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ABSTRACT

We study the evolution of silver-rich regions, or ‘clusters’, during the making of nanoporous gold by
dealloying. The clusters, which are remnants of the master alloy that have evaded corrosion, impact the
functional behavior of the material. Furthermore, they carry information on the structure size in the ini-
tial stages of dealloying. Using kinetic Monte Carlo simulations, we emulate electrochemical dealloying
at various electrode potentials. Our simulations illustrate the two-stage character of the process, where
primary dealloying generates the initial network of nanoscale ligaments, while the subsequent secondary
dealloying is characterized by coarsening and further dissolution. Silver-rich clusters, embedded in es-
sentially pure gold, form during primary dealloying throughout the range of dealloying potentials of the
study. At this point, their size scales with that of the ligaments. Both sizes decrease with increasing deal-
loying potential, and the trends of size versus potential agree with a Gibbs-Thompson type relation. Yet,
when coarsening increases the ligament size during secondary dealloying, the size of the silver clusters
remains constant. Directly accessing the initial ligament size of nanoporous gold in experiment is chal-
lenging, yet our study links this size to that of the silver-rich clusters. The clusters survive even in the
later stages of dealloying and their size can be measured. This provides an experimental signature of the

initial size.

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Dealloyed nanoporous metals, and specifically nanoporous gold
(NPG), are of interest as functional material for actuators [1-5],
catalysts [6-8], sensors [9-11], and energy storage [12-14]. As bi-
continuous networks of nanoscale ligaments, they also offer oppor-
tunities for fundamental studies of the mechanics, thermodynam-
ics, and kinetics [15-18] at the nanoscale.

The nanoscale network of NPG is the product of a corrosion
process in which the less noble constituent Ag is dissolved from
its solid solution with the more noble constituent, Au. As a gen-
eral rule, NPG retains some of the initial Ag. The residual Ag atom
fraction, xfg, varies from 0.60 down to 0.02 [19,20]. The impact of
residual Ag on Young's modulus [21] and strength [22] of NPG have
been reported. Residual Ag also reinforces the surface-enhanced
Raman scattering (SERS) of NPG [23]. When NPG serves as a het-
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erogeneous catalyst, increasing xi\egs can enhance the reactivity, as
has been found for CO oxidation [24,25], or it can severely im-
pair it, as for the example of methanol oxidation [26,27]. Finally,
achieving control over the residual Ag is a prerequisite for mul-
tistep dealloying protocols that have been used for creating NPG
with a hierarchical nested-network nanostructure [28,29].

Typically, the spatial distribution of the residual Ag is of rele-
vance. Catalysis, for instance, is sensitive to segregation (or not) of
Ag to the surface. Multistep dealloying protocols require a homo-
geneous distribution of Ag in the porous material that serves as
a template for a second dealloying step. These remarks motivate
that detailed information on the evolution of the residual Ag con-
tent and the processes that govern the distribution of Ag within
the NPG microstructure is important for understanding both, deal-
loying and the behavior of the dealloyed metal.

The present understanding of the atomic-scale processes behind
the nanostructure formation by dealloying of Ag-Au rests largely
on a study by Erlebacher using kinetic Monte-Carlo simulation
[30]. Along with follow-up work by the same technique [31-34],
that study establishes how the nucleation of vacancy islands - en-
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abling the attack of lower terraces and, thereby, the growth of new
pore channels — competes with the passivation that results from
the surface enrichment in Au. Bifurcation at the tips of advanc-
ing pore channels creates a network of nanoscale ligaments, again
covered with a nearly passivating Au layer. That layer has been im-
aged with atom probe tomography [35]. The passivation implies
buried regions of the master alloy that are not immediately at-
tacked by the corrosion. Yet, as the corrosion front propagates into
the depth of the master alloy, the nanoscale network structure that
was formed during the initial corrosion events ("primary dealloy-
ing” [19]) coarsens by surface diffusion. That process ("secondary
dealloying” [19]) redistributes the Au component, thereby gradu-
ally uncovering more and more of the buried regions and promot-
ing further dissolution of Ag.

By a combination of simulation and element-sensitive,
transmission-electron-microscopy-based tomography, it has been
demonstrated that remnants of the Ag-rich regions survive even
after the extensive microstructural coarsening that accompanies
the later stages of corrosion [33]. These regions take the form
of isolated nanoscale clusters, and their local composition agrees
with that of the master alloy [26,33]. Even though each Ag-rich
cluster may eventually be dissolved, the Ag in the surviving ones
has never been redistributed by diffusion. Annealing - without
dissolution - is required for homogenizing the Ag distribution in
NPG [33].

While the net Ag content decreases throughout the dealloy-
ing, the above-mentioned studies do not reveal whether and how
the mean size of the discrete Ag regions evolves. The suggestion
[33] that they retain their mean size awaits verification. That no-
tion is relevant, since it implies that the clusters are representa-
tive of the initial ligament structure, which is formed as a result of
the nanoscale self organization during primary dealloying. Experi-
mental data on the initial ligament size — which is an important
characteristic of dealloying - remain elusive. Many experimental
studies of NPG report ligament sizes of several tens of nanometers.
This appears consistent with in-situ small angle scattering stud-
ies of dealloying, which suggests initial sizes around 20-30 nm for
NPG [36-38]. Yet, as coarsening concurs with dealloying, even the
in situ experiments average over microstructural regions in differ-
ent stages of corrosion and coarsening and so may not catch the
initial ligament size in isolation. If it could be confirmed that the
size of the silver clusters remains invariant during coarsening, then
these microstructural features could provide a persistent signature
of the ligament size during primary dealloying. They would then
be a basis for investigating the initial microstructure ex situ by
TEM studies even in material that has undergone substantial coars-
ening during secondary dealloying.

Here, we use kinetic Monte Carlo (kMC) simulation for studying
the evolution of the nanostructure of NPG during primary and sec-
ondary dealloying, with an emphasis on characterizing the silver-
rich clusters. We confirm that the size of those features remains
invariant even after substantial ligament coarsening, and we link
that size to the initial ligament size.

2. Methods
2.1. Dealloying simulations

We used an independent implementation of the kMC algorithm
described in detail by Erlebacher [30], adopting also all materials
parameters of that study. That approach reaches semi-quantitative
agreement with experimental signatures of dealloying [30-33]. The
initial structure is a random substitutional solid solution of Ag and
Au on a rigid, face-centered cubic (FCC) crystal lattice. A free sur-
face is open to corrosion, and periodic boundary conditions are as-
sumed in the in-plane directions. Two fundamental types of events
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are allowed: surface diffusion of any atom, and dissolution of Ag
atoms only.

In a diffusion event, an atom with nearest-neighbor coordina-
tion number n may jump to one of its vacant neighboring sites.
The hopping rate, kdiff, associated with this type of event is

diff _ nEy
k™ = vp exp kT’ (1)

with vp the Debye frequency, E, the bond energy, kg the Boltz-
mann constant, and T the temperature. We took vp = 10 s—! and
E, = —0.15 eV; this is consistent with earlier work [30,33]. Also as
in earlier work [33], only jumps to a target site with at least three
neighbor atoms are allowed for diffusion events. This suppresses
regular Schwdbel jumps. All simulations in this work were run at
T =300 K.

Dissolution events are also treated by a bond breaking model.
Here, only Ag atoms are considered, and the activation energy is
modified by a parameter, ¢, that measures the "dealloying poten-
tial”, more precisely, a product of the electrode potential - which
drives the dissolution in a dealloying experiment - and the charge
transfer per dissolved atom, here one elementary charge. With at-
tention to dealloying above the critical dealloying potential and,
hence, with a large net driving force for dissolution, the model
ignores redeposition processes. The per-atom rate of dissolution
events associated with n-coordinated Ag atoms is thus

nk, + ¢
kBT ’ (2)

Here, vg represents an effective attempt frequency that includes
the energy barrier governing the exchange-current density. We
used vg = 10* s~1 [30]. Dissolution is limited to surface Ag atoms
with more than 3 vacant neighboring sites.

The simulation unit cell is a rectangular parallelepiped compris-
ing 2.1 x 10% atoms and bounded by {111}-, {110}- and {112}-type
faces. The free surface for corrosion is (111)-oriented, and periodic
boundary conditions apply in the orthogonal directions. With a lat-
tice parameter of 408 pm, the thickness of the unit cell is 30.1nm
and its lateral extensions are 36.8 and 31.9 nm in the [110] and the
[112] direction, respectively. Initially, the lattice sites are occupied
at random, with a net atom fraction Ag;5Au,s. That composition is
used in typical experimental studies of NPG.

Values of ¢ ranging from 1.00 eV to 1.25 eV were applied.
This potential range gives an interval of 3 x 10 in dealloying time,
which is sufficient for our analysis of the dealloying kinetics.

We used the open-source software Ovito [39] for visualization.
The "Cluster Analysis” modifier in OviTo (with the cut-off radius
set to 3.0 A, just beyond the nearest-neighbor spacing) was used
for identifying and displaying percolating clusters during primary
dealloying.

kdiss — yg exp

2.2. Analysis of characteristic size

Our analysis of characteristic length scales, L, is based on au-
tocorrelation functions. The autocorrelation function, H, of a phase
in a microstructure measures the average, over all material points
in that phase, of the fraction of the phase in a spherical shell with
radius r around the respective material point. The initial slope of
H(r) gives the reciprocal of the feature size according to [40,41]

dH 3)

L'=——| .
dr r=0

In this way, a mean ligament size was determined by analysis of
the autocorrelation function, H,y,, of the entire solid phase (com-
prising Au and Ag). Furthermore, we have computed the Ag-Ag au-
tocorrelation function, Hag_ag, based exclusively on the Ag compo-
nent. This provided the basis for analyzing the mean size of the Ag
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Fig. 1. Evolution of the dissolution current. (a) Log-log graph of flux density, j, as
a function of dealloying time, t, at dealloying potential ¢ = 1.15 eV. Shaded regions
denote stages of initial surface layer roughening and passivation (A), steady-state
dealloying front propagation (B), and coarsening of the completely porous sample
(C). Note the drop in j upon transition from stage B to C. (b) Log-log graph of j(t)
during stages B and C for different ¢. Inset: power law exponent n in j oc t" versus
¢ during stage C, as obtained from linear regression to j(t) on the log-log scale
of the graph. Note n appears independent of ¢, with mean value n =1.20 & 0.07
(horizontal line in graph).

clusters. In each case, the periodic boundary conditions were taken
into account when computing H(r).

3. Results
3.1. Dissolution flux density and Ag content

We first inspect the evolution of the dissolution flux density,
j, which is defined as the number of dissolved Ag atoms per site
of the original master alloy surface and per time. When multiplied
with the elementary charge, j represents a dissolution current den-
sity that scales with the experimental current density (per area
of the macroscopic, external surface) of electrochemical dealloying
experiments.

Fig. 1 a shows j versus the dealloying time, t, for the exam-
ple of ¢ = 1.15 eV. In line with Ref [30], j exhibits three apparent
stages. The onset of dealloying - stage A in the figure - exhibits
the very high j of a pristine alloy surface, prior to the formation
of a passivating Au layer. This stage corresponds to the dissolution
of the first few atomic layers only. The subsequent plateau - stage
B - with essentially constant j characterizes the emergence of a
steady-state dissolution front that propagates into the depth of the
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Fig. 2. Primary and secondary dealloying. (a) Ag fraction, xa4, versus dealloying
time, t, during dealloying at different ¢. Discontinuous change in slope of xag(t)
marks transition (open circles) between primary and secondary dealloying. Inset:
Xag at the point of transition, plotted versus ¢. (b-d) Renderings of microstructure
at different time during dealloying at ¢ = 1.15 eV, see also markers on the respec-
tive graph in (a). Master alloy after dissolution of roughly one monolayer (b) shows
initial surface roughening and partial passivation by enrichment in Au. During pri-
mary dealloying (c), corrosion front is seen to separate master alloy from nanoscale
network. At the transition between primary and secondary dealloying (d), master
alloy is completely consumed. Secondary dealloying (e) concurs with coarsening of
the ligaments.

sample. A sharp drop of j is observed when that front has swept
the entire sample. Dissolution then continues, in stage C, yet with
much smaller j and at an ever decreasing rate. Note the logarith-
mic time axis of Fig 1a; stage A is extremely brief and stage C has
by very far the longest duration.

Fig. 1 b shows analogous graphs for different dealloying po-
tentials, omitting stage A and focussing on stages B, C for clarity.
While rates increase and time scales decrease with increasing ¢,
it is seen that the same general phenomenology - and specifically
the two well-separated stages - are consistently observed at any
potential.

Fig. 2 a shows how the Ag atom fraction, xg, evolves with time
for different dealloying potentials. All graphs exhibit a fast initial
decay that ends in a discontinuous change in slope. That change
(open circles in Fig. 2a) reflects the sharp drop in j of Fig. 1b,
in other words, the transition between stages B and C. The large
change in dealloying rate is exemplified by the graph at ¢ = 1.15
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eV. While it takes only ~14 s for the Ag content to decrease from
0.75 to ~ 0.18, at least 2.5 x 10 s is needed for decreasing Xpg Dy
the same factor again, to reach ~0.03.

Figs. 2 b-e display the evolution of the microstructure for the
example of ¢ = 1.15 eV. It is obvious that the fast dissolution in
stage B corresponds to a quasi steady state where the corrosion
front propagates through the sample, while the slow dissolution in
stage C concurs with coarsening.

The discontinuous change in slope of xag(t) and the associated
drop in the dissolution current mark the instant when the corro-
sion front has crossed the entire sample, in other words, the transi-
tion between primary and secondary dealloying. That observation
applies at each ¢. The finding establishes that the sharp drop in
j(t) and the associated change in slope of xag(t) mark the transi-
tion between primary and secondary dealloying.

With the signature of the transition between primary and sec-
ondary dealloying established, Fig. 1 is seen to imply constant
dissolution current and, hence, constant velocity of the corrosion
front during primary dealloying at any given value of ¢. By con-
trast — see inset in the figure - secondary dealloying is distin-
guished by a power law behavior where j decays with time ac-
cording to j oc t—", with the exponent n = 1.20 + 0.07, independent
of ¢.

The residual Ag fraction after primary dealloying decreases with
increasing dealloying potential (Fig. 2a Inset). For example, an in-
crease of ¢ from 1.00 eV to 1.25 eV leads to a decrease of xa, from
0.35 to 0.10 in the primary-dealloyed samples.

3.2. Composition profile and microstructure

Fig. 3 a inspects a snapshot of the microstructure during pri-
mary dealloying. The rendering at the top of the figure shows all
atoms, Ag and Au, in a column along the corrosion direction, cut
from the simulation unit cell. Distinct regions corresponding to the
master alloy and the primary dealloyed NPG are apparent, with a
transition region of finite thickness at the corrosion front. For the
same subvolume of the simulation, the rendering in the centre of
the figure shows the Ag atoms only. Each group of atoms forming
an individual contiguous (by nearest-neighbor contacts) cluster is
shown in a separate hue. The display illustrates the transition from
the single percolating cluster (gray) of the master alloy to isolated
clusters (colored) behind the corrosion front. Composition profiles
were constructed by taking the average, X,, of the Ag fraction in
each of the [ = 1..129 layers of the entire simulation unit cell (with
I =1 referring to the external surface layer) parallel to the external
surface and plotting Xag versus I. The graph of X,g versus depth at
the bottom of Fig 3a shows that the Ag fraction is sensibly constant
at Xag ~ 0.18 in the primary-dealloyed structure.

Fig. 3 b plots the composition profile of the corrosion run of
Fig. 3a at different dealloying time. As above, X, is sensibly con-
stant in the primary dealloyed NPG. It is only at the much longer
times that correspond to secondary dealloying that X5 can be seen
to slowly and uniformly drop.

The evolution of the composition profile suggests that the dis-
solution of Ag behind the corrosion front is negligible in the
primary dealloying stage. This is simply a consequence of the
very short duration of the primary dealloying and of the much
longer duration of the secondary dealloying. It is this difference
in timescales that allows us to discuss the two dealloying stages
separately. Hence, in the subsequent analysis, the evaluation of Ag
cluster size and ligament size was done on the NPG structure part
of the partially dealloyed sample at primary dealloying stage, while
such an evaluation of sizes will be done for the entire structure at
secondary dealloying stage.

Focusing on the secondary dealloying stage at ¢ = 1.15 eV,
Fig. 4 shows slices through the sample. Ag atoms (green) appear
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Fig. 3. Evolution of composition and formation of Ag clusters during primary deal-
loying. (a) Rendering (top) of all atoms in partially dealloyed structure at time
t = 7.4 s exhibits three regions: Ligament network of primary dealloyed NPG (left),
corrosion front (middle), and virgin master alloy (right). Ag and Au atoms are
shown in gray and golden, respectively. Rendering (centre) of Ag atoms only in the
same structure as top shows contiguous cluster in the master alloy disintegrating
into isolated clusters behind the corrosion front. Each contiguous cluster of Ag atom
is distinguished by an individual color. Graph (bottom) of Ag fraction, Xag, of each
layer | in that state shows sensibly constant composition in the primary dealloyed
part. (b) Composition profiles at various instants, as detailed in legend. All graphs
are for dealloying at ¢ = 1.15 eV. Ag fractions in (a) and (b) represent averages over
cross-sectional planes from the entire simulation unit cell. For clarity, renderings in
part (a) show only a subvolume of that cell. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Renderings of slices cutting through NPG structures at different time during secondary dealloying at ¢ = 1.15 eV. Au and Ag atoms are coded red and green,
respectively. (a-d) Secondary dealloying gradually dissolves Ag clusters and coarsen ligaments. No redistribution of Ag atoms are observed and mean silver cluster size seems
to be constant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

aggregated in Ag-rich clusters within a matrix of pure Au (red).
The initial structure in this figure corresponds to the end of pri-
mary dealloying. Here, the Ag clusters tend to extend throughout
the ligaments and up to a thin (essentially one atomic layer) pas-
sivation layer of pure gold at their surface. Thus, the characteristic
size, Lag, of the clusters is slightly smaller than the characteristic
size, Lyg, of the ligaments. As ligaments coarsen during secondary
dealloying, the number of Ag clusters diminishes. Yet, the charac-
teristic size of the surviving clusters remains sensibly constant. The
next section presents a quantitative analysis of the evolution of Lag
and Ljjg.

3.3. Silver cluster size and ligament size

Figs. 5 a,b plot the autocorrelation functions for all atoms,
Hiorar (1), and selectively for the silver component, Hag_pg(r), at dif-
ferent dealloying time. The implications for the evolution of L
and Lag, based on Eq 3, during dealloying are shown in Figs. 5c,
along with xa,. These data yield two notable observations, which
we found to apply generally to dealloying at all investigated ¢.
Firstly, both Lag and Lj;; remain constant throughout the primary
dealloying. Secondly, while L;;; increases during secondary dealloy-
ing, Lpg remains constant.

Fig. 6 a inspects how Ls, and the ligament size, Lﬂg, during
primary dealloying vary with ¢. It is seen that Lﬂg is quite sen-
sitive to ¢, covering a factor of 4 within the potential interval of
our investigation. Furthermore, we find that the inverse of each of
the characteristic sizes varies linearly with the dealloying potential.
Straight lines of best fit to both data sets converge to the iden-
tical ¢-value, ¢ =0.900+0.002 eV, in the limit of infinite size.
This is consistent with a constant ratio between the two sizes. The
slopes indicate that this ratio takes the value Lj;z/Lag = 1.28. This
is also borne out when size-ratios are computed individually at
each ¢, as indicated by the inset. The ratio Ljjg/La; here emerges
as 1.30+0.07.

Fig. 6 b shows the ligament size during the secondary deal-
loying at different ¢ as a function of t. Independent of ¢, the
Ljjz data coincide. Moreover, at large t the graph converges to the
growth law Lj;y o t1/4, This is expected for curvature-driven coars-
ening by surface diffusion [42] and has been confirmed in pre-
vious kMC studies of NPG coarsening [18]. We emphasize that
Fig. 6b shows the identical Ljjz(t) dominating the coarsening dur-
ing the entire period of the secondary dealloying. For the example
of ¢ = 1.05 eV, that period ranged from 10 s to about 106 s. This
amounts to 99% of the whole dealloying time. While being deci-
sive in determining structural sizes in the primary dealloying, the
applied potential has - within the assumptions of our simulation -
little influence on the growth kinetics during the secondary stage.

We now look at the relation between ligament size and resid-
ual silver content during the secondary stage. The log-log plot of

Fig. 6¢ shows xag versus Ly for simulations with different ¢. The
essentially linear variation suggests the power law

Lijg o (xag)™. (4)

As shown in the inset of Fig Gc, straight-line fits to the data in-
dicate that the exponent m is sensibly independent of the applied
potential, m = —0.57 + 0.02.

4. Discussion
4.1. Two-stage characteristic of dealloying

The results of our simulations consolidate the notion [19] that
the dealloying process comprises two clearly distinct stages,
namely primary and secondary dealloying. During the primary
stage, most of the less noble atoms are dissolved and a 3D network
is formed. That process establishes lower limits of the ligament
size which may be reached by dealloying, and it forms the initial
topology of the ligament network [19,30]. The secondary dealloy-
ing stage is characterized by coarsening of the network structure
by surface diffusion. The less noble atoms that were retained af-
ter primary dealloying are here slowly dissolved as they are ex-
posed at surfaces during the microstructure evolution. In experi-
ments, the two stages typically take place concurrently: While the
corrosion front of primary dealloying progresses into the depth,
secondary dealloying proceeds in its wake.

In corrosion experiments on macroscopic samples, primary and
secondary dealloying will - in separate regions of the sample -
generally occur simultaneously at any moment in time. By con-
trast, the extremely small size of our sample results in the two
processes being essentially separated on the time axis. The cor-
rosion front with its primary dealloying process quickly sweeps
through the simulation volume, and noticeable secondary dealloy-
ing sets in only much later. Therefore, we can here separately ana-
lyze and discuss primary and secondary dealloying.

4.2. Ligament size during primary dealloying

In our simulation, the ligament size is found to vary as L1 «
(¢ — ¢g) with ¢g ~ 900 meV. In principle, this law would be ex-
pected if ¢y could be identified with the Nernst potential and
if a Gibbs-Thompson type relation linked the surface curvature -
which scales with L1 - to the overpotential, n = (¢ — ¢g)/qe. It
is tempting to adopt this notion, not the least because 900 meV
rather precisely compensates the free energy of formation of the
alloy crystal in our simulation.! The scaling between 1/L and 75

1 For our model, the formation energy - which is also the enthalpy since the lat-
tice is rigid - corresponds to 6 bonds per atom at a bond energy of —150meV, or
a total of —900 meV. The entropy (vibrational as well as configurational contribu-
tions) of the rigid lattice is zero for the pure components. Furthermore, under the
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Fig. 5. Evolution of characteristic size during primary and secondary dealloying. (a)
Ag-Ag correlation function, Hagag, versus interatomic spacing r at different time.
Note time-invariant initial slope. (b) Total correlation function, Hy, (r). Note that
initial slopes decrease during secondary dealloying (time > 20 s). (¢) Characteristic
sizes of silver clusters (Lag) and of ligaments (Ljg) as determined from the initial
slopes of the H(r). Note constant Lyg while Ly, increases during secondary dealloy-
ing. Ag fraction, xg, is also shown. Bin size of 0.2885nm was used in constructing
the H(r). Overpotential is ¢ = 1.15 eV.

would then be the inverse - namely generation of ever smaller
structures with increasing overpotential - of the Gibbs-Thompson
relation’s trend for ever faster dissolution at smaller size and large
overpotential. The appearance of an inverse behavior relates to the
sign of the curvature: the convex particles (positive curvature) in

conditions of our simulation, the dissolution events of Eq 2 are considerably more
frequent than the diffusion jumps of Eq 1. The solid solution’s configuration space
is then not ergodically sampled within the brief timescale between a Ag atom being
exposed to the mobile surface layer and the atom’s dissolution. Therefore, the pro-
cesses under investigation are not expected to be significantly affected by master-
alloy entropy of mixing contributions.
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0.900 £ 0.002 eV. Bold dash-dotted line: Eq 6, using fit to data for abscissa inter-
cept and the simulation’s materials parameters for the slope. Agreement between
predicted slope and data for Ly, implies that Eq 6 underestimates data for Lj; by
about 30 %. Inset shows ratio between the two characteristic sizes at each ¢; hor-
izontal line in inset denotes average value, 1.30+0.07. (b) Log-log graph of Ljg
during secondary dealloying versus time, t, for different ¢. Note sensibly identi-
cal scaling behavior and trend towards L oct'/4 at long time. (c) Log-log graph of
Ag fraction, Xag Vs. Ljg, during secondary dealloying. Apparent power law exponent
was determined from straight lines of best fit and is plotted versus ¢ in insert.

a classic coarsening scenario have a stronger tendency for disso-
lution at smaller size. By contrast, the active ends of advancing
pore channels in dealloying are concave (negative curvature). Thus,
porosity evolution requires a stronger driving force for dissolution
at smaller size [43,44]. A similar scenario in the context of dealloy-
ing has been discussed as an “inverse Gibbs-Thomson effect” [32],
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and an inverse scaling between 1 and the length scale of alloy dis-
solution has been experimentally confirmed [45].

It is well established that the microstructure evolution during
dealloying is governed by a competition between the trends for
smoothening the surface corrugation and for passivation, both car-
ried by surface diffusion, and a trend for new channels to prop-
agate into the pristine master alloy below the surface, carried by
dissolution [30,44,46]. In this sense it is not expected that an indi-
vidual concept - such as the link between overpotential and cur-
vature that is embodied in the Gibbs-Thompson relation - can, on
its own, provide valid predictions for the microstructure evolution.
Yet, the last-mentioned relation does provide a lower limit for the
pore channel diameter that can be reached at any given value of 7.
We find it instructive to compare this lower limit to our observa-
tions.

Consider a cylindrical pore channel of diameter L, ending in a
hemispherical cup (mean curvature k = —4/L) that is the site of
active corrosion. The minimum required overpotential is [44]

_ y QK _ 4y Q
T g Lge” (5)

where y, ©Q and g. denote the specific surface excess free energy
(or surface tension), atomic volume and elementary charge, respec-
tively. Based on the excess energy in the broken bonds per area of
surface, we find that our values of E,, and a imply y = 0.50, 0.58,
and 0.62 J/m?, respectively, for {111}, {100}, and {110} terraces. As
a rough estimate for a rough surface, we here use the mean of
those values and work with y = 0.57 J/m2.

Solving Eq 5 for L and noting that ¢ = ¢¢ + nqe we find a lower
limit, L;,, for the pore size at

4y Q

bin = ¢—o

(6)

The bold dash-dotted line in Fig 6 shows the prediction of Eq 6 in
a representation of L~! versus ¢. We have used the empirical ¢y=
900 meV of the simulation results, yet we computed the slope by
Eq 6 with the simulation’s input values for € and y. It is seen
that the slope from Eq 6 coincides quite precisely with the data
for the silver cluster size. The agreement with the data for the lig-
ament size, which is the relevant quantity here, is less precise —
by comparing the slopes, it is found that Eq 6 underestimates the
ligament size by about the factor of 1.3. This may still count as
a remarkable agreement, specifically when it is recalled that the
equation presents a lower limit for the pore size. Note that pore
and ligament sizes are expected reasonably similar in nanoporous
metals with not too small ¢. The qualitative agreement between
data and theory supports the notion that the capillary terms of
the Gibbs-Thompson relation are decisive for the link between lig-
ament size and dealloying potential.

The aforementioned arguments also appear to support ¢g =
900 meV as an estimate for the Nernst potential in our study. In
the limit of ¢ — ¢, the dissolution could then provide less and
less excess energy for creating surfaces, bulk dealloying would no
longer be supported, and a critical dealloying potential, ¢, would
need to intervene at some value above ¢y. The expectation is in-
deed borne out as, for AgzsAuys, the model’s ¢ is found between
900 and 950 meV [30]. Nonetheless, our simulation offers no con-
clusive support for such a scenario. Since re-deposition of silver
atoms is ignored in the algorithm, the equilibrium between disso-
lution and redeposition through the exchange current-that is, the
very process that defines the Nernst potential-cannot be modeled.
All discussion of phenomena related to the overpotential must
therefore be qualified as speculative here.
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4.3. Ag cluster size during primary dealloying stage

As pointed out in this paper’s introduction, dealloying has im-
portant applications as a process to forming nanomaterials with an
extremely small microstructure. It is therefore of interest to inves-
tigate how the ligament size depends on the dealloying conditions.
Specifically, the primary dealloying determines the lower limits of
that size. Yet, the simultaneous action of primary and secondary
dealloying in typical experiments makes the experimental isolation
of the primary-dealloying ligament size challenging. In the previ-
ous section, we discussed the variation of the primary dealloying
ligament size with the dealloying potential. Here, we explore how
the above-mentioned challenge can be met.

While discussing the absolute value of L is challenging, the ra-
tio Lﬂg/LAg is more accessible to rationalization. That ratio can be
simply understood as a consequence of the leftover more noble el-
ement being redistributed as a passivating layer on the pore sur-
faces. As long as the microstructure remains sensibly self-similar,
the relative amounts of leftover more noble element and of resid-
ual pristine master alloy remain also sensibly similar. This trans-
lates into self-similar product structures where the thickness of the
passivating layer scales with the size of the ligaments. Our obser-
vation on this scaling, namely ng/LAg = 1.3 irrespective of the ab-
solute value of the primary dealloying ligament size, is important.
This finding suggests that Lﬁg can be inferred from measurements
of Lag. Since our results also show that this latter quantity does
not vary during coarsening, postmortem investigations of the size
of the Ag clusters in dealloyed NPG may be used to identify the lig-
ament size during primary dealloying. Studies by TEM [26,33] and
by atom-probe tomography [35] have shown that the cluster size
is indeed accessible to experiment.

In studies of dealloying, the notion of cluster size arises also in
a different context. The parting limit, that is, the minimum frac-
tion of less noble element required for bulk dealloying, is inher-
ently related to a percolation threshold - bulk dealloying requires a
percolating cluster of less-noble element spanning the macroscopic
volume of the solid solution [47-49]. Near the parting limit, the
lateral extension of the individual percolating clusters - in a high-
density-site percolation scenario - may be linked to the ligament
size [45,50]. In our study, xs; of the starting alloy was substan-
tially above the parting limit. The silver in the starting alloy may
then form sensibly a single, extended cluster, as indeed exempli-
fied by Fig 3a. The characteristic structure size after primary deal-
loying can then not be governed by the percolating silver cluster
size in the starting alloy. Instead, the competition between passi-
vation and corrosion and instabilities of the advancing corrosion
front will be relevant [15,30], and the energy balance that is em-
bodied in Gibbs-Thompson-type relations such as Eq 6 will impose
a lower limit for the characteristic length scale.

4.4. Ligament coarsening during the secondary dealloying stage

Asymptotically at large time, we observe the evolution of the
ligament size during secondary dealloying to follow the power law
scaling, L oc t1/4, that has been observed in previous studies by ki-
netic Monte Carlo simulation [18]. While experiments do not agree
on a time exponent for coarsening of NPG [51-53], the t1/4 law is
consistent with the established theory of surface-diffusion medi-
ated, curvature-driven coarsening [42].

Our model does not link the surface diffusion to the dealloy-
ing potential. Not surprisingly, therefore, the coarsening emerges
as independent of ¢». We note that the experimental situation may
be different, since the applied potential may substantially influence
the surface diffusion coefficient [54,55] and, thereby, the coarsen-
ing rate [19].
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4.5. Ag cluster size during secondary dealloying stage

Our analysis of the evolution of the characteristic length scales
shows that the silver-rich clusters retain their original size from
primary dealloying, even though the ligaments - into which the
clusters are embedded - coarsen. In this context it is impor-
tant to recall that the equilibrium vacancy concentration and the
bulk diffusivity in gold at room temperature are exceedingly small
[19,56,57]. That latter observation is implemented in our simula-
tion code, which does not allow for bulk diffusion. Thus, the con-
figuration of the silver clusters is frozen - and their size a constant
- as long as they remain embedded in the bulk of the ligaments.
As ligaments coarsen, the redistribution of gold by surface diffu-
sion lets the surface migrate through the reference frame provided
by the lattice sites. Whenever the surface intersects a cluster, cor-
rosion acts to remove its silver. The cluster will then rapidly shrink
and vanish.

5. Summary

Using kinetic Monte Carlo simulation, we studied the forma-
tion and evolution of the microstructure during the formation of
nanoporous gold by electrochemical dealloying of Ag-Au. In the fo-
cus of the study are Ag-rich clusters and their relation to the liga-
ment size in the earlier stages of corrosion. For comparability with
previous studies, we adopted the model and its materials parame-
ters from the earlier work. The results may be summarized as fol-
lows:

As advertised in earlier work, dealloying is essentially a two-
stage process. The network structure is formed during primary
dealloying, and the subsequent secondary dealloying coarsens
the network.

The mean ligament size, Lﬂ - after primary dealloying decreases
with increasing dealloying potential.

As remnants of the master alloy, the as-dealloyed network con-
tains Ag-rich clusters; their mean size, Lag, scales with Lﬂg.

Lj; increases in the secondary dealloying stage. Ligament
growth eventually converges to the classic power-law, Ljg o
t1/4,

Throughout the microstructure evolution-during both primary
and secondary dealloying-Lae remains constant.

The finding that Lag scales with Lﬂg and remains constant dur-

ing secondary dealloying has an important implication: Informa-
tion on Lﬁg, as a crucial characteristic which has been challenging
to access by experiment, can be reliably obtained by investigating
the silver cluster size. Since that size is stable, the approach re-
mains applicable even for samples that have undergone substantial
coarsening during secondary dealloying.

We found 1/ng « (¢ — ¢p). In principle, this is consistent with
a Gibbs-Thompson type relation between the overpotential and
the maximum attainable local curvature at the tip of propagating
pore channels. It would indeed be desirable to establish a link be-
tween overpotential and dealloying structure size. Yet, we empha-
size that the present observations on their own provide no firm
basis for clarifying the nature of this link. This is because the es-
tablished kinetic Monte Carlo approach to dealloying - which also
underlies our study - does not afford a reliable discussion of the
Nernst potential or, in other words, of the absolute value of the
overpotential. That advertises the interest in an expanded kinetic
Monte Carlo model, implementing Ag redeposition on top of dis-
solution. Futures studies along those lines might afford quantifying
the Nernst potential value that is consistent with the simulation
scenario.
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