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The Ag core-shell hierarchical microstructures, with 

nanosheets-assembled microsphere as the core and dendrites 

coated on the surface, have been synthesized by 

electrodeposition. The growth mechanisms of these Ag 

microstructures have been systematically investigated 

through the time-dependent morphological evolution. A 

transformation stage from microspheres to dendrites was 

found in the morphological evolution of Ag core-shell 

hierarchical microstructures, which was affected by 

deposition time and voltage. Therefore, we obtained various 

Ag core-shell hierarchical microstructures with adjustable 

ratio of microsphere core to dendrites shell by controlling 

deposition voltage. Furthermore, the Ag core-shell 

hierarchical microstructures exhibit excellent surface-

enhanced Raman scattering (SERS) ability, showing great 

potential as effective SERS substrates. 

 

The silver micro/nanostructures have drawn much attention to 

various applications, such as catalysis1, 2, antibacterial activity3, 4, 

sensing5, solar cell6 and surface-enhanced Raman scattering (SERS) 
7-14, due to their unique physicochemical and photoelectric 

properties. These properties offered by Ag micro/nanostructures are 

significantly different according to their shapes and morphologies. 

Thus, the exploration of novel silver micro/nanostructures and its 

controllable synthesis with expected structure features are crucial 

approaches to realize their new applications. Various Ag 

micro/nanostructures have been studied, including simple particles15, 

wires16, plates17, dendrites7, 18 and complex hierarchical structures8-

14. Among them, hierarchical microstructures stimulate much more 

attention since they exhibit more advantages (stable, anti-

agglomeration, improved SERS performance) than the 

monomorphological structures12, 13. And the Design and fabrication 

of hierarchical structures by adjusting the structural feature of 

nanometre-scaled building blocks will promote the tunability of 

material properties for more special applications.  

So far, most of the reported hierarchical Ag microstructures8-13 are 

assembled by single structural unit, which limits their properties and 

applications. By comparison, composite hierarchical Ag 

microstructures assembled by two or more types of nano-units will 

be promising to combine the advantages of different nanostructures6. 

Moreover, it is easy to tailor material properties by tuning the nano-

unites ratio of composite hierarchical Ag microstructures14. These 

unique superiorities will facilitate the exploitation of the most 

suitable property for device integration application, such as cells and 

sensors. In the meantime, further study about the growth mechanism 

should be promoted to control the synthesis of composite 

hierarchical Ag microstructures.  

Page 1 of 6 CrystEngComm

C
ry

st
E

n
g

C
o

m
m

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

Herein, we firstly synthesized an Ag nanosheets-assembled 

microsphere @ Ag dendrites core-shell hierarchical microstructure 

via electrochemical deposition. Its structure and morphology can be 

easily controlled by tuning deposition time and voltage. The reported 

nanosheets-assembled microspheres13 and the dendritic structures18 

have been obtained during this process as well. The morphology 

evolution and formation mechanisms of these microstructures have 

been investigated in detail. Furthermore, SERS performances of the 

Ag core-shell hierarchical architecture were conducted to reveal their 

unique superiority. 

Silver nitrate, tartaric acid, boric acid, acetone and ethanol were 

purchased from National Chemical Agent. All analytical reagents 

need no further treatment. Fluorine doped tin oxide (FTO) coated 

glasses were soaked for about 10 min by acetone, and then treated 5 

min by ultrasound and deionized water to remove the possible 

impurities. The electrolyte was composed of the aqueous solution of 

4.0 M silver nitrate, 4.0 M tartaric acid and 3.0 M boric acid. 

Electrochemical deposition was performed with a two-electrode 

system, where FTO-coated glass was used as the working electrode 

and graphite plate as a counter electrode. During a typical synthesis 

process, the electrochemical deposition was carried out at 1.11 V for 

different deposition time, at room temperature in the same solution. 

For tuning deposition voltage experiment, the electrochemical 

deposition was carried out at 0.80V, 1.05 V, 1.26V for 50 min and 

1.50V for 30 min in the same solution. After the deposition process, 

all samples were rinsed 3~5 times with deionized water and dried by 

high-purity flowing nitrogen. 

The distribution, size and morphology of the as-prepared samples 

were characterized by scanning electron microscopy (SEM) (FEI 

SIRION 200). The chemical composition and structure of the as-

prepared samples were analysed by EDX (FEI SIRION 200) and X-

ray diffraction (XRD) (Bruker D8 Advance X-ray diffractometer, 

Cu-Ka radiation r=0.15406 nm). Transmission electron microscopy 

(TEM) and High-resolution TEM (HRTEM) measurements were 

conducted on a Philips-FEI TecnaiG2 F20 S-Twin TEM. For SERS 

measurement, as-prepared samples rinsed with deionized water were 

immersed in aqueous Rhodamine 6G (R6G) solutions with 

concentrations of 10-6, 10-12 and 10-14 for 2 h, and then dried in the 

atmosphere. To estimate the enhancement factor, 2µL of 10-3 M and 

10-11 M R6G ethanol solution was dropped on FTO-coated glass and 

as-prepared samples, respectively. The Raman scattering 

measurements were carried out on a Raman system (HR800, JY, 

France) with confocal microscopy. The excitation wavelength was 

532nm with a power of 0.1mW. The objective lens used by Raman 

measurement was ×100 and the spot diameter is 2µm. The 

acquisition time of Raman signal was 10s. 

Figure 1 shows different magnifications of Ag core-shell hierarchical 

microstructures synthesized by depositing of 50 min at 1.11 V. The 

low magnification SEM image (Fig. S1a) shows a large number of 

these structures, demonstrating their good uniformity and dispersion. 

The higher magnification SEM image (Fig. 1a) gives a complete 

structure of the Ag core-shell hierarchical microstructure. The partial 

enlarged detail (Fig. 1b) clearly shows the typical Ag core-shell 

hierarchical microstructure, which contains an Ag nanosheets-

assembled microsphere core and an Ag dendrites shell. The 

thickness of these nanosheets on microsphere core is about one 

hundred nanometres and the gaps between them are mostly sub-10 

nm (Fig. 1b). The Ag dendrites shell is composed of mass dendrites 

which have a long main trunk (1µm-5µm) with short side branches 

(several hundred nanometres or even tens of nanometres). TEM 

observations (Fig. 2c, d) show a group of nanosheets and an 

individual dendrite at several magnifications. The results are 

consistent with the results under SEM investigation. The inset 

HRTEM image taken from the area labelled in Fig. 2c shows that 

these nanosheets are well crystallized. And the inset HRTEM image 

in Fig. 2d shows that the interplanar spacing of the dendrite is 0.24 

nm, indicating dominant (111) planet growth. As we know, for Ag 

crystal, the free energy of the (111) plane is the least one among all 

the planes, and this structure feature of the core-shell hierarchical 

microstructures would be beneficial for the performance, which will 

discuss later in the paper. EDX energy spectrum (Fig. S1b) clearly 

demonstrates that the composition of Ag core-shell hierarchical 

microstructure is silver and no other diffraction peaks are observed, 

indicating its high purity.  

 
Fig. 1 (a) SEM images of the Ag core-shell hierarchical microstructure. (b) 

Magnified SEM image of the labelled area on the Ag microstructure as shown in 

(a). (c) TEM and HRTEM images of the Ag nanosheets; (d) TEM and HRTEM 

images of the Ag dendrite 

 

In order to obtain a complete insight of the formation process of Ag 

core-shell hierarchical microstructures, the time-dependent 

morphological evolution study was conducted. We collected the 

samples with the deposition time of 10 s (Fig. 2a), 20 s (Fig. 2b), 1 

min (Fig. 2c), 5 min (Fig. 2d), 20 min (Fig. 2e) and 50 min (Fig. 2f), 

respectively. For the samples with very short deposition time (Fig. 

2(a, b)), many quasi-spheres can be found on the FTO-coated glass 

and there are rough particles on the surface of these quasi-spheres. 

When the deposition time is raised to 1 min (Fig. 2c), the quasi-

spheres grow bigger and become more circular than before (Fig. 2b). 

And the particles on the surfaces become bigger and denser (even 

merged into smoother sheets). When the deposition time is 5 min 

(Fig. 2d), the microspheres continue to grow up. Meanwhile, the Ag 

dendritic nuclei appear both on the surface of microspheres and 

substrate. These dendrites grow along with the radial direction of the 

microspheres. And when the deposition time is extended to 20 min 

(Fig. 2e), the Ag dendrite structures become bigger, longer and 

denser. After depositing of 50 min, mature Ag core-shell hierarchical 

microstructures can be obtained (Fig. 2f). Furthermore, as can be 

seen from the time-dependent morphological evolution study, the 

size ratio of microsphere core to dendrites shell involved in the Ag 

core-shell hierarchical microstructure can be regularly controlled by 

the deposition time. 
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Fig. 2 SEM images of Ag core-shell hierarchical microstructures prepared by 

electrochemical deposition of different time. (a) 10 s, (b) 20 s, (c) 1 min, (d) 5 min, 

(e) 20 min, (f) 50min 

 

Based on these results, the growth mechanisms of Ag core-shell 

hierarchical microstructures are proposed. As can be seen in Fig. 3, 

at the first stage, the adatoms (Ag0) reduced from Ag+ at the 

cathodes (FTO) gather to form nanoparticles under the driving force 

of electric field. Then, aggregations (quasi-spheres) are formed by 

many self-assembled nanoparticles13. At the second stage, the earlier 

formed quasi-spheres serve as seeds for further aggregation of Ag 

nanoparticles, evolving into those small microspheres with many 

rough particles on the surface. As the aggregation progress continues, 

the adjacent particles begin to form layered nanosheets by Ostwald 

ripening19 which makes the surface of microsphere smooth. In the 

third stage, a transformation stage is formed, during which the new 

formed nanoparticles begin to assemble in the shape of dendritic 

structures rather than previous microspheres. During this period, 

some silver dendrites are too long to stand upright on the surface of 

microspheres, so they tend to fall down on the microspheres and 

keep on growing, forming the dendrites shell. Finally, the mature Ag 

core-shell hierarchical microstructures are formed. 

In the whole process, noting that:  

(1) There are two reduction reactions in the electrolyte, 

222 HeH

AgeAg

→+

→+

−+

−+

 

    The former is effective reaction and the latter is side reaction for 

electrochemical deposition. 

(2) Two kinds of electrode-potentials are formed in this 

electrochemical deposition, 

FTO/Ag+ (original exist)  

Ag/Ag+ (substitution for partial FTO/Ag+ because of deposited Ag 

on FTO) 

(3)Under the FTO/Ag+ electrode-potential, high hydrogen 

overpotential greatly limits the side reaction; while the Ag/Ag+ 

electrode-potential can promote the side reaction by decreasing the 

hydrogen overpotential.20 In addition, in the replacement reaction, 

the change of the electrode potential does have effects on the silver 

nanostructure.21 

Therefore, at the first stage, the effective discharge and reduction 

speed are fast and the concentration of new generated adatoms (Ag0) 

is high. It is known that high reduction speed often causes uneven 

deposition and particles aggregation, which is unfavourable for 

anisotropic growth of Ag nanostructures7. So, self-assembled Ag 

particles trend to form spherical aggregations. At the same time, we 

propose that there is no enough time for most of Ag nanoparticles to 

merge into the aggregations because of the high Ag0 concentration, 

which makes the aggregations very rough, as the structure in Fig. 

2a.22 Afterwards, the effect of the Ag/Ag+ electrode potential 

becomes increasingly significant, resulting that the effective 

reduction and deposition speed depresses into the range of critical 

stage. Then assembled Ag nanoparticles begin to show anisotropy, 

resulting in the formation of dendrites rather than the continued 

growth of microspheres. In our opinion, this is due to the face-

centred cubic structure, that is to say, when the deposition speed 

becomes low enough, the growth tendency which is more effective 

along the (111) direction rather than the other directions can 

dominate assemble process.18 During the whole growth process, 

Ostwald ripening plays an important role in the formation of 

nanosheets and mature dendrites. 

 

 
Fig. 3 Schematic illustration of the formation and morphology evolution of Ag 

core-shell hierarchical microstructures 

 

The transformation stage, as a key point for the transition from 

microspheres to dendrites, can be regularly controlled not only by 

changing deposition time but also by tuning deposition voltage. 

Experimentally, Ag microstructures show different shapes according 

to different voltages: when the deposition voltage is increased to 1.5 

V, the greatly promoted side reaction causes significant reduction of 

effective deposition speed (less than that of transformation stage). So, 

the products trend to be (111) planes-dominant silver dendritic 

structures (Fig. S2a, ESI); conversely, decreasing the deposition 

voltage to 0.8 V can ensure a fast effective reaction speed. Though 

the effect of Ag/Ag+ electrode potential continues to be enhanced, 

the effective deposition speed won’t be lower than that of 

transformation stage yet. Thus, the final products are pure Ag 

nanosheets-assembled microspheres core (Fig. S2b, ESI). Only when 

the deposition voltage is in a suitable range (about 1.11V), adding 
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the effect of Ag/Ag+ electrode potential, the effective reaction can 

show a qualitative change which means the formation of Ag core-

shell hierarchical microstructures. Furthermore, in coincidence with 

above analysis, the ratio of microspheres core to dendrites shell can 

be controlled by slightly tuning the deposition voltage at the nearby 

of 1.11V (Fig S2(c-e), ESI). 

 

To further study the Ag core-shell hierarchical microstructure, we 

give the XRD spectra of the Ag core-shell hierarchical 

microstructures, pure nanosheets-assembled microsphere core and 

pure dendrites (Fig. 4). The four diffraction peaks match well with 

the (111), (200), (220), and (311) planes of Ag face-centred cubic 

(fcc) structure (JCPDS, No.04-0783), indicating that they are well 

crystallized. In addition, the growth of the three Ag microstructures 

can be analysed by comparing the ratios of (111) to (200) peak 

intensities. This ratio gives a metric for the relative strength of 

anisotropic forces in the crystal growth process, where higher ratios 

are correlated to the preferential stacking of (111) planes.23 It is clear 

that dendrites have the highest ratio of (111) to (200) peak intensities, 

which is consistent with the growth mechanism above. 

 

 
Fig. 4 XRD patterns of (a). dendrites, (b). nanosheets-assembled microspheres, 

(d). core-shell microstructures shown in Fig. S2, ESI. The asterisk sign (*) 

indicates the diffraction peaks of FTO. 

 

It is well known that the hot-spots provided by 

nano/microstructures and the adsorption of probe molecules are 

two key factors for SERS performance. For example, the (111) 

planes can adsorb more probe molecules due to their least free 

energy24 and the sub-10 nm gaps could provide sufficient hot-

spots12, 13. In the Ag core-shell hierarchical microstructures, 

there are nanosheets-assembled microspheres core with 

sufficient sub-10nm gaps and (111) planet-dominated dendrites 

shell. We investigated the SERS performances of the core-shell 

microstructures with different ratio of microspheres core to 

dendrites shell. Fig 5a depicts the Raman spectra of R6G 

molecules adsorbed on core-shell microstructures SI, SII, and 

SIII. The SERS signal intensity of SI for the bands at 612 cm−1 

is about 1.3 times stronger than that of SII and 3.6 times 

stronger than that of SIII. This can be explained by the fact that 

the difference of SERS performance can be attributed to the 

relationship of adsorption and hot-spots balanced by core-shell 

structure. SIII is composited of a small sphere core and a thick 

(111) planet-dominate dendrites shell which can promote the 

adsorption of probes molecule but invalidate the effect of hot-

spots on sphere core. However, SI and SII both have a bigger 

sphere core with sufficient hot-spots and a thinner (111)-

dominate dendrites shell which contributes to adsorb more 

probe molecules. 

To study the SERS sensitivity of Ag core-shell hierarchical 

microstructures, the SERS spectra of R6G solutions at different 

concentrations were conducted (Fig. 5b). Many bands of R6G 

still can be observed in the spectra even when the concentration 

was down to 10-14 M, revealing the high sensitivity of Ag core-

shell hierarchical microstructure for SERS application. The 

SERS enhanced factor value of this structure is estimated to be 

1.6×108 for R6G (the method is shown in S3, ESI). As SERS 

substrate, these samples can be reused after removing the 

organics adsorbed on its surface by plasma cleaning, because 

they strongly attach on the substrates. Their retention of high 

sensitivity for SERS application were demonstrated by the 

Raman spectra of R6G (10-12 M) adsorbed on the sample 

treated by plasma cleaning (Fig.S4, ESI). These SERS spectra 

are collected from three individual core-shell hierarchical 

microstructures, indicating their good reproducibility in the 

SERS measurement as well. 

 

 

 

 
Fig. 5 (a) The SERS spectra of R6G (10

-6
 M) adsorbed on the Ag core-shell 

microstructures deposited at SI 1.05V, SII 1.11V, SIII 1.26V, corresponding to the 

structures in Fig. S2(e, d, c), ESI, respectively. (b) The SERS spectra of R6G 

solutions at different concentrations (10
-11

, 10
-12

, 10
-14

 M) on as-prepared 

samples and R6G solution (10
-3

 M) on FTO substrate. 
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Conclusions 

In summary, Ag nanosheets-assembled microsphere @ Ag 

dendrites core-shell hierarchical microstructure has been 

synthesized on FTO substrate via electrochemical deposition. 

The growth mechanism including transformation stage of this 

structure has been proposed through time-dependent 

morphological evolution studies. The structural diversity of this 

microstructure can be easily realized by tuning deposition time 

and voltage, which could expand the device application of this 

material. Furthermore, Ag core-shell hierarchical 

microstructures show excellent performance in SERS 

application. 
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Ag nanosheet-assembled microsphere @ Ag dendrites core-shell hierarchical architectures with 

excellent SERS performance are successfully synthesized.  
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