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The morphology, surface oxide and strain evolution of nanoporous (np) gold were investigated using atomic
force microscopy (AFM). Topographic AFM images show typical np structure with a few nanometers ligament
size. Current sensing AFM results revealed semiconductor properties of the surface oxide, which may consist of
Ag2O (p-type) and AgO (n-type). The surface oxide can effectively suppress the np structure coarsening. In-situ
electrochemical AFM tests exhibit a refinedmacroscopic dimensional change of 40 nmwithin 0.35–0.7 V poten-
tial range. AFMcan be used as an effectivemethod to investigate themorphology and voltage-induced dimension
changes in electrolyte.
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Nanoporous (np) metals with bi-continuous open porosity have the
potential to outperform existing materials in various technological ap-
plications, such as catalysts [1–3], plasmonics [4,5], electrochemical
supercapacitors [6], actuators [7–11], sensors [12–16], and battery elec-
trodes [17–19]. Nanoporousmetals are fabricated by dealloying or elec-
trochemical dealloying, in which the less noble components are
selectively dissolved from a homogenous alloy, and the more noble
components are left behind to form the three-dimensional metal skele-
ton. Nanoporous gold (npg) exhibits a typical sponge-like open cell
foam structure formed by dealloying silver from the AgAu alloy. The
resulting npg samples had 70–80% porosity and 3–50 nm ligament
size, and maintained the original macroscopic shape of the alloy sam-
ples [20]. More recently, many efforts have been devoted to studying
the chemically and electrochemically-induced strain in npg [7,16]
which may be utilized in sensing and actuation applications. Further-
more, detailed characterization of structures and surface properties of
np ligaments during dealloying process is an emerging fundamental
research field.

In recent decades, many researchers have attempted to investigate
dealloying process and the underlying physical mechanisms in np
metals. The dealloying process can be regarded as a competition be-
tween selective dissolution,which roughens the surface and surface dif-
fusion, which smoothens the surface [21]. The physical mechanisms of
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dealloying have been discussed according to the corrosion
disordering/diffusion reordering model, the dynamic roughening tran-
sitionmodel, and the kineticMonte Carlomodel [22]. The dealloyingbe-
gins with the dissolution of a single silver atom on a flat alloy surface of
closed pack (111) orientation, leaving a terrace vacancy behind. Then
the adatoms diffuse and start to agglomerate into islands before the
next layer is attacked. Thus, the pore forms due to the more noble
atoms being chemically driven to aggregate into two-dimensional clus-
ters by a phase separation process. Jin et al. [23] suggested that an oxide
layer formed during dealloying and the npg samples exhibit extraordi-
narily small 1–2 nmstructure of thematerial. Also, the samples revealed
a large reversible elastic contraction during the anodic part of the cyclic
potential scan, which is opposite to the clean surface samples.

Currently, the most popular method for controlling the morphology
of np metals is by coarsening of ligaments and pores during thermal or
acid post-treatments, where np specimens are either exposed to high
temperature or kept in an acid environment after dealloying. According
to theKertis et al., the pore size of npg can be further affected by thermal
annealing, and finally achieve over 10 μm size [24]. When considering
npg annealing, one should be aware that it is important to thoroughly
clean any electrolyte off the sample and start with a fully reduced sur-
face because the bumpy and sharp features of the sample annealed
without reduction have clearly inhibited coarsening and led to a more
random, bumpy and finer scale material [24]. For npg, the coarsening
of ligaments and pores is driven by the reduction of the surface free en-
ergy, which involves surface diffusion of gold atoms in order to form np
structures withminimal surface energy [25]. Some strategies have been
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Fig. 2. Typical I-V curves obtained from CSAFM of the polarized NPG-2 sample.

Fig. 1. AFM topography images of (a) the initial prepared NPG-1 sample and (b) reduced NPG-3 sample.
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devised to reduce coarsening, such as adding noble alloying elements
[26], controlling the dealloying conditions [27] and forming the surface
oxide [23]. These studies point out the importance of surface oxide and
its properties for the np structure formation and the coarsening process.

Atomic force microscopy (AFM) is a technique used to characterize
the surface morphology and investigate the surface properties of
many different materials with near atomic resolution. Current sensing
AFM (CSAFM) is a technique to map the current between the conduc-
tive tip and the surface with nanometer spatial resolution [28]. CSAFM
can acquire the electrical conductivity of the micro-area of the samples
by measuring the current at a given applied voltage, along with
obtaining local current-voltage (I-V) curves. The force between the tip
and the sample surface can be adjusted. Thus, CSAFM is regarded as
an effective tool to investigate the local surface semiconductor proper-
ties, so the oxide state and properties can be characterized. Electro-
chemical AFM (EC-AFM) in ambient conditions with potentiostatic
control is used to monitor macroscopic dimensional response during
potential sweeping in electrolyte. The electrochemical cell used in EC-
AFMwas made of Teflon. It consisted of Pt as the counter and reference
electrodes, and the sample as the working electrode. The potential for
the in-situ study was varied from 0.35 V to 0.7 V according to the cyclic
voltammogram (CV). During potential sweeping, the AFM will record
the height changes on the sample surface based on the interaction be-
tween the tip and the sample. Thus, the sample macroscopic dimension
changes can be detected, recording the strain evolution during the po-
tential change.

Au25Ag75 ingots were prepared by the arc-melting of the high purity
(N99.99%) silver and gold wires in argon atmosphere. The ingots were
homogenized at 850 °C for N100 h, cut into 1.2 × 1.2 × 2 mm3 samples
and then annealed at 600 °C for 4 h. The dealloying of the alloy samples
was performed under potentiostatic control (AUTOLAB PGSTAT302N)
in 1 M HClO4 at ambient temperature. A silver wire and a pseudo Ag/
AgCl reference electrode were used as the counter and reference elec-
trodes in the dealloying process, respectively. The Ag/AgCl reference
electrode potential is ~0.53 Vmore positive than the standard hydrogen
electrode (SHE). Aqueous solution was prepared from guaranteed re-
agent grade HClO4 (Sinopharm Chemical Reagent Co., Ltd.) and ultra-
pure water (18.2 MΩ). The morphology and the ligament size were
characterized using scanning electron microscopy (SEM, FEI NOVA
SEM430) of the cross-sectioned np sample surfaces. The residual Ag
content was measured using energy dispersive spectroscopy (EDS, FEI
NOVA SEM430) on the np samples cross-section surface. All measure-
ments were carried out at room temperature.

The initial npg sample NPG-1 was prepared by dealloying at 0.7 V
which took around 30 h. It is noted that the NPG-1 contains a high con-
centration of residual silver (~23 at.%)with a ligament size of 15 nm. The
top surface morphology of NPG-1 obtained by the contact mode AFM is
shown in Fig. 1a. Secondly, the NPG-2 sample was prepared by
polarizing at a higher potential of 1.0 V to further dissolve Ag from
NPG-1. The ligament size of NPG-2 is almost the same as the initial pre-
pared NPG-1. The residual Ag content in NPG-2 is decreased to around
5 at.%. In the last step, the NPG-2 sample was treated at 0.7 V for surface
desorption, so that the reduced sample NPG-3 can be obtained. Fig. 1b
shows the AFM topography of the NPG-3 sample with a larger ligament
size of 30–40 nm compared with the first two samples. This indicated
that the surface adsorption of NPG-2 played a key role in suppressing
the structure coarsening.

To further investigate the surface properties of the polarized npg
sample NPG-2, the CSAFM measurements have been carried out using
Agilent 5500 AFM (Agilent Technologies, USA) operated in the current
sensing mode. The probes used were DPE14/AIBS conductive Pt-
coated silicon tips with 5.7 N/m force constant. CSAFM uses contact
AFM mode with a voltage bias applied to the tip, while scanning the
sample surface, the surface topography can be obtained. Local I-V curves
can be also obtained by placing the tip at a fixed position on the npg sur-
face chosen randomly. Dozens of different positions were investigated
on the scanned surface, and local I-V curves were obtained, as shown
in Fig. 2, which presents three typical characteristics: linear, almost
symmetric and asymmetric. There are some obvious differences be-
tween these positions. Generally, the I-V curves are expected to be lin-
ear for metals, since they are conductors. Clearly, there are also some
positions showing different features in the I-V curves, which are nonlin-
ear and asymmetric.



0.3 0.4 0.5 0.6 0.7 0.8
-20

-10

0

10

20

30

-3

-2

-1

0

1

2

0.3 0.4 0.5 0.6 0.7
-0.1

0.0

0.1

0.2

0.3

0.4

C
ur

re
nt

, m
A

Potential, V

Fig. 3.Macroscopic length changes Δlmeasured from EC-AFM during potential scan from 0.35 V to 0.7 V in 0.5 M Na2SO4. The inset figure is cyclic voltammograms within the potential
range 0.35–0.65 V.
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For the CSAFMmeasurements, the tip is kept in contactwith the npg
surface. The surfaces of polarized npg sample are covered by surface
oxide, and the oxide coverage efficiently prevents coarsening due to a
reduced surface diffusivity of metal. Then metal-semiconductor-metal
contacts are present between the Pt-coated tip, the oxide film and the
npg substrate. In this case, the flow of electrons from the semiconductor
to themetal was preventedwith the positive applied voltage and a sub-
stantial electrons flow from the semiconductor to the metal was en-
hanced with the negative applied voltage, suggesting the n-type
semiconductor behavior [29]. For the p-type semiconductor, similar ar-
guments can be applied. Thus, when almost symmetric and asymmetric
I-V curves present high resistance with positive applied voltage, the
semiconductor is regarded as the n-type. Oppositely, if it has higher re-
sistance with negative applied voltage, then the semiconductor is
thought to be the p-type. Based on the I-V curves obtained in this
study, the oxides on the npg surface are complex and can vary. It is
well known that n- or p-type semiconductor properties are related to
the sample chemical composition. Generally, Au is inert and it is difficult
to form oxide, while silver is likely to form Ag2O and AgO oxides in elec-
trochemical dealloying. Ag2O behaves as the p-type semiconductor, at-
tributed to silver or cation vacancies, while AgO exhibits the n-type
semiconductor properties attributed to oxygen vacancies trapped in
the oxide film. These oxides densely cover the npg sample surface, sup-
pressing the np structure coarsening. CSAFMstudies point to the impor-
tance of oxide coverage influencing the corrosion kinetics. However,
more experiments are needed to provide a clear explanation of the
dealloying mechanism.

Fig. 3 shows the changes of reduced sample NPG-3 macroscopic
length with the applied voltage from the EC-AFM measurements. The
inset figure in Fig. 3 shows the CVs with the potential range of
0.35–0.65 V. These are typical CV curves and well reproducible. When
a bias is applied between the surface and the probe, the probe cantilever
produces the corresponding deviation. The sample macroscopic length
changes are measured from the cantilever deflection. One can obtain
the change of the tip bias passing through the probe. Then the
macroscopic dimension changes of npg sample can be calculated ac-
cording to the theoretical model. Due to the cantilever probe being sen-
sitive to the displacement change, this method can be used to measure
small macroscopic deformations. Fig. 3 shows the results of the in-situ
EC-AFM tests in 0.5 M Na2SO4. The sample length change Δl in the pos-
itive scan from 0.35 V to 0.7 V is about 40 nm. The npg sample dimen-
sion expanded with the applied voltage. This is also consistent with
the observations of Jin et al. [23]. The macroscopic strain amplitude is
0.003% for the 1.2 mm thick sample. Thus, in-situ EC-AFM measure-
ments are accurate for quantifying these evolutions in electrochemical
environment.

It was demonstrated that the initial prepared npg sample NPG-1 and
polarized sample NPG-2 exhibit a small ligament size of about 15 nm,
and the reduced sample NPG-3 has a larger ligament size of
30–40 nm. The oxide layer formed in the electrochemical dealloying
process leads the small np structure of npg samples. The CSAFM results
reveal that the Ag2O species behave as the p-type semiconductor, while
AgO exhibits n-type semiconductor properties. In conclusion，the
oxide on npg surface can effectively suppress the np structure coarsen-
ing. The EC-AFM measurements show that the npg sample length
change during the positive potential scan from 0.35 V to 0.7 V is 40 nm.
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