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ABSTRACT: Dealloying is a powerful and versatile method to fabricate three-
dimensional nanoporous (np) materials with high surface area. In this work, we
investigated the dealloying processes of Zn80Cu20 alloy ribbons in acidic and
alkaline environments. Our results show that the nanostructure can be controlled
by varying the nature of electrolyte solution, pH value, dealloying time, and
temperature. In acidic media, the presence of chloride ions enhances the Cu
surface mobility, leading to a faster coarsening and growth of ligaments during the
dealloying process over time. In contrast, the surface diffusivity of Cu atoms in
alkaline media is three orders lower than that in acid and results in a remarkably
smaller ligament size due to the formation of Cu (hydr)oxide surface species. Cross-section analysis indicates that the dealloying
process is largely controlled by interfacial processes. Interestingly, local Zn-rich regions were found near the surface in np-Cu ribbons
dealloyed in 0.1 M HCl. This comprehensive study shows the influence of dealloying conditions on the morphology and residual Zn
content of np-Cu ribbons as a model system for fabricating bicontinuous ligament-pore network materials with tailored structural
and chemical properties for applications in electrochemical synthesis, sensors, and catalysis.

1. INTRODUCTION

Nanoporous (np) materials present a three-dimensional and
self-assembled network of solid ligaments and pores with scale
length ranging from a few nanometers to tens of micrometers.1

They have particular properties, such as high surface area, large
number of low-coordinated surface atoms, and enhanced mass
transport properties.1−3 Therefore, they show promising
applications in several areas including catalysis,2,4 energy
storage,5,6 surface-enhanced Raman scattering (SERS),7,8 and
electrochemical sensors.9 Np-materials can be fabricated by
templating or dealloying methods. The first involves the use of
porous sacrificial molds or templates, on which metals can be
deposited. Either inorganic (hard templating) or polymeric
(soft templating) templates are used. The templates are then
removed to form a metal replica of the template structure.10

Although this method provides a precise control of porosity, it
can be highly time-consuming and experimentally very
complex based on numerous steps.
On the other hand, dealloying is considered as a powerful

and versatile synthetic route to fabricate np-materials, which
has extensively been applied in the last two decades.11−13 The
dealloying process includes a selective dissolution of less noble
metal from an alloy, either chemically or electrochemically.14

The evolution of bicontinuous ligament-pore structure is based
on the critical interplay between the dissolution rate of less
noble metal and the surface diffusion rate of remaining noble
metal at the alloy−electrolyte interface.12,13 The different
microstructure evolution characteristics of obtained np-materi-

al during dealloying process can be controlled by varying the
electrolyte and dealloying time.15,16 The tunable content of less
noble metal in np-materials prepared by dealloying adds the
advantage of changing the electronic and geometric properties
of the noble metal-rich materials.17 For example, it has been
reported that residual Ag content strongly influences the SERS
effects of np-Au prepared from dealloying of Ag−Au master
alloys.18

The evolution of np-Au from Ag−Au alloy has been
investigated in numerous studies.19−21 Pt-based np materials
have also been the focus of many studies as promising catalysts
for fuel cell applications, such as np-Pt and np-Au−Cu−Pt
films.22,23 Np-Cu has attracted attention as a cheaper material.
It has many interesting applications in the field of catalysis,17

sensors,24 and batteries.25 For instance, Cu-based catalysts are
used in fuel and chemical production processes such as
production of methanol and water-gas shift reaction.16,26 The
first application of a dealloying process to fabricate np-Cu was
Raney’s copper, a widely used catalyst in water-gas shift
reaction, that was prepared by dealloying of Al−Cu alloy.16

Later, various binary alloys have been used to form np-Cu via
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dealloying process including Al−Cu,27 Ti−Cu,28 Mn−Cu,29
Mg−Cu,30 and Zn−Cu.31,32
Generally, the master alloy has a great impact on the

properties of dealloyed np structures. Alloys can be
manufactured using different techniques including melt
spinning,29 quenching of molten metals,33 and electro-
deposition of less noble metals followed by thermal
annealing.17 This might form different crystal phase structures,
homogeneities, and thicknesses of master alloys, and hence
influences the resulting dealloyed structure. Mn70Cu30 alloys
prepared by two different processes, arc and quench melting,
have shown different oxide inclusions and second phases,
which contribute to different homogeneity of the np
structure.33 The morphology of np-Cu could also be affected
by different annealing temperatures used to form Zn−Cu alloy
films after electrodeposition of Zn layer on a Cu substrate.31

Not only the alloy formation method, but also the elemental
ratio of initial alloy influences the kinetics of the dealloying
process as well as the morphology of the resulting np-Cu.16,34

As another interesting example, partial dealloying of
Au40Cu28Ag7Pd5Si20 ribbons (25 μm thick) in 1 M HNO3
has shown an inhomogeneous structure between the surface
and cross-section of the ribbons.35 This observation might be
attributed to the dealloying front propagation process and its
fundamental mechanism for these alloy ribbons. Two different
mechanisms during dealloying are discussed in the literature,
the interfacial mechanism and the long-range mass transport
mechanism. The interfacial mechanism is based on the
different kinetics of surface diffusion of the remaining noble
metal atoms and selective dissolution of the less noble metal
atoms at the alloy−electrolyte interface, while the long-range
transport mechanism is controlled by diffusion of aggressive
electrolyte solution and corrosion product in and out of the
porous metal layer. Thus, the evolution of a three-dimensional
porous structure from melt-spun Cu alloy ribbons is not well
explored in the literature.
In addition to the master alloy, the nature of electrolyte

plays a critical role in the dealloying process. It might be
associated with the different dealloying rates and surface
mobilities of Cu atoms depending on the environment.17,33

Different np-Cu morphologies and dealloying mechanisms
have been reported in alkaline and acidic media.17,27,36 For
instance, the nature of anions has also shown a significant
influence on the ligament size. Chloride ions are able to
enhance Cu surface diffusivity, leading to increase of ligament
size, whereas the presence of phosphate ions shows an
inhibition effect and thus much smaller ligament size.16,37 All
in all, there are many experimental factors to control and
modify the structural and chemical properties of the resulting
np-materials via dealloying.
This study aims to look deeper into the development of

ligament-pore network on the surface and cross-section of np-
Cu ribbons, formed by chemical dealloying of melt-spun
Zn80Cu20 ribbons in 0.1 M HCl and 1.3 M NaOH solutions.
Here, the effects of the dealloying conditions on the structure
and residual Zn content of np-Cu ribbons have intensively
been investigated by varying the nature of electrolyte, ,
dealloying time, temperature, de-aeration, and agitation of the
electrolyte solution. This allows us to gain better under-
standing of the dealloying process for fabricating np-Cu
ribbons with tailored structural and chemical properties for
applications in electrochemical synthesis, sensors and catalysis.

2. EXPERIMENTAL METHODS

2.1. Fabrication of Zn80Cu20 Alloy Ribbons. Ribbons
were prepared via melt spinning process (Edmund Buehler,
melt spinner SC, Germany). The chamber was evacuated to
10−3 mbar and then filled with Ar (99.995%, Nippon Gases) to
a pressure of 0.4 bar. Pure copper (99.99%, Alfa Aesar) and
zinc (99.9%, Alfa Aesar) as foils were melted at ∼850 K for 1
min, avoiding any Zn evaporation. A mass of 5−10 g per run
was ejected onto a cold rotating copper disk operated at a
cooling rate of 105 to 106 K s−1. The geometric dimensions of
as-prepared Zn80Cu20 ribbons were 4−10 cm long, 2−3 mm
wide, and 35 ± 3 μm thick, respectively.

2.2. Chemical Dealloying of Zn80Cu20 Alloy Ribbons.
Before the dealloying process, the pristine ribbons were
cleaned with highly purified water (18 MΩ cm at room
temperature, Elga PureLab Classic) and propan-2-ol (99.5%,
Fisher Scientific) using an ultrasonication bath. 0.1 M
hydrochloric acid (HCl) and 1.3 M sodium hydroxide
(NaOH) were used as electrolyte solutions prepared by
diluting 37% HCl (VWR Chemicals) or by dissolving the
respective amount of NaOH pellets (99.99%, Alfa Aeser) in
highly purified water, respectively. Both solutions were
saturated with Ar (99.999%, Air Liquide) for at least 30 min.
Ribbons were chemically dealloyed in 25 mL vials at several
temperatures under an Ar atmosphere using a bath thermostat
(Lauda, ECO RE620). Only in 1.3 M NaOH, the ribbons were
attached to a Cu foil (0.1 mm thick, 99.999%, Alfa Aesar) to
accelerate the Zn dissolution. Treated samples were taken out
from the solution after different dealloying times (3.5, 8, 24,
48, 72, 92, 168, and 312 h). They were washed with highly
purified water, dried in an Ar atmosphere and immediately
used for further investigations or stored in vacuum to avoid air
oxidation. All experiments were repeated at least 3 times.

2.3. Scanning Electron Microscopy Equipped with
Energy-Dispersive X-ray Spectroscopy. The structure,
morphology, and chemical composition of pristine and
dealloyed ribbons were investigated using a Helios NanoLab
600i scanning electron microscopy (SEM) (operated at an
accelerating voltage of 5 kV and a current of 0.17 nA)
equipped with an Apollo 10 energy-dispersive X-ray spectros-
copy (EDX) detector (EDAX AMETEK) and the Everhart−
Thornley secondary electron detector. For top-view SEM
images, aluminum flat FIB pin mounts (12.7 mm diameter)
were used to mount the samples. The cross-section
acquisitions were carried out by putting the samples vertically
on a 90° FIB pin mount so that the cross-section of the
samples were in the optical zone of the beam. Micrographs
were acquired at a working distance of 4.0 mm and a dwell
time of 30 μs. Sample areas were imaged in a magnification
range from 1500× to 200,000×. ImageJ 1.46r software was
then used to establish the ligament sizes of np-material samples
from numerous SEM micrographs by analyzing more than 200
arbitrary ligaments. For the elemental quantification, the
characteristic intensities of the K line for O, Cu, and Zn at
0.525, 6.924, and 8.630 keV were evaluated, respectively. Each
measurement was repeated at least three times for each sample.

2.4. High Resolution (Scanning) Transmission Elec-
tron Microscopy. A JEOL JEM2100F microscope operating
at accelerating voltage of 200 kV and equipped with an Oxford
INCA Energy TEM 250 EDX system with a silicon drift
detector was employed to investigate the morphology and
chemical composition of np-Cu ribbons at higher magnifica-
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tion. A dispersion of dealloyed sample in propan-2-ol was
pipetted on a holey carbon film-coated TEM grid (EMS, 300
mesh) and dried in air at room temperature. EDX elemental
mappings of sample areas of up to 1 μm2 were performed and
evaluated using INCA 5.03 software (Oxford Instruments).
2.5. X-Ray Diffraction. To analyze the crystallinity and

crystal phases of the pristine and dealloyed ribbons, an X-ray
diffractometer Empyrean (PANalytical) equipped with a Cu
tube, Bragg−Brentano unit, Soller, and PIXcel1D detector was
employed. The setting parameters were as follows: 2θ range
from 10 to 90°, step size of 0.03°, counting time of 900 s,
sample spinning time of 2 s, and total acquisition time of 3 h.
Data processing and evaluation were performed using TOPAS
5 software and HighScore 4.5 software.
2.6. X-Ray Photoelectron Spectroscopy. The surface

composition and chemical state of Zn and Cu species in the
pristine and dealloyed ribbons were characterized using an
ESCALAB 250 Xi spectrometer (Thermo Fisher). The X-ray
photoelectron spectroscopy (XPS) spectra were collected with
monochromatic Al Kα radiation with a photon energy of
1486.6 eV. Survey spectra were collected from 0 to 1350 eV
with pass energy of 100 eV and resolution step of 1 eV.
Experimental parameters for the acquisition of high resolution
XPS spectra of C 1s, O 1s, Cu 2p, and Zn 2p as well as Auger
spectra of Cu and Zn LMM are summarized in Table S1 of the
Supporting Information. An Ar ion source (MAGCIS, Thermo
Fisher) was used to sputter a geometric area of approximately
2.25 mm2. For XPS measurements and sputter processes, we

introduce the samples shortly and did not heat them to avoid
any contamination. A sequence of depth profile measurements
consisted of 3 sputter cycles at 2 kV for 30 s, followed by 5
sputter cycles at 4 keV for 120 s, and finally one cycle at 4 keV
for 300 s. Local temperature increase on the sputtered area of
the samples under vacuum accelerated the volatilization rate of
Zn based on the differences in temperature dependence of the
saturated vapor pressures of zinc and copper.38−40 For this
reason, results from the elemental XPS depth profiles of
pristine ribbons were corrected by the standard deviations
calculated from a commercial ZnCu alloy (Alfa Aesar, brass foil
alloy 260, Cu 69%, Zn 31%) shown in Figure S1, where
experimental composition shows 84.3 and 15.7 at. % Cu and
Zn, respectively. Data analysis was performed by Avantage
software (Thermo Fisher Scientific, version 5.9911).

3. RESULTS

3.1. Characterization of Pristine Zn80Cu20 Alloy
Ribbons. The morphology, crystal structure, and chemical
composition of initial Zn80Cu20 ribbons prepared by melt
spinning were investigated by using SEM, EDX, X-ray
diffraction (XRD), and XPS techniques. Figure 1a displays a
SEM micrograph of as-prepared ribbons with visible grain
boundaries. The dots that appear on the ribbon surface are
expected to be oxide species, immediately forming on the
metal surface by exposure to air. From the EDX data, the
elemental quantification was found to be 23 ± 1 at. % Cu and
77 ± 1 at. % Zn on the surface as well as in the cross-section of

Figure 1. Structural characterization of pristine Zn80Cu20 alloy ribbons prepared by melt spinning. (a) SEM micrograph at a scale bar of 1 μm;
inset: photograph of pristine ribbons. (b) XRD profile with Rietveld analysis signifies the formation of a hexagonal Zn80Cu20 crystal phase with
space group of P63/mmc, lattice parameter of a = 2.734 ± 0.001 Å and c = 4.293 ± 0.001 Å, and crystallite size of 165 ± 4 nm. Difference profile is
denoted in grey line. The Rwp is the R-weighted pattern as a quality of the fit. Blue hollow circles denote the Zn80Cu20 reference pattern (ID:
#1524894 from COD41). (c) XPS Auger spectra and the corresponding fit of Zn LMM from the ribbon surface. (d) XPS sputter depth profile up to
77 nm, showing the chemical distribution of Zn. The relatively large error bars are due to the inhomogeneous sputter process.
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the as-prepared ribbons. This is in excellent agreement with
the crystal structure detected by XRD. The XRD profile in
Figure 1b shows reflexes at 2θ values of 38.1, 42.1, 43.7, 58.1,
68.7, 77.9, 83.9, and 84.9°. Rietveld analysis indicated that
these reflexes correspond to a hexagonal Cu20Zn80 phase with
space group of P63/mmc (COD,41 pattern ID: #1524894).
Other crystal phases, for example, monometallic metals or
oxides were not detected by XRD.
Moreover, the survey and high resolution XPS spectra of Zn

2p, Cu 2p, and O 1s spectra of the ribbon surface are shown in
Figure S2 of the Supporting Information. In Figure S2a,b, the
Cu 2p and Zn 2p XPS spectra were deconvoluted and fitted
with a doublet for Cu 2p1/2 and Cu 2p3/2 at 953.2 and 933.3 eV
as well as for Zn 2p1/3 and 2p3/2 at 1045.5 and 1022.1 eV,
respectively. The low intensity of the Cu 2p data signifies its
minor content on the ribbon surface. To identify the chemical
state of Zn, we also analyzed the corresponding Zn Auger
spectra (Figure 1c), signifying three different oxidation states,
namely for metallic Zn (blue line, at 491.4 and 494.7 eV),42 for
ZnO (green line, at 496.2 and 498.5 eV)42 and finally for
Zn(OH)2 species (red line, at 499.8 eV).43 The formation of

metal oxide and hydroxide species is confirmed by the O 1s
XPS spectrum (peak maxima at 530.9 and 532.5 eV), as shown
in Figure S2c. The results from the deconvoluted XPS spectra
clearly reveal that the top layer of Zn80Cu20 alloy ribbons is Zn-
enriched and strongly oxidizes, forming a passivation layer with
a thickness of few nanometers. The segregation of Zn to the
surface is likely related to melt spinning process and/or its
strong oxophilic character, when ribbons are in contact with
air. Very likely, during the melt-spinning the liquid ZnCu
impinges a rotating cooled wheel. This quenching might lead
to a change in mobility of Cu and Zn atoms based on the
different melting temperatures. In other words, zinc shows a
lower melting temperature and is therefore more mobile
compared to copper with higher melting temperature. Thus,
starting from the precipitation of denser ZnCu liquid, Zn
atoms tend to segregate to the surface during the quenching
process.
In Figure 1d, the XPS sputter depth profile of pristine

Zn80Cu20 ribbons shows the chemical distribution of Zn and
Cu up to 77 nm of depth. After the first few mild sputter
cycles, the amount of overall oxygen was negligible and only

Figure 2. Series of low (top) and high (bottom) magnification SEM micrographs of Zn80Cu20 ribbons (a,a′) after 3.5, (b,b′) 24, and (c,c′) 312 h
(13 days) of dealloying time in 0.1 M HCl at 25 °C under Ar atmosphere.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c08258
J. Phys. Chem. C 2022, 126, 212−226

215



the ribbon surface is oxidized. Thus, the oxygen content is not
illustrated in the depth profile plot. The relatively large error
bars represent the deviation of the chemical composition due
to the inhomogeneous sputter process of Zn and Cu
(temperature dependence of the saturated vapor pressures of
zinc and copper).38−40,44 The apparent composition of the top
layers was found to be 93 and 7 at. % for Zn and Cu,
respectively. After the first 14 nm depth of the ribbons, the Zn
content decreases to 72 ± 9 at. %, while the Cu content
simultaneously increases from 7 to 28 ± 9 at. %. Deeper layers
up to 77 nm show a relatively constant distribution with 77 ±
7 at. % for Zn and 23 ± 7 at. % for Cu. This result is in
excellent agreement with the EDX data.
We can sum up that only the first 14 nm depth of alloy

ribbons signifies a Zn-rich surface, but in the deeper layers
both metals are homogeneous distributed with an atomic Zn/
Cu ratio of 77:23 (±7 at. %).
3.2. Time-Resolved Ligament Evolution of Dealloyed

Zn80Cu20 Ribbons. The effects of nature of electrolyte on the
ligament evolution over dealloying time were investigated for
pristine Zn80Cu20 alloy ribbons using a combination of SEM,
(S)TEM, EDX, XRD, and XPS techniques. Thereby, the

ribbons were dealloyed in 0.1 M HCl and 1.3 M NaOH for
different reaction times (3.5, 8, 24, 48, 72, 92, 168, and 312 h)
under free corrosion. We chose 0.1 M HCl and 1.3 M NaOH
as electrolyte solutions to compare our results with previous
work on np-Cu films17 and other research works.31,45,46

Throughout this paper, we will denote the multiple np-Cu
samples dealloyed at different electrolytes for different
dealloying times as follows: np-Cu (electrolyte, time).
After dealloying, metallic grey ribbons changed color to

brown/black (in NaOH) and brown (in HCl), see Figure S3 of
the Supporting Information. The dealloyed ribbons had to be
carefully handled due to the brittle nature of the material.
Figure 2 displays a series of low and high resolution SEM
micrographs of ribbons dealloyed for 3.5, 24, and 312 h in 0.1
M HCl at 25 °C under Ar atmosphere. In the first 3.5 h of
dealloying time, the surface of the ribbons is only partially
dealloyed accompanied by the evolution of pores, as shown in
Figure 2a,a′. The initial dealloying process takes place
preferentially at the grain boundaries of the ribbons. It is
well-known that grain boundaries contain defects and under-
coordinated surface atoms, where the diffusion rate of atoms
along the grain boundaries is higher than the high-coordinated

Figure 3. Series of low (top) and high (bottom) magnification SEM micrographs of Zn80Cu20 ribbons after dealloying time of (a,a′) 8, (b,b′) 24,
(c) 92, and (d) 312 h (13 days) in 1.3 M NaOH at 25 °C under Ar atmosphere.
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terrace atoms on the grain surfaces.47,48 The appearance of pits
signifies the attack of aggressive electrolyte at defect-rich parts
of the ribbon surface, for example, formed during reduction of
the oxide-contained species visible as dots in the SEM
micrograph, Figure 1a. Micro-cracks are observed in the
dealloyed ribbons due to the strong volume changes during the
Zn dissolution and the resulting crystal transformation from
hexagonal close packed (hcp) to face-centered cubic (fcc).
Over dealloying time, the evolution of pores is more and more
pronounced, implying the continuous Zn dissolution from the
surface of alloy ribbons. An entire formation of porous network
structure, denoted as np-Cu material, is clearly observed after
24 h of dealloying time, displayed in Figure 2b,b′. It is well
known that the evolution of pores is controlled by the critical
interplay between dissolution rate of less noble metal atoms
and surface diffusion rate of remaining noble metal atoms. The
np-Cu (HCl, 24 h) consists of self-assembled and homoge-
neous ligaments. Recently, a loss of ligament structure has been
reported for np-Cu films after 72 h of dealloying time in 0.1 M
HCl.17 For this reason, a very long dealloying period was
applied to evaluate the structural and chemical stability of the
np-Cu materials in HCl. Figure 2c,c′ display the low and high
resolution SEM micrographs of the np-Cu after dealloying time
of 312 h (13 days) in 0.1 M HCl at 25 °C under Ar
atmosphere. The np-Cu (HCl, 312 h) shows ligaments with
larger size and rough ligament surfaces compared to np-Cu
(HCl, 24 h). The visible coarsening of the porous structure can
be attributed to the rapid surface diffusion of Cu at the
surface−electrolyte interface over time induced by the
presence of adsorbed chloride anions and by the tendency

for surface energy reduction.49,50 This contrary observation can
be explained by the different initial thicknesses and
homogeneity of pristine Zn80Cu20 master alloys used in our
previous study. The time-resolved changes in ligament size and
chemical composition of np-Cu will be discussed later in more
details.
Dealloying of the ribbons in alkaline solution shows a

different behavior to that observed in acidic environment.
Figure 3 displays a series of low and high resolution SEM
micrographs of np-Cu after various dealloying times (8, 24, 92,
and 312 h) in 1.3 M NaOH at 25 °C under an Ar atmosphere.
Figure 3a,a′ shows the increased appearance of micro-cracks,
forming along the grain boundaries of Zn80Cu20 alloy ribbons
after 8 h of dealloying time. Beside the micro-cracks, ligaments
with smaller size, and less intense in depth compared to those
in np-Cu (HCl) are formed within the grain. It is noted that no
ligament formation is observed below a dealloying time of 8 h
in NaOH. With increasing dealloying time, the structure and
distribution of ligaments in np-Cu (NaOH, 24 h) are similar to
those observed after 8 h dealloying time, in Figure 3b,b′. Only
the cracks appear much deeper with increasing dealloying time
in alkaline media. The extent of the dealloying time up to 92 h
leads to larger ligaments with more depth to the porous
structure, as shown in the SEM micrograph of the dealloyed
ribbons (Figure 3c). Interestingly, octahedral crystals with
different sizes appear at the surface of the np-Cu (NaOH, 92
h). Further XRD and XPS analysis could identify the structure
and composition of these crystals to be Cu(I)oxide (see Figure
4d). These crystals grew in frequency and size by increasing
the dealloying time in alkaline solution. After 312 h (13 days),

Figure 4. XRD profiles for np-Cu materials dealloyed in 0.1 M HCl for (a) 24 and (b) 312 h as well as in 1.3 M NaOH for (c) 24 and (d) 312 h at
25 °C under Ar atmosphere. The wavy background stems from the plexiglass used as a substrate for dealloyed samples. Rietveld analysis: (i)
hexagonal Cu20Zn80 phase (P63/mmc), a = 2.734 ± 0.001 Å, c = 4.293 ± 0.001 Å, crystallite size of 165 ± 4 nm; (ii) cubic Cu38Zn62 phase (I4̅3m),
a = 8.881 ± 0.002 Å, crystallite size of 38 ± 1 nm; (iii) fcc Cu phase (Fm3̅m), a = 3.616 ± 0.002 Å, crystallite size of 29 ± 3 nm; (iv) Cu2O phase
(Pn3̅m), a = 4.269 ± 0.001 Å, crystallite size of 96 ± 3 nm. The following reference pattern IDs from the COD41 were taken: blue hollow circles
(ID: #1524894) for Zn80Cu20, green triangles (ID: #1100057) for Cu38Zn62, orange squares (ID: #4105040) for Cu, and blue stars (ID: #1000063)
for Cu2O. Difference profiles are denoted in grey line. The Rwp is the R-weighted pattern as a quality of the fit.
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the surface of the dealloyed ribbons is entirely covered with
μm-sized Cu2O crystals, as shown in Figure 3d. Based on the
SEM analysis, we suggest that the dealloying might be
controlled by the propagation of the three-dimensional
bicontinuous ligament pore structure and thus the surface
diffusion process at the alloy−electrolyte interface. This will be
discussed in more details later.
To correlate the morphological alterations from the SEM

analysis with the changes in crystallographic phase structure
and composition, XRD investigations and quantitative Rietveld
analysis on treated ribbons were performed after various
dealloying times in HCl and NaOH. In Figure 4a, the XRD
profile of the np-Cu (HCl, 24 h) shows 2θ reflexes at 34.9,
37.9, 43.2, 48.0, 50.5, 52.6, 62.8, 64.7, 72.2, 75.8, 79.2, and
89.6°, ascribing to the cubic Cu38Zn62 (COD,41 reference
pattern ID: #1100057) with a space group of I4̅3m. In fact, the
dissolution of zinc is accompanied by the changes in crystal
structure from hexagonal Cu20Zn80 phase (P63/mmc) to cubic
Cu38Zn62 (I4̅3m). Additional 2θ reflexes at 43.3, 50.5, and
74.1° are detected for the np-Cu (HCl, 24 h), corresponding
to the fcc Cu phase with Fm3̅m (COD,41 pattern ID:
4105040). Quantitative Rietveld refinement indicates 84.4 ±
0.9 and 15.6 ± 0.9 wt % for Cu38Zn62 and pure Cu,
respectively. The contribution of the pure Cu crystal phase
grows by increasing dealloying time, indicating the successive
loss of Zn from the bulk ribbons. Finally, after dealloying time
of 312 h in HCl (Figure 4b), the Cu amount reaches 84.6 ±
1.0 wt % and the Cu38Zn62 phase contributes to only 15.4 ±
1.0 wt %.
In alkaline media, however, the XRD patterns of dealloyed

ribbons were found to be strongly different. Two crystal
phases, Cu20Zn80 and Cu38Zn62, were observed in np-Cu
(NaOH, 24 h), shown in Figure 4c, with contribution of 30.7
± 0.5 and 69.3 ± 0.5 wt %, respectively. The octahedral
crystals observed in the SEM micrographs of np-Cu (NaOH,
312 h; Figure 3d) are also confirmed as Cu(I)oxide (COD,41

ID pattern: 1000063, space group Pn3̅m) by XRD. The Cu2O
phase is represented by 2θ reflexes at 29.5, 36.4, 42.3, 61.4,
73.5, and 77.4°. Quantitative Rietveld analysis reveals 81.7 ±
3.4 and 18.3 ± 3.4 wt % for Cu2O and Cu, respectively. The

wavy background in the XRD profiles is caused by the
plexiglass used as sample holder (see Figure S4) due to the low
sample quantities available for these measurements.
In Figure 5, the compositional changes obtained from EDX

are correlated with the dealloying time in HCl and NaOH. It
also shows the trend, by which the ligament size alters with
respect to the Zn content and dealloying time. First, we will
describe the loss of Zn as a function of the dealloying time in
0.1 M HCl (Figure 5a). As the dealloying rate is associated
with the dissolution rate of less noble metal from master alloy,
it is obvious that the Zn content continuously decreases in HCl
over time. The dissolution rate of Zn from the ribbon surface is
very fast in the first hours of dealloying process. Within the first
3.5 h of dealloying time, the Zn content drops drastically from
77 ± 1 at. % (pristine) to 56 ± 3 at. %. After 24 h dealloying
time, the remaining Zn content is 32 ± 5 at. % and continues
to decline to 16 ± 4 at. % after 48 h. Finally, the Zn content
was found to be 3 ± 2 at. % after 168 h and it remains almost
constant until 312 h of dealloying time. The corresponding
SEM micrographs of np-Cu (Figure 2c,c′) reveals that 2−3 at.
% of Zn is still sufficient to retain the ligament structure. An
entire loss of zinc leads to a loss of ligament structure and
results in a polycrystalline solid film.17

In Figure 5b, the dealloying of ribbons in 1.3 M NaOH
shows a decrease in Zn content over time. At the beginning,
the residual Zn content for np-Cu (NaOH, 3.5 h) was found to
be similar to np-Cu (HCl, 3.5 h) with amount of 55−60 at. %.
After that, the process became much slower in alkaline media.
The amount of residual Zn dropped to 50 ± 9 at. % after 24 h,
and 37 ± 11 at. % after 48 h, until it had reached 1−2 at. %
after 312 h (13 days). An important finding to notice in
alkaline medium is the detection of large amount of oxygen
that increases strongly from 24 ± 10 at. % (after 92 h) to 45 ±
19 at. % (after 312 h). The correlation of O, Cu and Zn
contents over dealloying time in NaOH is shown in Figure S5
of the Supporting Information. As the atomic Cu/O ratios
obtained over time deviate from Cu2O, we suggest that the
formation of Zn and Cu (hydr)oxide surface species occurs
during the dealloying process in an alkaline corrosive
environment.

Figure 5. Dependence on dealloying time, residual Zn content, and ligament size after chemical dealloying of Zn80Cu20 ribbons in (a) 0.1 M HCl
and (b) 1.3 M NaOH at 25 °C under Ar atmosphere. The EDX quantification of chemical composition was determined from at least three sample
areas at low magnification, while at least 200 ligaments from several SEM micrographs were analyzed to establish the mean ligament size. Each
measurement was repeated at least 3 times for each sample.
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It is also important to clarify how the ligament size in the np-
Cu materials changes over dealloying time in HCl and NaOH
at 25 °C. The mean ligament size was determined by analyzing
of at least 200 ligaments from several SEM micrographs. Figure
5a displays the changes in ligament size as a function of
dealloying time in 0.1 M HCl. In fact, the formed ligaments of
np-Cu materials become larger and rougher over dealloying
time. More precisely, the mean ligament size increases from 55
± 12 nm (3.5 h) to 73 ± 14 nm (24 h) and finally to 128 ± 27
nm (312 h) in HCl. Due to coarsening of the ligaments in
contact with a strong acid, the size distribution becomes
broader as illustrated in Figure S6 of the Supporting
Information. In this context, the residual Zn content decreases
concurrently from 56 ± 3 to 32 ± 5 at. % and finally to 3 ± 1
at. %. Thus, a reverse correlation is observed between the
ligament size and residual Zn content in np-Cu by dealloying
in HCl.
Contrary to the dealloying behavior in acid, the ligament size

of np-Cu remains almost unchanged with a size of 21 ± 4 nm
until 48 h of dealloying time in 1.3 M NaOH, see Figure 5b. It
is noted that the ligament size distributions are very narrow
(see Figure S7). After that, a slight increase of the mean
ligament size up to 36 ± 11 nm (1.7 fold) is observed.
Obviously, the ligament size formed during dealloying in
NaOH is much smaller than those in HCl.
Due to its very high solubility in HCl as well as NaOH, we

suggest that a supersaturation of soluble Zn compounds, for
example, ZnCl2 or Zn(OH)4

2−, might not be reached in these
electrolyte solutions, because no precipitation of Zn salts and
no alteration of surface diffusion rate at the alloy−electrolyte
interface have been observed. As shown in Figure 3d, only
large Cu(I)oxide crystals via continuous re-deposition form
and mainly cover the entire surface after 312 h of dealloying
time in 1.3 M NaOH. We can sum up that the ligament size is
independent from residual Zn content in the first 48 h of
dealloying in alkaline media because of the lower diffusivity of
Cu atoms by forming hyr(oxide) species along the alloy−
electrolyte interface. This information is particularly useful for
systematic studies of np-Cu materials in heterogeneous and
electrochemical catalysis.
We wanted to mention that in all experiments a Cu substrate

was attached to the pristine Zn80Cu20 ribbons during
dealloying in 1.3 M NaOH. This was found to be essential
for initiating and accelerating the dealloying process on Zn-rich
surface. The high overpotential of the cathodic hydrogen
evolution reaction (HER) as an opposite reaction hinders the
oxidative dissolution of Zn and thus slows down the dealloying
process by passivation. More precisely, the residual Zn content
of dealloyed ribbons in 1.3 M NaOH for 312 h (13 days) was
found to be 62 ± 2 at. % (SEM micrographs, Figure S8). When
the ribbons, however, were attached to a Cu substrate, the Zn
dissolution process was enhanced and dropped to 61 ± 2 at. %
after only 3.5 h of dealloying time. The iR-corrected HER
polarization curves for pristine Zn80Cu20 ribbons and
monometallic compounds are displayed in Figure S9, signifying
a decrease of the overpotential for HER in the order of: pure
Cu < Zn80Cu20 < pure Zn in 1.3 M NaOH. Thus, the
passivation layer of a Zn-rich ribbon surface can break down in
strong alkaline environment, when an electrochemical cathodic
reaction like HER on more active metal surface with lower
activation barrier (overpotential) is offered. This is also visible
by the hydrogen bubble formation on the attached Cu foil, but
not on the ribbons alone (Figure S10).

3.3. Effects of Dealloying Temperature, Electrolyte
Agitation, and De-aeration on the Structure of np-Cu.
The effect of electrolyte agitation on the pore-ligament
evolution of np-Cu ribbons during the first 24 h of dealloying
in de-aerated 0.1 M HCl at room temperature was studied to
point out any mass transport restrictions based on the
electrolyte solution within the pores. Figure S11 summarizes
the results from the dealloyed samples with and without
agitation evaluated by SEM−EDX measurements in the top
and cross-sectional view. A similar dealloying behavior is
observed in stagnant and agitated HCl solutions. The chemical
composition, ligament size as well as the dealloying depth over
the first 24 h (see Figure S11c) are very similar with and
without stirring. A slight difference of the residual Zn content
was observed after dealloying of more than 8 h. We explained
this observation by the different formation of laminar film
resistance on the ribbon surface with and without convection
as mass transport resistance.
The effect of de-aeration of the electrolyte was also

investigated in HCl. Figure S12 and Table S2 in the
Supporting Information show very similar results of the np-
Cu ribbons in aerated and de-aerated 0.1 M HCl at room
temperature. We can point out that the de-aeration of HCl
solution has no influence on microstructure evolution
characteristics of np-Cu ribbons during dealloying. However,
the de-aeration of aggressive electrolyte solution is important
when the dealloying takes place in alkaline media, where
soluble zinc species reacts with carbon dioxide from the air to
form zinc carbonate. Zinc carbonate is insoluble in water, thus
it precipitates on the surface of the ribbons and terminates the
dealloying process.
The dealloying temperature is very important parameter that

influences the structure of np-Cu. Thus, the Zn80Cu20 ribbons
were dealloyed for 24 h in 0.1 M HCl at 15, 25 and 50 °C.
Figure S13a,b in the Supporting Information display the
changes in residual Zn content and ligaments size with the
dealloying temperature. The EDX analysis shows Zn content of
17 ± 3 at. % at 50 °C, compared to 32 ± 5 at. % at 25 °C. The
mean ligament size increases with higher dealloying temper-
ature from 64 ± 12, to 73 ± 14 to 84 ± 15 nm at 15, 25 and 50
°C, respectively. The observed ligament size growth is related
to the temperature-dependent surface diffusion rates of Cu
atoms, as reported in the literature.51−53 Surface diffusivity of
Cu along the alloy−electrolyte interface (Ds) is estimated from
the following equation52−58

D
d t KT

t
( )
32s

4

4γ α
=

(1)

where d(t) in [m] is the ligament size at given dealloying time
t, K is the Boltzmann constant (1.3806 × 10−23 J K−1), T in
[K] is the dealloying temperature, γ is the surface energy of Cu
(1.79 J m−2),52,54,57 t in [s] is the dealloying time, and α is the
lattice parameter of Cu (3.616 × 10−10 m). The calculated Ds
values of Cu in 0.1 M HCl were found to be 7.9 × 10−19, 1.4 ×
10−18 and 2.6 × 10−18 m2 s−1 at 15, 25 and 50 °C, respectively.
Our results are in good agreement with the reported values
from Aburada et al.55 in HCl and Erlebacher59 in vacuum.
Because the nanostructure is dependent on the dealloying

time and temperature, measurement of the activation energy
(Ea) is necessary to better understand the dealloying
mechanism. An Arrhenius plot in Figure S13c shows a linear
relationship between ln Ds and 1000/T based on our
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experimental data. The slope of the fitted line equals to −Ea/R,
where R is the gas constant (8.3145 J mol−1 K−1).52,56 In this
work, Ea was determined to be 25.8 kJ mol−1. Zhang et al.58

have reported an Ea value of 36.6 kJ mol−1 for Cu in 0.1 M
HCl, which is comparable to our result. Ea values between 17
and 62 kJ mol−1 were reported in NaOH, H2SO4 and HF
solutions.51,52,56,58

Based on our experimental data, the surface diffusivity of Cu
in 1.3 M NaOH at 25 °C was estimated to be 9.4 × 10−21 m2

s−1, which is three orders slower than the diffusivity in 0.1 M
HCl at 25 °C (1.4 × 10−18 m2 s−1). Therefore, smaller ligament
sizes in alkaline media are attributed to the slower surface
mobility of Cu atoms along the alloy−electrolyte interface.
This allows controlling the Zn content from 59 ± 3 at. %
(NaOH, 8 h) to 37 ± 11 at. % (NaOH, 48 h) independent
from the ligament size. Very interestingly, the ligament size
could not be increased by simply adding NaCl into 1.3 M
NaOH. An opposite trend is even observed, so that the
ligament size becomes smaller. This observation is not yet fully
understood and further investigations are required. We can
sum up that the nature of electrolyte and dealloying
temperature have a strong influence on the surface diffusion
of Cu atoms and hence on microstructure evolution character-
istics of np-materials.
3.4. Spatial Distribution of Residual Zn Atoms in the

Ligaments. Further investigations of the spatial distribution
of residual Zn atoms within the ligaments of np-Cu were
verified using the high-resolution STEM−EDX technique.
EDX mappings of Cu (red) and Zn (green) within a single
ligament of np-Cu ribbon (HCl, 168 h) are displayed in Figure
6. The average Zn content of the entire ligament (Figure 6a)
was found to be 3 at. %, which is in excellent agreement with
the SEM−EDX analysis in Figure 5. Very interestingly, the
overlaid EDX mapping (Figure 6b) clearly shows a Zn
enrichment up to ca. 12 at. % in these regions, while Zn-poor
regions only contain 1−2 at. %. Separate EDX mappings of Cu
and Zn are also shown in Figure 6c,d, respectively. This
heterogeneous distribution of the less noble metal has recently
been reported in np-Au showing Ag rich domains within the
ligaments.60,61 The formation of Ag-rich regions is very likely
related to the critical interplay between the Ag dissolution rates
and the remaining Au surface diffusion rates. The remaining
Au surface atoms might trap the near-surface Ag atoms and
prevent their exposure to the corrosive electrolyte for
dissolution. This trapping of Zn atoms near the surface by
passivation of more noble Cu surface atoms might explain the
appearance of Zn-rich regions inside the np-Cu ribbons. Thus,
we suggest that the residual Zn atoms are located in the relics
of the master alloy. Obviously, the average concentration of Zn
in the whole ligament is only an approximation, obtained from
the bulk EDX, as the local Zn concentration differs within the
ligaments. To sum up, the distribution of Zn atoms inside the
ligaments of np-Cu materials is heterogeneous and, as a
consequence, the appearance of Zn-rich regions near the
surface might influence their catalytic properties, for example,
for electrochemical CO2 reduction reaction.
3.5. Cross-Section Analysis of np-Cu Ribbons. Until

now, the porosity of np-Cu ribbons was analyzed by SEM from
the plane view (see Figures 2 and 3). To evaluate the
dealloying front propagation within the relatively thick ribbons,
cross-sectional SEM−EDX analysis of np-Cu ribbons treated at
various dealloying times at constant temperature (25 °C) were
performed.

Figure 7 displays the cross-sectional SEM micrographs of a
selection of np-Cu after dealloying for 24 and 168 h in HCl
and for 24 h in NaOH. As an overview, Table 1 lists the
comparison between the obtained chemical compositions and
ligament sizes of np-Cu in the plane and cross-sectional view of
the SEM−EDX measurements. In Figure 7a,a′, the cross-
sectional SEM micrographs of the np-Cu (HCl, 24 h) show a
homogeneous porous microstructure near the surface (com-
parable to the SEM micrographs in the plane view, Figure
2b,b′), while the inner part is partially solid and dense.
Interestingly, the ligaments formed near the surface were found
to be smaller with higher Zn content compared to those on the
surface. In the cross-sectional and plane view, the mean
ligament size and the Zn content for np-Cu (HCl, 24 h) are 56
± 15 nm at 52 ± 6 at. % and 73 ± 14 nm at 32 ± 5 at. %,
respectively. It is noted that the residual Zn content and
ligament size measured in the inner part of dealloyed ribbons
correspond to the surface composition and ligament size of np-
Cu (HCl, 3.5 h). Altogether, we can distinguish three regions
for the np-Cu (HCl, 24 h).
Region I: The surface of the dealloyed ribbons is exposed to

the electrolyte all the time and thus commences to coarsen
within the first 24 h, resulting in larger ligament size and lower
residual Zn content.
Region II: Microstructure with smaller ligament size and

higher Zn content form near the surface of dealloyed ribbons
based on the dealloying front propagation within the master
alloy ribbons and less exposure time to the highly aggressive
electrolyte.

Figure 6. Elemental EDX mappings of Zn and Cu atoms inside single
ligaments of np-Cu ribbons (HCl, 168 h) probed by STEM−EDX.
(a) Bright-field STEM micrograph of single ligaments prepared by
dispersion of the np-Cu (HCl, 168 h) in propan-2-ol; (b) overlaid
EDX mapping of Cu (in green) and Zn (in red) of the respective
sample area, showing Zn-rich and Zn-poor regions; separate EDX
mappings of Cu (c) and Zn (d).
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Region III: The center of the master alloy showing dense and
solid structure is further unaffected from any dealloying
process under free corrosion. Thus, the middle part of the
dealloyed ribbons signifies the same composition like the
starting alloy ribbons.
With increasing dealloying time, for example, for 168 h = 7

days, we observed a homogenous pore network in the cross-
sectional SEM micrograph of dealloyed ribbons, as shown in
Figure 7b,b′. The composition of the np-Cu (HCl, 168 h) in
the plane and cross-sectional view was found to be very similar
(around 3 ± 1 at. %), while the mean ligament sizes is a bit
smaller, yet, not very different taking the error bars into

account. Therefore, dealloying for longer period enables to
form porous network structure that is controlled by varying the
nature of electrolyte solution, pH value, dealloying time, and
temperature.
To have a better understanding of the microstructure

evolution characteristics and dealloying front propagation of
Zn80Cu20 master alloy ribbons during dealloying process in 0.1
M HCl, the dealloying depth during the first 24 h was
investigated. It is noted that the total thickness of the ribbons
is decreasing during dealloying due to the shrinkage associated
with dissolution of large amounts of Zn and phase trans-
formation from hexagonal to cubic structure. More precisely,

Figure 7. Low (top) and high (bottom) magnification cross-sectional SEM micrographs of Zn80Cu20 ribbons dealloyed in (a,a′) for 24 and (b,b′)
168 h (7 days) in 0.1 M HCl or (c,c′) for 24 h in 1.3 M NaOH, respectively.

Table 1. Comparison of Chemical Composition and Ligament Size between the Surface and Cross-Section of Dealloyed
Ribbons

Zn [at. %] via EDX Cu [at. %] via EDX ligament size [nm]

ribbons in plane cross-sectional in plane cross-sectional in plane cross-sectional

Zn80Cu20 alloy 77 ± 1 78 ± 1 23 ± 1 22 ± 1
np-Cu (NaOH, 24 h) 73 ± 3 57 ± 9 78 ± 3 44 ± 9 21 ± 4
np-Cu (HCl, 24 h) 32 ± 5 52 ± 6 68 ± 5 48 ± 6 73 ± 14 56 ± 15
np-Cu (HCl, 168 h) 3 ± 2 3 ± 1 97 ± 2 97 ± 1 115 ± 28 97 ± 16
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the total thickness strongly decreased about 45%, from 35 ± 3
to 19 ± 1 μm, after 24 h of dealloying (see Figure 8a). Figure
8b Such a strong shrinkage has been reported for np-Co, where
cross-section thickness is decreased by 55% after dealloying.44

To consider the strong shrinkage of the ribbons, the dealloying
depth was normalized by dividing its value by the total
thickness of the ribbons at each dealloying time. In Figure 8b
shows a plot of normalized dealloying depth versus dealloying
time. We observed a linear relationship between normalized
dealloying depth and dealloying time, indicating that the rate
of dealloying front propagation is constant. This suggests that
the dealloying is controlled by the interfacial pro-
cesses.12,53,62−64 If the mass transport of the electrolyte
(diffusion of corrosive electrolyte solution in and out of the
porous layers) would be the rate-limiting step, we would have
seen slower dealloying front propagation over the dealloying
period. Therefore, we conclude that the microstructure of np-

Cu is controlled by the interfacial process, which is occurring
at the interface between the alloy and electrolyte.
Based on the plane-view SEM micrographs in Figure 3, we

assumed that the ligaments mainly form at and near the surface
of the ribbons dealloyed for 24 h in 1.3 M NaOH. The cross-
sectional SEM−EDX analysis (Figure 7c,c′ and Table 1)
confirms our observation. Only the surface of the ribbons
which is directly exposed to NaOH shows a porous
microstructure, while the inner part is still dense and solid.
For the np-Cu (NaOH, 24 h), the content of Zn was found to
be 73 ± 3 and 57 ± 9 at. % near the surface (cross-section)
and on the surface (in plane), respectively. The solid and dense
inner part of the ribbon is very similar in morphology and
chemical composition to the starting one (see cross-sectional
SEM micrograph of pristine Zn80Cu20 ribbons in Figure S13).
We can sum up that the dealloying process and thus the pore
evolution are much slower in alkaline media compared to those

Figure 8. Shrinkage of ribbons during dealloying and the dealloying rate. (a) Plot of total ribbons thickness at a given time [Dt] in black squares,
and np-Cu ribbons shrinkage in thickness [100 × ΔD/D0] in blue vs dealloying time in 0.1 M HCl at 25 °C under Ar atmosphere. D0 is the
thickness of the ZnCu alloy ribbons before dealloying, and the change of thickness was calculated by ΔD = Dt − D0. (b) Plot of normalized
dealloying depth vs dealloying time in 0.1 M HCl at room temperature under Ar atmosphere. The normalized dealloying depth was calculated from
the ratio of the dealloying depth and the ribbon thickness at a given time (Dt). Each measurement was repeated 3 times for each sample.

Figure 9. Schematic of the dealloying front propagation for the pore-ligament evolution of np-Cu ribbons. (a) Dealloying in 0.1 M HCl; the first
graph represents a cross-section of Zn80Cu20 alloy and the next graph displays the formation of cracks and the evolution of ligament on the surface
of the ribbons, the following graphs show the dealloying front propagation during the dealloying time. The zoomed graph on the top right
represents the plane-view ligaments with Zn-rich regions inside the ligaments. (b) Dealloying in 1.3 M NaOH: over time, ligaments form only on
the surface and do not grow into deeper level of the ribbons. The zoomed graph on bottom right shows the plane-view ligaments with octahedral
Cu(I)oxide crystals. The master alloy is denoted in grey color, Zn-rich regions in dark-gray, Cu-rich ligaments in brown in acidic media, and in
brown/black in alkaline media.
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in acidic. Since dealloying is an interface-controlled process, Zn
dissolution and pore evolution rate control the penetration of
the electrolyte and thus the dealloying of the bulk of the
ribbons. The small pore network is related to the slower
surface diffusion rates of the remaining Cu atoms by forming
surface (hydr)oxide, which will be discussed in the next
section.

4. DISCUSSION
Starting from Zn80Cu20 alloy ribbons prepared by melt-
spinning, the microstructure evolution characteristics of the
np-Cu with highly open and three-dimensional pore network is
visualized in Figure 9. When the ribbons are immersed in 0.1
M HCl solution, the dealloying process is rapidly initiated by
dissolution of Zn atoms from the top Zn-rich surface layer of
alloy ribbons. This process leaves the more noble Cu surface
atoms unstable and highly low-coordinated. The remaining Cu
surface atoms tend to diffuse along the top layers and
additional Zn atoms within the near-surface layers are
successively exposed to the aggressive electrolyte. Therefore,
a critical interplay between Zn dissolution rates and surface
diffusion rates of Cu atoms controls the formation of highly
porous and well-connected ligament network.
Dealloying is controlled by the interfacial processes

mentioned above. In case of using chloride-containing acidic
solution, the chloride ions enhance the mobility of Cu surface
atoms by 2−5 magnitudes compared to a chloride-free
environment.16,37 Chloride ions can adsorb on a Cu-based
surface, especially at low-coordinated sites and increase its
mobility.37,49 This leads to formation of larger ligaments and
pores. The addition of chloride ions to an alkaline solution
showed an opposite effect, which is still not well understood to
date. Surface diffusion rate is also strongly affected by the
dealloying temperature. The increased diffusivity of Cu with
higher temperature leads to enhanced coarsening and larger
ligament size. On the other hand, agitation of the electrolyte
during dealloying does not have a significant influence on the
structure because the mass transport of electrolyte into the
pores is not the rate-limiting step in the dealloying process.
The obtained ligament sizes in this work are in good
agreement with the results published from other
groups.16,31,33,36,49,65 An overview about the structural
information and its experimental conditions for the formation
of np-Cu are listed in Table S3 of the Supporting Information.
The enhanced Cu surface diffusion in HCl allows the
dealloying front propagation into the entire ribbons (initial
thickness of ribbons of 35 ± 3 μm). Therefore, dealloying in
HCl solution allows for the formation of homogeneous np-Cu-
rich materials.
Apart from the degree of porosity, we investigated the spatial

distribution of Zn atoms within the np-Cu. Very interestingly,
some Zn atoms could be trapped in the Cu-rich clusters and
are not exposed to the aggressive electrolyte. This results in
Zn-enriched regions within the ligaments of np-Cu, which is
very likely caused by the surface diffusion of Cu atoms as a
passivation layer. Similar observation has been reported for np-
Au materials starting from Ag-rich alloys.60,61 The spatial
enrichment and distribution of less noble metal within np-
materials might have a huge impact in heterogeneous and
electrochemical catalysis to tune the electronic and geometric
effects.
In alkaline media, the dealloying process is mainly restricted

by the slow surface diffusion of Cu (hydr)oxide species,

forming when Cu atoms are in exposure to strongly alkaline
solution. The surface diffusion coefficient of Cu (hydr)oxide
species is suggested to be two to three magnitudes slower than
metallic Cu.17,27,36,37 It was also seen from the estimation of
the surface diffusivity (Ds) in HCl (1.4 × 10−18 m2 s−1) and
NaOH (9.4 × 10−21 m2 s−1) at 25 °C in this work. This limits
the coarsening process and leads to the formation of smaller
ligaments compared to dealloying in acidic media. The slow
Cu diffusion and evolution of small ligaments/pores restrict
the dealloying front propagation in the thick ribbons.
Therefore, the np structure only forms on the surface and
the properties to the original master alloy retain in the bulk.
On the other hand, during dealloying in strong alkaline media,
low-coordinated Cu atoms dissolve in minor concentration
and enrich near the alloy surface. We believe that over
dealloying time the concentration of soluble Cu species
gradually increases until a critical concentration has been
achieved. Above this threshold (supersaturation), Cu species
commence to re-deposit and grow as Cu(I)oxide crystals at the
alloy surface. We suggest that the critical point of the
supersaturation is different inside the pores rather than outside
of the pores (bulk electrolyte). Therefore, we observed a
sudden change in the morphological structure of np-Cu in
NaOH due to the formation and growth of Cu(I)oxide seed
crystals inside the pores.17 Both the formation of octahedral
Cu2O crystals and the slow Cu surface diffusion hinder
electrolyte penetration and thus the dealloying of the bulk
ribbons.
We can sum up that dealloying conditions such as electrolyte

and dealloying temperature strongly control the structure and
the residual Zn content within the np-Cu ribbons.

5. CONCLUSIONS
In this work, we studied the formation of np-Cu by chemical
dealloying of Zn80Cu20 alloy ribbons in two different
electrolytes and pH values. The master alloy was prepared
by melt spinning and the obtained alloy ribbons consist of a
Zn-enriched surface layer (of ∼14 nm), followed by a
homogenous sub-surface and bulk composition. The chemical
dealloying of the ribbons in 0.1 M HCl and 1.3 M NaOH leads
to formation of an extended ligament-pore network with
different structural and chemical properties. In particular, the
dealloying process in HCl facilitates the Zn dissolution,
resulting in a change of the crystal structure from hexagonal
Cu20Zn80 to cubic Cu38Zn62 and finally to cubic Cu. Residuals
of Zn of 1−2 at. % are enough to preserve the homogeneous
ligament structure even after very long dealloying times (13
days). Very interestingly, the distribution of Zn within the
single ligaments is inhomogeneous by the formation of local
Zn-rich regions near the surface. The appearance of these Zn-
rich regions might be very likely related to the passivation
behavior of Cu surface atoms and might be relics of the master
alloy.
In acidic environments, the ligament size and Zn content are

strongly correlated to each other, as the ligament size grows
and simultaneously the residual Zn content decreases over the
dealloying time. On the other hand, ligaments formed in
alkaline media are smaller and the ligament size is independent
from the residual Zn content. Despite the relatively thick melt-
spun ribbons (35 ± 3 μm), kinetics of a bicontinuous
ligament-pore structure are controlled by the interfacial
process instead of the diffusion of corrosive electrolyte solution
in and out of the porous layers, referred to as long-range mass
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transport. Surface diffusivities of Cu at 25 °C were determined
to be 1.4 × 10−18 and 9.4 × 10−21 m2 s−1 in 0.1 M HCl and 1.3
M NaOH, respectively. Therefore, the high Cu surface
diffusion rate in the presence of chloride ions enables an
enhanced dealloying front propagation into the ribbons, and
also coarsening of the ligaments to form larger ligament. On
the contrary, the slow surface diffusion rate of Cu (hydr)oxide
in 1.3 M NaOH solution strongly limits the dealloying process
and forms smaller ligaments.
The effect of different dealloying conditions was also

investigated. Agitation and de-aeration of the acidic electrolyte
has no significant influence on the structure of np-Cu. On the
other hand, dealloying temperature strongly influences the
surface diffusivity of Cu, leading to a strong relationship
between dealloying temperature and the np-Cu structure.
This study describes the formation of np-Cu materials with

tunable ligament size and residual Zn content starting from
alloy ribbons, which allows for tuning the structural and
chemical properties of a np-Cu material for a wide range of
possible applications in electrochemical synthesis, sensors and
catalysis.
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