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Porous metals and alloys, such as those fabricated via electrochemical dealloying, are of interest for a variety of energy applications,
ranging from their potential for enhanced catalytic behavior to their use as high surface area supports for pseudocapacitor materials.
Here, the electrochemical dealloying process was explored for electrodeposited binary NiCo and ternary NiCoCu thin films. For
each of the four different metal ratios, films were dealloyed using linear sweep voltammetry to various potentials in order to gain
insight into the evolution of the film over the course of the linear sweep. Electrochemical capacitance, scanning electron microscopy,
and energy dispersive X-ray spectroscopy were used to examine the structure and composition of each sample before and after linear
sweep voltammetry was performed. For NiCo films, dealloying resulted in almost no change in composition but did result in an
increased capacitance, with greater increases occurring at higher linear sweep potentials, indicating the removal of material from
the films. Dealloying also resulted in the appearance of large pores on the surface of the high nickel percentage NiCo films, while low
nickel percentage NiCo films had little observable change in morphology. For NiCoCu films, Cu was almost completely removed at
linear sweep potentials greater than 0.5V versus Ag/AgCl. The linear sweep removed large Cu-rich dendrites from the films, while

also causing increases in measured capacitance.

1. Introduction

Porous metal structures are of increasing technological inter-
est because of a variety of useful physical properties such
as low mass density, high surface area, and high mechanical
strength. These materials also have the potential for enhanced
electrical, thermal, optical, or reactivity behavior, leading
to a variety of possible applications [1]. For example, one
significant factor for increasing the capacity and efficiency
of energy storage materials is either the material itself or the
scaffolding on which it is placed having a high surface area to
mass ratio. Additionally, a high surface area in combination
with enhanced reactivity is useful in catalysis applications.
Electrochemical dealloying of a metallic alloy is one con-
venient and versatile method for producing porous metals.
In most cases, during this process, the less noble (more
thermodynamically active) component is selectively removed
from the alloy material, while the remaining component
rearranges to produce the resulting porous metal [2, 3]. This
process has been used to fabricate a number of different
porous metals, including Au, Ag, Pt, Pd, Fe, Ni, and Cu [4-16].

This more common dealloying process, however, does
not always happen. The reverse process can occur if the
more thermodynamically active component of an alloy is
kinetically stabilized allowing the more noble component
to be selectively removed instead. This atypical “reverse”
dealloying behavior has been shown in NiCu alloys, where
nickel is passivated and copper is removed [17,18]. The porous
material produced in this way has been studied for a number
of applications, including as a substrate for the subsequent
deposition of a pseudocapacitor oxide material [19-26], as
a scaffolding for the addition of small amounts of Pd for
methanol and ethanol oxidation catalysis [27], and directly
as a catalyst for the hydrogen evolution reaction [28, 29].

One distinctive feature of this “reverse” dealloying com-
pared to the more common case is that atomic rearrangement
during the selective removal process is not likely to occur.
This rearrangement is a key component of the more common
type of dealloying [2, 3]. In contrast, the passiviation that
allows the “reverse” dealloying to occur should also hinder
any significant atomic movement of the component that
remains. In fact, this has been observed in the NiCu system,



where a phase-separated core-shell structure in the as-
deposited film led to a tube-like morphology in the dealloyed
material [18, 30]. Thus, “reverse” dealloying of this type has
the potential to produce a variety of final architectures based
on the particular characteristics of the starting material.

The success and versatility of dealloying for binary alloys
have led to the extension of the procedure for a wider range of
materials, such as ternary alloys. In these cases, porous alloys
can be created from the selective removal of one or more
elements from the initial alloy. A number of different ternary
materials, including AuPtAg, AuPtAl, AuCoAl, AuNiAl
AuPtCu, PtCoCu, PtNiAl, PtRuAl, PdCuAl, PdFeAl, and
CoCuAl, have been subjected to dealloying, with applications
ranging from catalysis to sensing to energy storage [31-40].
To date, the most common element included for the purpose
of selective removal is Al In these cases, the sacrificial
component is less noble than the other components; ternary
alloy cases with the potential for the “reverse” dealloying of a
more noble component occurring have not been explored.

In this work, we investigate the dealloying behavior
of binary NiCo and ternary NiCoCu alloys, nickel-based
materials with the potential for “reverse” dealloying and for
which dealloying has not been studied in depth. Thin film
alloys with various compositions were electrodeposited, and
linear sweep voltammetry was used to perform the dealloying
for different ending potentials. The alloy thin films were
characterized both before and after the dealloying procedure
by measuring the electrochemical capacitance of the sample
(a practical in situ measure of the accessible surface area [41])
and by determining the chemical composition with energy
dispersive X-ray spectroscopy. These quantitative results were
combined with scanning electron microscopy images to
describe the dealloying process for these materials.

2. Materials and Methods

2.1. Deposition and Dealloying. NiCo and NiCoCu samples
were deposited using an Epsilon electrochemical workstation
(Bioanalytical Systems, Inc., West Lafayette, IN, USA) capable
of performing a variety of experiments in an electrochemical
cell. The metal alloy films were deposited on wafers composed
of three layers: a Si substrate, a 50 A Ti adhesion layer, and
a 1000 A Au layer (Platypus Technologies, LLC, Madison,
WI, USA). These wafers were broken into roughly 5 mm x
5mm squares to serve as substrates for the deposited thin
film samples. To perform a deposition, a wafer was placed
in a custom Teflon electrochemical cell [42] with a three-
electrode system, where it served as the working electrode,
a cell aperture defining its experimentally active area to be
0.032 cm®. The electrochemical cell also utilized a platinum
coil (Alfa Aesar, Ward Hill, MA, USA) counter electrode and
an Ag/AgCl (3M NaCl) reference electrode (Bioanalytical
Systems, Inc., West Lafayette, IN, USA). All potentials are
reported with respect to this reference.

The electrolyte was an aqueous solution of 0.5 M H;BOj;,
1M Na,SO,, and various combinations of NiSO,, CoSO,,
and CuSO, such that the sum of the concentrations was
constant at 0.1 M. Deposition was performed using four sets
of metal alloy solutions: high nickel percentage NiCo (Set A;
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0.095M NiSO, and 0.005 M CoSO,), low nickel percentage
NiCo (Set B; 0.067 M NiSO, and 0.033 M CoSO,), high nickel
percentage NiCoCu (Set C; 0.063 M NiSO,, 0.007 M CoSO,,
and 0.030 M CuSO,), and low nickel percentage NiCoCu (Set
D; 0.040 M NiSO,, 0.030 M CoSO,, and 0.030 M CuSO,). All
solutions were made using 18 MQ-cm water purified using
a Barnstead Nanopure Infinity system (APS Water Services
Corp., Van Nuys, CA, USA). Chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and used as received.
For deposition, the potential was stepped from open circuit
to —1.000 V and held until 200 mC of charge was deposited
on the working electrode.

To dealloy the deposited thin film samples, they were
returned to the electrochemical cell with a blank electrolyte,
an aqueous solution of 1M NaSO,, where linear sweep
voltammetry (LSV) was performed starting at 0 V, sweeping
at 5mV/s, and ending at a predetermined potential from
0.300 V to 2.500 V.

2.2. Characterization. Each sample was characterized by its
capacitance, composition, and morphology both before and
after it was dealloyed. Capacitance was measured through a
series of cyclic voltammetry (CV) experiments performed
with a 1M KOH electrolyte. The potential was swept from
—-0.250V to 0V and back to —0.250V at a variety of scan
rates ranging from 25mV/s to 400 mV/s. The average CV
current was then plotted against scan rate, from which the
capacitance of the film was extracted.

The films’ compositions and morphologies were mea-
sured using a TM3000 Tabletop scanning electron micro-
scope (SEM) (Hitachi, Tokyo, Japan) with a Quantax 70
energy dispersive X-ray spectroscopy (EDS) attachment
(Bruker, Madison, WI, USA). SEM images were taken of each
sample at x60, x250, and x10,000 magnifications as quali-
tative measures of their morphology. The composition was
measured using the EDS attachment at x250 magnification
for both average composition and compositional mapping.

3. Results and Discussion

3.1. Deposition Results. Four sets of samples were electrode-
posited, each with a different metal composition in the depo-
sition solution. SEM imaging and EDS and electrochemical
capacitance measurements were performed on each sample
in order to characterize the results of the deposition step.
Table 1 lists the average composition results and specific
capacitance (calculated by dividing the capacitance by the
geometric area of the samples) for the four sets, which are also
shown in Figures 1 and 2. The specific deposition solutions
for each set of samples were chosen so that comparisons in
the dealloying results could be made between binary alloy
NiCo samples (Sets A and B) and ternary alloy NiCoCu
samples (Sets C and D) as well as between samples with a
higher percentage of Ni present (Sets A and C) and those
with a lower percentage of Ni present (Sets B and D). Both
the composition and the capacitance displayed some variance
among the nominally identically prepared samples with a
given set, as indicated by the uncertainties listed in the
table and the corresponding error bars in the figures which
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TaBLE I: The average as-deposited composition and specific capacitance results for all four sets of samples. The number of samples in each set,
N, is also listed. The uncertainties listed are the standard deviations of the results, representing the spread of results in nominally identical
depositions. Note that the sum of the average compositions may not add up to exactly 100% due to the averaging procedure.

Set N Ni,,. (%) Copre (%) Cuy,, (%) (C/A)pre (uF/cm?)
A 8 91.0 + 2.6 9.0 +2.6 — 48.1+ 2.7
B 9 3.7 £2.7 68.3+2.7 92+9
C 8 61+3 57103 33+ 380 + 110
D 9 34+4 28.6 £2.2 38 + 740 + 220
100 — —=
. 1 —
L N ; j 000 - —
80 — : — ‘L
SO <
£ o ; %
ca
oy < 100 — —
‘Q-)‘ 40 - E. - —
p= O =
20 — B 22
0 10
A B C A B C D
Set Set
=X Ni FIGURE 2: The average as-deposited specific capacitance for all four
mm Co sets of samples.
ZZ2 Cu

FIGURE 1: The average as-deposited compositions for all four sets of
samples.

are the standard deviations of the individual results. The
variations between sets, however, were generally larger than
those within a given set.

The measured sample capacitance for the lower Ni per-
centage samples was nearly double those for the correspond-
ing higher Ni percentage samples. More significantly, the
capacitance increased by almost an order of magnitude when
Cu was added to the film. These results can be understood
qualitatively when looking at the representative SEM images
of samples in each set shown in Figure 3. The samples without
Cu have a smoother texture, while those with Cu show a
more complex, dendritic morphology, leading to the larger
capacitance measurements. The samples with the largest
measured capacitance, those in Set D, had both larger and a
higher density of dendrites present.

Because the dendrites are prominent features in the
NiCoCu films, EDS mapping was performed on these sam-
ples to explore their compositions in more detail. An example
EDS map is shown in Figure 4. There is some inhomogeneity
in the film composition seen on the scale of the map,
particularly in the Cu composition. Higher Cu composition
corresponds to areas which have a higher density of dendrites.

3.2. Dealloying Behavior. To investigate the dealloying behav-
ior of the alloy samples, the nominally identical samples in
a given set were each subjected to LSV with varying ending
potentials. In some cases, the ending potential, E; ¢y, was
sufficiently high that the integrity of the entire thin film was
compromised during the process. These samples were not
included in the subsequent analysis. The NiCo samples were
able to experience a higher E; ¢y (>1.5V) than the NiCoCu
samples (~1.1V) without being compromised. Additionally,
for the binary samples, those with more Ni were able to
experience a higher E; gy (~2.5V) than those with less Ni
(~1.8V). Thus, the primary factor in structural instability
for these samples was the presence of Cu, and a smaller
contributor to that instability was the presence of more Co
compared to Ni.

3.2.1. Changes in Composition. EDS measurements were per-
formed on each of the samples after the dealloying procedure
to determine whether the composition of the film changed as
aresult. Figure 5 shows the ratios of Co and Cu in the samples
after the dealloying step to before the step as a function of
E, gy for that sample. For the NiCo samples (Sets A and B,
Figure 5(a)), Co,, o5/ Copy fluctuated around 1and did not dis-
play any clear trend with E gy . This implies that any material
that was removed during dealloying was approximately equal
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FIGURE 4: An example backscattered electron (BSE) image and EDS map of a sample from Set D. The sale bar is 200 ym for all the images.
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change in composition for that element.

pre

amounts of Niand Co. Similarly, Co,,,s/Co, for the NiCoCu
samples (Sets C and D, Figure 5(b)) was equal to or slightly
above 1, independent of E; gy. In contrast, Cu,,o,/Cuy, for the
NiCoCu samples (Figure 5(c)) decreased significantly as E; gy,
increased. The decrease in Cu percentage was particularly
large in the high Ni percentage samples (Set C), where the
Cu was reduced to about 10-15% of its initial value for E gy

values larger than 0.5V.

3.2.2. Changes in Surface Structure. Electrochemical capaci-
tance measurements and SEM imaging were performed on
each sample after the dealloying step to characterize the
structural changes to the film as a result. Figure 6 shows

for the samples in Sets A and B, (b) Co,,,,/Co
for the samples in Sets C and D, as a function of E gy. The dotted lines correspond to ratios equal to 1, indicating no

ore fOr the samples in Sets C and D,

the ratio of the measured capacitance after the dealloying
step to before that step, Cp/Cpye, as a function of Ejgy
for that sample. Figures 7-10 show example SEM images for
an as-deposited sample and three dealloyed samples with
increasing E; ¢y for each sample set.

For the high Ni percentage NiCo samples (Set A, Fig-
ure 6(a)), the capacitance ratio remained near 1 until E; gy
was larger than about 1.8V, after which it increased as E; gy
continued to increase. This is consistent with the SEM images
in Figure 7, where the samples dealloyed to E;qy = 0.7V
and 1.5V are very similar to the as-deposited sample, but that
dealloyed to E; gy = 2.5V has a large number of pores where
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FIGURE 7: SEM images of samples from the high Ni percentage NiCo samples (Set A) before dealloying and after different dealloying steps.
The scale bar is 5 ym for all the images.
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FIGURE 8: SEM images of samples from the low Ni percentage NiCo samples (Set B) before dealloying and after different dealloying steps.
The scale bar is 5 um for all the images.

FIGURE 9: SEM images of samples from the high Ni percentage NiCoCu samples (Set C) before dealloying and after different dealloying steps.
The scale bar is 5 ym for all the images.
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FIGURE 10: SEM images of samples from the low Ni percentage NiCoCu samples (Set D) before dealloying and after different dealloying steps.

The scale bar is 5 um for all the images.

material has been removed, increasing the surface area of the
film.

In the low Ni percentage NiCo samples (Set B, Fig-
ure 6(a)), the capacitance ratio also generally increased as
E; gy increased. The SEM images in Figure 8 show relatively
similar morphology regardless of the E; gy value. Thus, the
increase in capacitance is likely due to changes in morphology
around the numerous grain boundaries in the film or smaller
features not resolvable at the scale used for imaging.

Similar to the NiCo samples, the NiCoCu samples (Sets
C and D, Figure 6(b)) have capacitance ratios that generally
increase as E| gy increases. However, these capacitance ratios
are lower than 1 for small values of E gy (less than ~0.5V),
indicating a decrease in surface area compared to the as-
deposited films. This is consistent with the SEM images
in Figures 9 and 10, where the size and density of the
dendritic structures decreased during the dealloying step. The
subsequent increase in capacitance ratio above 1, however,
implies that, after smoothening due to loss of dendrites, the
surface area again increases. Some smaller features due to
additional material being removed can be seen in the SEM
images for high E;gy values; but the increase in measured
capacitance above the as-deposited values, particularly in the
high Ni percentage samples (Set C), implies that many smaller
features are likely present in the dealloyed films.

4. Conclusions

For the binary NiCo combinations studied here, the results
indicate that Ni is a stabilizing agent for Co in the film. Mate-
rial is removed from NiCo films as a result of the dealloying
procedure, as indicated by SEM images and increased capac-
itance measurements; however this occurs only at relatively
high linear sweep potentials, and in these cases, Niand Co are
removed in approximately equal amounts. These results are
distinct from those for NiCu films where “reverse” dealloying
occurs and Cu is selectively removed [17, 18]. Additionally,
the higher the Ni percentage in the film, the higher the
linear sweep potential that the sample can experience without
becoming structurally unsound.

For the ternary NiCoCu combinations studied, “reverse”
dealloying does occur and Cu is selectively removed from the
films. In these cases, Co is still stabilized by the presence of
Ni and is not selectively removed, just as in the binary NiCo
samples. For the ternary films, linear sweep voltammetry
first removes many of the Cu-rich dendrites, decreasing the
measured capacitance, and then removes material from the
bulk of the film, increasing the capacitance. Additionally, the
presence of Cu in the film decreases the maximum linear
sweep potential that the sample can experience before its
structural integrity is compromised.
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These observations are consistent with the behavior seen
for other “reverse” dealloying combinations. The stabilization
of Ni and Co in the thin film allows Cu to be selectively
removed. The material that remains does not significantly
rearrange; instead, the Cu-rich parts of the original morphol-
ogy, such as the dendrites in the ternary films, are those which
are most easily removed. At the same time, if there is too
much Cu in the initial material, its removal may result in the
film itself becoming structurally compromised, particularly
when dealloying to a higher potential.

Future work planned in our lab aims to explore the
dealloying behavior for these nickel-based alloys further,
particularly for cases with similar film compositions but
distinct sample morphologies, such as reduced or eliminated
dendritic structures. These dealloyed nickel-based alloys can
also be used as scaffolds for the subsequent deposition of
electroactive compounds such as the Prussian Blue ana-
logues, resulting in innovative architecture for energy storage
applications.
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