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Abstract

The three-dimensional evolution of nanoligaments of nanoporous gold created by Ag-Au dealloying was studied during isothermal
coarsening by X-ray nanotomography and microbeam Laue diffraction. The surface normal orientation, curvature and size of the gold
nanoligaments were measured as a function of coarsening time (from 2 to 320 min). The following observations were made at 550, 600
and 650 °C. First, the distribution of orientations for the surfaces of the nanoligaments becomes more anisotropic with coarsening time,
with an increasing area of the surfaces having a low surface energy, consistent with the growth of facets. Second, the curvature distri-
bution of the nanoligaments (scaled by their size) also evolves during coarsening. The evolution of both surface orientation and scaled
surface curvature indicates that coarsening does not occur in a self-similar manner, i.e. the interfacial shape distribution of the gold nano-
ligaments is not self-similar over time as they coarsen. This is consistent with the ligament size not being described by a classical temporal
power law for coarsening systems. All three effects, and in particular the increased prevalence of surfaces with a low surface energy at
long coarsening times, may affect the surface functionalities and properties of nanoporous gold in various applications, e.g. as catalysts,

sensors and actuators.

© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Nanoporous metallic materials with open porosity have
attracted attention due to their potential applications in var-
ious fields, e.g. as sensors [1,2], actuators [3], catalysts [4,5],
battery electrodes [6], fuel cells [7], and super-capacitors
[8]. One of the most effective ways of fabricating open nanop-
ores in a metal is by dealloying: upon selective etching of the
less noble element in a binary alloy the more noble element
forms a sponge-like, porous structure with a bi-continuous
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structure of pores and metal ligaments with sizes of 3—
20 nm [9-12].

The metal nanoligaments (and thus the surrounding
nanopores) can be coarsened by thermal annealing up to
the micrometer scale [13-15]. Understanding this thermal
coarsening process is essential for the application of nano-
porous metals, since the pore and ligament sizes determine
the mechanical, chemical and optical properties of nano-
porous metals [16,17]. Furthermore, the shape and orienta-
tion of the nanoligament surface (i.e. the interface between
the ligament and the pores) can also change during thermal
coarsening.

As the dealloying front propagates through the alloy
coarsening of the dealloyed layers takes place in the electro-
lyte, and atomic modeling has been carried out to understand
this concurrent coarsening and the resulting nanoporous
(np-)Au morphology [18]. In contrast, the emphasis of the
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present paper is on the post-dealloying coarsening occurring
during thermal annealing, as recent literature has addressed
the importance of thermal coarsening in np-Au. Using scan-
ning electron microscopy (SEM) Kertis et al. qualitatively
showed that self-similarity exists between the subsequent
coarsened morphologies and how the crystallographic struc-
ture of the grains are manifest in the porous structure [13].
Also, partial sintering has been observed on the surface of
a np-Au thin film coarsened at 200-400 °C for 10 min, but
the underlying mechanism remains unclear [15]. Li and Sier-
adzki observed a ductile to brittle mechanical property tran-
sition by conducting three point bending experiments to
study the fracture behavior of np-Au samples annealed at
100-800 °C for 10 min. Samples annealed above 300 °C for
10 min were found to develop ductile properties [19]. This
type of annealed sample is mechanically more stable and
may be used in a wider range of applications. Various others
have studied the yield strength of np-Au samples coarsened
up to 600 °C and demonstrated that, at the nanometer length
scale, the strength of a porous structure is governed by its lig-
ament size, in addition to relative density [14,16,20,21]. The
annealing atmosphere (i.e. helium vs. ozone) was also found
to have an impact on the coarsening rate, which was
explained by a change in surface chemistry [22]. However,
many questions concerning the thermal coarsening of np-
Au remain unexplored, as described below.

First, evolution of the size of np-Au the filament as a
function of the coarsening time and temperature, which is
controlled by the coarsening mechanism, has not to date
been systematically quantified in a three-dimensional (3-
D) manner. Fourier analysis has been used to quantify
the characteristic length scale in thin films of np-Au [23].
The authors found that in SEM and transmission electron
microscopy (TEM) images of np-Au a significant peak in
the power spectrum exists, reflecting the characteristic
length scale of the quasi-periodic structure. However, this
method is difficult to apply to bulk samples.

Second, no experimental observations exist addressing
whether the shape of the ligament/pore interface of np-
Au is self-similar during coarsening. Erlebacher, in recent
kinetic Monte Carlo simulations, concluded that the coars-
ening of np-Au is controlled by a surface diffusion con-
trolled Rayleigh instability, which naturally results from
pinch-off events [24]. Due to the same time dependence
for pinch-off events and surface flattening, the simulations
showed that thermal coarsening of np-Au does not pre-
serve the interfacial shape of the pore/gold interface during
thermal coarsening. Evolution of the shape of the interface
is thus not self-similar over time (referred as “non self-sim-
ilar” below). Experimentally, researchers have imaged as-
dealloyed np-Au from TEM tomographic reconstructions
and measured the ligament curvature distribution [25,26].
Serial sectioning and reconstruction using focused ion
beam methods have been used to reconstruct the 3-D struc-
ture of one as-dealloyed np-Au sample, but structure evo-
lution during thermal coarsening was not investigated
[27]. Because it is a destructive method it cannot be used

to continuously study the structure evolution of a single
sample. In previous work using X-ray nanotomography
we presented a quantitative morphological and topological
analysis of a single np-Au sample coarsened at 400 °C for
30 min [28].

Third, the evolution of the morphological anisotropy of
the np-Au structure as a function of coarsening time and
temperature is unknown. We previously reported the pres-
ence of a slight crystallographic anisotropy in the np-Au
sample annealed at 400 °C for 30 min [28] and hypothe-
sized that it is due to the dominance of surfaces with low
surface energy crystallographic planes. While Hakamada
et al. have shown a crystallographic preferred orientation
of {111} using a Schulz diffraction method in np-Au dur-
ing thermal coarsening [29] and Kertis et al. have observed
faceting of gold ligaments in coarsened nanoporous gold
[13], the correlation between the morphology and crystallo-
graphic orientation of np-Au is still unclear.

In this paper we present a quantitative study of isother-
mal coarsening (referred to as “coarsening” below) in np-
Au to address the above questions, i.e. the dependence of
ligament size and curvature, as well as the spatial and crys-
tallographic orientations, upon annealing time and temper-
ature. X-ray nanotomography using a transmission X-ray
microscope was used to follow the coarsening behavior
ex situ for the same specimen at various temperatures. This
technique is especially well suited to the study of coarsen-
ing in nanoporous metals compared with other 3-D imag-
ing characterization techniques [30], given that it has a
relatively high resolution (~30 nm) [31-33], excellent pene-
tration in high Z Au samples (tens of microns in thickness,
allowing a bulk study) and is non-destructive (allowing the
study of the evolution of a single sample). We also charac-
terized the crystallographic orientation of the nanoporous
gold samples by microbeam Laue diffraction. The coarsen-
ing mechanism and the microstructural evolution are
discussed.

2. Experimental procedures
2.1. Sample preparation

Cylindrical np-Au samples were created for this work.
First, an Ag-30 at.% Au alloy was arc melted from the
pure elements (99.99% pure, Kurt J. Lesker). Wires of this
alloy were then created by the Taylor method [34,35] in
Pyrex glass tubes, with a diameter of 20-50 pum. The tube
was fractured and the tip of the fine wire protruding from
the Pyrex sheath was then further shaped by focused ion
beam (FIB) milling into a cylindrical pillar ~30 pm high
and ~16 um in diameter. The FIB shaped tip was sub-
merged in a concentrated nitric acid bath (11.7 M,
75 vol.% commercial nitric acid, 68-70% assay, in deion-
ized water) for 16 h to achieve complete dealloying. The
tip was then mechanically clamped in a drill chuck and
mounted on a customized stainless steel sample holder
with a kinematic mount, which is compatible with both
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transmission X-ray microscopy (TXM) and high tempera-
ture exposure. The kinematic mount allows a positioning
reproducibility of ~1-2 um between annealing steps in all
three directions.

2.2. X-ray nanotomography

Four dealloyed samples were annealed in laboratory air
at 550, 600, 650, and 800 °C. Only the 800 °C annealed
sample was not pre-shaped by FIB before dealloying. To
observe the continuous morphological evolution the
tomographic studies of nanoporous gold coarsening were
conducted ex situ. Annealing was performed by placing
the sample in a box furnace preheated to the desired tem-
perature and annealing it in air. The sample was then
removed from the furnace and air cooled, followed by
TXM tomographic measurement. The above procedure
was then repeated on the same sample for increased anneal-
ing times. While the annealing time ranged from 5 min
to > 5 h, for a 20 pm cylindrical np-Au sample with a high
surface to volume ratio the heating rate in a convection box
furnace with a large thermal mass and the air cooling rate
of the samples are fast enough that any effect of the heating
and cooling rates is negligible. We used the TXM instru-
ment in the 32-ID-C beamline at the Advanced Photon
Source (Argonne National Laboratory, Argonne, IL)
[28,33]. This microscope uses a Fresnel zone plate as the
objective lens with a resolution of about 30 nm in two
dimensions [32,36]. 361 projections were recorded for each
annealing step with a 10.4 keV beam over a 180° range (one
image every 0.5°, with an exposure time of 2 s) with a lens-
coupled CCD detector with a resolution of 2048 x 2048
pixels.

The 3-D structures were reconstructed from these projec-
tions using a standard filtered back-projection algorithm
[37]. Smoothing and segmentation algorithms were applied
to the reconstructed images [38]. Standard 3-D Gaussian
smoothing was performed to reduce the level of noise: a 3-
D Gaussian function with variance o” = 1.44 pixel® was
convolved with the data pixel by pixel [38]. Segmentation,
including thresholding and eliminating “free floating” parti-
cles within the structure, was then applied to the smoothed
images. A 3-D mesh approximation (of triangular shape)
of the surface was then generated using a standard built-in
function of the IDL programming language (IDL 7.0, ITT
Visual Information Solutions Ltd) on which to perform
further analysis. Interfacial shape distributions (ISDs),
which display the probability of finding a patch of interface
with a given pair of principle curvatures, were used to
analyze the pore curvature and thus quantify the ligament
shape evolution. Thus the distribution represents the global
shape of the interface. ISDs have been used to quantify other
structures in three dimensions, including dendrites and bi-
continuous structures, such as np-Au [28,39-41]. For
instance, the data in the first and third quadrants of an
ISD (i.e. with principle curvatures of the same sign) indicate
the existence of convex and concave points, respectively, in a

characterized structure, while those in the second quadrant
indicate saddle points. The interfacial normal distributions
(INDs) [42,43], in which the fraction of normals to surface
patches pointing in a given direction is plotted in a stereo-
graphic projection along a chosen axis, were used to quantify
the preferred orientation of the ligaments in space.

2.3. Micro-beam Laue diffraction experiments

Micro-beam Laue diffraction was performed in beam-
line 34-ID-E at the Advanced Photon Source to character-
ize the crystal orientation of two np-Au samples, after they
had been imaged by TXM experiments following their final
coarsening step at 600 and 650 °C (160 min).

A “pink” beam (~7-30 keV), focused by a set of Kirk-
patrick—Baez focusing mirrors, with a beam cross-section
of 0.3 x 0.5 pm was used [44,45]. A Perkin Elmer amor-
phous silicon area detector was used with a 1 s exposure
time. Laue diffraction patterns were collected for a
20 x 20 um area of the tip of the sample (including the
TXM imaging area), which was scanned by the X-ray beam
with a step size of 1 um in both the vertical and horizontal
directions. All the collected patterns were then indexed to
determine the crystallographic orientation at each scanned
point, and superimposed into pole figures.

Furthermore, an as-cast Ag-Au alloy wire was charac-
terized by scanning the sample vertically and horizontally.
The horizontal scan was across the 20-50 um diameter of
the wire with a 5 um step size. The vertical scan distance
was ~200 pm with a 5 um step size.

3. Results
3.1. Evolution of ligament morphology and volume fraction

Fig. 1 shows a series of TXM projections, at the same
angle, for np-Au coarsened at 650 °C for various times.
The porous structures of np-Au can be clearly seen by
TXM, even at very short coarsening times (5 min) and
for small features (size of pores and ligaments < 100 nm).
Both the pores and the gold ligaments coarsened as a func-
tion of annealing time. No significant densification, which
would lead to changes in porosity and sample shape, was
observed in the projections as the overall shape of the sam-
ple tip remained approximately the same. Circular artifacts
seen in the projections are due to imperfections in the con-
denser [46] of the transmission X-ray microscope. There-
fore, during analysis we used the central volume (~5 pm
from the tip of the sample and ~2 pm from the cylinder
surface of the sample) to avoid the effects of these artifacts.

Fig. 2 shows a series of 3-D reconstructions of the same
np-Au central volume (as mentioned above), representative
of the bulk, for the sample annealed at 650 °C for 5-
160 min. Each data set with a volume of 200 x 200 x 200
pixels (corresponding to ~6.5 x 6.5 x 6.5 um, given a
voxel size of 32 x 32 x 32 nm) was segmented. The recon-
structions revealed a continuous coarsening of both the
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Fig. 1. TXM micrograph projections of a nanoporous gold tip coarsened at 650 °C for (a) 5 min, (b) 10 min, (c¢) 20 min, (d) 40 min, (e) 80 min and (f)

160 min.

Fig. 2. 3-D reconstruction of the nanoporous gold bulk region after coarsening at 650 °C for (a) 5 min, (b) 10 min, (c¢) 20 min, (d) 40, (e) 80 min and (f)

160 min.

Fig. 3. TXM micrograph projections of nanoporous gold coarsened at 800 °C for (a) 0 min, (b) 2 min, (c) 4 min, (d) 8 min, and (e) 32 min. Reconstructed
cross-sections after (f) 2 min and (g) 8 min. The locations of these cross-sections are shown in (b) and (d), respectively.

pores and gold ligaments in three dimensions with no
apparent densification. The ligaments and the pores are
both interconnected, forming a bi-continuous structure
[23]. The ligaments and pores together are referred to as
“features” as they coarsen in the remainder of this article.
The architecture remains bi-continuous throughout the
coarsening process. A qualitative ISD analysis, discussed
in a later section, addresses whether the features coarsen
in a self-similar or shape-preserved manner [24], i.e.
whether the morphologies of the feature at consecutive
coarsening times are only scaled with the feature size.
Fig. 3a—e shows TXM micrograph projections of the np-
Au sample coarsened at 800 °C for 2-32 min. It is apparent
that, unlike the samples coarsened at lower temperatures,
sintering took place. This was confirmed by reconstructed
cross-sections after 2 and 8 min (Fig. 3f and g), which show
a clear reduction in porosity. Sintering is more pronounced
at the narrower end of the irregularly shaped tip after 2 min
sintering (Fig. 3f), where the coarsened pores reached a size
comparable with the local sample size. Sintering progressed

over the majority of the cross-section after 8 min (Fig. 3g).
The projection after 32 min. (Fig. 3e) shows that the tip
was nearly fully densified and had very significantly chan-
ged its shape.

The TXM projections and reconstructions of np-Au
samples coarsened at 550 and 600 °C reveal the same coars-
ening behavior as the np-Au sample coarsened at 650 °C,
as presented in Figs. 1 and 2: a continuous coarsening
behavior was observed in the bi-continuous structures
without measurable densification. Fig. 4 shows the Au vol-
ume fraction in the nanoporous samples coarsened at 550,
600, and 650 °C, from 10 min to ~6 h. While a slight trend
towards a higher fraction (i.e. densification) with increasing
time might be present, the volume fraction can be consid-
ered to remain constant at ~28% (the average is 28.4% with
a standard deviation of 2.1%), indicating that sintering is
negligible in this region of the sample, which is expected
to be representative of the bulk behavior. For this reason
in the remainder of this paper the coarsening of these three
samples (coarsened at 550, 600 and 650 °C) is presented
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Fig. 4. Plot of gold volume fraction in the nanoporous gold sample vs.
coarsening time at 550, 600 and 650 °C.

with detailed quantitative analyses, while the sample coars-
ened at 800 °C, which showed extensive sintering (Fig. 3), is
not further discussed.

3.2. Evolution of feature size

Nanoporous gold exhibits a complex sponge-like net-
work with ligament cross-sections that vary continuously
between nodes, so an average ligament diameter is unrepre-
sentative. Rather, here we use the inverse of the specific
area, where the specific area (S,) is calculated as the ratio
of solid (gold) surface to solid volume, and we take 1/S, to
represent the feature size, as was done by Kwon et al. [41].
Fig. 5 displays a plot of inverse specific area (feature size)
vs. coarsening time, showing that coarsening occurs at a
rate that increases with temperature. At coarsening time
t =0 the inverse specific area, taken to be 20 4 10 nm, is
below the resolution of TXM and therefore was estimated
from our other diffraction-based X-ray imaging work [47]
and the literature [25,26]. Notice that rapid coarsening
took place during the first 5-10 min.

3.3. Evolution of interfacial shape distributions

ISD evolution was examined as a function of coarsening
time at 550-650 °C (Supplementary Figs. 1-3). However,

500
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200

Feature Size (1/S,) (nm)

100 B

100 150 200 250 300
Coarsening Time (min)

Fig. 5. Plot of feature size (inverse specific area 1/S,) vs. coarsening time
at 550, 600 and 650 °C. The point t =0 (1/Sx =20 & 10 nm) is from the
literature.

since the feature size increases with increasing coarsening
time it is difficult to compare the shape of the pore/liga-
ment interface at different coarsening times, thus a series
of ISD plots in which the curvatures are scaled with the
feature size (1/S4) at 650 °C are shown in Fig. 6.

First, it is apparent that the distribution mostly falls
within the second quadrant of the ISD, which corresponds
to saddle-shaped surfaces where the principal curvatures i
and k, have opposite signs. The area integral of the total
probability has been normalized to unity. A smaller part
of the distribution also falls within the first quadrant (k;
and k, positive), indicating the presence of convex shapes
among the gold ligaments. Only a few concave points
(<1%, third quadrant) were observed on the gold
ligaments.

Despite this normalization, in Fig. 6a—f a broadening of
the ISD is observed with increasing aging time, indicating
that the curvature decreases more slowly than the rate at
which the length scale S grows. This is a clear indication
that the interfacial shape changes during coarsening, i.e. it
is not self-similar over time. The same behavior was also
observed for coarsening at 550 and 600 °C (see Supplemen-
tary Figs. 4 and 5).

3.4. Evolution of interface normal distributions

As shown in the previous section, the interfacial shape
changes during coarsening, meaning that the coarsening
of np-Au is not self-similar, i.e. the initial structure of the
surface does not differ from that at later times by simple
magnification of the earlier structure. This implies that pro-
cesses involving more than a simple change in length scale
of the structure must be occurring during coarsening. To
further assess this phenomenon the evolution of the spatial
orientation of the gold/pore interface was examined. Here
we discuss how the ligament—pore interfaces are oriented
with respect to the sample coordinate system. The crystal-
lographic orientation of these surfaces will be addressed in
the following section. The spatial orientation of the liga-
ment-pore interface can be quantitatively determined using
interfacial normal distributions (INDs), which were calcu-
lated by the following steps [42]. First, the normal direction
for each individual surface patch was calculated among the
surface. These normal directions are then stereographically
projected along the laboratory x-direction: this is an arbi-
trary direction perpendicular to the wire axis (longitudinal
direction along the wire) which corresponds to the beam
direction when the sample stage is at 0°). An inhomoge-
neous distribution in the resulting IND indicates anisot-
ropy of the interfacial morphology [42]. This is visible in
Fig. 7a—f, which displays the INDs as a function of coars-
ening time at 650 °C. The maximum intensity of the INDs
(representing the highest probability of a particular orien-
tation) increases while the fraction of the plot in which
there are no patches of a given orientation (colored a dark
purple in Fig. 8a—f) also increases in area, thus the mor-
phology of the np-Au features becomes more anisotropic
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Fig. 8. Comparison of (a) the IND and (b) the {111} pole figure and (c)
the {001} pole figure for a sample coarsened at 650 °C for 160 min. The
red circles indicate matches between the peaks in the IND and the {111}
pole figure. The blue circles indicate matches between the peaks in the
IND and the {001} pole figure. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

as coarsening proceeds. The same behavior was also
observed for coarsening at 550 and 600 °C (see Supplemen-
tary Figs. 7 and 8).

3.5. Micro-beam Laue diffraction of coarsened np-Au
samples

All diffraction patterns from the as-cast wire were the
same, indicating that the as-cast wires are single crystals
within the region scanned (20-50 pm in diameter and
~200 pm in length) or, more likely, show very coarse bam-
boo grains.

The Laue diffraction patterns were collected during
scanning with the X-ray microbeam. The crystallographic
orientation of each individual scanned position was then
analyzed and collected into pole figures. The pole figures
for the tips coarsened for 160 min at 600 and 650 °C are
presented in Figs. 8 and 9, respectively, and show distinc-
tive peaks, as expected for a single crystal with some mis-
orientation, e.g. due to the presence of sub-grains. To
determine the relationship between the spatial orientation



4978 Y.-c.K. Chen-Wiegart et al. | Acta Materialia 60 (2012) 49724981

Fig. 9. Comparison of (a) the IND and (b) the {111} pole figure and (c)
the {001} pole figure for a sample coarsened at 600 °C for 160 min. The
red circles indicate matches between the peaks in the IND and the {111}
pole figure. The blue circle indicates matches between the peaks in the
IND and the {001} pole figure. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

of the ligament-pore interfaces and the crystallographic
orientation of the np-Au sample these pole figures were
directly compared with the IND plots. The strongest
IND peaks match the {111} normal orientation (marked
as red circles in Figs. 8 and 9) and a few weaker peaks also
match {100} marked as blue circles in Figs. 8 and 9).

4. Discussion
4.1. Evolution of ligament size and shape

As shown in Fig. 3, on coarsening at 800 °C the tip
changed shape very significantly as it was sintered. This
indicates that at this stage of coarsening the length scale
of the ligaments and pores approaches the sample size.

For a coarsening process without densification it is well-
known that d o ll/”, where d is the feature size, ¢ is the
coarsening time and n correlates with the mechanism con-
trolling coarsening [11]. A value of n =3 indicates that
bulk diffusion is controlling the process, while n = 4 shows
that surface diffusion dominates. The literature on solid-
state coarsening has widely adopted double logarithmic
plots of d vs. ¢ as the method to determine the value of n
from the slope of the best fit curve [11,48]. However, this
requires that d at the beginning of self-similar coarsening
is small compared with d at later times, which is not true
for coarsening of np-Au, because a non-zero feature size
exists before coarsening begins. Therefore plots of d* vs.
and o vs. 1 were created (see Supplementary Fig. 6). The
dominant coarsening mechanism can, in principle, be
determined by comparing the best linear fit to these two
plots. However, all fittings result in similar coefficients of
determination ranging from R?>=0.92 to 0.98. A reason-
able explanation for the inability to determine an exponent
is that the structure is coarsening in a non-self-similar man-
ner and thus the standard power law description of the
average length scale in the system would not be expected
to hold. An example of such coarsening is coarsening of
the dendrite structure in semi-solid Pb—Sn alloys [42]. Inde-
pendent of the time exponent, however, assuming that the
initial structure is similar at each temperature gives

information about the dominant coarsening mechanism
by plotting the feature size d against the product k¢, with
t the coarsening time and k = exp(—Q/RT), where Q is
the activation energy for the coarsening mechanism, R is
the Boltzmann constant and 7 is the coarsening tempera-
ture. With an accurate choice of Q the data acquired at dif-
ferent temperatures 7, provided np-Au coarsening follows
the same mechanism, should superimpose in the plot. As
shown in Fig. 10a and b, the d vs. kt plots show a much bet-
ter data overlay with QO = Q, = 62 kJ mole™ !, the surface
diffusion activation energy of gold, than with Q = Q, =
212 kI mole™', the volume diffusion activation energy of
gold. This is a strong indication that the coarsening
of np-Au is a result of surface diffusion, as also sug-
gested by Erlebacher [24] using kinetic Monte Carlo
simulations.

If the system was in a non-self-similar coarsening regime
then the scaled ISDs shown in Fig. 6 should not be time-
invariant, as is the case. Thus from both measurement of
the average length scale and the ISDs we conclude that
the np-Au structures are not coarsening in a self-similar
fashion. The reason for the non-self-similarity may be the
increasing anisotropy of the structure as a function of
coarsening time (see below).

Although it was pointed out by Kertis et al. [13] that
np-Au appears to coarsen in a self-similar manner by
qualitative observation of SEM images, our quantitative
analysis of the 3-D np-Au structure shows that np-Au does
not preserve a constant interfacial shape during coarsening.
This is consistent with Erlebacher’s Monte Carlo simula-
tions, in which he showed that, due to time-dependent
pinch-off events, thermal coarsening does not preserve the
shape of the np-Au interface [24].

The scaled ISDs are not symmetrical about the zero
mean curvature line (dotted line in Fig. 6, where x, =
—K1). This is because as the solid volume fraction departs
from 50% the average mean curvature deviates from zero.
The gold volume fraction shown here, 28.4 4+ 2.1%, differs
from our previous result [27], where dealloying a Ag-30Au
alloy resulted in a nanoporous gold structure with a gold
volume fraction of 50 £ 5% and therefore an ISD symmet-
rical about the zero mean curvature line. While sample and
location variation could be the reason for the difference in
gold volume fraction, this may also be caused by errors in
image segmentation in the previous result. The feature size
was much finer in the previous result due to the lower
annealing temperature (400 °C) and the shorter annealing
time (10 min). In addition, the internal feature edges of
the sample were purposely enhanced using Zernike phase
contrast. As a result, the morphology can be identified,
but it is difficult to segment using a simple thresholding
method. Nevertheless, the shape of the ISD and anisotropy
in the INDs remain similar. The quality of the data used in
the quantitative analysis is here much improved and the
features can be well resolved as the samples were coarsened
at a higher temperature (above 550 °C) and for a longer
time (5-160 or 320 min).
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4.2. Interface normal distributions and Laue microdiffraction

In addition to changes in interfacial shape, an increase
in anisotropy with coarsening time is visible in the INDs
shown in Fig. 9. The origin of this anisotropy, which
reflects a preferred spatial orientation of the ligament—pore
interfaces, can be explained by correlating this spatial ori-
entation with the crystallographic orientation of the
pore—gold interface of np-Au.

We previously reported a slight anisotropy in np-Au
annealed for 30 min at 400 °C, which we hypothesized
was due to np-Au surface planes with a low surface energy
(y) being preferred compared with those with a higher sur-
face energy when the structure is undergoing coarsening.
For gold within the temperature range studied here (550-
800 °C), y{111} < {100} < {110}, and the ligament—
pore interfaces are typically faceted, as observed by high
resolution electron microscopy [49].

Direct comparison of the pole figures with the IND
shows that the strongest IND peaks match some of the
peaks in the {111} normal orientation (red circles in Figs.
8 and 9), the plane with the lowest surface energy. A few
weaker peaks then match {100} blue circles in Figs. 8
and 9), the next lower index plane with the second lowest
v in gold. This correspondence between INDs and pole fig-
ures indicates that the preferred crystallographic orienta-
tions may result in a preferred interfacial surface spatial
orientation during coarsening, indicating that the np-Au
inner surface is faceted to reduce the surface energy, as
observed in gold nanoparticles, whose equilibrium shape
was found to be a modified truncated octahedron consist-
ingof {111} and {100} facets [S0-52]. The fraction of sur-
face area with a specific crystallographic orientation can be
quantified by integrating the INDs at the positions corre-
sponding to the specific crystallographic orientation. For
the sample coarsened at 650 °C for 160 min the fraction
of the total surface area which has a {111} orientation is
16.0% with a 10° angular tolerance and 4.2% with a 5° tol-
erance. The fraction of {100} orientation surfaces was
9.7% with a 10° angular tolerance and 2.6% for a 5° toler-
ance. The sample coarsened at 600 °C for 160 min showed
a similar result: 14.7% (10°) and 3.6% (5°) for {111} and

8.9% (10°) and 2.1% (5°) for {100}. This results in an
approximate {111} facet area to {100} facet area ratio
of ~1.7, which may be useful for catalytic applications of
np-Au, as the activity of the catalytic materials frequently
corresponds to specific crystallographic orientations [5].

Although a crystallographic preferred orientation of
{111} and faceting of gold ligaments on the surface in
np-Au during thermal coarsening have been previously
reported using SEM [13] and Schulz diffraction [29], here
we have shown a correlation between the morphology (spa-
tial orientation of the interface) and crystallographic orien-
tation of np-Au. The appearance of facets is also consistent
with the foam coarsening in a non-self-similar manner and
the failure to find a relationship between 1/S, and the
coarsening time with a fixed power law exponent. This is
because the fraction of interface with a given facet orienta-
tion changes during the coarsening process.

This development of preferred orientations during
coarsening of np-Au might be a general feature of other
bi-continuous structures with anisotropic surface energies
subjected to coarsening. Then annealing can be used as a
tool not only to tune the feature size, but also to develop
particular crystallographic orientations of the np-Au inner
surface. These faceted surfaces may directly determine the
function and properties of this material in various applica-
tions, such as catalysis [4], sensors [1] and actuators [3].
Thus future studies addressing feature size-dependent
properties (e.g. optical and mechanical properties) resulting
from annealing should also take into account evolution of
the crystallographic orientation and faceting occurring
during coarsening.

Further factors affecting coarsening of np-Au are resid-
ual silver atoms, partial oxidation of gold atoms during
the dealloying process [53], and the presence of absorbed
species, such as oxygen [54]. These additional species may
play a role in affecting the coarsening behavior by modi-
fying the surface diffusivity of gold atoms. For instance,
the oxides of gold may increase the surface diffusivity
[53] and the absorbed species could change the stress state
on the surface [54]. The effects of these surface modifiers
is beyond the scope of this paper and is left to future
research.
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5. Conclusions

The coarsening of np-Au, created by Ag-Au dealloying,
was studied by X-ray nanotomography as a function of
annealing time (from 2 to 320 min) and annealing temper-
ature (550, 600, 650 and 800 °C). At 800 °C the np-Au sam-
ple was strongly sintered within 2 min, whereas at 550—
650 °C coarsening without significant sintering was
observed up to 320 min annealing time. For these latter
samples 3-D tomographic reconstruction and segmentation
were used to quantify the feature (ligament and pore) sizes,
interfacial curvature and surface normal orientation. The
following conclusions can be drawn.

The feature size (determined as the inverse of the specific
area S;l) increases as a function of coarsening time, but
does not exactly follow a power law over the timescales
and length scales accessed in our experiments, so it cannot
be determined whether bulk or surface diffusion controls
coarsening. Consistent with this, we find that the interfacial
morphology, as quantified by the interfacial shape distribu-
tion, is not self-similar over time. We find that the mor-
phology of the structure becomes increasingly anisotropic
with coarsening time, with the area of the interface with
surfaces having a low interfacial energy increasing with
time. This may be the cause of the non self-similar coarsen-
ing behavior. This implies that coarsening can be used as a
mechanism to tune the properties of the nanoporous struc-
tures through this change in distribution of crystallo-
graphic orientations of the surfaces, thereby affecting the
surface functionalities of nanoporous gold in various appli-
cations, e.g. as catalysts, sensors and actuators.
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