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Nanoporous gold made by dealloy-
ing silver/gold alloys is a relatively
new material finding application in ca-
talysis, sensing, and other areas. Here
we discuss the metallurgical process-
ing required to make patterned foils of
nanoporous gold with large, flat grains,
with which we are exploring an appli-
cation as substrates for the heteroge-
neous nucleation of protein crystals.

INTRODUCTION

Figure 1 shows a scanning electron
microscope (SEM) micrograph of a
remarkable and beautiful material—
nanoporous gold (NPG). Nanoporous
gold can be a mesoporous or macro-
porous material, depending on whether
we find its pore size in the 2-50 nm
range (meso) or greater than 50 nm
range (macro), following International
Union of Pure and Applied Chemistry
nomenclature."? It is being explored
for a wide variety of applications that
leverage its chemical inertness, ease of
fabrication, high surface area, electri-
cal conductivity, and flexible form fac-
tor. Such applications naturally include
catalysis®> and sensing,® but more un-
usual applications have been imagined.
Perhaps NPG can be used as a support
for enzymatic solar cells,” or as a sub-
strate for the heterogeneous nucleation
of macromolecule crystals (proteins)
under milder supersaturation condi-
tions than usually required.® The met-
allurgical development of NPG for the
last of these applications motivates this
article, and is discussed in more detail
later.

The increase in research activity in
NPG or dealloying (the electrochemi-
cal method used to make NPG), from
ten papers in 2000 to 163 in 2009, has
been driven by two factors. First, NPG
is an example of a bulk nanostructured

material. That is, the pores in NPG
can be as small as 5 nm, but samples
of NPG are themselves macroscopic.
Having nanoscale features, NPG ex-
hibits unusual optical and mechanical
properties not associated with non-po-
rous, bulk gold. For instance, it is brit-
tle and very strong. It is not even gold
colored, but instead can range in color
from a deep reddish copper to nearly
black (black gold!). The visceral nature
of the material in the context of the ex-
plosion of interest in nanotechnology
in the last decade should not be under-
estimated.

Second, the cultural history of NPG
is fascinating. In the 20th century, deal-

=~ How would you...

...describe the overall significance
: of this paper?

Nanoporous gold has been
receiving attention as a new bulk
nanostructured material. Here

we remedy the lack of processing
information in the literature with a
detailed review, and a discussion of
the challenges found when tailoring
the material to be a substrate for
crystal growth from solution.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

We find that important bulk
metallurgical principles must

be applied to the fabrication,
coarsening, and application of
nanoporous gold, even though the
feature size of the pores in this
material is small compared to any
grain size.

...describe this work to a
layperson?

This paper describes how to make
visible amounts of a nanostructured
material, specifically, a porous metal
whose feature sizes have nearly
atomic dimensions.
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loying and NPG were studied in the
context of corrosion, as it is considered
perhaps a model system for stress-cor-
rosion cracking; that is, the focus was
on how dealloying leads to materials
degradation. A re-branding of dealloy-
ing as a useful materials processing tool
has occurred over the last decade, but
this is historically circular. Pre-Colum-
bian artisans used dealloying to create
so-called Tumbaga artworks, which
used dealloying (aka “depletion gild-
ing” to the art community) to create a
golden skin over a base-metal enriched
cast interior (see Figure 2),'’ and obser-
vations of the stability of gold alloys in
various environments have been made
periodically throughout the ages, such
as Cennino Cennini’s admonition in the
very first “how-to” book of art, dating
from the early 15th century, that one
should never use gold/silver alloy leaf
outside, because it will turn black.!!
The technique of dealloying to make
nanoporous gold refers to the selec-
tive chemical or electrochemical dis-
solution of one alloy component from
a multi-component metal."> Consider,
for instance, the silver/gold alloy sys-
tem. These components are completely
miscible across the entire composi-
tion spectrum, a nearly ideal solution.
However, if you immerse an Ag, Au,
ingot into concentrated nitric acid, the
silver will dissolve out, leaving behind
NPG with a pore size of ~15 nm. This
porous structure is much finer than the
grain size of the original ingot, and the
temptation would be to interpret the
porosity as an excavated structure. This
is not the case. Any number of diffrac-
tion tools would show a buried porous
gold structure within the polycrystal-
line ingot, but none do. Rather, poros-
ity forms dynamically during the disso-
lution of silver. As the silver atoms are
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Figure 1. Scanning electron microscope
(SEM) micrograph of a fracture sur-
face of polycrystalline nanoporous gold
(NPG), showing three-dimensional po-
rosity and nanoscopic feature size.

being dissolved into the solution, the
gold atoms that remain diffuse along
the metal/electrolyte interface and re-
form into the porous structure.>'*> What
is particularly intriguing here is that the
original lattice orientation of each grain
is maintained. That is, the gold atoms
are surface diffusing on the lattice of
the underlying crystal and maintain the
lattice. So, if one has a grain of Ag/Au
1 cm wide, it can be dealloyed to form
a grain of NPG 1 cm wide. On the scale
of porosity, grain boundaries are essen-
tially absent.

The kinetics of dissolution and sur-
face diffusion that are the elements of
the choreography leading to poros-
ity evolution have been discussed in
a number of locations, and a working
model has been developed that cap-
tures the essential aspects of the phys-
ics and chemistry of dealloying.! With
the idea of a two-component random
solid solution as the base alloy (e.g.,
silver/gold), the kinetics of dealloying
are controlled mostly by the electro-
chemical potential placed on the alloy.
Commonly, this potential is positive
enough (on the hydrogen scale) that
one component is oxidized to a soluble
species, but the other is not.

Independent of materials, the charac-
teristics of dealloying include an alloy
parting limit,'> a composition-depen-
dent critical potential,'* and a change
in surface composition and morphol-
ogy from planar to porous with increas-
ing dissolution potential.'> The parting
limit refers to the sharp threshold in
composition (% remaining component)
above which dealloying cannot occur
regardless of the applied potential. We

now understand the parting limit to be
related to the geometry of percolation
within the lattice, the central idea being
that continuous chains of silver atoms
of a certain width must exist if disso-
lution is to proceed into the bulk.'>!
The critical potential E_ is that electro-
chemical potential required to actually
dissolve silver from the lattice. Usually
E_is greater than the potential required
to dissolve a pure material; for silver in
silver/gold, the critical potential may
rise hundreds of millivolts above the
equilibrium potential of Ag/Ag*. We
now understand the critical potential
to be thermodynamic in origin, and
is found by a free energy balance be-
tween the energy gained by dissolving
silver into the solution, and the energy
penalty associated with creating a new
alloy/electrolyte interface.!”

It is not surprising that the critical
potential is often associated with the
kinetic balance of silver dissolution
rate and gold surface diffusivity, the
latter being driven by capillary forces
and tending to both smooth out and
passivate the surface. Clearly, if gold
diffusion is very fast compared to dis-
solution, then the surface will not cor-
rode very deeply, behavior consistent

Figure 2. Columbian “tumbaga” sculp-
ture (“Bell with Feline Deity”) dated be-
tween 900-1500 A.p. Tumbaga refers to
the gold/copper alloy used to make the
artifact, which was then “depletion gild-
ed” (i.e., surface dealloyed) to produce
an object that looked like pure gold. Im-
age permission of the Walters Art Gal-
lery, Baltimore, Maryland.

Nanoporous Gold

Lysozyme Crystals

Figure 3. Result of using ~15 nm pore
nanoporous gold as a substrate for the
heterogeneous nucleation of lysozyme.
For ~5 nm pores, copious precipitation
suggested copious nucleation; for ~50
nm pores and a nanoporous gold free
control, no crystals formed. One lyso-
zyme crystal has become mechanically
disconnected from the NPG substrate
by mechanical agitation.

with dissolution at potentials below E .
However, in practice, one must deal-
loy at a rate sufficiently high in order
to grow nicely uniform, porous micro-
structures. This is an aspect of the dis-
tinction between an “intrinsic critical
potential,” that potential above which
corrosion will occur, perhaps slowly
and perhaps without porosity evolution,
and the “empirical critical potential,”
which we would prefer be formally as-
sociated with porosity evolution.!”!

In this paper, we discuss some prac-
tical aspects of NPG fabrication. Our
technology driver has been the for-
mation of patterned, uniform and flat,
highly porous surfaces with variable
pore size with application as substrates
for the nucleation and growth of mac-
romolecules (proteins). The motiva-
tion for this project was an interesting
observation that on porous substrates,
with pore size of order the protein di-
ameter, crystal nucleation occurred at
milder supersaturations than typically
required, leading to higher quality
crystals (see Figure 3).® The increased
nucleation rate with a porous substrate
could be likened to homogeneous vs.
heterogeneous nucleation during so-
lidification, but with important differ-
ences. Primarily, the free energy of
crystallization of a macromolecule is
dominated by the change in entropy
of the molecule as it changes from the
fluid, random three-dimensional (3-D)
phase, to a rigid, crystalline phase,'
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Figure 4. During recrystallization of
NPG leaf, gold has segregated to grain
boundaries to a high-enough concentra-
tion that they do not dealloy. This effect
helps “zip” the grain boundary, as shown
in the micrograph, and leads to good
mechanical integrity.

and not by any enthalpic interaction
with a substrate (indeed, a too-high
interaction energy between proteins
and surfaces tends to simply denature
them). Our hypothesis has been that a
random, porous substrate, allows the
macromolecule to sample a quasi-ran-
dom 3-D distribution of orientations
near the surface, alleviating the entro-
pic hit associated with nucleation.

The use of nanoporous gold for this
application is natural, as the pore size is
easily varied by annealing, and the sur-
face chemistry of gold is easily modi-
fied by the use of adsorbing organic
monolayers.?’ However, there are some
important materials design constraints
that needed to be overcome. The ex-
periment called for small droplets of
protein solution to be deposited on
round patches of porous gold patterned
on a foil of undealloyed material in
the so-called “‘sitting drop” configura-
tion. Macroscopic flatness (larger than
the size of any protein or pore size) is
not important here, but, as discussed
below, we encountered unexpected
metallurgical relationships between
the grain size, rolling history and pore
quality, and obstacles in patterning the
substrates. Our experiences here may
inform the utilization of NPG in other
applications.

METALLURGICAL
PROCESSING OF NPG

Initial Ingot Formation

Alloy compositions from 20-40
at.% Au are suitable for dealloying to
make NPG. More gold, and the parting

limit is passed; less gold and the mate-
rial falls apart into a suspension of gold
nanoparticles. Silver and gold form
a homogenous solid solution across
their entire composition range with a
shallow two-phase region between the
liquidus and solidus.?! Silver and gold
are both easily melted even in air, but
one must be careful with silver-rich al-
loys as their melts possess high oxygen
solubility and they tend to “volcano”
when solidified. In the work presented
here, alloys were melted in an induc-
tion furnace in a horizontal Bridge-
man-like configuration. The crucibles
used were made of high purity graphite
or a machinable alumina ceramic, with
an ingot dimension of 0.25” x 0.25” x
1.5”. The packed crucible was placed
in a quartz tube purged with flowing ar-
gon. The hot zone of the furnace coils
was ~0.25” to 0.5” wide, depending
on the RF power set on the induction
furnace. The quartz tube was placed on
two rollers. This configuration allowed
translation of the crucible through the
hot zone, a kind of crude hand-oper-
ated directional solidification.

Melting brings a race amount of

|-
b 10 um

Figure 5. (a) An example of a large grain
(~5 cm wide) embedded in a silver/gold
foil formed by the rolling annealing
cycles described in the text. (b) SEM
micrograph of the surface of the large
grains showing wide flat terraces. Pinned
step edges can be further minimized
using the cleaning protocols described
in the text.

0.08
0.05

= 0.03[

(A

0.00

Current

-0.03
-0.05—
-0.08 | | | | |
-0.40 -0.35 -0.30 -0.25 -0.20 -0.15 -0.10
Potential (V vs. Hg/HgSO,)
Figure 6. Electrochemical double layer
capacitance measurement of clean, ox-

ide-free NPG. Scan rate 5 mV/s, 0.1 M
H,SO,.

buried oxide or carbide to the surface,
which could be pulled off to the side
and ground off after solidification.
These impurities impeded grain growth
(see below), and were important to
remove completely. They exist even
with high purity (greater than 99.99%
pure) starting materials. Often, a dozen
or more solidification/cleaning cycles
were required to get a clean melt. Ho-
mogenization of the solidified ingots
was performed at temperatures between
850 and 900°C for periods greater than
24 h.

After solidification, ceramic dust
from the furnace impeded the forma-
tion of clear step trains and flat terraces
on the surface of the crystals. A clean-
ing protocol of 5 minutes in an oxygen
plasma cleaner followed by immersion
in saturated NaOH solution at 200°C
removed carbide or carbon impurities,
and the NaOH solution alone dissolved
surface oxide impurities.

Fabrication of Large Grain
Silver/Gold Alloy Foil

Under the right processing condi-
tions, NPG, or more generally nanopo-
rous metals made by dealloying, retain
the same polycrystalline microstruc-
ture as their parent alloy. The surface
diffusion mass transport leading to
porosity evolution in principle occurs
only on the lattice of the grains, so if
one started with a grain size of 10 um,
then one would be left with NPG with
10 um grains, even though the pore size
may be only 10 nm. This characteris-
tic has led to NPG being processed in
many different forms. A survey of these
forms include bulk samples of order a
few millimeters wide,?? nanowires,?
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Figure 7. An extreme example of how surface reduction can affect thermal coarsening
of NPG. Samples were from the sample batch, dealloyed in 0.1 M AgNO, and annealed
at 600°C for 5 minutes; there is a residual 15% silver content. (a) Residual surface oxide
was reduced at —0.4 V vs. Hg/HgSO, until the reduction current dropped to zero. (b) No

reduction.

vapor-deposited and micromachined
thin films,?*% rolled foils,?® and even
free-standing hammered ultra-thin foils
commonly called “leaf.”?’

It was in the context of studying
gold leaf that some metallurgical rela-
tionships between the grain structure
and NPG quality became clear. Previ-
ously, it has been noticed in the context
of studies of stress-corrosion crack-
ing that in an ingot of silver/gold that
was solidified and then homogenized,
silver tended to segregate to the grain
boundaries.?® Upon dealloying, this led

LXI0.00G: lum  —
LSRN F L
d

to some grain boundary cracking, an
effect that needed to be deconvoluted
from the mechanical properties of NPG
itself. In extreme cases, such segrega-
tion and cracking has been used to fa-
cilitate the formation of films of NPG
“prisms.”? (As an aside, the mechani-
cal properties of NPG is an interesting
sub-field, focused on the mechanics of
nanoscale truss systems whose char-
acteristic lengths are smaller than any
dislocation cell size.*® Nanoporous gold
with pore sizes less than ~50 nm are in-
herently brittle,* even though gold is
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ductile, for reasons that are unclear but
whose elucidation may have important
ramifications for understanding stress
corrosion cracking of engineering al-
loys).

When NPG leaf (original alloy
composition Ag Au,,) was examined,
it was noticed that although the ham-
mered foil was only 100-150 nm thick,
that lateral grain size often exceeded
10 um.?” As there is no annealing step
in the fabrication of leaf, this observa-
tion strongly suggested room-tempera-
ture recrystallization had occurred. But
equally interesting, Scanning electron
microscopy (SEM) observation of the
grain boundaries in the dealloyed mi-
crostructure showed they were gold-
rich (Figure 4). The observation sug-
gested that recrystallization leads to
segregation and enrichment of gold at
grain boundaries, which tends to “zip
up” the microstructure upon dealloy-
ing. 2627

In our application as substrates for
crystal growth, minimization of grain
boundary cracking is obviously im-
portant. Ideally, as well, the grain size
would be larger than the droplet of so-
lution from which the proteins precipi-
tate (3 mm). While the observations

Figure 8. Scanning electron microscopy micrographs of samples of NPG annealed at various times and temperatures. Note the striking self-
similar aspect to the coarsening, the topographic features of the precursor alloy surface (e.g., the ridges in the 300°C sample), and how the
crystallographic orientation of the grains are manifested in the porous structure (e.g., local two-fold symmetry in the (001) 600°C sample, and
local three-fold symmetry in the 900°C sample).(a) As-dealloyed in concentrated nitric acid; (b) 300°C, 15 min.; (c) 400°C, 15 min.; (d) 600°C,
5 min. (note scale change); (e) 800°C, 10 min., (f) 900°C, 30 min.
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1 um
Figure 9. Facetted NPG, made by an-

nealing at 600°C for 24 h followed by a
slow cooling to 375°C.

of gold segregation to grain boundar-
ies in leaf was suggestive, 10 um was
too small. Vapor-deposited films were
unsuitable for this application because
the grain size tended to be small com-
pared to the length scale of porosity,
and thin film deposition stresses tend
to lead to cracking and delamination
upon dealloying.?* It was decided that
a useful substrate form factor would be
rolled foils, and a rolling and anneal-
ing protocol was developed to generate
the required large grains; the grain size
sometimes exceeded 2 cm laterally.
The method is a variation on the tech-
nique sometimes referred to as critical
strain annealing.

Critical strain annealing (CSA) is
premised on the notion there is a criti-
cal strain which must be surpassed
before which a sample will recrystal-
lize upon annealing.?? Furthermore,
the more one strains above the criti-
cal strain, the more grains will appear
upon recrystallization. Usually, this
is explained by a nucleation argu-
ment—the more plastic strain induced
in the sample, the more nucleation of
stress-free grains upon recrystalliza-
tion. Central to the argument is the un-
stated notion that the stress drives not
only nucleation, but also grain growth.
For silver/gold alloys, we find the CSA
to be ~1%; however, even with highly
pure samples, there is still copious
nucleation, and the typical lateral grain
size of as-rolled and recrystallized
samples is less than 100 pm.

In foils rolled to a thickness less
than 100 um, many of the recrystal-
lized grains are columnar, and some of
them even have the low-energy (111)
surface orientations (which is neither
the rolling nor the recrystallization

texture). We have found that if foils
less than 100 um are rolled to strains
less than the CSA, and then annealed
again, grain growth occurs without
recrystallization. Serendipitously, the
(111) oriented grains grow fastest. Fur-
thermore, this process can be repeated
to get large grains; order cm lateral di-
mension grains are shown in Figure 5.
Microscopically, these grains have ex-
tremely flat surfaces, with wide terrac-
es often exceeding 100 wm,* and the
slight gold segregation to grain bound-
aries that keeps the samples “zipped”
during dealloying. Interestingly, this
grain growth requires rolling, and we
have not been able to induce grain
growth by tension. The working hy-
pothesis here is that the columnar grain
boundaries need to be put in shear in
order to de-pin them, as suggested by
Cahn.*

The details of the processing used
to grow large, flat grains in rolled thin
foils are as follows. A clean, homog-
enized ingot of silver/gold is rolled to
a thickness less than 100 um. The foil
is cut into sheets and stacked between
machinable alumina plates, and an-
nealed for 24 hours at 900°C. Stacking
of the foils between ceramic plates is
important to keep a high vapor pres-
sure atmosphere of silver around the
sample; otherwise the surface tends
to lose silver due to evaporation and
drops in composition below the parting
limit. The first anneal leads to recrys-
tallization. After the first anneal, the
foils are lightly rolled either between

Dealloyed NPG

smooth tungsten foil or between sheets
of smooth acrylic, but only so that
there is a slight smoothening of the sur-
face. Then, samples are re-annealed at
900°C, again stacked between ceramic
plates. This light rolling/annealing cy-
cle is repeated (usually 5-6 times) un-
til the desired grain size is achieved.

Dealloying Silver/Gold
to Make NPG

In dealloying (i.e., the actual for-
mation of porosity), two concerns are
paramount: pore/ligament size (mor-
phology) and residual silver fraction
(composition). During the initial dis-
solution process, the pore size can
be controlled a bit by the initial alloy
composition. Alloys with lower gold
fraction tend to have larger pores, and
alloys with gold fractions nearer to the
parting limit composition tend to have
smaller pores, although there have
been no systematic studies.

The most common method to deal-
loy silver from silver/gold alloys is by
immersion in concentrated nitric acid,
in which silver is highly soluble. This
condition is called “free corrosion.”
While surface diffusion of gold is re-
quired to form the porous structure, the
nature of the surface species that par-
ticipates in surface diffusion is highly
dependent on the anion in the electro-
lyte, because each kind of anion forms
a complex with diffusing gold atoms
that has a different binding energy.
This is an important point, and leads
to the observation that the chemical

Undealloyed AgAu

L 1
1 mm

Figure 10. Scanning electron microscopy images of a single crystal grain in a Ag/Au foil
with a 2 mm diameter patterned region of NPG made with a PDMS mask. Dealloying was
performed in 0.1 M AgNQO, at 0.563 V vs. Hg/HgSO, for 10 minutes, then the sample was
reduced in 0.1 M H,SO, at —0.1 V vs. Hg/HgSO,, and annealed at 400°C for 30 minutes to
accentuate the porous region at lower magnifications.
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composition of the electrolyte leads to
different gold surface diffusion rates.
Most anions that complex Ag* into a
soluble species lead to orders-of-mag-
nitude increases in the surface diffu-
sivity of gold compared to vacuum or
aqueous conditions without any ionic
species.®

At room temperature, anions such as
nitrate lead to pore sizes in the 10-15
nm range during the initial stages of
dealloying, but if the sample is left in
nitric for periods of about 24 hours, this
pore size coarsens to ~30 nm.?”” Smaller
pore sizes in nitric can be made if the
nitric acid is cooled to —20°C.* The ad-
dition of chloride, bromide, or iodide
to the dealloying electrolyte leads to
large increases in the surface diffusiv-
ity of gold, and consequently porosity
with larger feature sizes.”’ One must
be careful with the use of these anions,
however—a too-high concentration of
chloride leads to the formation of in-
soluble silver chloride species on the
surface, and all of these anions are dif-
ficult to fully desorb.

For better control of the pore size
during dealloying, a potentiostat in a
three electrode configuration is used.
The advantage here is that milder acids
can be used, and there is better control
over pore morphology. (The nature of
the reference electrode is important
and chloride from common Ag/AgCl
reference electrodes can contaminate
the electrolyte; use a salt bridge, or,
preferably, a Hg/HgSO, reference.)
The higher the dealloying potential
(above the critical potential), the faster
silver dissolution proceeds compared
to gold surface diffusion, and the finer
the porosity. Here, the concern is that
at high potentials surface oxide species
can form. The nature of these surface
species have not been fully clarified,
although there are reports of gold ox-
ide formation.*®

An especially benign and easy meth-
od to make highly porous NPG is to
dealloy in neutral silver nitrate, e.g., 0.1
AgNO, at high potential. As discussed
in Reference 39, the use of a neutral
solution is non-intuitive because the
Pourbaix (potential/pH/phase) diagram
suggests that at high anodic potentials
silver will form insoluble oxides. How-
ever, once the instability initiates, there
is an accumulation of protons right at

the etch front, creating a pH depres-
sion at the etch front. This situation
is analogous to mechanisms of pitting
or crevice corrosion. What’s conve-
nient is that immediately behind the
etch front, the pH rises, leading to the
formation of a morphology-stabilizing
surface oxide. In this way, pore sizes
as small as 5 nm are easily formed at
room temperature. The flipside to the
morphological stabilization is a signif-
icant amount of residual silver remains
in the final sample of NPG, which can
be as high as 15%. This silver can be
removed, however, by repeated reduc-
tion/dissolution cycles.*

We find that regardless of electrolyte
and dealloying potential, significant
amounts of residual surface oxide spe-
cies of some sort always remain. These
can be reduced in dilute sulfuric acid,
and such reduction is important for
clean surface electrochemistry, or for
reproducible thermal anneals. Figure
6 shows cyclic voltammograms in the
double layer region of a sample of NPG
dealloyed in silver nitrate. The square,
symmetric character of the voltammo-
grams is a good check on the quality
of the material, and will not be found
on samples with any degree of surface
oxide (the slight vertical offset disap-
pears in deaerated electrolyte). It is in-
teresting to note that for these samples
we measure a specific capacitance of
11 F/g. On a mass basis, this is low,
but on an atom basis the capacitance is
~2,100 F/mol, approximately the same
as carbon nanotubes.*’

Annealing of NPG

The pore size of NPG can be fur-
ther processed by thermal annealing,
in order to grow the pore/ligament size
to scales upwards of 10 um. Here, it
is quite important to thoroughly clean
any electrolyte off the sample, and
start with a fully reduced surface. Fig-
ure 7 shows an example of annealed
NPG with and without residual surface
oxide. The bumpy, sharp features of
the sample annealed without reduction
have clearly inhibited coarsening and
led to a more random, bumpy, and fin-
er scale material. Examples of porous
gold with such features are commonly
found in the literature,*' and coarsen-
ing results from such samples should
be viewed with caution.*

Figure 8 shows examples of clean
NPG annealed at various temperatures
and times. The pores in the bottom
right of Figure 8, annealed at 900°C
for 30 minutes, are large enough to
be seen with optical microscopy. For
many of these samples, the crystallo-
graphic orientation of the underlying
grain is readily apparent in the quasi-
random periodicity or symmetry of the
final material. The three-fold symme-
try of the (111) oriented grains are ap-
parent in the 120 degree angles (Figure
8, bottom right), and on (001) oriented
grains (Figure 8, bottom left) cubic
symmetry is apparent. High resolu-
tion transmission electron microscopy
(TEM) confirms the single-crystal na-
ture of this material, if it wasn’t ob-
vious from the grain observations.”’
In microscopy, however, one must be
careful about sample preparation. Ion
milling for sample thinning or focused
ion beam milling tends to break up the
ligaments into polycrystalline aggre-
gates; although the resultant materi-
als are porous, they are not indicative
of the native microstructure. This has
been a point of confusion for some
groups in the recent literature,* 344
but hopefully a recent x-ray diffraction
and orientational imaging microscopy
study have now resolved single crystal
nature of NPG once and for all.*

An interesting morphological char-
acteristic of the annealed samples in
Figure 8 is that there is a pronounced
lack of facets. This observation is a re-
sult of processing and surface thermo-
dynamics. Scanning electron microsco-
py of small gold particles** has shown
that the equilibrium, or Wulff shape of
gold crystallites is not fully facetted at
high temperatures. At 1,000°C, most
of the surface area of the equilibrium
shape is actually completely round,
with only small (111) facets. We hy-
pothesize that an analogous situation is
the case for all of the samples in Figure
8, which have been quenched quickly
by taking small samples out of hot fur-
naces. In Figure 9, a sample placed in
a hot 600°C furnace, and then slowly
cooled to <400°C is shown, and here
the length scale and kinetics have led
to nicely facetted ligaments.

To reiterate an earlier point, the nice,
extended porous microstructure in an-
nealed NPG is only apparent because
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the grain size is always bigger than the
pore size by at least an order of magni-
tude. Materials with small grain sizes
can also be dealloyed, but if both the
pore and grain size is of the order of
nanometers, the final product tends to
be a porous sintered agglomeration of
nanoparticles, and not NPG. This is an
important distinction here because the
properties of the sintered agglomerate
are dominated by grain boundaries.
These properties include the mechani-
cal properties, but also thermal stabil-
ity. In well-prepared NPG, there are
no grain boundaries, and thus no grain
boundary grooving. Grain boundaries
are unstable to thermal grooving, and
such materials tend to coarsen driven
by chemical potential gradients associ-
ated with the local (positive) spherical
curvature of the grains (as in models of
grain growth or Ostwald ripening). In
contrast, ligaments in NPG are mor-
phological saddle points, with both
positive and negative curvature. The in-
clusion of the negative curvature term
in the chemical potential given by the
Gibbs-Thomson equation alleviates the
chemical potential gradient, leading to
greater morphological stability.*

Patterning NPG

The particular goal we have been
concerned with here is the production
of clearly delineated circles of NPG on
silver/gold foil with as large grains as
possible/convenient. For this purpose
a mask is required, and the common
polydimethylsiloxane (PDMS) elas-
tomer used in so-called “soft lithog-
raphy” works well for this purpose.
Polydimethylsiloxane, however, is not
very stable in strong acids, which also
tend to seep into the elastomer/metal in-
terface, and thus dealloying in concen-
trated nitric acid under free corrosion is
not an option. With these observations
in mind, we have found our best pat-
terning results by using a PDMS mask
that is not fully cured, and silver nitrate
as a dealloying electrolyte. Figure 10
shows an example of our success—a
circular patterned region of NPG.

CONCLUSIONS

The history of NPG began by study-
ing it as a prototypical material for cor-
rosion—a materials degradation pro-
cess with negative connotation. Over
the last decade, the material has been
considered as useful and applicable in
its own right. And more generally, deal-
loying is being considered a flexible and
important processing tool to make bulk
amounts of nanostructured materials.
The authors are continually surprised
by the further observation that classical
metallurgy involving problems such as
grain growth, recrystallization, texture
development, surface orientation, Wulff
shape, etc., plays such a central role in
the fabrication of high quality mate-
rial.
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