution, kept in the

aqueous solution for 4 h at room temperature, and then filtered and

thoroughly washed with distilled water until no alkali was detected in

the filtrate. The X-ray powder diffraction data were collected using

the beam line 15XU (l ¼ 0.65297 Å) at the SPring-8 facility in

Japan.15 The morphology and microstructure of the sample were

observed with a field-emission scanning electron microscope (JEOL

JSM-6500F and/or Zeiss Gemini ULTRA-55) equipped with

a dispersive X-ray analyzer (JEOL Ex-23000BU) and a transmission

electron microscope (JEOL 2010). The reaction was carried out in

a standard fixed-bed flow reactor by passing a gaseous mixture of CO

(4 vol. %) and O2 (2 vol. %) in a He flow at a total flow rate of 50 cm3

min�1 over 50 mg of the catalyst (total pressure: 1 atm; space velocity

(SV): 120 000 h�1). All the catalysis experiments were performed on

fresh materials without any pretreatment. The products were moni-

tored by an on-line gas chromatograph (Shimadzu GC-8A) equipped

with molecular sieves 5�A (O2, CO) and Porapak Q (CO2). The

catalytic activity for the oxidation of CO with O2 was evaluated by

the percentage conversion of CO to CO2. The data in the catalytic

initial activity measurements were recorded after 30 min when the

reaction temperature was reached for each temperature setting.

Fig. 1 shows the microstructure of Al-Au-Fe prepared by

a conventional arc melting method. The powder XRD pattern in

Fig. 1 (a) shows that the diffraction pattern for Al-Au-Fe is almost

identical to that for the Al2Au phase, except for an extra peak

appearing around 18� which corresponds to the strongest peak of the

Al2Fe phase. Due to the much smaller scattering power of Al2Fe

compared to Al2Au, the diffraction peaks of Al2Fe are relatively

weak and some of them are even invisible. Fig. 1 (b) is an SEM image

of a typical lamellar structure of Al-Au-Fe, wherein a multilayer-like

structure is observed. EDS elemental mapping was employed to

distinguish between Al2Au and Al2Fe. Fig. 1 (c) shows the element

mapping for Au, Fe and Al. It is clear that the contrast from Au is
Fig. 1 Powder X-ray diffraction patterns (a) scanning electron micrograph (b

(Al67Au19Fe14).
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segregated at the layer where the contrast from Fe is significantly

weaker, indicating that Au is also immiscible with Fe. These results

prove chemically that the lamellar structure of the Al-Au-Fe alloy is

composed of the alternately layered Al2Au/Al2Fe/Al2Au with inter-

lamellar spacing around 200 nm. Considering the immiscibility

between Au and Fe, and the absence of the formation of a ternary

compound in the ternary Al-Au-Fe system, we conclude that the

lamellar structure is formed by alternate layers of Al2Au and Al2Fe

via eutectic solidification at a composition close to Al67Au19Fe14.

Surprisingly, the interlamellar spacing of Al-Au-Fe is more than one

order of magnitude smaller than that of the conventional eutectic

structure. It should be noted that the interlamellar spacing of lamellar

structures is generally under 10 mm depending on the growth

conditions.16

Fig. 2 shows the high-resolution powder X-ray diffraction patterns

(a) and an SEM image (b) for the same alloy as in Fig. 1 but after

leaching. The lamellar structure with sharp interfaces is still clearly

preserved in the leached Al-Au-Fe alloy. After leaching, XRD of the

binary Al-Fe and Al-Au alloys shows diffraction peaks of Fe3O4 and

fcc-Au, respectively. Owing to the relatively poor scattering power of

Fe3O4, only diffraction peaks of fcc-Au are detected in the leached

Al-Au-Fe. Obviously, the lamellar structure in Fig. 2 (b) is formed by

the alternate layers of Fe3O4 and Au. This reconfirms that even

before leaching, the Au and Fe were completely separated into two

different regions in the Al-Au-Fe alloy. The phase diagram of binary

Au-Fe indicates an immiscible system wherein the two elements show

neither solubility nor the formation of any intermetallic compound.17

The microstructures in Fig. 1 and Fig. 2 reveal that Al2Au and Al2Fe

completely phase separate upon solidification, and support the idea

that this immiscibility probably exists in the pseudo-binary Al2Au-

Al2Fe system. The brighter contrast regions are porous Au and the

darker ones are nanoparticles of Fe3O4 (Fig. 2 (c)). The high-reso-

lution TEM image in Fig. 2 (d) for the cross-section of the alternating

Au/Fe3O4/Au layered structure verifies that the Au regions have

a porous structure with an average pore size of �5 nm, and that the

Fe3O4 regions are aggregates of nanoparticles with an average size of

�20 nm. In the binary system, we also verified that the leached Al-Au

is an Au porous structure whereas the leached Al-Fe results in
) and EDS elemental mapping (c) of a conventionally solidified Al-Au-Fe

J. Mater. Chem., 2010, 20, 7348–7351 | 7349
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Fig. 2 Powder X-ray diffraction pattern (a) high-resolution scanning electron micrograph (b, c) and high resolution TEM image (d) for the Al-Au-Fe

after leaching with an NaOH aqueous solution. Powder X-ray diffraction patterns of leached Al-Fe and leached Al-Au are also shown for comparison.

Table 1 Results of composition (at.%), dissolution of Al (%), BET surface area (m2 g�1) and reaction rate of CO oxidation for different alloys after
leaching

Sample Phase

Composition (at.%)a

Dissolved Al SBET

Reaction rateb

Before leaching After leaching

(%) (m2 g�1)
(mmol
min�1 g�1 -cat)

(mmol
min�1 m�2 -cat)Al Au Fe Al Au Fe

Al-Au Al2Au 66.7 33.3 — 0.6 99.6 — 99.7 5.0 0.14 28.9
Al-Au-Fe Al2Au + Al2Fe 67.0 19.0 14.0 3.4 57.9 38.7 98.3 20.2 0.46 22.5
Al-Fe Al2Fe 66.7 — 33.3 12.0 — 88.0 93.2 24.5 <0.01 <0.1
Au/Fe2O3

c Au + Fe2O3 — — — — — — — 33.9 0.13 3.8

a Estimation from ICP analysis. b Reaction rates estimated from the data in Fig. 3 (a); CO oxidation at 293K under CO (4%)+O2 (2%) on 50 ml/min.
c Loading of Au is 4.4 wt.%; average Au particle size is ca. 3.6 nm (by TEM); supplied by World Gold Council (ref. 21).

Fig. 3 CO conversion as a function of reaction temperature for CO

oxidation (a) and pore distribution (b) for the leached Al-Au-Fe. Those

data for leached Al-Au and Al-Fe are also shown for comparison.
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aggregates of nano-Fe3O4 particles. Clearly, these characteristics of

the microstructure are still preserved in the Al-Au-Fe alloy even after

dealloying. The results of the composition change and dissolution of

Al (%) after the leaching treatment are given in Table 1. Most of the

Al will be dissolved into solution and consequently Au and Fe

skeletons are left behind. The residual Al in the leached Al-Au-Fe

mainly exists in the Al-Fe phase. There have been a large number

reports on artificial multilayered structures of metal/oxide prepared

by sputtering or MBE methods,18–20 however, in all of these cases,

each metal or oxide layer was shown to have a dense structure. To the

best of our knowledge, the alternately layered metal/oxide porous

nano-composite reported in this study is the first example of such

a structure.

Fig. 3 (a) shows the CO conversion as a function of reaction

temperature for the CO oxidation over the leached Al-Au-Fe, Al-Au

and Al-Fe alloys. To compare their catalytic initial activities under

the same reaction conditions with that of a previously reported good

catalyst, we employed a sample of 5% Au/Fe2O3 (TYPE C; Lot No

#02-5) supplied by the World Gold Council.21 The leached Al-Au-Fe,

i.e., the resultant Au/Fe3O4/Au nanoporous structure, reveals a much

higher initial activity than all the other catalysts. Although the Fe3O4

prepared from dealloying of Al-Fe is itself not active for the CO

oxidation reaction in this temperature range, the initial activity of the

Au/Fe3O4/Au nanoporous structure is much higher than that of the
7350 | J. Mater. Chem., 2010, 20, 7348–7351
Au porous structure prepared from dealloying Al-Au (Fig. 3 (a)).

According to the estimation from the Arrhenius plots for the CO

oxidation (Fig. S1, ESI†), the apparent activation energy of the

nanoporous Au/Fe3O4/Au (35.8 kJ mol�1) is very close to that of the

reference Au/Fe2O3 (34.1 kJ mol�1). The values of these activation
This journal is ª The Royal Society of Chemistry 2010
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energies are in good agreement with the literature (31–35 kJ

mol�1).22,23 Therefore, we do not exclude the contribution of the

chemical interaction between Au and Fe3O4 at the interface of the

Au/Fe3O4/Au for the high activity of CO oxidation at present.22–26 As

given in Table 1, the catalytic initial activity with respect to the areal

rate (mmol min�1 m�2 -cat) of the porous Au is similar to that of the

nanoporous Au/Fe3O4/Au. Pore size distribution, as determined by

the BET method shown in Fig. 3 (b), reveals peaks around 3 and 10

nm for the nanoporous Au/Fe3O4/Au whereas a very broad distri-

bution around 15 nm is seen for the porous Au. The pore size

distribution basically coincides with HRTEM observations, and the

high surface area (ca. 20 m2/g) for the nanoporous Au/Fe3O4/Au can

be attributed to the increase in the fine porosity of Au promoted by

the involvement of iron. Therefore, the contribution of iron likely

occurs during the leaching process wherein Al2Fe shows a pinning

effect (Fig. S2, ESI†) slowing down the leaching rate on the adjacent

Al2Au phase during dealloying. We expect that lowering the leaching

rate would lead to the formation of fine porosity Au. Surprisingly, as

shown in Fig. 3 (a), the catalytic initial activity of the nanoporous Au/

Fe3O4/Au maintained a high CO conversion even after an intentional

sintering treatment in a He flow at 773K, whereas the catalytic initial

activity for the nanoporous Au drastically decayed due to this

treatment. The Fe3O4 layers act as barriers preventing the sintering of

Au and hence significantly enhanced the thermal stability. For

simplicity, we claim that the formation of the lamellar structure of

Al2Au/Al2Fe/Al2Au played two major roles at different stages; one

was the slowing down of the leaching rate of Al2Au by Al2Fe upon

leaching and the other was increasing the thermal stability of Fe3O4

during the catalytic reaction.

In conclusion, we have developed an alternately layered nano-

porous composite which is useful for catalysis and could have two

contributions due to each component. The process is simple and

practical. First, a ternary Al67Au19Fe14 alloy precursor with a fine

lamellar structure consisting of Al2Au and Al2Fe was prepared by

conventional solidification. Second, the resultant lamellar structure

was leached with an NaOH solution to form an alternately layered

Au/Fe3O4/Au dual-porous composite exhibiting high activity and

thermal stability. In this study, the involvement of the iron compo-

nent consequently improved the catalytic activity and thermal

stability. If the leached lamellar structure consisted of two elements

favored for two different catalytic reactions, namely reaction A and

reaction B, and if the combination of reaction A and reaction B was

equal to another reaction generally catalyzed by a noble metal such as

Pt and Rh, we would be able to use the process described here to

intentionally design a composite catalyst to replace the noble metal

catalyst. Here we demonstrated the validity of microstructural

tailoring using a self-assembled nano-architecture for heterogeneous

catalysis based on metallurgy.
This journal is ª The Royal Society of Chemistry 2010
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