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Abstract: Ultra-low-density bulk nanoporous gold (NPG) is required in inertial confined fusion (ICF) experiments. Existing bulk

NPG has some limitations in ICF application due to non-uniformity structure or residues of C originated from organic template. Here,

combined with dealloying, NPG with submicron cavities and nanopores was prepared by nano-SiO, templates. However, the smaller

templates bring greater challenges for the volume shrinkage control during drying as gold content on each shell is extremely low for

ultra-low density. Therefore, the influence of drying methods on volume shrinkage was investigated. The results show that volume

shrinkage is up to 86.41% during conventional drying, but it is controlled below 4% by supercritical CO» drying. Finally, NPG with

ultra-low-density of 0.35 g/cm’ was fabricated. Compared to NPG prepared by micro templates, the NPG with 500 nm spherical

cavities and 2~70 nm nanopores reduces the size difference between large cavities and nanopores and significantly improves the

uniformity of its structure.
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Porous metal materials are widely applied in the field of
heat exchange, catalysis, battery electrode, filtration and
separation as they combine properties of metals with porous
materials, such as good thermal and electrical conductivity,
catalytic activity, high specific surface areas and good

permeability! ).

Among these porous metal materials,
nanoporous gold (NPG), which holds high radiation opacity
(high Z) and porous architecture, can reduce the energy loss of
X-ray and obtain the high radiation temperature®”.. Therefore,
bulk NPG is attractive material in high energy density
experiments, especially in ICF used as hohlraum walls!'*"*,
There are numerous synthetic strategies for fabricating
porous gold, including dealloying, electrochemical method,
templating, self-assembly, powder metallurgy, and so on""*>.
Among these methods, the technique of combining templating
with dealloying is more conducive to obtaining bulk NPG that
meets the requirements in ICF!'"'>'*, Nyce et al. successfully

prepared ultra-low-density porous gold using polystyrene (PS)
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microspheres as templates with the template-dealloying
method"”""!. The results indicate that the porous gold holds 10
and 1 pm cavities and abundant C elements residues after
pyrolysis of PS templates. However, the thickness of
cylindrical hohlraum wall is usually a few microns and the
existence of large cavities in several microns makes the
original porous structure easy to be damaged during the
subsequent processing. In addition, smaller spherical cavities
can reduce the X-ray energy loss and improve radiation
temperature more effectively' .

Decreasing the size of sacrificial template can obtain
smaller cavities and more uniform structures. The NPG
prepared by template-dealloying is composed of hollow shells
with porous structure. In order to obtain an ultra-low density,
the gold content of each unit area on each shell should be
extremely reduced with smaller templates so that the hollow
shell will be more fragile and easily deformed. Therefore,
smaller templates bring greater challenges for volume
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shrinkage control during drying process. In our earlier work,
the porous structure of NPG was damaged seriously and
bulk density increased dramatically in conventional drying
process.

To solve these problems, SiO, spheres with diameter of
about 500 nm were introduced as templates and bulk NPG
was dried by supercritical CO, drying in the present study.
The original structure of the porous gold was retained and
volume shrinkage was controlled below 4% via supercritical
drying. Ultra-low-density bulk NPG with submicron cavities
and nanopores was fabricated.

1 Experiment

SiO, spheres served as templates with diameters of 500 nm
were prepared by Stober method. For a density of about 0.3
g/cm’, the mass ratio of gold, silver and 500 nm SiO, should
be about 3:4:4 by calculation. Ag and Au were deposited on
SiO, surface in sequence through electroless plating. The SiO,
spheres were sensitized in SnCl, solution (15 g/L) and
activated in AgNO; solution (5 g/L). The mixture solution of
gli cose (8 g/L) and potassium sodium tartrate (15 g/L) boiled
and cooled was used as a reducing agent. The reducing agent
sol tion was added into 50 mL mixture solutions of activated
Si0, and silver plating solution (AgNO;: 10 g/L, NaOH: 5 g/L)
dropwise accompanied by magnetic stirring. The load of SiO,
was 6 g/L. SiO,@Ag composite particles were obtained after
washing, centrifugating and drying at 50 °C. The SiO,@Ag
suspension was added into 150 mL gold plating solution
(HAuCl;4H,0: 3 g/L, Na,CO;: 17.5 g/L). Methanol and
polyvinylpyrrolidone (PVP, K30) were incorporated into the
solution as a reducing agent and a stabilizing agent, respectively.

Cylindrical SiO,@Ag@Au bulk was formed by the
filter-casting method with teflon tube (@5 mm) as a forming
mould and plaster of paris block as a water-absorbing agent.
The SiO,@Ag@Au bulk precursor after drying and demoulding
were sintered at 500 °C for 1 h under Ar atmosphere. SiO, was
etched by hydrofluoric acid (HF) and Ag component was
dealloyed by nitric acid (HNO3). Fig.1 shows the schematic
illustration of the corrosion process. Part of Ag was firstly
corroded at the early stage by 1.5 mol/L HNO;, and then HF
was added to etch SiO,. The concentration of HNO; was
increased to 12 mol/L by 0.6 mol/L every 24 h. After
dealloying, residual HNO; was removed by washing several
times with deionized water and ethanol in sequence before
drying. NPG was dried by conventional drying or supercritical
CO, drying. The conventional drying was carried out under
normal temperature and pressure. In the supercritical CO,
drying process, the working temperature was 40 °C and the
internal pressure inside was set at 10 MPa.

Morphology and elemental composition of the samples
were characterized by a field emission scanning electron
microscope (FESEM, FEI INSPECT-F50) equipped with an
X-ray energy spectrometer (EDS). The size of Ag particles on
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Fig.1 Schematic illustration of corrosion process

SiO, surfaces was counted by Image-Pro Plus from the SEM
images. The phase evolution of the samples of electroless
plating and corrosion was identified by an X-ray diffrac-
tometer (XRD, DX-2700) with Cu Ka radiation operating at
40 kV and 30 mA. The microstructure of the porous gold
ligaments was characterized by a transmission electron
microscope (TEM, JEOL JEM-2100F). Nitrogen adsorption
measurements were conducted using a micromeritics ASAP
2460 analyzer. The bulk NPG obtained in the present paper
was a regular cylinder, so the volume and mass of the sample
could be measured and the density could be calculated
directly.

2 Results and Discussion

2.1 Microstructure evolution of bulk nanoporous gold
Fig.2 is the SEM images and the EDS results of samples at
different stages of fabrication. Fig.2a, 2¢, 2e, 2g and 2i show
the morphology evolution and Fig.2b, 2d, 2f, 2h and 2j exhibit
composition change. Fig.2a shows that Ag layer is composed
of independent island Ag nanoparticles. Fig.2b confirms that
Ag is deposited on SiO, surface. Compared to Fig.2a, the
metal layer becomes more compact and the final surface
morphology of SiO,@Ag@Au particles is dependent on the
coating structure of silver layer as shown in Fig.2c. It can be
identified that Au particles are deposited on SiO,@Ag
particles and the atomic percentage of Ag and Au is about 7:3
from EDS results in Fig.2d. The crystal structures of Au and
Ag are almost identical and the interfacial energy between Au
and Ag is very small. Therefore, Au atoms could easily
nucleate and grow on Ag particles surface to encapsulate Ag
particles first and then extend to the gap. As can be seen from
Fig.2c, the diameter of SiO,@Ag@Au particles is about 610
nm. The thickness of double metal layer is about 55 nm.
SiO,@Ag@Au particles were formed into a cylinder, and
the cylinder was calcined to obtain Ag-Au alloy for the
following dealloying. Fig.2e is the SEM image of
SiO,@Ag@Au bulk after calcining at 500 °C for 1 h under Ar
atmosphere. Compared to Fig.2c, the metal layer becomes
smoother and the initial morphology of SiO,@Ag@Au
particles changes as shown in Fig.2e. As can be seen from
Fig.2e, the diameter of SiO,@Ag-Au particles is about 600
nm, which is slightly smaller than that of SiO,@Ag@Au
particles. EDS analysis in Fig.2f also confirms that the atomic
ratio of Ag to Au is about 7:3. Due to the reduction of oxygen
content detected by EDS, the contents of Ag and Au
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Fig.2 SEM images (a, c, e, g, i) and EDS results (b, d, f, h, j) of samples at different stages of fabrication: (a, b) SiO-@Ag particles,
(c, d) SiO@Ag@Au particles, (e, f) SiO.@Ag@Au bulk after calcining (SiO.@Ag-Au bulk), (g, h): SiO,@Ag-Au bulk after removing
part of Ag and SiO, removed, and (i, j) bulk NPG by supercritical drying
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increase by comparison with the EDS results in Fig.2d, as
shown in Fig.2f. Nanoparticle holds a high specific surface
area and a high activity. Therefore, a process similar to
powder sintering easily occurs between the intimately
contacted particles of double metal layer during short-time
heat treatment. Sintering necks initially form between the
adjacent Ag (Au) particles and the metal layers become
smooth with the growth of sintering necks in the heat
preservation process. Fig.2e also indicates the sintering necks
form between some composite particles, which is favorable
for avoiding the collapse of bulk during the subsequent
corrosion process.

SiO, spheres were soluble templates and could be removed
by HF. Ag, as the less noble constituent, could be selectively
dissolved by HNO; from Ag-Au alloy. A great amount of gas
would be produced in both processes of removal of SiO, and
dissolution of Ag, which will lead to cracking of the bulk if
the concentration of HNO; (HF) is too high. Therefore, the
concentration should be well controlled and increased from
low to high gradually. SiO, and Ag were removed alternately
in the process of corrosion, as shown in Fig.1. A small amount
of Ag elements are dissolved firstly and small pores form on
the alloy layer, which is conductive to the entry of
hydrofluoric acid and the discharge of gas. Fig.2g shows that
self-supporting hollow shells with small pores are obtained.
The EDS result in Fig.2h shows SiO, templates are
completely removed and the atomic percentage of Ag
decreases by comparison with Au. With further increase of the
concentration of HNO;, the pore structure of the shells
gradually transforms into ligament structure as shown in
Fig.2i. In the process of dealloying, surface Ag atoms are
dissolved firstly, and the Au atoms with no coordination
aggregate into clusters on the surface of the alloy. Partial
surface is passivated by the pure Au clusters. Ag atoms in the
alloy region exposed to nitric acid are continuously dissolved
and the newly released gold atoms migrate to the original gold
clusters. Therefore, pits or pores form. Due to the thin alloy
layer, the etch spread laterally. New Au clusters and new pores
form with the further dissolving of Ag atoms and monolayer
continuous ligament formation is evolved™?*. The EDS
result in Fig.2j indicates only a very small amount of silver
remains. The bulk porous gold composed of Au hollow
spherical shells with nanoporous structures was successfully
prepared in solution when the corrosion process was done.

XRD patterns in Fig.3 show the phase evolution in the
fabrication process of bulk NPG. The SiO, prepared by Stober
method is amorphous. Compared to the SiO,, Ag diffraction
peaks were clearly observed in SiO,@Ag particles, indicating
that Ag was successfully coated onto SiO,. And this is
consistent with the EDS result in Fig.2b. There is no obvious
difference could be seen between SiO,@Ag particles and
SiO,@Ag@Au particles due to the similar lattice constants
between Au and Ag. Therefore, the existence of gold could not
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Fig.3 XRD patterns of samples at different stages of fabrication:
(a) SiO,, (b) SiO@Ag particles, (c) SiO.@Ag@Au particles,
(d) SiO,@Ag-Au bulk, and (e) bulk NPG

be determined only by the XRD result. Nevertheless, the
information of EDS result in Fig.2d could shed some light on
the existence of gold. High diffusion rate of Au and Ag atoms
at medium temperature, similar crystal structure, and very
close lattice constants, all these made the alloying reaction
take place readily. It could be inferred that Agy;Aug; solid
solution was obtained after calcined from the XRD pattern of
SiO,@Ag-Au bulk combined with the EDS result in Fig.2f.
The atomic percentage of Ag is below 5% as shown in the
EDS result in Fig.2j. Therefore, it further proves that the
df fraction peaks in the XRD pattern of bulk NPG only belong
to Au.

2.2 Volume shrinkage control during drying

The drying of as-prepared bulk NPG was challenging. Table
1 shows volume shrinkage rate, relative density and porosity
of bulk NPG after treated by conventional drying and
supercritical CO, drying. As can be seen from Table 1, the
volume shrinkage rate of conventionally dried NPG is about
23 times higher than that of supercritical dried NPG. The bulk
density increases sharply and porosity decreases dramatically
during conventional drying process. The design density could
be basically retained with supercritical drying and porosity
was as high as 98.19%.

Fig.4a and 4b are SEM images of NPG treated by
conventional drying and supercritical drying. Fig.4a shows
NPG hollow shells are deformed seriously. Therefore, the
increasing density is mainly due to the damage of the porous
microstructure. Compared to Fig.4a, the hollow shells and
ligament structure of the porous gold are retained much better

Table 1 Effect of drying method on shrinkage rate, relative
density and porosity of bulk NPG

Volume shrinkage Relative Porosity/

Drying method

rate/% density/g-cm™ %
Conventional drying 86.41 2.98 84.58
Supercritical drying 3.64 0.35 98.19
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Fig4 SEM images of NPG by conventional drying (a) and supercritical CO, drying (the inset is digital figure) (b); (c) TEM image of NPG
ligaments (the inset is TEM image of NPG shell); (d) HRTEM image of Au grain of ligament; (¢) SAED pattern of NPG; (f) pore size

distribution of NPG

when treated by supercritical drying as shown in Fig.4b. The
physical map inserted in Fig.4b shows the as-obtained

cylindrical bulk NPG (diameter=4.9 mm, height=2.7~2.8 mm).

The porous bulk sample infiltrated by liquid is seen as a
capillary porous body before drying. The capillary force is
generated with the evaporation of liquid. The porous shell
walls on both sides of the capillary are subjected to surface
tension. The hollow shells are squeezed and deformed as the
pull exceeds the tolerance limit of the spherical shell. The
pressure difference was also exerted on the wall of ligaments
as capillary liquid existing between ligaments evaporated. The
vulnerable ligaments would crack and the shells would be
further deformed. The volume shrinkage of bulk NPG was
clearly observed and the density increases rapidly. The
liquid-vapor phase boundary would disappear and the surface
tension is almost zero when the ambient temperature and
pressure exceed the critical point of fluid®***. Therefore, the
original structure of NPG could be retained with the
supercritical CO, drying method. Fig.4b also shows that the
diameter of large cavities is about 500 nm.

The inset of Fig.4c is TEM image of a hollow shell and
shows the ligaments in the shell are connected together. NPG
ligament consists of Au grains with different sizes as shown in
Fig.4c. Fig.4d is HRTEM image of Au grain. The interplanar
spacing of the grain crystal is measured as 0.233 nm, which is
in agreement with the value of Au (111) planem]. It further
confirms that Au atoms aggregate into nuclei and grow into
cubic crystals with the dissolution of Ag atoms. As can be

seen from the SAED pattern in Fig.4e, the interconnected
ligaments are composed of randomly oriented Au nanocrystals.
From inside to outside, the diffraction ring of the SAED
ph tern can be indexed as Au (111), (200), (220), and (311) by
comparing the XRD results of bulk NPG in Fig.3. The pore
size distribution in Fig.4f shows that the size of nanopores is
between 2~70 nm.

In summary, in order to reduce the size difference between
cavities caused by templates and nanopores caused by
dealloying and obtain an ultra-low density at the same time,
the gold content of each unit area of the shell should be
reduced with smaller templates. And the designed ultra-low
density could be retained by controlling the volume shrinkage
of bulk NPG with supercritical CO, drying.

3 Conclusions

1) Ultra-low-density bulk NPG with density of 0.35 g/cm’
is prepared by a template-dealloying technique. The NPG
exhibits a bimodal porous structure of 500 nm spherical
cavities and 2~70 nm nanopores. The ligaments are composed
of randomly oriented Au nanocrystals.

2) The drying method dramatically affects not only the
morphology and but also the final density of bulk NPG. The
original structure of NPG is damaged seriously and the bulk
shrinks seriously in conventional drying process due to the
existence of capillary force. The hollow shells and ligament
structure are preserved perfectly with the supercritical CO,
drying and the volume shrinkage rate is controlled below ~4%.
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3) In addition, the NPG prepared by the template-dealloying

method has a good application prospect in gas phase catalytic,

electrocatalytic oxidation in fuel cell and purification due to

its good mass transport performance facilitated by large

cavities and high specific surface area increased by smaller

pores.
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