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Abstract

Nanoporous metals produced via dealloying have attracted significant interest due to the interesting physics
surrounding their morphological evolution and how their topologically complex structure influences
mechanical, optical, and electrochemical properties. Their impressive nanostructure-enabled properties —
such as increased catalytic activity, surface-enhanced Raman signals, high strength and large surface-to-
volume ratio — have led to catalysts, sensors, actuators, energy storage, and biomedical device coatings with
superior properties and performance. However, translation of nanoporous metals into practical applications
has revealed needs for new material systems and manufacturing approaches, and consequently better
predictive models for application-specific operating conditions. The goal of this MRS Bulletin issue is to
elaborate on the latest advances in emerging methods and technologies of dealloyed materials that enable
new structures and form factors, machine learning-guided design and synthesis, material recovery and
sustainability for scaled-up production, and stable performance in intended operational environments.

Introduction

The landscape of nanoporous metals has dramatically changed over the last 25 years. What began as a
handful of researchers elucidating the fundamental mechanism of porosity evolution has now expanded
across the globe, with numerous groups studying a range of phenomena related to the synthesis and
properties of these materials. An abbreviated, non-exhaustive trajectory of nanoporous metals is captured
in Figure 1, which is intended to highlight its evolution from application in metalworking to modern fields
such as biomedicine, additive manufacturing and catalysis. However, there are also many more paths this
discipline will take in the future — ranging from commercialization to emerging research topics. The most
pressing challenges and opportunities in nanoporous metals are explored in this issue.



Research on nanoporous metals dates back to binary alloys in aqueous electrolytes under free corrosion
conditions. Cu-Zn and Au-Ag were initially studied because the elements in these respective alloys have
sufficiently large differences in their standard reduction potentials that facilitates selective dissolution®® 6>
8, The dealloying nomenclature originates from this work, where the “less noble” species (Zn and Ag in
the examples above) dissolve into the electrolyte while the remaining “noble” species (Cu and Au in the
examples above) diffuse along the alloy/electrolyte interface. As noted in a previous MRS Bulletin issue®,
dealloying was first seen as an undesirable corrosion phenomenon (de-zincification of brass received
substantial attention as a failure mechanism during the Civil War era®), which then spurred investigations
to understand how selective dissolution leads to brittle fracture in ductile metals'? 13- 6670,

Turning to the modern day, it is recognized that the competition between dissolution and surface diffusion
during dealloying drives the self-organization of a bicontinuous porous network with a characteristic length
scale on the order of 10 nanometers. The underlying physics of this process have been described in a
previous MRS Bulletin issue’' and can be largely attributed to the anomalously high surface diffusivity of
metals in electrolytes”, which had eluded researchers for several decades’™ until the seminal work by
Erlebacher?. Nevertheless, dealloying had been used for centuries prior — in a metalworking process known
as depletion gilding” — to enrich the gold content on the surface of objects made from gold alloys.
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Figure 1. A non-exhaustive trajectory of nanoporous metals. The upper branches primarily illustrate the progression of nanoporous metals from fabrication methods to structural control, followed by advanced
characterization and modeling of their structural evolution during and after dealloying. The lower branches highlight the exploration of their key material properties such as mechanical, fluidic, and optical properties

without/with electrolytes and their potential applications, including catalysis and biomedical applications, along the trajectory.



Developing a Diverse Class of Porous Materials

The insights gained from Erlebacher et al. provided a blueprint for the materials community to build out an
entire class of nanoporous metals®. Until now, more than 30 unary metals and metalloids have been
fabricated into porous structures via dealloying techniques’. The number of dealloyed porous metals and
metalloids has increased nearly tenfold over the past two decades, as shown in Figure 2a. This expansion
beyond nanoporous gold was made possible by innovations in dealloying techniques (Figure 2b). Chemical
or electrochemical dealloying was primarily relegated to fabricating noble-metal bicontinuous networks’,
which drove researchers to explore if selective dissolution in other solvent media could produce these
structures in non-noble metals. The first major foray was liquid metal dealloying (reviewed in 2018 issue
of the MRS Bulletin’®), but even more techniques have emerged over the last few years, including vapor
phase dealloying*, reduction-induced decomposition’’, peritectic melting* and molten salt dealloying!®.
These new techniques and novel materials produced by each technique, along with their characteristics that
enable novel properties and applications are reviewed in the article by Jin et al. of this issue.
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Figure 2. Evolution of dealloying techniques and dealloyed porous metals (a) Expansion of dealloyed porous
metals and metalloids over the last two decades. (b) Examples of (nano-)porous and hierarchical nanoporous metals
produced by various new dealloying techniques (left), such as liquid metal dealloying'®, vapor phase dealloying®,
reduction-induced decomposition”’, peritectic melting* and molten salt dealloying'’, beyond electrochemical
dealloying” (center) and their combination with other scalable techniques (right), such as additive manufacturing>?
and powder metallurgy”. Reproduced with permission from Wada et al.!” and Shi et al.”® Copyright (2011) by
Elsevier; Copyright (2018) by Springer Nature; Copyright (2018) by American Chemical Society; Copyright (2019)
by American Physical Society; Copyright (2021) by Springer Nature; Copyright (2018) by Elsevier; Copyright (2018)
by The American Association for the Advancement of Science; Copyright (2022) by Elsevier.

Beyond the types of materials that can be fabricated, the morphology of nanoporous metals has changed
dramatically since the theoretical description of porosity evolution?. As noted by others** 37, the
connectivity of the resulting nanoporous network is highly sensitive to the initial alloy composition,
dissolution rate during dealloying, and thermodynamic interactions between the elements in the alloy and
the solvent media. By leveraging these insights, the characteristic bicontinuous structure of nanoporous



gold is no longer fixed®® ®! and the morphology of nanoporous metals can now be finely tuned to meet the
needs of a given application. Researchers have been able to fabricate globular and lamellar structures, as
well as connected networks with distinct curvature distributions. However, the effect of morphology on
physical properties has yet to be rigorously quantified and remains a ripe area for research.

Finally, the dealloying protocols themselves have evolved as researchers became more experienced with
nanoporous metal synthesis. Nanoporous metals were initially fabricated via free corrosion, where the
starting alloy was immersed in an acidic solution. This process often led to samples with macroscale cracks
and large volume shrinkage®" #2, which has been since solved by using potentiostats and aqueous chemistry
to dealloy in specific regions of the Pourbaix diagram at controlled dissolution rates®*® and by other
approaches, including imposing compressive plastic strains prior to dealloying®. Further advancements
have included multi-step treatments to create hierarchical networks, and infiltration techniques to create
composites of nanoporous metals with polymers, glasses and dissimilar metals® °!. Looking forward,
researchers have begun to explore combinations of dealloying techniques with standard synthesis strategies
such as powder metallurgy and additive manufacturing®> 7 °> %, These combined approaches offer the
ability to control microstructural hierarchies in a scalable manner, which could lead to components with
complexities that rival biological materials®*.

History and Progress on Material Properties

As illustrated in Figure 1, the properties of these materials are examined and employed across very different

fields. Initial work focused on catalytic features*> 1% mechanical behavior'® ©!- 82 101
33, 36, 102

, and optical
properties due to an interest in “nano-enabled” properties (e.g., increased catalytic activity and
inhibition of dislocation motion due to confined volumes and free surfaces). These investigations were
carried out on nanoporous gold due to its ease of fabrication. However, new nanoporous systems were
developed to better suit the application under study (e.g., moving from nanoporous gold to nanoporous
platinum for hydrogen fuel cell catalysis®® 19 194) While these specific disciplines have continued to
advance with substantial research activity, it is expected that new applications will drive the exploration of
new properties in nanoporous metals; a few are mentioned below.

In the context of mechanical properties, nanoporous gold has served as a model system to study mechanics
of nanoscale network materials. The effect of various parameters — including solid fraction, ligament size
and topological connectivity on network strength and stiffness — has been extensively explored by both
experiments and modelling, and reviewed in 2009 and 2018 issues of the MRS Bulletin’ %, Work in this
area identified the role of surface stress on dislocation activity, and that a high-density of surfaces leads to
unusual behavior, such as yield stresses approaching the theoretical strength of the material®> 1%, In
addition, researchers are now reporting on the deformation behavior of more traditional structural materials
(Fe, Mg, Nb, Ni, Ti, etc.) in both nanoporous'?’ and nanocomposite form factors (i.e., infiltration of or
coating nanoporous metals with polymers, ceramics and other materials)'> 1%,

Moreover, the mechanical properties of nanoporous metals in electrolytes can be reversibly tuned via
controlling the metal/electrolyte interface. The ability to modulate their strain, stiffness, strength and
Poisson’s ratio has led to a new class of hybrid nanomaterials with interface-controlled functionalities® '*
40.109-114 "For instance, work by Weissmiiller et al. demonstrated the first nanoporous metal actuator and
active strain sensor based on the connection between capillary force (surface stress) and electric potential



change or charge displacement> 3. Recent advances have gone beyond interfacial control. By
electrochemically controlling the concentration of hydrogen atoms in nanoporous palladium, Shi et al.
observed an actuation amplitude as large as 4% for >1500 cycles and ~ 40% switchable compliance
change!'* 5, These results were in excellent agreement with the strain-concentration coupling coefficient
in metal hydrides and Larché-Cahn open-system elasticity theory!'*. The ability to reversibly and
significantly change the mechanical properties of a material by controlling the surface state or concentration
of interstitial atoms is remarkable and effectively unique to nanoporous metals. What remains to be
explored is the extent to which strategies of combining chemical-mechanical coupling and nanoscale
geometry to achieve switchable mechanical properties (achieved in model materials such as nanoporous
gold and palladium) can be extended to other, more sustainable materials, and ultimately integrated into
devices.

As catalysts, nanoporous metals display enhanced performance (e.g., low temperature CO oxidation) due
to undercoordinated atoms (on high-curvature ligament surfaces) coupled with large surface area to volume
ratios®” *°. In addition, the dealloying process can be controlled to create core-shell structures, where the
surface is enriched in a single element (e.g., Pt) while the bulk of the ligament maintains a composition
similar to the initial alloy (e.g., P3Ni). This “skin effect” has been examined extensively in thin film and
nanoparticle form factors, and some of the most active catalysts rely on this concentration grading!!®-11%,
However, one aspect that helps set nanoporous metals apart from commercial nanoparticle catalysts is their
ability to be unsupported; removing the need for a carbon support can increase stability during operation.
Furthermore, performance records for the oxygen-reduction reaction have been achieved by infiltrating the
porous metal network with an ionic liquid that has a higher affinity for oxygen than water'' — an

architecture not possible using nanoparticles or other traditional catalyst geometries.

Finally, other intriguing features of nanoporous metals — such as enhanced surface plasmon resonance and
ease in functionalizing surfaces with biomolecular receptors against target molecules (e.g., environmental
pollutants, disease markers) — gave rise to numerous sensor applications, which was covered in a previous
MRS Bulletin issue'?’. The high electrical conductivity and biocompatibility of nanoporous gold elevated
some of these early applications to biomedical tools*- % 121125 The possibility of using nanoporous metals
came about just as conventional blanket coatings (on silicon wafers, slides, and coupons) became
insufficient for these newer applications. Several groups demonstrated techniques to integrate nanoporous
metals in the microfabrication/lithography processes to pattern them to advance studies of structure-
mechanical property relationships® ¢!, control optical properties®® 3% 45, and electrochemical biosensor
arrays’. Emergence of nanoporous metals composed of various elements create additional application
opportunities, some of which are described in the “Sustaining Functionality in Extreme Conditions” section.
While some of the newer materials in their nanoporous form (listed in Figure 2a) have obvious potential
applications (e.g., titanium and tantalum for biomedical implants, germanium for photovoltaics, manganese
for energy storage, hafnium for hydrogen storage and sensing), it is likely that we will witness non-obvious
applications enabled by the novel nanoporous materials.

Optimizing Material Properties through Structural Hierarchy

The above properties (catalysis, sensing, and switchable mechanical behavior) of nanoporous metals all
share similar physical processes: reaction at the nanoporous metal surface/interface and transport of reaction
constituents (i.e., precursors and/or products). Small features are desirable to increase the surface area, and



thus performance, but these processes become transport limited due to the sluggish rates of moving material
through tiny pore channels. Thus, deliberate incorporation of structural hierarchy is at the forefront of
efforts to optimize these materials. This need spurred innovations in dealloying across multiple length
scales, where micron-scale channels surrounded by nanoporous ligaments alleviate transport limitations to
the metal surfaces®: 3> 126,

Multistep dealloying and additive manufacturing-assisted dealloying methods appeared as efficient
approaches to create metals with multiscale hierarchical porosities'> 2* % 127 For instance, two-level
hierarchical nanoporous gold monolithic samples with ligaments at each hierarchy level have demonstrated
enhanced electrochemical performance, improved mechanical properties, and reduced density'>*!. Three-
level hierarchical nanoporous gold monolithic samples have been fabricated by combing dealloying and
direct ink writing techniques, demonstrating further reduced density and improved catalytic performance
through increasing the number of structural hierarchies®>. The combination of bottom-up dealloying and
top-down additive manufacturing facilitates highly customizable shapes at the coarsest hierarchy, a broad
range of densities and intricate geometries. However, achieving adequate mechanical robustness in these
materials remains a major challenge. This limitation arises from substantial volume shrinkage during
dealloying, loss of structural connectivity during coarsening, and non-uniform porosity formed during
sintering (in the case of additive manufacturing). Developing scalable manufacturing techniques that ensure
tailored structure and good mechanical robustness, coupled with a thorough understanding of the interplay
between material synthesis, structure, and properties in hierarchical nanoscale network materials, is crucial
for advancing the use of nanoporous metals in catalysis, energy storage, sensing, and lightweight structural
applications.

Sustaining Functionality in Extreme Conditions

The discussion above demonstrates the painstaking efforts researchers have gone through to finely tune the
structure of nanoporous metals to achieve a desirable set of properties. Unfortunately, as is often the case
with nanoscale features, nanoporous materials are metastable, and their structures will change over time if
given sufficient energy. These changes typically involve coarsening of the nanostructure, which in turn
leads to diminished properties and performance. The article by Snyder et al. in this issue explores the
degradation (and design considerations for stability) of nanoporous metals in emerging applications:
extreme environments. While degradation via temperature has been extensively studied and strategies have
been developed to mitigate thermal coarsening!®®, the role of other thermodynamic variables (such as
mechanical force, electrochemical potential, and radiation) has received limited attention. The applications
discussed in their article represent emerging disciplines, which require both new materials and fundamental
studies on morphological evolution in these environments. Some promising materials and strategies are
highlighted in Figure 3.
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Figure 3. Material and microstructural solutions for nanoporous metals under extremes. (a) Promising strategies to
modify the surface of nanoporous metals to prevent degradation: (left) surface dopants to reduce coarsening and impart
additional catalytic functionality®!; (right) ALD-coatings to improve densification via thermal coarsening and
mechanical deformation'®. (b) Emerging refractory materials to enable operation at high temperatures and radiation
environments: (left) nanoporous W formed via liquid metal dealloying of a TixW.x alloy in molten copper!23; (right)
nanoporous TaC formed via low-temperature gas carburization of de-hydrided Ta power'?. Reprinted with permission
from Biener et al.’’. Copyright (2011) American Chemical Society.

The operating environments for electrochemical devices drive substantial degradation — possibly
counterintuitive considering nanoporous metals are often fabricated via electrochemistry. Separate work by
Fujita'*?, Li"*! and Erlebacher'*? revealed that oxidation/reduction processes during electrochemical cycling
introduces additional mass transport mechanisms for species on the surface of a metal. The diffusion length
of these new mechanisms is often larger than what is possible via surface diffusion, driving extremely rapid
coarsening rates and requiring new mitigation strategies. Minor additions of surface dopants have been
proposed to reduce this new transport mechanism, but selection needs to be centered around electrochemical
stability rather than surface mobility. As a result, the appropriate dopant is not always apparent.

Exposure to radiation, either in a fission or fusion environment, offers a potentially disruptive opportunity
to employ nanoporous metals. A seminal study by Bringa et al. demonstrated that nanoporous metals could
behave as perfect sinks for radiation-induced defects provided the defects migrate to the free surface of
ligaments over timescales shorter than collision cascades'**. However, these environments are also at
temperatures where thermal coarsening will be operative. It is possible that displaced atoms within the
ligaments could have a large effect on surface atoms, potentially driving surface currents that are several
factors larger than pure capillary smoothing. However, detailed and systematic studies are needed to



understand morphological evolution in this complex environment. In addition, the demands of this
environment require the design of radiation-relevant materials such as nanoporous W and SiC.

It is also important to note that it is not only the nanoporous metal that needs to sustain functionality in
extreme conditions, but also the substrate supporting the nanoporous metal coating. Various substrates have
been used that range from temperature/corrosion-resistant yet rigid materials (e.g., silicon, glass) to less
resistant yet mechanically-compliant materials (e.g., silicone elastomers, polyimide). Ultimately, the
nanoporous metal coating and its substrate should be considered together for its resilience in intended
application.

Integrating Modern Techniques with Nanoporous Metal Fabrication

The dealloying community has established several processing-structure-application relationships. For
example, rapid dissolution of the less noble constituent of an alloy thin film, results in microcracks in the
resulting nanoporous film, which can be utilized to enhance molecular transport and improve biosensor
performance®’. Similarly, tuning the porosity hierarchy controls mechanical behavior’' and catalysis
performance’?. Nevertheless, following the topics in this article, one can appreciate that the parameter space
(e.g., elements, solvent media, synthesis protocols) now available for creating nanoporous metals is
expansive compared to two decades ago. Various — often competing — application-specific needs (e.g., high
effective surface area vs. unhindered mass transport) increase the complexity of the design space. To
evaluate these properties, multi-modal characterization methods are often needed. However, selecting the
type of characterization, details of the approach, and subsequently analyzing this output to inform the
iterative design of nanoporous metals is a daunting task. Systematic variation of dealloying parameters (and
protocols) in order to reach a multi-dimensional optimum for a specific application is simply not practical.

Fortunately, the surge of machine learning (ML) research has been timely for addressing the ever-increasing
complexity of the nanoporous metal synthesis-characterization-application space'** 1%, To that end, Karen
Chen-Weigart et al.’s article in this issue discusses recent (ML)-augmented computational methodologies
for predicting precursor alloy composition and final nanoporous structures. In addition, ML approaches are
enabling autonomous experimentation for material design and assessment, further accelerating nanoporous
metal discovery. While representative use of these techniques currently focuses on mechanical properties,
it is expected that the ML approaches can be expanded to other properties (e.g., mass transport, catalytic
activity, surface plasmons) that enable a wide range of applications. The article also describes how more
advanced characterization techniques, such as real-time synchrotron X-ray tomography, can be used for
guiding ML-approaches in a closed-loop manner.

We envision that a material design pipeline, as depicted in Figure 4, might become a routine workflow in
the future for rationally designing application-specific nanoporous metals. In this scheme, combinatorial
material libraries (e.g., thin-film alloys of varying elemental compositions'*®) are generated and
subsequently dealloyed to produce a corresponding library of nanoporous metals. ML-based techniques aid
in the selection of elements, their composition ranges, and most suitable dealloying parameters®. The
resulting nanoporous metal libraries can then be further modified, that is, their morphology can be tuned
via annealing techniques” ® *7, electrochemical cycling® 3% 13 conformal deposition of ceramics'®, or
attaching functional molecules onto surfaces® 2+ 140- 141 These materials are interrogated at each stage of
the process to assess their properties, which are fed into ML algorithms to enhance predictions of structure-



property relationships. Successful “hits” from the later-stage material libraries are incorporated as
functional coatings in devices or systems for specific applications (e.g., biomedical implant coating, fuel
cell electrodes, supported catalysts) for validating their within-application performance and further fine-
tuning ML-based prediction algorithms.
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Figure 4. Envisioned functional nanoporous metal design workflow. Application-specific requirements, informed
by ML algorithms, guide the generation of a material library that displays many alloy combinations. The dealloying
stage converts the precursor library to nanoporous metals, which are subsequently further modified. Ultimately,
selected material combinations from the later libraries are integrated into application-relevant form factors for further
validation. Each stage has numerous processing and characterization options and parameters, which tune the ML
algorithms to improve predictive power.

A natural progression of material innovations is the eventual integration of select material systems into
commercial or industrial products, which come up with its own set of considerations, including cost,
environmental impact, and compatibility with existing manufacturing processes. The article by Detsi et al.
describes a recent technique that leverages the Kirkendall effect (motion of interface between two metals
due differences in their atomic diffusivities) as a method to recover sacrificial materials generated during
the typical dealloying process, where a less noble metal is electrochemically dissolved'*?. Since the
electrochemical dissolution is relatively easy to scale up to large form factors methods, the described
method has the potential to aid in sustainable manufacturing of nanoporous metals.

Concluding Remarks

Taken together, translation of the fundamental knowledge to practical applications highlights the need for
new material systems and manufacturing approaches, and consequently better predictive models for
application-specific materials. The goal of this special issue is to elaborate on the latest advances of these
newer methods and technologies that allow scale-up, machine learning-guided design and synthesis, and
stable and predictable operation in intended environments. We expect that the advancements described in
the included articles will inspire the next level of innovations in engineering nanoporous metals for
impactful applications.



Funding

E.S. acknowledges support from the National Science Foundation (DMR-2003849). .M acknowledges
supported from the Air Force Office of Scientific Research under award number FA9550-22-1-0221.

Conflicts of Interest

The authors declare no conflicts of interest.

Author Contributions

All authors contributed equally to the conceptualization, visualization, and writing/editing the manuscript.

Biographies

Erkin Seker is a professor of Electrical and Computer Engineering, Co-Director for the Center for
Neuroengineering and Medicine, and the Chair of the Designated Emphasis in Neuroengineering, all in
University of California, Davis. He received his PhD degree in electrical engineering from the University
of Virginia (UVA) in 2007. He held postdoctoral positions at UVA in the Chemistry Department from 2007
to 2009 and in the Center for Engineering in Medicine at Harvard Medical School from 2009 to 2011. His
research interests focus on nanoporous metals, electrochemical biosensors, multifunctional neural
interfaces, and microfluidic tissue chips. Seker can be reached by email at eseker(@ucdavis.edu.

McCue is a tenure-track Assistant Professor and the Morris E. Fine Junior Professor in Materials and
Manufacturing at Northwestern University in the Department of Materials Science and Engineering. He
received his PhD degree in Materials Science and Engineering from Johns Hopkins University in 2015. He
held postdoctoral positions at Texas A&M University from 2016-2018 and the Johns Hopkins University
Applied Physics Laboratory from 2018-2020, and then was a Senior Scientist for one year prior to joining
Northwestern University. His research interest is focused on designing materials for extreme applications
and understanding how their microstructures evolve in these environments. McCue can be reached by email
at ian.mccue@northwestern.edu.

Shan Shi is a tenure-track Assistant Professor at the Institute of Materials Physics and Technology at the
Hamburg University of Technology (TUHH) and Head of the Department of Experimental Materials
Mechanics at the Institute of Hydrogen Technology at Helmholtz-Zentrum Hereon (Hereon). She received
her PhD degree in Materials Science from TUHH in 2019. She held postdoctoral positions at TUHH and
Hereon from 2019 to 2021. Her research interests focus on the fabrication of hierarchical nanoporous
metals, the exploration of structure-mechanical property relationships in nanoscale network materials, the
study of open system elasticity, and the development of integrated metallic nanomaterial systems. Shi can
be reached by e-mail at shan.shi@tuhh.de.



mailto:eseker@ucdavis.edu
mailto:ian.mccue@northwestern.edu
mailto:shan.shi@tuhh.de




References

10.

11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

25.
26.
27.

28.
29.
30.
31.
32.
33.

34.

35.

Y. Ito, W. Cong, T. Fuijita, Z. Tang and M. Chen, Angewandte Chemie International Edition
54, 2131 (2015).

Y. Ito, Y. Tanabe, J. Han, T. Fujita, K. Tanigaki and M. Chen, Advanced materials
(Deerfield Beach, Fla.) 27, 4302 (2015).

H.J. Qiu, Y. lto, W. Cong, Y. Tan, P. Liu, A. Hirata, T. Fujita, Z. Tang and M. Chen,
Angewandte Chemie International Edition 54, 14031 (2015).

W.-K. Hu, J.-C. Shao, S.-G. Wang and H.-J. Jin, Physical Review Materials 3, 113601
(2019).

J. Weissmuller, R. Viswanath, D. Kramer, P. Zimmer, R. Wurschum and H. Gleiter,
Science 300, 312 (2003).

D. Kramer, R.N. Viswanath and J. Weissmuller, Nano Letters 4, 793 (2004).

C.A. Chapman, L. Wang, J. Biener, E. Seker, M.M. Biener and M.J. Matthews, Nanoscale
8, 785 (2016).

T.S. Dorofeeva and E. Seker, Nanoscale 8, 19551 (2016).

Z. Matharu, P. Daggumati, L. Wang, T.S. Dorofeeva, Z. Li and E. Seker, ACS applied
materials & interfaces 9, 12959 (2017).

X. Liu, A. Ronne, L.-C. Yu, Y. Liu, M. Ge, C.-H. Lin, B. Layne, P. Halstenberg, D.S. Maltsev
and A.S. Ivanov, Nature communications 12, 3441 (2021).

C. Xu, J. Su, X. Xu, P. Liu, H. Zhao, F. Tian and Y. Ding, Journal of the American Chemical
Society 129, 42 (2007).

R.C. Newman and K. Sieradzki, Science 263, 1708 (1994).

Z. Qi and J. Weissmuller, Acs Nano 7, 5948 (2013).

H.-J. Jin and J. Weissmulller, Science 332, 1179 (2011).

K. Wang and J. Weissmliller, Advanced Materials (Deerfield Beach, Fla.) 25, 1280 (2013).
J. Erlebacher, Physical review letters 106, 225504 (2011).

Y. Ding, Y.J. Kim and J. Erlebacher, Advanced materials 16, 1897 (2004).

J. Biener, A.M. Hodge and A.V. Hamza, Applied Physics Letters 87, 121908 (2005).

T. Wada, K. Yubuta, A. Inoue and H. Kato, Materials Letters 65, 1076 (2011).

H. Pickering and C. Wagner, Journal of the Electrochemical Society 114, 698 (1967).

L. Granadillo, J. Snyder, Z. Xia and |. McCue, Scripta materialia 255, 116373 (2025).
K.R. Mangipudi, E. Epler and C.A. Volkert, Acta Materialia 119, 115 (2016).

Y. Ding and J. Erlebacher, Journal of the American Chemical Society 125, 7772 (2003).
A. ElI-Zoka, B. Langelier, G. Botton and R. Newman, Materials Characterization 128, 269
(2017).

J. Erlebacher, M.J. Aziz, A. Karma, N. Dimitrov and K. Sieradzki, nature 410, 450 (2001).
J. Erlebacher, Journal of the Electrochemical Society 151, C614 (2004).

Y. Xue, J. Markmann, H. Duan, J. Weissmiller and P. Huber, Nature communications 5,
4237 (2014).

J. Snyder, T. Fujita, M. Chen and J. Erlebacher, Nature materials 9, 904 (2010).

X. Lang, A. Hirata, T. Fujita and M. Chen, Nature nanotechnology 6, 232 (2011).

A.V. Okulov, S.-H. Joo, H.S. Kim, H. Kato and I.V. Okulov, Metals 10, 1396 (2020).

S. Shi, Y. Li, B.-N. Ngo-Dinh, J. Markmann and J. Weissmdller, Science 371, 1026 (2021).
Z. Li, O. Polat and E. Seker, Advanced Functional Materials 28, 1801292 (2018).

L. Qian, X. Yan, T. Fujita, A. Inoue and M. Chen, Applied physics letters 90, 153120
(2007).

L. Lai, B. Gaskey, A. Chuang, J. Erlebacher and A. Karma, Nature Communications 13,
2918 (2022).

C. Stenner, L.H. Shao, N. Mameka and J. Weissmdller, Advanced functional materials
26, 5174 (2016).



36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.
58.

59.

60.

61.

62.
63.

J. Qi, P. Motwani, M. Gheewala, C. Brennan, J.C. Wolfe and W.-C. Shih, Nanoscale 5,
4105 (2013).

P.-A. Geslin, I. McCue, B. Gaskey, J. Erlebacher and A. Karma, Nature communications
6, 8887 (2015).

H.-J. Jin, L. Kurmanaeva, J. Schmauch, H. Rosner, Y. lvanisenko and J. Weissmiiller,
Acta Materialia 57, 2665 (2009).

J.-W. Seo, K. Fu, S. Correa, M. Eisenstein, E.A. Appel and H.T. Soh, Science advances
8, eabk2901 (2022).

L. Ldhrs, B. Zandersons, N. Huber and J.r. Weissmililler, Nano letters 17, 6258 (2017).
H. Résner, S. Parida, D. Kramer, C. Volkert and J. Weissmdiiller, Advanced Engineering
Materials 9, 535 (2007).

M.D. Scanlon, U. Salaj-Kosla, S. Belochapkine, D. MacAodha, D. Leech, Y. Ding and E.
Magner, Langmuir 28, 2251 (2012).

E. Seker, Y. Berdichevsky, M.R. Begley, M.L. Reed, K.J. Staley and M.L. Yarmush,
Nanotechnology 21, 125504 (2010).

Y.-c.K. Chen, Y.S. Chu, J. Yi, I. McNulty, Q. Shen, P.W. Voorhees and D.C. Dunand,
Applied Physics Letters 96, 043122 (2010).

D. Jalas, L.-H. Shao, R. Canchi, T. Okuma, S. Lang, A. Petrov, J. Weissmdller and M.
Eich, Scientific reports 7, 44139 (2017).

C. Zhao, K. Kisslinger, X. Huang, J. Bai, X. Liu, C.-H. Lin, L.-C. Yu, M. Lu, X. Tong and H.
Zhong, Nanoscale 13, 17725 (2021).

J. Biener, A. Wittstock, L. Zepeda-Ruiz, M. Biener, V. Zielasek, D. Kramer, R. Viswanath,
J. Weissmiller, M. Baumer and A. Hamza, Nature materials 8, 47 (2009).

Z. Lu, C. Li,J. Han, F. Zhang, P. Liu, H. Wang, Z. Wang, C. Cheng, L. Chen and A. Hirata,
Nature communications 9, 276 (2018).

T. Fujita, P. Guan, K. McKenna, X. Lang, A. Hirata, L. Zhang, T. Tokunaga, S. Arai, Y.
Yamamoto and N. Tanaka, Nature materials 11, 775 (2012).

C. Zhao, C.-C. Chung, S. Jiang, M.M. Noack, J.-H. Chen, K. Manandhar, J. Lynch, H.
Zhong, W. Zhu and P. Maffettone, Communications Materials 3, 86 (2022).

Y.-T. Kim, P.P. Lopes, S.-A. Park, A.-Y. Lee, J. Lim, H. Lee, S. Back, Y. Jung, N. Danilovic
and V. Stamenkovic, Nature communications 8, 1449 (2017).

C. Zhu, Z. Qi, V.A. Beck, M. Luneau, J. Lattimer, W. Chen, M.A. Worsley, J. Ye, E.B.
Duoss, C.M. Spadaccini, C. Friend and J. Biener, Science advances 4, eaas9459 (2018).
D. Farkas, A. Caro, E. Bringa and D. Crowson, Acta Materialia 61, 3249 (2013).

N. Huber, R. Viswanath, N. Mameka, J. Markmann and J. Weilmdller, Acta materialia
67, 252 (2014).

J. Biener, A.M. Hodge, A.V. Hamza, L.M. Hsiung and J.H. Satcher, Journal of applied
physics 97, 024301 (2005).

K. Hu, M. Ziehmer, K. Wang and E.T. Lilleodden, Philosophical Magazine 96, 3322
(2016).

P. Daggumati, Z. Matharu and E. Seker, Analytical chemistry 87, 8149 (2015).

J. Patel, L. Radhakrishnan, B. Zhao, B. Uppalapati, R.C. Daniels, K.R. Ward and M.M.
Collinson, Analytical chemistry 85, 11610 (2013).

V. Zielasek, B. Jurgens, C. Schulz, J. Biener, M.M. Biener, A.V. Hamza and M. Baumer,
Angewandte Chemie International Edition 45, 8241 (2006).

D. Lee, X. Wei, X. Chen, M. Zhao, S.C. Jun, J. Hone, E.G. Herbert, W.C. Oliver and J.W.
Kysar, Scripta materialia 56, 437 (2007).

E. Seker, J.T. Gaskins, H. Bart-Smith, J. Zhu, M.L. Reed, G. Zangari, R. Kelly and M.R.
Begley, Acta Materialia 55, 4593 (2007).

H.W. Pickering, Journal of the Electrochemical Society 117, 8 (1970).

H. Pickering and Y. Kim, Corrosion Science 22, 621 (1982).



64.

65.
66.
67.
68.
69.

70.

71.
72.
73.
74.
75.

76.
77.
78.
79.

80.
81.

82.

83.

84.
85.

86.
87.
88.
89.
90.

91.
92.

93.

94.
95.

96.

97.
98.

R. Newman, S. Corcoran, J. Erlebacher, M. Aziz and K. Sieradzki, Mrs Bulletin 24, 24
(1999).

C. Calvert and R. Johnson, Journal of the Chemical Society 19, 434 (1866).

S. Sun, X. Chen, N. Badwe and K. Sieradzki, Nature materials 14, 894 (2015).

K. Sieradzki and R. Newman, Philosophical magazine A 51, 95 (1985).

N. Beets, J. Stuckner, M. Murayama and D. Farkas, Acta Materialia 185, 257 (2020).

N. Badwe, X. Chen, D.K. Schreiber, M.J. Olszta, N.R. Overman, E. Karasz, A. Tse, S.M.
Bruemmer and K. Sieradzki, Nature materials 17, 887 (2018).

R. Kelly, A. Frost, T. Shahrabi and R. Newman, Metallurgical Transactions A 22, 531
(1991).

J. Erlebacher and R. Seshadri, Mrs Bulletin 34, 561 (2009).

E. Seebauer and C. Allen, Progress in surface science 49, 265 (1995).

H.W. Pickering, Corrosion Science 23, 1107 (1983).

Q. Sang, S. Hao, J. Han and Y. Ding, EnergyChem 4, 100069 (2022).

Z. Zhang, Y. Wang, Z. Qi, W. Zhang, J. Qin and J. Frenzel, The Journal of Physical
Chemistry C 113, 12629 (2009).

I. McCue, A. Karma and J. Erlebacher, Mrs Bulletin 43, 27 (2018).

C. Wang and Q. Chen, Chemistry of Materials 30, 3894 (2018).

S. Shi, J. Markmann and J. Weissmuiller, Electrochimica acta 285, 60 (2018).

A. Chuang, J. Baris, C. Ott, |. McCue and J. Erlebacher, Acta Materialia 238, 118213
(2022).

J. Erlebacher and K. Sieradzki, Scripta materialia 49, 991 (2003).

T. Fujita, L.-H. Qian, K. Inoke, J. Erlebacher and M.-W. Chen, Applied Physics Letters 92,
251902 (2008).

S. Parida, D. Kramer, C. Volkert, H. Résner, J. Erlebacher and J. Weissmililler, Physical
Review Letters 97, 035504 (2006).

Y. Zhong, J. Markmann, H.J. Jin, Y. Ivanisenko, L. Kurmanaeva and J. Weissmilller,
Advanced Engineering Materials 16, 389 (2014).

N. Badwe, X. Chen and K. Sieradzki, Acta Materialia 129, 251 (2017).

J. Hayes, A. Hodge, J. Biener, A. Hamza and K. Sieradzki, Journal of Materials Research
21, 2611 (2006).

J. Snyder, K. Livi and J. Erlebacher, Journal of the Electrochemical Society 155, C464
(2008).

Y. Sun and T.J. Balk, Scripta Materialia 58, 727 (2008).

O. Okman and J.W. Kysar, Journal of alloys and compounds 509, 6374 (2011).

E. Seker, M.L. Reed and M.R. Begley, Scripta Materialia 60, 435 (2009).

I. McCue, S. Ryan, K. Hemker, X. Xu, N. Li, M. Chen and J. Erlebacher, Advanced
Engineering Materials 18, 46 (2016).

B. Gaskey, I. McCue, A. Chuang and J. Erlebacher, Acta Materialia 164, 293 (2019).

L. Lesage, C. Le Bourlot, E. Maire, T. Wada, H. Kato, W. Ludwig, N. Mary and P.-A. Geslin,
Materialia 36, 102177 (2024).

S. Mooraj, J. Fu, S. Feng, A.K. Ng, E.B. Duoss, S.E. Baker, C. Zhu, E. Detsi and W. Chen,
Materials Futures 3, 045103 (2024).

I. McCue and J. Snyder, Accounts of Materials Research 2, 1129 (2021).

Y. Ding, M. Chen and J. Erlebacher, Journal of the American Chemical Society 126, 6876
(2004).

A. Wittstock, J. Biener and M. Baumer, Physical Chemistry Chemical Physics 12, 12919
(2010).

J. Biener, M.M. Biener, R.J. Madix and C.M. Friend, Acs catalysis 5, 6263 (2015).

A. Wittstock, V. Zielasek, J. Biener, C. Friend and M. Baumer, Science 327, 319 (2010).



99.

100.

101.
102.

103.
104.
105.
106.
107.
108.
109.

110.
111.

112.
113.
114.

115.
116.

117.

118.

119.

120.
121.

122.

123.
124.

125.
126.

127.
128.

129.

R. Zeis, T. Lei, K. Sieradzki, J. Snyder and J. Erlebacher, Journal of Catalysis 253, 132
(2008).

B. Zugic, L. Wang, C. Heine, D.N. Zakharov, B.A. Lechner, E.A. Stach, J. Biener, M.
Salmeron, R.J. Madix and C.M. Friend, Nature materials 16, 558 (2017).

R. Li and K. Sieradzki, Physical Review Letters 68, 1168 (1992).

F. Yu, S. Ahl, A.-M. Caminade, J.-P. Majoral, W. Knoll and J. Erlebacher, Analytical
chemistry 78, 7346 (2006).

J. Snyder, I. McCue, K. Livi and J. Erlebacher, Journal of the American Chemical Society
134, 8633 (2012).

J. Snyder, K. Livi and J. Erlebacher, Advanced Functional Materials 23, 5494 (2013).

J. Weissmiller and K. Sieradzki, Mrs Bulletin 43, 14 (2018).

C. Volkert, E. Lilleodden, D. Kramer and J. Weissmuller, Applied Physics Letters 89,
061920 (2006).

X. Guo, C. Zhang, Q. Tian and D. Yu, Materials Today Communications 26, 102007
(2021).

M.M. Biener, J. Biener, A. Wichmann, A. Wittstock, T.F. Baumann, M. Baumer and A.V.
Hamza, Nano letters 11, 3085 (2011).

H.-J. Jin, X.-L. Wang, S. Parida, K. Wang, M. Seo and J.r. Weissmdlller, Nano letters 10,
187 (2010).

J. Zhang, Q. Bai and Z. Zhang, Nanoscale 8, 7287 (2016).

C. Cheng, L. Luhrs, T. Krekeler, M. Ritter and J.r. Weissmliller, Nano letters 17, 4774
(2017).

H. Sun, Y. Huang and S. Shi, Energy Materials and Devices 1, 9370006 (2023).

N. Mameka, J. Markmann, H.-J. Jin and J. Weissmliller, Acta materialia 76, 272 (2014).
S. Shi, J. Markmann and J. Weissmlller, Proceedings of the National Academy of
Sciences 115, 10914 (2018).

S. Shi, J. Markmann and J. Weissmililler, Philosophical Magazine 97, 1571 (2017).

V.R. Stamenkovic, B. Fowler, B.S. Mun, G. Wang, P.N. Ross, C.A. Lucas and N.M.
Markovic, science 315, 493 (2007).

V.R. Stamenkovic, B.S. Mun, M. Arenz, K.J. Mayrhofer, C.A. Lucas, G. Wang, P.N. Ross
and N.M. Markovic, Nature materials 6, 241 (2007).

V.R. Stamenkovic, B.S. Mun, K.J. Mayrhofer, P.N. Ross and N.M. Markovic, Journal of
the American Chemical Society 128, 8813 (2006).

C. Chen, Y. Kang, Z. Huo, Z. Zhu, W. Huang, H.L. Xin, J.D. Snyder, D. Li, J.A. Herron and
M. Mavrikakis, Science 343, 1339 (2014).

E. Seker, W.-C. Shih and K.J. Stine, MRS bulletin 43, 49 (2018).

A.M. Downs, J. Gerson, M.N. Hossain, K. Ploense, M. Pham, H.-B. Kraatz, T. Kippin and
K.W. Plaxco, ACS sensors 6, 2299 (2021).

C.A. Chapman, H. Chen, M. Stamou, J. Biener, M.M. Biener, P.J. Lein and E. Seker, ACS
applied materials & interfaces 7, 7093 (2015).

M.M. Collinson, International Scholarly Research Notices 2013, 692484 (2013).

0O.V. Shulga, K. Jefferson, A.R. Khan, V.T. D'Souza, J. Liu, A.V. Demchenko and K.J.
Stine, Chemistry of Materials 19, 3902 (2007).

X. Xiao, P. Si and E. Magner, Bioelectrochemistry 109, 117 (2016).

T. Juarez, J. Biener, J. Weissmiller and A.M. Hodge, Advanced engineering materials
19, 1700389 (2017).

Y. Zhang, X. Sun, N. Nomura and T. Fujita, Small 15, 1805432 (2019).

I.D. McCue: Frontiers of dealloying-novel processing for advanced materials, (Johns
Hopkins University2015).

C. Ott, V. Verma, A. Peters and I. McCue, arXiv preprint arXiv:2412.18657 (2024).



130.

131.
132.

133.

134.

135.
136.

137.

138.

139.

140.

141.
142.

T. Fujita, T. Tokunaga, L. Zhang, D. Li, L. Chen, S. Arai, Y. Yamamoto, A. Hirata, N.
Tanaka and Y. Ding, Nano letters 14, 1172 (2014).

Y. Li, J.L. Hart, M.L. Taheri and J.D. Snyder, ACS catalysis 7, 7995 (2017).

J. Erlebacher, J. Kubal, Z. Zeng, J. Greeley, K. Struk and A. Steinbach, Journal of the
Electrochemical Society 166, H888 (2019).

E.M. Bringa, J. Monk, A. Caro, A. Misra, L. Zepeda-Ruiz, M. Duchaineau, F. Abraham, M.
Nastasi, S.T. Picraux and Y. Wang, Nano letters 12, 3351 (2012).

P. Raccuglia, K.C. Elbert, P.D. Adler, C. Falk, M.B. Wenny, A. Mollo, M. Zeller, S.A.
Friedler, J. Schrier and A.J. Norquist, Nature 533, 73 (2016).

J. Cai, X. Chu, K. Xu, H. Li and J. Wei, Nanoscale Advances 2, 3115 (2020).

C. Zhao, L.-C. Yu, K. Kisslinger, C. Clark, C.-C. Chung, R. Li, M. Fukuto, M. Lu, J. Bai and
X. Liu, Acta Materialia 242, 118433 (2023).

L. Schade, S. Franzka, M. Mathieu, M.M. Biener, J.r. Biener and N. Hartmann, Langmuir
30, 7190 (2014).

A. Sharma, J.K. Bhattarai, A.J. Alla, A.V. Demchenko and K.J. Stine, Nanotechnology 26,
085602 (2015).

T.S. Dorofeeva, Z. Matharu, P. Daggumati and E. Seker, The Journal of Physical
Chemistry C 120, 4080 (2016).

G.N. Ankah, A. Pareek, S. Cherevko, J. Zegenhagen and F.U. Renner, Electrochimica
Acta 140, 352 (2014).

O. Polat and E. Seker, The Journal of Physical Chemistry C 120, 19189 (2016).

A.K. Ng, H. Koh and E. Detsi, Acta Materialia 284, 120574 (2025).



