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Morphology is a primary part of designing metal nanocrystals and nanomaterials with controlled functional properties. Here, we 
demonstrate the potential of foreign sulfate ions to tune the silver dendrites to highly branched chains through a simple galvanic 
replacement reaction without introducing any organic surfactants. We further illustrate the underlying mechanism according to diffusion-
limited aggregation (DLA) in the presence of sulfate ions. The special aspects of this simple synthetic strategy are the control of both the 
nucleation process and the subsequent crystal growth stage by using sulfate ions as the ionic surfactants thereby tuning the total surface 10 

energies on various crystal facets in solution and transforming crystal growth habits of the products. Moreover, the highly branched silver 
chains (HBSCs) with pure surfaces have been successfully employed as a Raman probe for surface-enhanced Raman spectroscopic 
(SERS) analysis of rhodamine 6G (R6G). The particular morphology of those HBSCs also makes them find potential applications in 
biosensing, catalysis and optics. 

1. Introduction 15 

The synthesis of metal nanocrystals with controllable complex 
morphologies is a key goal in modern materials science and has 
attracted substantial interests in recent years,1,2 because they often 
exhibit unusual chemical, physical, electronic, optical, magnetic 
and catalytic properties showing great promise in many 20 

applications.3,4 Among various metal nanostructures, branched 
nanocrystals with self-assembled and hierarchical architectures 
are increasingly fascinating due to their unique structures, 
physicochemical properties and numerous applications in 
catalysis,5 surface enhanced Raman scattering (SERS),6,7 plasmon 25 

routers,8 photothermal therapy9 and so on.  
To date, a variety of electrochemical, wet chemical and 

physical strategies have produced diverse metal branched 
nanocrystals such as palladium flowers,5 Pt–Ni bimetallic 
nanobundles,10 urchin-like silver nanowires,11 Au/Pd bimetallic 30 

multipods,12 gold dendrites13 and so forth. Shape-directing agents 
have been included in general tool bench as potential morphology 
drivers of metal branched nanocrystals due to their significant 
roles in determining the final shapes.12-17 Usually, strong organic 
surfactants/polymers such as cetyltrimethylammonium bromide 35 

(CTAB) or poly(vinylpyrrolidone) (PVP) could differentially bind 
to the crystal faces of a growing crystal thus stabilize and block 
its growth to achieve the branched nanostructures with desired 
shape and size.14,15 For instance, palladium tetrapods16 and 
nanostars17 could be successfully constructed by solution-phase 40 

synthesis using PVP or CTAB as stabilizers or reducing agent, 
respectively. Besides, inorganic surfactants are of great 
importance for obtaining metal branched nanocrystals and have 
been demonstrated to be good alternatives of strong organic 
surfactants for metal morphology control.14,18-20 Many metal ions 45 

(cobalt,14 iron,20 tungsten,21 chromium22 and silver23 ions) have 

been proved to be efficient directors of Pt nanostructures by 
manipulating nucleation and growth rate of the nanocrystals in 
different crystallographic directions. Copper24 and aluminium25 
ions have been also used to facilitate the growth of silver 50 

nanowires and copper selenide nanocubes, respectively. 
Additionally, there are some examples on the use of negative ions 
such as fluorine,26 sulfate27 or chloride28 ions to prepare silver 
micro/nanostructures. In many cases, these inorganic ions did not 
incorporate in the metal nanostructures and were not detected on 55 

the surface or within the final nanostructures. They just poisoned 
or enhanced the growth of crystal facets18,19 or decelerated the 
reaction process by altering the reduction kinetics through redox 
reaction between the foreign molecules and metal nanoparticles. 
14,20 60 

However, the organic surfactants used for morphology control 
might strongly adsorb on the surfaces of products introducing the 
heterogeneous impurities or significant interference thus limit 
some special applications such as SERS, biosensing, catalysis and 
so on.12,13,16 And most of the previous studies on the use of 65 

inorganic surfactants to metal morphology control also have to 
cooperate with the organic surfactants (PVP18-20,23,24 and 
hexadecylamine25), solvents (ethylene glycol18,24,28, octadecene25, 
oleic acid and oleylamine21,22)  or reducing agents 
(hexadecanediol14). Furthermore, those strategies assisted by 70 

inorganic surfactants were focused on metal polyhedrons since 
the polyhedral metal nanocrystals might lead to catalytic 
selectivity in chemical reaction resulting in enhanced catalytic 
and electrocatalytic performances.14,18,20-22 Then, inorganic 
surfactant such as foreign ions could also be utilized as shape 75 

directors of branched metal nanostructures without any organic 
additives for more applications. Although a few hierarchical 
silver dendrites have been achieved with the assistance of 
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fluorine26 or sulfate27 ions, the underlying growth mechanism of 
the metal branched nanocrystals is needed to be clarified. 
Furthermore, the previous report27 only describes the 
morphological changes of silver products induced by the sulfate 
ions, but the detailed functions of the foreign ions during the 5 

growth process are also still not clearly understood.  
In our previous work, icker-like silver architectures with 

numerous branches were obtained via a simple replacement 
reaction assisted by an external magnetic field.29 And the external 
magnetic field might redistribute the surface energies of different 10 

crystallographic facets where aggregation of silver atoms and 
nanoparticles could be disturbed. Herein, we demonstrate the 
potential of foreign sulfate ions to tune the silver dendrites to 
similar highly branched chains through a galvanic replacement 
reaction without introducing any organic surfactants. The special 15 

aspects of this simple synthetic strategy are the control of both 
the nucleation process and the subsequent crystal growth stage by 
using sulfate ions as the ionic surfactants thereby tuning the total 
surface energies on various crystal facets in solution and 
transforming crystal growth habits of the products. A possible 20 

mechanism for the highly branched silver chains (HBSCs) growth 
is suggested according to diffusion-limited aggregation (DLA) in 
the presence of sulfate ions. Furthermore, these HBSCs with pure 
surfaces have been successfully applied to enhance the Raman 
scattering signals of rhodamine 6G (R6G), and the particular 25 

morphology will make them find potential applications in 
biosensing, catalysis and optics. 
2. Experimental details 
2.1. Chemicals and Reagents 

Commercial zinc foil (> 99.99%) was purchased from 30 

Shanghai Longxin Chemical Industry Co., Ltd (Shanghai, China). 
Silver nitrate (> 99.8%) was obtained from Tianjin Tian Gan 
Chemical Industry Technology development Co., Ltd (Tianjin, 
China). Anhydrous sodium sulfate, potassium sulfate and sodium 
nitrate (> 99.0%) were from Tianjin Hengxing Chemical 35 

Preparation Co., Ltd (Tianjin, China). All the chemicals were of 
analytical grade and used as purchased without further 
purification. Water was purified by a UPH-I-5T water purification 
system (Ulupure, Chengdu Ultrapure Technology co., Ltd, 
Chengdu, China). Doubly deionized distilled (DDI) water was 40 

used unless otherwise stated. 
2.2. Synthesis 

Zinc foil was cut into 5 × 1 cm2 pieces and rubbed with fine 
sandpaper then rinsed with water, acetone, dilute hydrochloric 
acid and ethanol in sequence to remove the contaminations. The 45 

solutions (4 ml) containing 10 mM Ag+ and different foreign ions 
(Na+, K+, SO

2-

4 , NO
-

3) with various concentrations were prepared 
using analytically pure AgNO3, Na2SO4, K2SO4 and NaNO3 as 
well as deionized water. Particularly, the mixed solution turned to 
be a little turbid due to the formation of Ag2SO4 after the SO

2-

4  50 

ions were added to the AgNO3 solution. But the mixed solution 
would shortly restore clear because the concentration of Ag+ ions 
was 10 mM resulting in a maximum Ag2SO4 concentration of 5 
mM which was less than the maximum concentration of Ag2SO4 
(~ 25.6 mM) in aqueous solution at room temperature (20 °C) and 55 

ambient pressure.30 To deposit silver products, the zinc foils were 
immersed into the above mixed solutions for a period of time, 
respectively. After the reaction, the products were thoroughly 

washed with deionized water and ethanol, dried and collected for 
characterization. 60 

2.3 Characterization 

The silver products were characterized with field emission 
scanning electron microscopy (FE-SEM, JSM-7000F, JEOL Inc., 
Japan) at an accelerating voltage of 20 kV. The Energy dispersive 
X-ray (EDX) analysis was obtained with an Oxford INCA EDX 65 

detector installed on the JEOL JSM-7000F. The transmission 
electron microscopy (TEM) and high resolution transmission 
electron microscopy (HRTEM) analysis as well as selected-area 
electron diffraction (SAED) pattern analysis were performed on a 
JEOL JEM-2100 transmission electron microscope operating at 70 

an accelerating voltage of 200 kV. Samples for TEM analysis 
were prepared by ultrasonic dispersion for 5 min with ethanol (2 
mL) in a 3 mL centrifuge tube. Then, the products were dropped 
onto a carbon-coated copper grid and dried in air before TEM 
analysis. The X-ray diffraction measurement was carried out with 75 

a Bruker-AXS D8-Advance X-ray diffractometer using Cu Kα 
(λ=1.54 Å) radiation from 35° to 80°. The X-ray photoelectron 
spectra (XPS) were recorded by X-ray photoelectron 
spectroscopy (England, Kratos Axis Ultra DLD) using an Al 
mono Kα X-ray source. All the peaks were corrected with the C 80 

1s peak at 286.4 eV as the reference. 
2.4 SERS measurements 

The SERS measurements were carried out on a confocal 
microprobe Raman spectrometer (Jobin-YVon HR800) with an 
excitation wavelength of 633 nm and power of 0.05 mW. The 85 

probed area was about 1 µm in diameter with a 100×microscope 
objective lens and the typical spectrum acquisition time was 1 s. 
In order to precisely acquire the SERS spectra of the HBSCs and 
silver dendrites, identical amount of the collected silver products 
were sufficiently dispersed into equal volume of ethanol through 90 

the ultrasonic dispersing technology, respectively. Then, a few of 
the above mixtures (200 µl) were homogeneously dispersed onto 
different Si wafers (0.5 × 0.5 cm2) and dried in air, respectively. 
The SERS spectra were recorded after immersing the Si wafers 
covered by the as-synthesized silver products into R6G solutions 95 

(in ethanol) for 24 h, rinsing with ethanol and drying in air at 
room temperature and ambient pressure. 
3. Results and discussions 
3.1 Characterization 

In the present investigation, a low-magnification SEM image of 100 

the as-obtained silver products reveals that the resulting silver 
architecture is one-dimensional (1D) chain consisting of many 
short secondary branches that are oriented to their own long 
trunks (Fig. 1a). Fig. 1b is a typical high-magnification SEM 
image of the HBSCs indicating that some secondary branches 105 

have developed into several shorter (20 - 200 nm) ones stretching 
in random directions, respectively. All the diffraction peaks 
observed in Fig. 1c are indexed to the (111), (200), (220) and 
(311) diffraction peaks of the face-centered cubic Ag (JCPDS no. 
04-0783). Furthermore, the corresponding composition analysis 110 

by EDX spectroscopy (Fig. 1d) also displays that the composition 
of the sample is silver crystal. XPS is a well-known technique for 
determining the surface elemental composition of a solid such as 
its oxidation state and/or chemical environment. In order to 
investigate the stability of the as-obtained HBSCs, the XPS 115 

spectrum was measured to uncover the surface oxidation state of 
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HBSCs. Fig. S1 depicts the XPS spectrum of the HBSCs, where 
peaks of Ag 3d, O 1s, C 1s, Zn 2p and Si 2p can be identified. 
According to the position of Ag 3d core level peak, it is obvious 
that the Ag (I) oxidation state (368.2 eV) exists in the metal silver 
(374.2 eV), suggesting the presence of the impurity of the Ag2O. 5 

Additionally, the Si 2p core level peak centered at 100.1 eV 
corresponds to the Si substrate contribution during the XPS 
measurements. And the weak Zn 2p core level peak centered at 
1021.8 eV and O 1s core level peak centered at 529.4 eV could 
be ascribed to the Zn2+ and O2- contributions, respectively.31 10 

Therefore, it is deduced that a small fraction of Zn was oxidized 
to ZnO but the sulfate ions did not attach on the silver crystal 
surfaces during the reaction process. Furthermore, it also 
demonstrates that a few surface Ag was oxidized to Ag2O during 
the sample drying and handling under normal ambient conditions. 15 

 
Fig.1 (a) Low-magnification and (b) magnified SEM images as well as (c) 

and (d) corresponding XRD pattern and EDX spectrum of the HBSCs 

obtained in 10 mM AgNO3 aqueous solution in the presence of 2.5 mM 

Na2SO4 at a reaction time of 10 min.  20 

Fig. 2 (a) TEM image of the HBSCs in Fig. 1a and (b) HRTEM image of 

the red circled area as well as (c) and (d) SAED patterns of the red and 

blue circled areas in Fig. 2a, respectively.  
A representative TEM image of the HBSCs is depicted in Fig. 

2a. It is also found that a number of short branches alternately 25 

arrange oriented to a trunk in diverse directions and each branch 
is made up of small nanoparticles that are “cemented” together. 
Fig. 2b is a typical HRTEM image of an individual branch, and 
the lattice fringe of about 0.235 nm is marked by white lines and 
arrows corresponding to (111) facets of cubic phase of Ag 30 

crystals. Furthermore, the corresponding SAED pattern (Fig. 2c) 
presents a single crystal nature indexed to the cubic phase of 
silver viewed along the [011] zone axis. It can be explained by 
the natural tendency for the nanoparticles to favor oriented 
attachment32,33 and the known atomic reorganization occurring 35 

during the growth and subsequent evolution.34 Actually, the 
SAED pattern of the local trunk in the blue circle consists of 
several overlapped single crytal patterns and one of the single 
SAED patterns is also indexed to the [011] zone axis diffraction 
based on the corresponding analysis of the diffraction spots 40 

circled by purple rings in Fig. 2d. It could be ascribed to the 
highly branched morphology of the silver architectures where 
many branches have grown oriented to the trunk in a variety of 
directions and some ones even have evolved into several smaller 
branches leading the branches to sit on top of one another (Fig. 45 

1b). On the basis of the aforementioned results, it is credible that 
the highly branched silver chain with <311>-oriented trunk and 
some <111>-oriented branches are successfully achieved.  
3.2 Morphological evolution and growth mechanism 

Fig. 3 Typical SEM images of the silver products prepared with the 50 

AgNO3 concentration of 10 mM, growth time of 15 min and different 

foreign inorganic additives: (a) 0 mM foreign ions, (c) 2.5 mM NaNO3 

and (e) 2.5 mM K2SO4, respectively. (b), (d) and (f) are the magnified 

SEM images of (a), (c) and (e), respectively. 

Various foreign ions might exercise a great influence on the 55 

morphology evolution of the silver products in this reaction 
system (Fig. 3). Common silver dendrites were only observed in 
the presence of AgNO3 solution without any foreign ions (Fig. 3a 
and b). Upon the addition of Na2SO4 into the AgNO3 solution, the 
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products displayed extremely different 1D silver architectures 
with lots of short branches (Fig. 1a) demonstrating that the 
foreign ions (Na+ and SO

2-

4  ions) might have played a key role in 
modifying the morphology of the silver products. Obviously 
dendritic silver products were also formed (Fig. 3c and d) 5 

indicating that the Na+ ions might hardly alter the crystal growth 
habit and general appearance of the silver products when the 
foreign addition was adjusted from Na2SO4 to NaNO3 while 
carefully keeping other reaction parameters the same. Thus, the 
SO

2-

4  ions were highly believed to have dominated the morphology 10 

evolution of the silver products in the present work. An additional 
piece of evidence supporting this notion was the observation of 
similar HBSCs attained by switching the foreign addition to 
K2SO4 (2.5 mM), which further clearly proved the drastic effects 
of the SO

2-

4  ions in the formation and assembly process of the 15 

silver nanoparticles to be grown HBSCs during this reaction 
system (Fig. 3e and f). 

Fig. 4 SEM images of silver products obtained with the Ag+ ion 

concentration of 10 mM and different reaction times and concentrations 

of SO
2-

4  ions: (a)-(d) 10 min, 1 mM, 1.5 mM, 5 mM and 15 mM as well as 20 

(e) and (f) 20 min, 30 mM and 50 mM, respectively.  

Fig. 4 details the morphology evolution of the silver products 
depending on various concentrations of the foreign SO

2-

4  ions. 
Ordinary silver dendrites still formed as before with the SO

2-

4  ion 
concentration increasing to 1 mM (Fig. 4a). The products kept 25 

occupying dendritic appearances but no long secondary or tertiary 
branches when the SO

2-

4  ion concentration was further increased 
to 1.5 mM (Fig. 4b). The dendritic morphology started to alter as 
the amount of SO

2-

4 
 ion was enhanced to 2.5 mM (Fig. 1a), and the 

silver architectures represented well-defined exterior assembled 30 

by numerous short branches arranging oriented to a long trunk. 
Subsequently, such similar HBSCs with much larger diameters 
were obtained with the increase of SO

2-

4 
 ion concentration and 

reaction time (Fig. 4c-f). Interestingly, it was found that some 

longish secondary branches of the HBSCs also followed an 35 

identical growth pattern of the main trunk exhibiting smaller 
branches around the sub-trunk line. Thus, the presence of SO

2-

4 
 

ions at sufficiently high concentrations (Fig. 1a, 3e, 3f and 4d-f) 
would cause the nanoparticles to take on pronounced transform of 
growth habit and assembly process for the resultant silver 40 

products. Furthermore, the SO
2-

4  ions could not work on every 
silver atom and nanoparticles thereby generating a handful of 
silver dendrites during this nonequilibrium reaction system.  

Additionally, to examine the growth mechanism of those 
HBSCs, the SEM images were taken for their growth at different 45 

time intervals (Fig. 5). The silver products with a short growth 
time of 30 s (Fig. 5a) appeared large clusters composed of 
numerous tiny nanoparticles. When the growth time was 
increased to 2 min, nanoparticle-aggregated clusters dominated 
by longitudinal growth developed from the formed large clusters 50 

(Fig. 5b). Many small nanoparticles have preferentially 
assembled to plentiful cells which might be the desirable and 
critical starting points for the formation of HBSCs. Then, the 
previously generated cells grew longer and quickly developed 
into long 1D architectures with relatively short branches in 55 

various directions oriented to the trunk as time passed (Fig. 5c, 1a 
and 3f). In particular, the silver products exhibited broken 
dendrites instead of HBSCs for the longer growth time. 
Frequently, the fractal growth of dendritic nanostructures has 
been explained by DLA model involving a single cluster to which 60 

additional monomers diffuse from the bulk solution and attach 
once they reach a site adjacent to the edge of the cluster during 
the diffusive processes in nonequilibrium systems.35 And the 
DLA model has provided much useful insight into the formation 
of some dendritic nanostructures such as silver fractal dendrites,36 65 

nanoparticles clusters,37 dendritic flowers38 and so forth. 
Therefore, the formation of some broken dendrites in this study 
might be attributed to the accessibility of a minimum total surface 
free energy39 for the fresh nanoparticles to attach on the 
neighbouring branches upon gradual decrease of the 70 

supersaturation of the reaction system resulted from consumption 
of the silver ions, which might facilitate the formation of 
dendrites because of the DLA model. 

Fig. 5 SEM images of the silver products synthesized with the Ag+ and 

SO
2-

4  ion concentrations of 10 mM and 2.5 mM, respectively as well as 75 

different reaction times: (a) 30 s, (b) 2 min, (c) 3 min and (d) 20 min. 
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Fig.6 Schematic illustration of the formation process of HBSCs assisted 

by foreign SO
2-

4  ions. 
Based on the experiments above, a plausible formation process is 
speculated as shown in Fig.6. In this approach, the electron 
transfer, nucleation and growth coexist simultaneously and can be 5 

simply achieved via the reduction of Ag+ ions by Zn foil at room 
temperature. Since the standard electrode potential of the Ag+/Ag 
pair (E°

Ag+/Ag = +0.799 V) is larger than that of Zn+/Zn pair 
(E°

Zn+/Zn = - 0.762 V),30 then the galvanic replacement reaction 
will take place as follows: 10 

Zn + 2Ag+ → 2Ag + Zn2+                      (1) 
When a Zn foil is positioned into an AgNO3 aqueous solution 
with some SO

2-

4  ions, the Ag+ ions are rapidly reduced to form 
silver atoms by electron transfer with simultaneous release of 
Zn2+ ions into the solution. Once the concentration of silver atoms 15 

has reached the supersaturation level, they will begin to nucleate. 
Then, a wealth of silver nuclei will instantaneously form at 
random positions in the reaction system due to the diffusion of 
silver atoms and increasingly aggregate together to be 
nanoparticles. At the same time, the nucleation process can be 20 

pronouncedly influenced by inorganic ions because of their 
relatively small sizes associated with nuclei.40 As a result, the 
SO

2-

4  ions are likely to coordinate to silver nuclei and adsorb onto 
the surfaces of silver nanoparticles thereby stabilizing them 
against aggregation through electrostatic stabilization28,41,42 which 25 

could sufficiently retard the silver particle growth. Therefore, 
numerous tiny nanoparticles did not fuse to lager nanoparticles 
but only aggregated to be clusters (Fig. 5a). With prolonging of 
the reaction duration, the existing silver nanoparticles would still 
self-assemble to nanostructures or a chain-like network as shown 30 

in Fig.5b. The chain-like network will still exhibit dendritic 
morphology with relatively long trunk and short branches in 
terms of surface-energy minimization once the particle has 
reached a critical value43 through DLA model.35 Generally, 
additives such as impurities or capping agents are believed to be 35 

operative for altering the order of free energies of different facets 
through their interactions with the specific facets of a nanocrystal 
in a solution-phase synthesis.44 This transformation may 
significantly affect the relative growth rates of different facets 
and result in nanocrystals with different 40 

morphologies.40,44,45Then, the SO
2-

4  ions might also serve as the 
ionic surfactants like in previous synthesis18,19,46 and prefer 
interacting with some crystal facets of the established dendritic 
framework by binding strongly to them thus reduce the 
corresponding surface energies and block these crystal facets 45 

from adding freshly Ag atoms and nanoparticles. Accordingly, the 
subsequent Ag atoms and nanoparticles have to seek other crystal 
facets disliking SO

2-

4  ions to attain an optimal organization to 
minimize the total surface free energy.40 It might dominate the 
nucleation and growth rate in different crystallographic directions 50 

and dilute the influences of DLA model resulting in the formation 
of these silver HBSCs. Obviously, the SO

2-

4  ions have shown 
dislike to the {311} crystal facets but appeared to favor the {111} 
crystal facets of silver architectures thereby facilitating the 
longitudinal growth of the silver architectures but weaken the 55 

extending of branches. Despite these reasonable explanations, 
much more efforts are still needed to be devoted to exploring 
exact roles of SO

2-

4  ions during the nucleation, growth and 
assemble of silver nanoparticles and growth of architectures. 
3.3 Surface enhanced Raman scattering 60 

 

Fig. 7 Raman spectra of HBSCs (curve 1) and silver dendrites (curve 2) 

with 1×10-4 M R6G as well as HBSCs with different R6G concentrations: 

1×10-5 M (curve 3), 1×10-6 M (curve 4), 1×10-7 M (curve 5), 1×10-8 M 

(curve 6) and 1×10-9 M (curve 7). 65 

SERS has previously been utilized as a powerful analytical tool 
for detecting chemical information of molecule adsorbed on the 
surface of metal nanostructures.47-52 In general, the SERS 
measurement is highly depending on the exterior morphology and 
surface structure of the substrate. Compared with the dendrites of 70 

closely aligned branches which might weaken the SERS signal 
amplifications, the HBSCs might be a promising candidate for 
SERS application due to their specific morphology and surface 
structure which provide many opportunities for most of the 
Raman signals coming from the molecules adsorbed on the 75 

surface of the silver architectures. In the present study, R6G has 
been chosen as the molecule probe because of its large scattering 
cross section. A comparison of the spectra recorded from the 
active substrates of HBSCs (curve 1) and silver dendrites (curve 
2) indicates that the former has achieved prominently stronger 80 

enhancement of the Raman signal for R6G than that of silver 
dendrites (Fig. 7). UV visible spectra of nanostructures are 
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strongly dependent on the morphology and therefore surface 
plasmon resonance (SPR) property of nanostructures.53 Fig. S2 
shows the UV-visible spectra of the as-obtained silver dendrites 
and HBSCs suspended in ethanol. It is observed that the silver 
dendrites present two absorption peaks at 350 nm and 430 nm, 5 

respectively, while the HBSCs had broad absorptions ranging 
from about 410 nm to near-infrared which could be attributed to 
the SPR properties depending on the highly branched 
morphology.54 Corrections between SERS and SPR have been 
studied and connected theoretically and experimentally.55, 56 And 10 

it has been proved that optimizing the correlation between the 
SPR of the substrate and the excitation wavelength provides an 
efficient way to increase the SERS performance.57 Then, the 
peculiar morphology with broad absorptions might display LSPR 
(Localized Surface Plasmon Resonance) over a broad range of 15 

wavelength and strong enhancement of the electromagnetic field 
at the sharp corners and edges of the HBSCs.58, 59 Especially, 
numerous nanogaps formed by overlapped branches affording 
high density of “hot spots” trapping the analyst to generate 
significant Raman enhancement.60-62 Specifically, the observed 20 

Raman bands that are assigned to R6G include C–C–C in-plane 
bending (614 cm-1), C–H out-plane bending (774 cm-1), C–H in-
plane bending (1129 and 1183 cm-1), C–O–C stretching (1310 
cm-1) and C–C stretching of the aromatic ring (1363, 1509, 1575 
and 1650 cm-1) on basis of the reported literature.62,63 25 

It is difficult to estimate the intrinsic SERS enhancement factor 
(EF) due to the difficulties of obtaining many variables such as 
adsorbed molecules, laser scattering volume and so on.64 Thus, 
the analytical enhancement factor (AEF) has been adopted to 
estimate the SERS performance of those HBSCs, which is 30 

defined by the following equation:64 

AEF =  
ISERS /CSERS

IRS /CRS
                               (2) 

where ISERS can be achieved from a SERS-active substrate (Si 
wafer covered by HBSCs) with a R6G concentration of CSERS and 
IRS denotes the Raman intensity of R6G solution with a 35 

concentration of CRS (Fig. S3). In the studies, all spectra were 
normalized for the acquisition time with all of the other identical 
parameters including the laser wavelength, laser power, 
microscopic magnification and spectro-meter.  Then, the AEF of 
the band at 614 cm-1 has been evaluated to be approximately 106 40 

for those HBSCs, which is sufficient for the observation of single 
molecule SERS signals revealing that the HBSCs can be used as 
effective SERS substrate in trace detection.64 Furthermore, the 
SERS spectra of a series of concentrations of R6G on the HBSCs 
(Fig. 7) demonstrate that some weak Raman signals could still be 45 

measured from the samples, even the concentration has been 
decreased to 10-8 M (curve 6) and as low as to 10-9 M (curve 7) 
showing the high sensitivity of the HBSCs which might be used 
as a ‘‘fingerprint’’ for the detection of R6G.65 In addition, it has 
been also observed that a logarithmic plot between the peak 50 

intensity of the 614 cm-1 band and the R6G concentration has 
yielded a good linear relationship over a wide concentration 
range, as shown in Fig.8. Similar observations were reported for 
R6G SERS detection using silver nanowires66 and nanosheet67 
films. It also suggests that the HBSCs substrate could potentially 55 

be used for quantitative SERS analysis of the molecules of 
interest. Due to their satisfying SERS performances, such HBSCs 

serving as great substrates is promising candidate for detecting 
other trace biomolecules or dangerous chemicals.68 

Fig.8 The relationship of peak intensities at 614 cm-1 and concentrations 60 

of R6G (the inset is the linear relationship between the logarithmic 

intensities and concentrations of R6G).  

4. Conclusion 
In conclusion, we have represented the potential of foreign 

sulfate ions to reshape the silver dendrites to highly branched 65 

chains through a galvanic replacement reaction without 
introducing any organic surfactants. The special aspects of this 
simple synthetic strategy are the control of both the nucleation 
process and the subsequent crystal growth stage by using sulfate 
ions as the ionic surfactants thereby tuning the total surface 70 

energies on various crystal facets in solution and transforming 
crystal growth habits of the products. A possible mechanism for 
the highly branched silver chains (HBSCs) growth is suggested 
based on diffusion-limited aggregation in the presence of sulfate 
ions. Furthermore, these HBSCs with pure surfaces have been 75 

successfully applied to enhance the Raman scattering signals of 
R6G, and the particular morphology will make them find 
potential applications in biosensing, catalysis and optics. 
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