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ABSTRACT: Electric charge can determine where and how reaction
occurs, but the relationship between net surface charge and activity is
unclear because of the diﬃculty in simultaneously detecting charge and
activity at the single nanoparticle level. In this study, we use ions as
probes to detect the distribution of net surface charge and track galvanic
replacement reaction on single Ag nanowire in situ and in real time by
dark-ﬁeld microscopy. The two ends of a single Ag nanowire are found
to possess more net surface charges than the middle part. The unevenly
distributed net surface charge performs multifunctions in determining
the reaction activity, selectivity, and product shape. Owing to the
interaction between the net surface charges and ions in solution, many
clusters are generated on the Ag nanowires. The locations of generating
these clusters are where faster deposition reaction happens. Furthermore, larger size Ag compounds with clear shape are
produced near the two ends by attracting Ag+ at lower [HAuCl4], but larger size Ag−Au alloy clusters with veiled shape are
produced near the center by repelling AuCl4− at higher [HAuCl4]. Given that net surface charge generally exists in nanoscience,
the methodology and results obtained from this research can be widely used in other single-shaped nanomaterials.
nanometer accuracy.17 But the reaction on the nanomaterial in
situ and in real time is diﬃcult to measure by using EFM.
Moreover, measuring the distribution of net surface charge in
solution remains a challenging work for this technique.18
Galvanic replacement reaction (GRR) is a powerful method
in engineering metal nanostructures in numerous ﬁelds,
including catalysis,19 plasmonics,20 and biomedical research.21
GRR is also an excellent model reaction system for studying the
eﬀect of net surface charge on reaction, as GRR is a simple
electrochemical process. For a typical GRR between Ag and
HAuCl4, two half-reactions occur:

1. INTRODUCTION
Electric charge can determine where and how reaction occurs.
The surface of a conductive material in solution could carry
certain charges through several modes, such as electron aﬃnity
(i.e., electrochemical potential) diﬀerences of two phases,
ionization of surface groups, diﬀerential ion adsorption from
electrolyte solution, and diﬀerential ion dissolution from a
crystal lattice.1−3 Opposite charges will be attracted to the
interface between the conductive material and solution,
automatically forming an electric double layer. Within the
electric double layer only, the net surface charges can interact
with other charged objects, such as ions, colloidal particles, and
electrons.1 Given that nanoparticles possess diﬀerent shapes
and structures, the distribution of net surface charge on a single
nanoparticle usually presents diverse patterns.4,5 This unevenly
distributed net surface charge could generate a speciﬁc electric
ﬁeld or potential around conducting materials and aﬀect the
transportation of charged reactants and their corresponding
reactions.6−12 Ultimately, the net surface charge can determine
the preferred location for chemical reactions on a single
nanoparticle.13,14
However, a clear relationship between the net surface charge
and reaction has not been well established at the single
nanoparticle level.13−16 This problem is due to the diﬃculty of
simultaneously detecting the distribution of net surface charge
and the eﬀect on reaction at the single nanoparticle level.
Electric force microscopy (EFM) is currently the most eﬀective
technique to measure the distribution of net surface charge with
© 2016 American Chemical Society

Ag − e− → Ag +

φ⊖ Ag/Ag + = 0.799 V

AuCl4 − + 3e− ↔ Au↓ + 4Cl−

(1)

φ⊖ Au/AuCl − = 1.000 V
4

(2)

GRR between the Ag nanoparticle/nanowire and HAuCl4
has been intensively studied by Sun and Xia.21−30 It is accepted
that the replacement occurs through the Au deposition on the
surface of the nanoparticle/nanowires. Then some pits with
irregular shapes and surfaces are formed on the surface because
some spots on the surface usually exhibit higher surface energy
originating from crystalline defects such as steps and
dislocations. As a result of the formation of the pits, HAuCl4
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cold white collimated LED (MCWHL2-C1) lamp source for
Olympus BX & IX focused through an Olympus U-DCW
NA1.2-1.4 oil immersion dark-ﬁeld condenser. The scattering
signal was collected by a 60× NA1.2 water-immersion objective
and detected by an ANDOR Ixon DU-897D-CS0-#BV
EMCCD camera operated at 200 ms frame rate. An additional
1.6× magniﬁcation on the microscope was also used. To correct
the unavoidable stage drifting in nanometer accuracy32−34
(Figure S5), we used super-resolution microscopy to localize
accurately the markers, i.e., several gold nanoparticles with a
size of tens of nanometers. As a result, the calculation of light
scattering from single Ag nanowires can be highly improved.
2.5. Dark-Field Imaging of GRR on Single Ag
Nanowires. A 100 μm (height) × 2 cm (length) × 5 mm
(width) ﬂow cell, which was formed by double-sided tapes
sandwiched between a glass slide (Henghao, China) and a
borosilicate coverslip (Citoglas, China), was used to hold
aqueous reactant solutions for dark-ﬁeld measurements.
Reactant solutions were supplied in continuous ﬂow at 10 μL
min−1 by using a syringe pump. All dark-ﬁeld imaging
experiments on nanoparticle catalysis were carried out at
room temperature with 0.02, 0.05, 0.10, and 0.50 mM HAuCl4
(Nanjing Precious Metal Factory, China). This ﬂow cell-based
reactor provided a steady-state reaction condition. All GRR
kinetics of single Ag nanowires was measured under this
condition.
To immobilize Ag nanowires on the glass slide, we ﬁrst
dispersed 2 μL (depending on the concentration of Ag
nanowire) of Ag nanowires in 20 μL of ethanol by sonication.
A 5 μL volume of this solution was drop-cast once onto a clean
glass slide and dried in air at room temperature. The glass slide
was then assembled into a ﬂow cell for dark-ﬁeld imaging
experiments.
2.6. Drift Correction by Super-Resolution Microscopy.
Several gold nanomarkers were immobilized on the surface of
the glass slide to accomplish drift correction. These gold
nanomarkers could keep scattering the light and were highly
stable during GRR. Therefore, the gold nanomarkers were not
aﬀected by the reactant solution. Super-resolution microscopy,
which is similar to STORM,35 PALM,36 and our research,32,37
was applied to localize the position of individual nanomarkers
in nanometer accuracy.
To determine the emission center of the marker during the
GRR, we cropped an image area of 13 × 13 pixels (∼2.2 × 2.2
μm2) around the nanomarker for 2D Gaussian ﬁtting. To
increase the accuracy of ﬁtting, several frames (every 18th frame
here) were combined to form a single image to gather a
suﬃciently large number of emission photons for analysis. As
the pixel size of the combined image was only 166.67 nm, the
image was ﬁtted with a 2D Gaussian function to achieve
subdiﬀraction accuracy.

solution can corrode the inner part of the nanostructure,
inducing the formation of the hollow structure.9,11
Ag and Au are plasmonic materials, which are amenable to
optical probing at the single particle level.31 Dissolution of Ag
will induce a decrease in light scattering, whereas Au deposition
will cause an increase. In this work, we conducted a challenging
study on net surface charge and determined its eﬀect on GRR
at the single nanoparticle level. The results revealed that the
two ends of a single Ag nanowire possess more net surface
charges, and the unevenly distributed net surface charge
performs multifunctions for the GRR on single Ag nanowire.

2. EXPERIMENTAL SECTION
2.1. Materials and Characterizations. All commercial
materials were used as received unless speciﬁed. Transmission
electron microscopy (TEM), scanning TEM (STEM), highresolution TEM (200 kV, Tecnai G2 F20 S-TWIN; FEI),
scanning electron microscopy (SEM, Quanta 400 FEG; FEI),
and energy-dispersive X-ray (EDX) spectroscopy were used to
characterize the nanostructure and composition of silver
nanowires. These techniques were performed at CAS-Platform
for Characterization and Testing at the Suzhou Institute of
Nano-Tech and Nano-Bionics. Image analyses were conducted
using home-written SCILAB codes.
2.2. Synthesis of Ag Nanowires. Silver nanowires were
synthesized following the method of Xia et al.28 In a typical
synthesis, 0.1 mol of NaCl (Enox, China) and 2.24 g of
poly(vinylpyrrolidone) (MW = 1 300 000) (Aldrich) were
added to ethylene glycol (EG) (Sinopharm Chemical Reagent
Co., Ltd.) and heated to obtain a clear solution. AgNO3 (The
First Regent Factory, Shanghai, China) solution (0.1 M, in EG)
was added dropwise to the solution with vigorous stirring for 10
min. The mixed solution was poured into a Teﬂon-lined
stainless-steel autoclave and was heated at 160 °C for 6 h. The
product was diluted with ethanol and centrifuged several times
at 2000 rpm for 5 min to remove the surfactant. Finally, the
puriﬁed nanowires were dispersed in ethanol (Sinopharm
Chemical Reagent Co., Ltd.).
2.3. Electrochemical Potential Measurements of Ag
Nanowires during the GRR. All experiments were conducted
at room temperature under ambient conditions.4 All electrochemical potentials were measured at open circuit condition in
CS350 potentiostat/galvanostat (Wuhan CORRTEST Instruments Co., Ltd.) with a three-electrode cell. The reference
electrode is the Ag/AgCl/sat. KCl reference electrode. All
potentials were quoted with respect to RHE reference electrode
for comparison. The counter electrode was a large area Pt
plane. The Au electrode was polished with a slurry of 0.05 μm
alumina powders (CH Instruments, Inc.) and sonicated in
water.
The working electrode is some Ag nanowires, which are
supported on a bare Au electrode with a diameter of 2 mm
(CH Instruments, Inc.). The Ag nanowires were immobilized
by dropping 2 μL of Ag nanowire colloidal solution onto the
bare Au electrode. Then the electrode was dried in air for 20
min. The Ag nanowires on Au electrode were immersed in 15
mL of HAuCl4 solution for open circuit potential (OCP)
measurement. Since the amount of HAuCl4 was much larger
than Ag nanowire, the GRR could not obviously change the
concentration of HAuCl4.
2.4. Dark-Field Imaging of Single Ag Nanowires. Darkﬁeld measurements were performed using an Olympus IX71
microscope. The single Ag nanowires were illuminated by a

3. RESULTS AND DISCUSSION
3.1. Measure the Activity of GRR on Single Ag
Nanowires by DFM. The prepared Ag nanowires (50.1 ±
8.5 nm diameter and 6.3 ± 3.6 μm length; Figure 1A and
Figure S1)28 were well-dispersed and immobilized on a glass
slide. The slide was then fabricated to a microﬂuidic ﬂow cell
for dark-ﬁeld measurements in Figure 1B. Figure 1A shows that
the as-synthesized Ag nanowire possesses a smooth edge and
consequently shows an even scattering intensity in DFM
(Figure 1C).
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([HAuCl4]). To deeply study the GRR process on single Ag
nanowire, we cropped two typical single Ag nanowires from the
whole images taken at low (0.02 mM) and high (0.50 mM)
[HAuCl4] during GRR, respectively. Parts A−C of Figure 2
show the variation of scattering intensity in diﬀerent manners
for a typical single Ag nanowire during GRR at 0.02 mM
[HAuCl4] (red rectangle in Figure 1). Parts A−C of Figure 2
show that the intensity along the nanowire is almost uniform at
the beginning of GRR. At 1.6 ks, the intensity increases at
certain locations (e.g., L1, L2, L4) but decreases at others (e.g.,
L3). Several bright spots appear along the nanowire between
1.6 and 2.4 ks. Figure 2C shows that the exact appearance time
of the bright spots is at ∼1.8 ks. During the same time, the
scattering intensity of each location on the single Ag nanowire
suddenly decreases to an extremely low value. It indicates that
the brightening of the bright spots is at the expense of
decreasing the scattering intensity of other locations on the
nanowire. After 2.4 ks, the intensity of bright spots becomes
increasingly lower until it disappears. Moreover, the locations of
the bright spots are closer to the two ends of single nanowires
at low [HAuCl4] (Figure 1E and Figure 2A−C).
The reaction behavior at high [HAuCl4] is diﬀerent from that
at low [HAuCl4]. Parts D−F of Figure 2 show that the bright
spots appear only after 30 s of the reaction at high [HAuCl4]
(Movie S2). Moreover, the scattering intensity at every location
(no matter with or without bright spots) of nanowire keeps
increasing after 30 s (Figure 2E and Figure 2F). The increase of
scattering intensity may be due to the continuous deposition of
Au and reconstruction of the nanoparticles via Ostwald
ripening. Both the continuous deposition of Au and Ostwald
ripening can make the morphology change of the nanowire,
resulting in the increase of the scattering intensity.29 Figure 2E
shows that more bright spots appear in the middle part of
nanowire compared to Figure 2B. Therefore, the bright spot on
the single Ag nanowire could show diverse distributions at
diﬀerent [HAuCl4]s.
3.3. Structure and Composition of the Product at
Diﬀerent [HAuCl4]s. The structure and composition of typical

Figure 1. Imaging GRR on single Ag nanowires by DFM: (A) TEM
image of a segment of an as-synthesized Ag nanowire; (B) schematic
of GRR under DFM; (C−F) wide-ﬁeld images of the nanowires from
DFM under GRR at 0.02 mM HAuCl4 at the time 0, 1.6, 2.4, and 4.8
ks from Movie S1.

Parts C−F of Figure 1 show the DFM scattering snapshots of
some single Ag nanowires undergoing GRR during 0−4.8 ks.
Figure 1D shows that single Ag nanowires become less bright
after ∼1.6 ks GRR because of the dissolution of Ag nanowire
through the oxidation half-reaction in eq 1. Interestingly,
numerous bright spots with increased scattering intensity are
generated on several locations of the single Ag nanowires at
∼2.4 ks (Figure 1E). These locations of Ag nanowires on the
bright spots obviously have higher activity for the deposition
reaction than other locations. Thus, in this study, DFM can
eﬀectively diﬀerentiate and measure the two half-reactions of
GRR, i.e., reactions in eq 1 and eq 2, on single Ag nanowires.
Our research is focused on the reduction half-reaction, as the
half-reaction involves the reduction of ions from solution and is
easily aﬀected by the net surface charge.
3.2. Diverse Activity Distributions on a Single Ag
Nanowire at Diﬀerent Concentrations of HAuCl 4

Figure 2. Typical DFM images and corresponding intensity of single Ag nanowires during GRR at diﬀerent [HAuCl4]s. (A) and (D) Typical DFM
images of one single Ag nanowire during GRR at 0.02 and 0.50 mM HAuCl4. Scale bar in parts A and D is 2 μm. (B, E) 2D light scattering intensity
versus time along the Ag nanowire in parts A and D, respectively. (C, F) Zoom in of parts B and E.
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nanowire can be corroded by HAuCl4, resulting in a hollow
structure very rapidly. The reaction generates a large number of
Ag+ to support the growth of the Ag blocks. Therefore, it is
reasonable to state that most of the Ag have been consumed by
the growth of Ag nanoblocks. The major generating of the Ag+
does not come from the dissolution of Ag on the outside
surface but comes from corrosion of the inner part of the Ag
nanowire during a rapid dissolve state in our experiment. Pits
and pores are formed when GRR lasts for about 1500 s, which
is long enough to make the inner part of the Ag nanowire
contact with HAuCl4 solution as Figure S8 shows. This reaction
in the inner part of the nanowire results in hollow tube as
Figure 3B shows.
At high [HAuCl4] (0.50 mM), the entire Ag nanowire will be
covered by an assembly of numerous nanoparticles (Figure 3D
and Figure 3E). The clusters of the particles near the center of
nanowire have larger sizes (Figure 3F). However, the shape of
these clusters of particles varies from that at low [HAuCl4] in
Figure 3B. The ﬁgure only exhibited a thick body of nanowire
with a width up to 160 nm, which is much larger than the width
of as-synthesized Ag nanowire (50.1 ± 8.5 nm). The nanowire
gets wider due to the deposition of Au nanoparticles on the
surface of the Ag nanowire. The EDX measurement shows that
both the cluster and the body of the nanowire are composed of
Ag and Au (Figure 3F).
Figure 1 and Figure 2A show that most of the bright spots,
i.e., the Ag blocks, are distributed on the two ends of the
nanowire in 0.02 mM HAuCl4 solution. However, Figure 2E
shows that more bright spots, i.e., the Au nanoparticles, appear
in the middle part of nanowire at high concentration of HAuCl4
compared to Figure 2A. Therefore, single Ag nanowire could
show diverse bright spot distributions at diﬀerent [HAuCl4]s.
The distribution of blocks can be explained by common crystal
growth theory. It is widely accepted that the crystal growth
initiated from the random nucleation.39,40 For the unevenly
distributed growth condition like our Ag nanowire, the
nucleation may occur preferentially at the favorable location
and depress the growth at other places. Large blocks of crystal
or even the single crystal can be obtained at the favorable
location. As discussed below, the growth condition aﬀected by
net surface charge will induce the distribution of the deposited
particles or blocks.
3.4. Generation of Net Surface Charge on Single Ag
Nanowire. According to electrostatic theory, the electric
potential of a conductive material decreases with more negative
charges.5 Figure 4A clearly shows that each electrochemical
potential trajectory meets a decrease after a certain time of
GRR at diﬀerent [HAuCl4]s. Especially for 0.02 mM HAuCl4,
the potential exhibits a large decrease from ∼0.83 to ∼0.7 V at
∼1500 s. Therefore, we can assume that the nanowires are
injected with some negative charges. However, it is a
complicated process for the negative charges to be injected
into a conductive material in solution. The surface of a
conductive material could carry charges through numerous
modes, such as electron aﬃnity diﬀerences of two phases,
ionization of surface groups, and diﬀerential ion adsorption
from electrolyte solution.1−3 In this research, the negative
charges may originate from electron aﬃnity diﬀerences of two
phases (Ag nanowire and solution with Ag+) and the speciﬁc
adsorption of Cl−.1,41 Owing to the electron aﬃnity (i.e.,
electrochemical potential) diﬀerences of two phases, the
electron could transfer from a low electron aﬃnity phase (i.e.,
high electrochemical potential) to a phase with high electron

single nanowires were characterized after GRR at diﬀerent
[HAuCl4]s. Figure 3A shows that several large blocks, i.e.,

Figure 3. Structure and composition of typical single Ag nanowires
after 2.4 ks of GRR at diﬀerent [HAuCl4]s: (A) SEM image of a single
Ag nanowire at 0.02 mM HAuCl4; (B) TEM image of a bright spot;
(C) EDX measurement of nanowire body and cluster in part B; (D)
STEM image of a single Ag nanowire at 0.50 mM HAuCl4; (E) STEM
image of a bright spot; (F) EDX measurement of nanowire body and
cluster in part E.

bright spots in DFM images, with the size up to 217 nm are
generated near the two ends of the single nanowire at low
[HAuCl4] (Figure S3 for more examples). Figure 3B shows that
these blocks are clusters composed of smaller nanoparticles. We
can also see from Figure 3B that some parts of the nanowire
body become hollow as the blocks formed. The EDX
measurement proves that the blocks are nearly pure Ag,
whereas the nanotube is composed of both Ag and Au (Figure
3C). If we keep delivering the reactant HAuCl4 into the ﬂow
cell, the whole body of nanowire will be turned into a nanotube
totally.
On the other hand, these Ag blocks only appear in a certain
time window but do not always exist. As Figure 2B shows, there
are mainly four bright spots corresponding to the Ag blocks
appearing on the nanowire. The decrease of scattering intensity
indicates that the Ag blocks become smaller and smaller. Figure
2B shows that all bright spots decrease in scattering intensity
and vanish especially for the two blocks at the left side
indicating they vanished as the reaction goes on. According to
the principle of GRR, only gold is expected to deposit on
nanowire during GRR.27,38 The structure of Au deposited
nanotube has been observed by Xia and others.29,11 These
blocks have not been found in other publications mainly
because their observation is not in situ and real time and
reaction was in high concentration of HAuCl4.11 This may be
the reason that only the nanotube is usually presented in other
publications after long time reaction29 or at higher temperature
and higher concentration of HAuCl4 solution than ours.11
The growth of such large pure Ag blocks is at the cost of
consuming Ag atoms on the body of nanowire as shown in
Figure 1 and Figure 2. The growth of bright spots (Ag blocks)
needs reduction of large number of Ag+. These Ag+ come from
the dissolution of the Ag nanowire during GRR. In Figure 1
and Figure 2, we can see an abrupt decrease in scattering
intensity which corresponds to the formation of nanotube. The
change from nanowire to nanotube only takes about 100 s as
shown in Figure 2C. This means the inner part of the Ag
16611
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AgCl. The redox reaction between metallic Ag and Cl−
generates an electric current that supports the continued
reduction of AuCl4− resulting in deposition of Au on the
cathodic end of the nano primary battery, i.e., the outside
surface of the Au shell. The dissolving in the inner part of the
nanowire induces the formation of hollow nanotube as Figure
5B shows. Given that the potentials of zero charge (PZC) of

Figure 4. Electrochemical potential trajectories and intensity
trajectories at diﬀerent [HAuCl4]s during GRR. (A) Potential
trajectories of Ag nanowires. The potential in the ﬁgure is the open
circuit potential (OCP). Ag nanowires were immobilized on bare Au
electrode. (B) Typical intensity trajectories of single Ag nanowires.

Figure 5. Schematic of the mechanism for the GRR on single Ag
nanowire at diﬀerent [HAuCl4]s: (A) for low [HAuCl4]; (B) for high
[HAuCl4].

Ag(111) and Ag(110) are −0.45 and −0.74 V (NHE),
respectively, a fresh Ag surface (anode) could carry positive
charges in the solution with Ag+.41
However, the Cl−, which speciﬁcally adsorbed on the Ag
anode, comes from the GRR on the surface, resulting in the
formation of AgCl. The concentration of Cl− is usually higher
than that of Ag+ according to the two half-reactions in eqs 1
and 2 for GRR. Coupled with the adsorption of Cl− in the inner
surface of the nanowire, the anode possesses extremely high
activity and could quickly convert to Ag+ through eq 1 and
AgCl through eq 3
The intensity dropping in Figure 2 and Figure 4B indicates
the fast consumption of Ag on nanowire. A large number of
electrons could be released through this rapid process. Since
the amount of HAuCl4 was much larger than Ag nanowire, the
GRR could not obviously change the concentration of HAuCl4.
The equilibrium potential of Au is 1.000 V as shown in eq 1.
Hence, the potential dropping in Figure 4A is mainly controlled
by the formation of AgCl in eq 3. Such low potential will drive
the reduction of Ag+ on Ag block. The consumption of Ag of
nanowire is strongly related to the potential dropping, i.e.,
negative charge injection. Therefore, the time of potential
decrease in Figure 4A is consistent with that of scattering
intensity drop in Figure 4B.
3.5. Mechanism for the GRR on Single Ag Nanowire at
Diﬀerent [HAuCl4]s. Generally, during GRR, the redox occurs
on the surface of Ag nanowires resulting in dissolving of Ag+
and deposition of Au on the surface (Figure 5). Therefore, an
Ag@Au core−shell structure formed as the ﬁrst step of the
structure variation.9 Then diﬀerent diﬀusivities of atoms
between Ag and Au result in the net diﬀusion of Ag to the
surface of nanowire, forming Au−Ag alloy shell outside the
surface. At low HAuCl4 concentration, the Au shell can slow
down the GRR on the surface of nanowire. After certain time,
some lattice vacancies or small voids in the body of the wire
formed resulting in a porous structure in the Ag nanowire due
to the diﬀusion of the Ag atoms (Figure 5A). This diﬀerent
diﬀusivity of atoms in a diﬀusion couple causing a super-

aﬃnity (i.e., low electrochemical potential). Therefore, AgCl
can be formed through the reaction
Ag + Cl− − e− → AgCl

φ⊖ Ag/AgCl = 0.222 V

(3)

Actually, the potential change in Figure 4A is a mixed
potential of reactions in eqs 1−3.42 At the beginning of GRR,
the reaction happens through eqs 1 and 2 very quickly, since
there is a large Ag surface on Ag nanowire. Large amounts of
Cl− ions are released through the reduction of AuCl4−. Due to
the very low solubility of AgCl and large fresh surface of Ag,
reaction in eq 3 decreases the potential of the electrode; thus
the electrochemical potential is low at the beginning of GRR.
With the decrease of outside surface of Ag (deposition of Au on
the surface decreases the surface area of Ag during GRR), GRR
becomes slower, and the reactions in eqs 1 and 2 dominate the
potential of the electrode. The electrochemical potential
increases as shown in Figure 4A.
Following the increase in electrochemical potential, a
decrease happens due to the formation of the pit as Figure
S8 shows. As we know, the initial galvanic displacement
reaction between the Ag nanowire and HAuCl4 solution results
in the formation Au deposited on the surface of the Ag
nanowire as discussed above (see EDX on the surface of the
nanowire). On the other hand, the formation of the pits on the
surface of the nanowire makes the HAuCl4 solution penetrate
the Au shell, letting the inner part of the Ag nanowire intact
with HAuCl4 solution. Ag nanowire and the Au shell will form
an Au−Ag junction. Electron aﬃnity diﬀerences between
metals can induce the formation of galvanic cell, i.e., a primary
battery. If we consider the nanowire as a short-circuited nano
primary battery, it is easy to understand why net electrons can
be injected on the surface of the nanowire and decrease the
OCP. The Au shell on the outside surface of the Ag nanowire
acts as cathode, while the Ag in the inner part acts as anode.
The resultant Au−Ag junctions perform as short-circuited nano
primary batteries. The Ag in the inner part serves as the anode
and is oxidized to Ag+ ions. The Ag+ reacted with Cl−, forming
16612
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Figure 6. (A) Average growth rate of numerous bright spots along single Ag nanowires at diﬀerent [HAuCl4]. The curves show the ﬁtting. The left
side of the origin of coordinates is the image at the right side. The length of all nanowires is normalized to an average length of 6.3 μm. Error bar
shows the standard deviation. The number of nanowires for each [HAuCl4] is larger than 50. (B) Simulation of Ey(x) around a nanowire with 6.3 μm
(see Supporting Information section SI.5 for details of simulation).

saturation of lattice vacancies is called the Kirkendall eﬀect.12
The porous structure with large number of void surface makes
it very easy to be corroded by HAuCl4. But the porous active
Ag is sealed by the Au shell. Fortunately, the forming of pit or
pinhole on the surface of the Au shell made the porous
structure contact with the HAuCl4 solution. The formation of
the pit or pinhole has been widely observed in other research.9
As discussed in section 3.4, nano primary batteries can be
formed between the Au shell and the porous Ag inner part. Due
to the structure of nano primary battery, the redox reaction
between metallic Ag and Cl− ion generates an electric current
that supports the continued growth of the cathodic end of the
nano primary battery. On the cathode end (Au shell), the net
electrons were generated on it since the electric current ﬂow
into the surface of the nanowire from the inner surface. In the
solution with low HAuCl4 concentration, the AuCl4− ions are
reduced with a rapid rate, resulting in Au deposition on the
surface of the outside surface of the nanowire (cathode). This
reaction exhausts the AuCl4− during the rapid reaction since the
delivery of HAuCl4 solution is at low rate of 10 μL/min. This
rapid reaction can be identiﬁed by the abrupt decrease of
scattering intensity at about 1800 s as shown in Figure 2B. The
abrupt decrease in light scattering intensity indicates an abrupt
change from a nanowire to a nanotube, as Figure 2B shows.
This abrupt change from nanowire to nanotube results in rapid
dissolving of Ag at the inner surface of the nanowire (anode).
Therefore, a large amount of electrons can be generated and
ﬂow to the outside surface of the nanowire, resulting in rapid
reduction of AuCl4− at cathode end. Thus, AuCl4− has been
exhausted by this rapid reaction. This exhaustion lasts only for a
short time. Therefore, the reduction of AuCl4− is stopped by
this exhaustion. But the structure of nano primary battery still
exists (the nanowire has not totally turn into nanotube, as
Figure 5B shows). Accumulation of electrons on the cathode
will induce reduction of Ag+ to Ag nanoblock. Three Ag+ are
formed coupled with reduction of one Au atom; therefore there
are excessive Ag+ species to support the growth of the large Ag
blocks. That is why Ag nanoblocks formed on the surface of the
nanowire in 0.02 mM HAuCl4.
At high reaction rate, HAuCl4 is consumed quickly at anode
(inner surface of the porous Ag surface) and reactions 1 and 3
become the dominant reactions (Figure 5A). The cell potential
between reactions 1 and 3 at T = 293 K is as large as 0.577 V,
which indicates that both reactions 1 and 3 can happen on the
same Ag nanowire simultaneously. At this moment, the Ag

nanowire still has a porous and active structure, which implies
that both reactions 1 and 3 can happen at high reaction rate.
The growth of the void induces the mass loss of the
nanowire, while the growth of the Ag blocks increases the total
mass. Therefore, the process induces the mass transport from
the body of Ag nanowire to Ag blocks. The transportation is a
far distance and electron coupled process, which is induced by
the transfer of the Ag+ through diﬀusion in the solution and the
electrons transfer along the surface of the nanowire. The
electrons and the Ag+ recombined forming the Ag blocks on
the surface (Figure 5A).
However, the rapid reaction (critical intermediate state) only
lasts a very short time. The Ag blocks will stop growing when
the critical state is terminated. As the nanowire turns totally to
nanotube, i.e., pure Ag beneath the Au shell has been
exhausted; the structure of the nano primary batteries is
destroyed. Thus, the generation of the electron current stops.
But the GRR will not stop until an equilibrium state is reached.
The pure Ag blocks will redissolve into the solution due to the
corrosion by HAuCl4, which is keeping delivery into the ﬂow
cell at the rate of 10 μL/min. The smaller ones usually dissolve
faster, while it will take a longer time for larger ones to dissolve
as shown in Figure 1E.
At high HAuCl4 concentration, diﬀerent from the exhaustion
of HAuCl4 at low concentration, HAuCl4 cannot be exhausted
by the rapid reaction. Therefore, AuCl4− was reduced and
deposited on the outside surface of the nanowire inducing
deposition of Au nanoparticles rather than Ag. The driving
force is high enough that the reaction occurs all over the
nanowire with much less selectivity (Figure 5B). We can
assume that the AuCl4− concentration does not change much,
although the reaction rate is very fast. Reactions 1 and 2 will
dominate the reactions on the outside surface and the inner
surface of the nanowire, respectively, and the deposition of Ag
will not happen.
3.6. Model for Net Surface Charge Controlled GRR at
Diﬀerent [HAuCl4]s. Nanoparticles with certain shapes or
structures usually present diﬀerent facets,43 defects,32−34 and
ligand/surfactant coverage28,44 at diﬀerent locations. These
speciﬁc local properties could determine the local reaction
activity on a single nanoparticle. Hence, nanoparticles with
diﬀerent shapes and structures generally show unevenly
distributed activity.10,32−34,43 To improve the performance of
nanoparticles, knowledge of which locations are more active
and what exact properties drive the diverse activity patterns is
necessary. However, among these properties, the contribution
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unevenly distributed net surface charges can induce the activity
variation of the nanomaterial.13,14
On the basis of the discussion above, a mathematic model for
the growth rate of bright spots is built (see Supporting
Information section SI.5 for details).

of net surface charge on a single nanoparticle in the unevenly
distributed activity is rarely investigated.
Figure 6A shows the average growth rate of numerous bright
spots along single Ag nanowires at diﬀerent [HAuCl4]s. The
average growth rate near the two ends is considerably higher
than that in the middle at low [HAuCl4], whereas the trend is
opposite at high [HAuCl4]. This observation is consistent with
the results in Figure 2 and Figure 3.
Owing to the existence of the electric double layer around
the single nanowire, the homocharges on nanowire can repel
each other. According to the electrostatic theory, the two ends
of the nanowire will have higher charge density (σ(x)).4 The
intensity of electric ﬁeld in the y direction (Ey(x)) generated by
the net surface charges will be stronger near the two ends than
the center (Figure 6B). The static electric ﬁeld causes a ﬁeldinduced mass transport6,7 and aﬀects the chemical reactions on
the nanomaterial. Moreover, the simulation in Figure 6B shows
that the strongest value of Ey(x) appears near the ends but not
at the ends of nanowire. A similar ﬁnding is observed in the
bright spots with higher activity.
Therefore, a model could be derived for GRR on single Ag
nanowire at low and high [HAuCl4] (Figure 7). Single Ag

r(x) = (μ Ag + [Ag +]Hd − μ AuCl − [AuCl4 −]Hd )Ey(x)
4

− D Ag +

d[AuCl4 −]
d[Ag +]
− D AuCl4−
dy
dy

(4)

where r(x) is the reduction reaction rate and μ, D, and Hd are
the ion mobility, diﬀusion coeﬃcient, and thickness of diﬀusion
layer, respectively. Moreover, the reaction rate r(x) is
proportional to the change rate of scattering intensity,45
r′(x) = ΔI(x)/Δt ∝ r(x)

(5)

The model above can ﬁt the experimental data in Figure 6A
well (Supporting Information section SI.5 for details).
Qualitatively, the term (μAg+[Ag+]Hd − μAuCl4−[AuCl4−]Hd)
could be a positive or negative value at diﬀerent [HAuCl4]s,
and consequently, r′(x) will show diﬀerent distributions in
Figure 6A. Besides the eﬀect of net surface charge, other
common possible reasons, including facets, defects, surfactant,
surface plasmon resonance, postripening process, and diﬀusion,
are found to be unrelated to the unevenly distributed activity
(Supporting Information section SI.6 for details).

4. CONCLUSION
We use ions as probes to detect the distribution of net surface
charge and track galvanic replacement reaction on single Ag
nanowire in situ and in real time by dark-ﬁeld microscopy. The
research reveals that the unevenly distributed net surface charge
performs multifunctions in determining reaction selectivity,
product shape, and activity distribution. The two ends of a
single Ag nanowire possess more net surface charges than the
middle part. Owing to the interaction between the net surface
charges and ions in solution, many clusters are found to be
generated on the Ag nanowires. These clusters are the locations
where faster deposition reaction happens. Furthermore, larger
size Ag blocks with clear shape are produced near the two ends
by attracting Ag+ at lower [HAuCl4], but larger size Ag−Au
alloy clusters with veiled shape are produced near the center by
repelling AuCl4− at higher [HAuCl4]. Net surface charge widely
exists in the ﬁelds of nanoscience, such as nanosynthesis,28,46,47
electrochemistry,13 photo(photoelectro)chemistry,14 and catalysis.15 The methodology and knowledge from this research can
be widely applied to other reactions and other shaped
nanomaterials.

Figure 7. Schematic of the reduction reactions of cation and anion on
a nanowire. (A) Charge of a single Ag nanowire. (B) Unevenly
distributed net surface charge. (C) Directions of diﬀusion-induced and
electric ﬁeld-induced mass transport are same for cation. (D) More
reactions near the two ends. (E) Directions are opposite for anion. (F)
More reactions in the middle part.

nanowire will carry certain net surface charges through the
oxidation of Ag or adsorption of Cl− (Figure 7A,B). The two
ends of the nanowire possess more charges than the middle
part because of the repulsion between homocharges through
the electric double layer around the nanowire. At low
[HAuCl4], cations, such as Ag+, will be attracted to the two
ends and consequently accomplish greater Ag+ reduction near
the ends (Figure 6A and Figure 7C,D). Therefore, we can see
that the unevenly distributed electrons could induce the uneven
distribution of Ag+, resulting in the reduction of Ag+ near the
end.
Given that the strongest value of Ey(x) appears near the ends
of the single nanowire (Figure 6B), the bright spots usually
grow faster near the ends but not at the ends (Figure 2A and
Figure 3A). At high [HAuCl4], the anion, such as AuCl4−, will
be repelled by the net surface charge on nanowire and will be
diﬃcult to diﬀuse to the nanowire. If the ends of nanowire carry
more negative charges, the anion will be more diﬃcult to
diﬀuse to the ends of nanowire (Figure 7E). In consequence,
the two ends of nanowire will show lower activity than the
middle part (Figure 3D, Figure 6A, and Figure 7F). Therefore,
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