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Ultrafine nanoporous palladium-aluminum film
fabricated by citric acid-assisted hot-water-treatment
of aluminum-palladium alloy film

Takashi Harumoto, Yohei Tamura, and Takashi Ishiguroa

Department of Materials Science and Technology, Tokyo University of Science,
6-3-1 Niijyuku, Katsushika-ku, Tokyo, 125-8585, Japan

(Received 3 December 2014; accepted 20 January 2015; published online 27 January 2015)

Hot-water-treatment has been adapted to fabricate ultrafine nanoporous palladium-
aluminum film from aluminum-palladium alloy film. Using citric acid as a chelating
agent, a precipitation of boehmite (aluminum oxide hydroxide, AlOOH) on the
nanoporous palladium-aluminum film was suppressed. According to cross-sectional
scanning transmission electron microscopy observations, the ligament/pore sizes of
the prepared nanoporous film were considerably small (on the order of 10 nm).
Since this fabrication method only requires aluminum alloy film and hot-water with
chelating agent, the ultrafine nanoporous film can be prepared simply and envi-
ronmentally friendly. C 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4907049]

Nanoporous metals are applied to catalysts,1 sensors2 and supercapacitors,3 since they exhibit
large surface-area-to-volume ratios. The most usual fabrication method of nanoporous metals is
dealloying, which is based on chemical or electrochemical dissolution process of the less noble
metal from a precursor alloy. Raney nickel (Ni), which is fabricated from nickel-aluminum (Ni-Al)
alloy using alkaline solution, is a famous example of dealloying and has been applied as a catalyst
for hydrogenation.4

The ligament/pore sizes of nanoporous metals can be controlled by selecting composition of the
precursor alloy,5,6 microstructure of the precursor alloy,7 dealloying solution,8–10 dealloying temper-
ature,11 dealloying time,12 etc. In literature, ultrafine nanoporous metals (ligament/pore sizes :
∼ 10 nm), of which property may be different from bulk, could be achieved by dealloying at low
temperature,11,13 addition of surfactants to the dealloying solution14,15 or addition of magnesium
(Mg) to the precursor alloy.6,10,16,17

According to literatures and our previous study, a hot-water-treatment (temperature of the wa-
ter: 368 K) of an Al film results in boehmite (aluminum oxide hydroxide, AlOOH) film.18–21 It is
assumed from the surface morphology that, during the hot-water-treatment, Al partially dissolves
into water and precipitates as the hydroxide on the film. Thus, we expected that, similar to the case
of addition of Mg, ultrafine nanoporous metal films could be synthesized using a combination of the
hot-water-treatment and the Al alloy precursor film.

In this study, since nanostructured palladium (Pd) has various applications such as a catalyst,22

a hydrogen storage medium23,24 and a sensor for hydrogen,25,26 we try to fabricate nanoporous
palladium films by the hot-water-treatment of Al-Pd alloy film.

Al-Pd alloy films were prepared using a radio frequency (r.f.) magnetron sputtering apparatus.
An Al disk (diameter: 3 inches, purity: 99.99 %) with Pd sectors (purity: 99.95 %) was adopted as
a target and a target-to-substrate distance was adjusted to 44 mm. The pressure before gas introduc-
tion was better than 3 × 10−5 Pa and pure argon gas was filled at 1.1 Pa. The r.f. power of 60 W was
applied to the target, and 70-nm-thick Al-Pd alloy film was deposited on Corning Eagle XG glass or
nondoped silicon (Si) wafer with a native oxide at room temperature. The size and thickness of the
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FIG. 1. (a) FE-SEM surface and (b) STEM-BF cross-sectional images of the as-deposited Al-Pd film. Inset figure of (b) is
SAED pattern of the cross-section. (c), (d) and (e) are STEM-EDS elemental mapping images of (b).

substrates were 20 mm × 15 mm and 0.7 mm, respectively. After the film deposition, the film was
hot-water-treated, i.e. the film was boiled in 1 L ultrapure water (resistivity: 18.2 MΩ·cm) at 368 K
for 110 minutes. As a chelating agent for Al (the explanation for the addition of the chelating agent
can be found later), a small amount of citric acid monohydrate (purity: 99.7 %; purchased from
Wako pure chemical industries) was added to the ultrapure water.

The surface morphologies of the specimens were analyzed using field emission scanning elect-
ron microscope (FE-SEM) (S-4200; Hitachi high-technologies) operated at 5 kV. Scanning trans-
mission electron microscope (STEM) (HD-2300C; Hitachi high-technologies) was also adopted
to observe cross-sectional microstructure of the film. STEM was operated at 200 kV, and both
bright-field (BF) and high-angle annular dark-field (HAADF) images were recorded. The elemental
analysis of the cross-section was performed using an energy dispersive X-ray spectroscopy (EDS)
(EDAX rTEM; Ametek). Selected area electron diffraction (SAED) patterns of the cross-section
were acquired using conventional transmission electron microscope (TEM) (JEM-2000FX; JEOL)
operated at 200 kV. The camera length was determined using spots of Si(100) wafer. The cross-
sectional specimens were prepared using argon (Ar) ion milling (PIPS; Gatan).

The surface and cross-sectional views of the as-deposited Al-Pd film are shown in Fig. 1.
According to the FE-SEM surface image (Fig. 1(a)), the surface is flat and no in-plane texture is
observed. The cross-sectional STEM image reveals that the film is homogeneous and has no pore
(Fig. 1(b)). The EDS elemental maps demonstrate that Al and Pd are uniformly distributed in the
film (Figs. 1(c)-1(e)). The composition of the film determined by the EDS spectrum is 83 at%Al -
17 at%Pd, indicating that the as-deposited film is Al-rich. SAED pattern of the as-deposited film is
shown in an inset of Fig. 1(b) and all observed rings are related to λ (Al4Pd: 80 at%Al - 20 at%Pd)
phase.27–29 This result is in agreement with the EDS analysis from the view point of composition.
Since the film consists of single λ phase, no segregation of elements occurs and the film is homo-
geneous. The lattice spacings calculated from the SAED pattern are almost equal to the bulk lattice
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FIG. 2. (a) FE-SEM surface and (b) STEM-BF cross-sectional images of the hot-water-treated film. Inset figure of (b)
is SAED pattern of the cross-section. (c), (d) and (e) are STEM-EDS elemental mapping images of (b). (f) and (g) are
STEM-BF and corresponding STEM-HAADF images at the region where the nanoporous Pd-Al is observed clearly, although
the boehmite layer has been ion-milled completely.

spacings of λ phase.28 It should be noted that the bright spots correspond to single-crystal Si(100)
water.

The hot-water-treatment of the Al-Pd film in ultrapure water results in the layered structure,
which is composed of a boehmite (AlOOH) layer and a nanoporous Pd-Al layer (Figs. 2(b)-2(e)).
Since the nanoporous Pd-Al is covered by the boehmite layer, it is not observed in the FE-SEM
surface image (Fig. 2(a)). The surface of the boehmite layer is desert rose-like structure, which is in
agreement with the case of pure Al film.18–21 The thickness of the nanoporous Pd-Al is almost equal
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to one of the as-deposited film while the composition of the nanoporous Pd-Al is 57 at%Al - 43
at%Pd. Thus, the selective dissolution of Al from the film occurs and the dissolved Al precipitates
onto the film as boehmite. Under the assumption that no Pd dissolution occurs, it is estimated from
the composition change that 73% of Al content in the film has been transformed into AlOOH and
27% of Al remains at the nanoporous layer. It should be noted that the boehmite layer consists
of a dense underlayer and a sparse upper-layer, although we cannot explain how these two layers
formed during the hot-water-treatment at this moment. SAED pattern of the hot-water-treated film
is shown in an inset of Fig. 2(b) and consists of rings corresponding to face-centered cubic (fcc)
Pd. The measured lattice spacings of fcc Pd are ∼1.6% larger than the bulk value,27 indicating Al
incorporation into fcc Pd lattice. The close view of the nanoporous Pd-Al layer is shown Figs. 2(f)
and 2(g). Since these images were acquired at the very thin region, where the specimen was fully
milled by Ar-ions, no boehmite remains on the nanoporous layer. It is clearly observed that the
nanoporous Pd-Al layer is composed from ultrafine ligaments and pores with the sizes of the order
of 10 nm. As HAADF image corresponds mainly to charge density and not to diffraction contrast,
the nanoporous structure is obviously observed than BF image. Although the details are under
investigation, it is anticipated that the Pd-rich ligaments are formed during the hot-water-treatment,
since the segregation of Pd was not confirmed at the as-deposited state.

To suppress the precipitation of boehmite and exposure the nanoporous Pd-Al to surface, cit-
ric acid was adopted as a chelating agent for Al ions. Fig. 3 shows photos and FE-SEM images
of films hot-water-treated in a dilute aqueous solution of citric acid (concentration of citric acid:
1.0 × 10−6 to 1.0 × 10−3 mol/L). It is clear that the addition of the chelating agent suppress the
formation of the boehmite layer (Figs. 3(b) and 3(c)), although a redundant addition leads to peeling
of the nanoporous Pd-Al layer (Fig. 3(d)). In contrast, the insufficient addition results in the partial
residues of the boehmite layer (Fig. 3(a)). Accordingly, the optimum amount of the citric acid
is 1.0 × 10−4 to 1.0 × 10−5 mol, which is an enough amount for chelating Al in the as-deposited
Al-Pd film (Al content in the as-deposited film: ∼ 1 × 10−6 mol), in 1 L ultrapure water. The
cross-sectional STEM image and EDS elemental mapping images of the film treated in 1.0 × 10−5

mol/L are shown in Fig. 4. The ultrafine nanoporous structure is observed and the ligament/pore
sizes of the nanoporous film are the order of 10 nm (Figs. 4(a)-4(c)), which are comparable to the
case of Mg addition.6,10,16,17 The composition of the nanoporous film was 34 at%Al - 66 at%Pd,
indicating that some amount of Al remains in nanoporous film (Figs. 4(e) and 4(f)). Under the

FIG. 3. Photos (upper) and FE-SEM surface images (lower) of the films hot-water-treated in the aqueous solution of citric
acid. The concentrations of citric acid are (a) 1.0×10-6, (b) 1.0×10-5, (c) 1.0×10-4 and (d) 1.0×10-3 mol/L.
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FIG. 4. (a) FE-SEM surface, (b) STEM-BF cross-sectional and (c) corresponding STEM-HAADF cross-sectional images of
the film hot-water-treated in aqueous solution of citric acid (concentration of citric acid: 1.0×10−5 mol/L). Inset figure of (b)
is SAED pattern of the cross-section. (d), (e) and (f) are STEM-EDS elemental mapping images of the region indicated by a
dotted line rectangle in (b).

assumption that no Pd dissolution occurs, the composition difference from the as-deposited indi-
cates that 89% of Al content in the film is dissolved. This could result in approximately 74%
porosity. According to the SAED pattern (inset of Fig. 4(b)), the nanoporous film consists of fcc
Pd. In comparison to the bulk values,27 the lattice spacings of the nanoporous film are ∼1.7%
expanded and this relates to the Al incorporation. Thus, although the fabricated film is not pure Pd,
the ultrafine nanoporous Pd-Al film can be fabricated by the citric acid-assisted hot-water-treatment
of Al-Pd alloy film. Because no difficult procedure and no harmful chemicals are required, the
fabrication method proposed here is simple and environmentally friendly approach. It should be
noted that this method can be applied in the case of other noble metal-Al precursor films.

In conclusion, the simple preparation method based on the hot-water-treatment has been pro-
posed to fabricate the nanoporous Pd-Al film from Al-Pd alloy film. Since the dissolved Al inclines
to precipitate as boehmite, the addition of a small amount of chelating agent was required. Accord-
ing to cross-sectional STEM observations, the pore/ligament sizes of the prepared nanoporous film
are on the order of 10 nm, which is comparable to films fabricated from Mg alloy film in litera-
tures. It should be noted that the method proposed here is environmentally friendly, since harmful
chemicals such as a strong acid are not employed.
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