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SERS-active silver hierarchical assemblies are synthesized in solution by the assistance of small acid

molecules. We here demonstrate the acid-directed self-assembly of metal nanoparticles (MNPs) into

large systems with complex structures, without the application of any polymer surfactant or capping

agent. It is verified that small acid molecules (citric acid, mandelic acid, etc.) incorporated into

conventional solution chemistry can direct the assembly of MNPs into well-defined hierarchical

structures. The constructed assembled structures with highly roughened surfaces can be highly sensitive

SERS platforms, and the fabricated core–shell Ag wires show especially high SERS sensitivity toward

the analyte melamine. The prepared Ag particles with hierarchical structures show no evident

polarization-dependent SERS behavior, and this isotropic feature may be an advantage for highly

sensitive SERS tags, since no certain incident polarization is required for molecule detection. We

believe the subsequent addition of acid to induce formation of self-assembled structures can be

a general synthetic platform to fabricate metal structures with complex morphologies.
Introduction

The focus of nanoscience and nanotechnology is gradually

shifting from the synthesis of individual components to their

assembly into larger systems with well-defined structures.1–3

Assemblies of nanoscaled metal building blocks with specific

structures present collective optical, electronic, catalytic, and

magnetic properties which are distinctly different from the cor-

responding individual nanoparticles.4–7 Hierarchical self-

assembly is the ultimate fabrication process for complex nano-

structures and ensures molecular-level pattern precision and

parallel processing.8–13 A directed assembly of hierarchical CdS

nanotube arrays from CdS nanoparticles shows enhanced solid-

state electro-chemiluminescence,8 and hierarchical assembly of

multilayered hollow microspheres from an amphiphilic phar-

maceutical molecule of azithromycin can be applied in controlled

drug release, delivery and biocatalysis.9 Metal ions are exploited

to induce the formation of metal–cholate supramolecular helices,

and it is interpreted that incorporation of metal ions may endow

versatile functionalities and merits to the self–assembled nano-

helices.12 Complex structures formed by metal nanoparticle

(MNP) assemblies have numerous cavities, interstitial sites, and

void spaces that are known to generate enhanced electric field

upon excitation that leads to surface-enhanced Raman scattering
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(SERS).14–16 However, for SERS applications, controlled

synthesis of the so-called electromagnetic ‘‘hot spots’’ is difficult

in most SERS-active materials as it requires exquisite prepara-

tion of MNPs with certain sizes and morphology and delicate

manipulation of the nanoparticle assemblies.17–21 Recent studies

have shown an extremely strong local field enhancement in the

gap between two closely spaced metal nanostructures.22–28

Formation of such dimeric structures usually requires the use of

organic and biological molecules to bridge two nanoparticles;

however, the bridging molecules also prevent the target analyte

from further being adsorbed onto the metal surface.29–35

Furthermore, preparation of uniform and large-area SERS-

active substrates consisting of metal nanoparticle dimers for

commercial applications seems quite difficult. In solution

chemistry for synthesizing MNPs, capping agents like poly(vinyl

pyrrolidone) (PVP) and cetyltrimethyl ammonium bromide

(CTAB) are commonly employed to induce anisotropic

growth,36,37 by which the size and morphology of the MNPs are

successfully controlled. However, it is inevitable that a thin layer

of polymer molecules will reside on the surface of the as-prepared

MNPs even after repeated rinsing,38 which may also disturb the

adsorption of analyte molecules onto the metal surface or at least

reduce the active surface area available for analyte binding.

Here we demonstrate for the first time the fabrication of novel

self-assembled silver hierarchical structures simply by incorpo-

rating a small amount of acid in conventional solution chemistry,

without the involvement of any polymer surfactant or capping

agent. The assembly of silver nanoparticle (AgNP) components

into well-defined complex structures under the direction of the

incorporated acid has been confirmed by using different reducing

agents. This acid-directed synthesis of metal structures precludes

the sorption of polymer molecules on metal surfaces, and the

obtained Ag particles have highly roughened morphology, which

can be promising SERS substrates for sensing applications.
J. Mater. Chem.
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Experimental

Materials

PANI emeraldine base (EB) (Aldrich), AgNO3 (99.9999%

Aldrich), mercaptobenzoic acid (MBA, Aldrich 90%), N-methyl-

2-pyrrolidone (NMP, 99% Aldrich), malamine (99% Aldrich),

heptamethylenimine (HPMI, 98% Acros), toluenesulfonic acid

(98% Aldrich), mandelic acid (99% Aldrich), ascorbic acid

(Aldrich) and citric acid (99.9% Fisher) were used as received.
Preparation of Ag nanostructures using ascorbic acid as the

reducing agent

1 ml AgNO3 aqueous solution (1 M, 0.1 M, 0.05 M and 0.01 M)

and 0.1 ml 0.25 M acid (citric acid, mandelic acid, or toluene-

sulfonic acid) were added to 10 mL deionized water in a 25 mL

beaker with a magnetic stirrer in an ice–water bath.

An ascorbic acid aqueous solution (C6H8O6, 1 M) was then

quickly injected into the vigorously stirred mixture. The added

ascorbic acid was kept equimolar to that of silver ions. The

solution became grey or khaki immediately in accordance with

the added acid, and a large quantity of Ag particles were

produced in a few minutes. After 15 min, the particles were

collected by centrifugation and repeatedly rinsed with deionized

water. Then the samples were dried in a vacuum drier at 60 �C.

For comparison, preparation of Ag particles without the assis-

tance of acid was also carried out.
Preparation of core–shell Ag wires on polyaniline (PANI) films

(1) Preparation of PANI films. A typical procedure of fabricating

the PANI film is described as follows: 4.14 g NMP, 0.747 g

HPMI and 1.15 g PANI (EB) powder were mixed in a 12 ml

Teflon vial. The mixture was stirred for 0.5–1 h to form

a homogeneous solution, followed by being poured onto a glass

substrate and spread into a wet film using a gardener’s blade

(Pompano Beach, FL) with a controlled thickness. The wet film

was put in an oven at 50 �C for 12 h to evaporate the solvent and

form a dense film. The dried film was kept in a water bath to let it

peel off from the glass substrate. The resulting film was dried at

room temperature, and then doped in 0.25 M citric acid aqueous

solution for 2 days. (2) Growth of Ag nanowires on PANI films.

The doped film was rinsed in deionized water to remove the

surface adsorbed citric acid and cut into 5 mm � 5 mm pieces

before nanowire growth. During the nanowire growth without

adding the acid, the doped PANI films were immersed in 0.1 M

AgNO3 aqueous solution for different time periods to study the

nanowire growth. The PANI films were then carefully rinsed

with deionized water to terminate the nanowire growth and

eliminate the residual salt, following by being dried in air at room

temperature. (3) Fabrication of core–shell Ag structures on

PANI films. The doped PANI films were firstly immersed in

0.1 M AgNO3 aqueous solution for 10 s to initiate the nanowire

growth. Then 10 mL 0.25 M citric acid or mandelic acid was

added to the AgNO3 aqueous solution to direct the assembly of

Ag nanoparticles on the nanowires. For a mechanistic study of

the core–shell Ag wire structure formation, samples were

collected after citric acid was added for different time periods.

The PANI films were then carefully rinsed with deionized water
J. Mater. Chem.
to terminate the nanowire growth and eliminate the residual salt,

following by being dried in air at room temperature.
Characterization

Scanning electron microscopy (SEM) was carried out on a FEI

Inspect F SEM to study the morphology and size of the Ag

nanostructures. X-ray diffraction (XRD) measurements were

carried out on a Shimadzu XRD-6000 diffractometer that uses

fine line sealed Cu Ka tube (l ¼ 1.5406 �A) X-rays. The Ag

particles were put in an MBA ethanol solution (1 mmol L�1) for

30 min and then rinsed by centrifugation with ethanol several

times to remove the MBA residual on the surface. The MBA-

adsorbed Ag particles were dispersed on glass substrates before

the surface-enhanced Raman scattering (SERS) responses were

determined. The core–shell Ag wires deposited on the substrate

were immersed in melamine aqueous solutions of different

concentrations for 30 min and then rinsed with deionized water

to study the detecting sensitivity. The SERS spectra were recor-

ded on a Kaiser Raman spectrometer through a 20 � (0.50 NA)

microscope objective, coupled with a liquid-nitrogen-cooled

charge-coupled device (CCD) detector (wavelength: 785 nm).

The incident laser power was kept at 1 mW and total accumu-

lation times of 10 s were employed. The Raman images were

collected on a Renishaw in Via micro Raman spectroscopy

system, using the TE air-cooled 576�400 CCD array in

a confocal Raman system at the Raman shift of 1582 cm�1 of

the MBA molecule, while the laser light was blocked by a

633 nm edge filter. The objective used in the measurement is

�100 (NA ¼ 0.95).
Results and discussion

In a typical synthesis, a AgNO3 aqueous solution (1 mL, 1 M)

and an acid aqueous solution (0.1 mL, 0.25 M) were added to

10 mL deionized water in a 25 mL beaker with a magnetic stirrer

in an ice–water bath. An ascorbic acid aqueous solution

(C6H8O6, 1 mL, 1 M) was then quickly injected into the vigor-

ously stirred mixture. The solution became grey or khaki

immediately in accordance with the added acids, and a large

quantity of Ag particles was produced in just a few minutes. It is

interesting to find that the morphology of Ag assemblies is highly

sensitive to the incorporated acid. Fig. 1 shows the SEM images

of the Ag assemblies prepared with the assistance of different

acids in low and high magnifications, which indicates that Ag

particles with almost uniform structure corresponding to the

incorporated acid can be produced by this acid-directed process.

As shown in Fig. 1a, direct reduction of Ag+ by ascorbic acid (no

extra acid added) leads to irregular Ag particles with a size of

about 1 mm. A magnified image indicates that these Ag particles

are actually comprised of 50–100 nm thick Ag nanosheets

(Fig. 1b), which resembles the structures obtained through

a similar procedure.20 However, addition of citric acid leads to

the formation of perfect microspheres (�2 mm in diameter) that

are assembled by numerous close packed 20 nm thick Ag

nanosheets (Fig. 1c, d). The magnified image inset in Fig. 1c

shows that these nanosheets, arranged along different directions,

are actually formed by assembled nanoparticles. With mandelic

acid, flower-like Ag particles are formed by loosely packed 50 nm
This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 SEM images of Ag structures prepared through a chemical

reduction of Ag+ ions (AgNO3) by ascorbic acid as the reducing agent,

without using any polymer surfactant or capping agent. Before ascorbic

acid was added to initiate the reduction reaction, (a, b) no acid, (c, d)

citric acid, (e, f) mandelic acid, and (g, h) toluenesulfonic acid was added

to the reaction system to control the assembly of the produced Ag

nanostructures.

Fig. 2 X-ray diffraction (XRD) patterns of the prepared hierarchical Ag

particles with the assistance of (a) no acid, (b) citric acid, (c) mandelic

acid, and (d) toluenesulfonic acid.
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thick Ag nanosheets (Fig. 1e, f). One can find microscaled Ag

yarn-balls assembled by cross-linked 50 nm thick Ag nanosheets

in the presence of toluenesulfonic acid during the reaction

(Fig. 1g, h).

The five peaks in the XRD patterns of the as–prepared Ag

particles can be well indexed to the (111), (200), (220), (311), and

(222) planes of the face-centered-cubic (fcc) Ag phase (Fig. 2),

indicating that they are all well-crystallized. However, the

appearance of all diffraction peaks and almost identical intensity

ratios implies that the acid applied in the reaction system does

not induce the anisotropic growth along a certain crystal plane,

but just directs the nanoparticles to assemble into complex

structures. It is clear that the acid added to complex the Ag+ ions
This journal is ª The Royal Society of Chemistry 2010
does not change the pristine Ag nanosheet formation when using

ascorbic acid as the reducing agent, since all produced Ag

particles are basically ensembles of Ag nanosheets. It has been

revealed that the metal nanoparticle aggregates can be reversibly

expanded and contracted by tuning the pH value of the solution

system.39,40 Here, the incorporated acid can greatly influence the

structure and morphology of these nanosheet assemblies. To the

best of our knowledge, this is the first evidence of directed

assembly of MNPs into specific structures assisted only by small-

molecule acids. Although the underpinning mechanism of the

formation of Ag assemblies with different morphologies remains

unclear, we believe that the acid molecules may complex with the

Ag+ ions and/or be adsorbed on the Ag nucleates, which then

direct the newly formed AgNPs in a way of assembly. By

reducing the silver nitrate concentration, the grain size of the as-

prepared Ag particles could be tuned from microns to several

hundred nanometres, and the Ag nanosheet assemblies are

getting more loosely packed (see Fig. S1 in ESI†). It is important

to note that with a very low AgNO3 concentration (0.01 M), only

unassembled AgNPs with an average size of 100–200 nm are

visualized (see Fig. S2 in ESI†).

Assembled Ag structures prepared in the presence of various

acids reveal strong SERS responses using mercaptobenzoic acid

(MBA) as the probe molecule, and the detection sensitivity can

easily reach ppm level, with an estimated enhancement factor of

106–107 (see Fig. S3 in ESI†). It can be rationalized by the fact

that the nanosheet assembly creates a nanoscale roughness over

the particle surface, which will lead to amplification of the elec-

tromagnetic fields near the metal surface.14,20 These hierarchical

structures with different sizes may also be used as effective

individual SERS-active tags in flow.41 Incident polarization-

dependent SERS of individual particles or wires has been of great

interest recently, because Raman imaging can show the spatial

distribution of SERS enhancement over the whole surface of

a SERS tag, which renders a fundamental understanding of the

SERS enhancement on a single particle.20,42 Here we studied the

SERS polarization properties of a single Ag particle using the Ag

microsphere prepared by the assistance of citric acid (as shown

in Fig. 1d). The Raman images were collected using the TE
J. Mater. Chem.

http://dx.doi.org/10.1039/C0JM02837A


Fig. 4 (a) Low-magnification SEM image of the produced Ag wires, and

magnified SEM images of (b) the cross-section of a typical core–shell Ag

wire, (c) the tip of a core–shell Ag wire covered by nanosheet assemblies,

and (d) the surface of a wire showing that the nanosheets are actually

assembled by nanoparticles.
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air-cooled 576 � 400 CCD array in a confocal Raman system at

the Raman shift of 1582 cm�1 of the MBA molecule. Fig. 3a

shows the polarization dependency for the particle as shown in

Fig. 3b. One can see that the surface of the Ag microsphere can

be a little modified after adsorbed with MBA molecules, as we

also found on Ag nanosheets supported on polyaniline (PANI)

membranes.43 The Ag microspheres actually show very little

polarization-dependent SERS enhancements over the surface,

where almost identical SERS images are collected at different

polarization angles (Fig. 3a). The polar plot in Fig. 3c shows that

the SERS intensity of the whole particle does not present much

polarization dependency. Other structures of the prepared Ag

particles that have been investigated show very similar polari-

zation-dependent SERS behavior. This isotropic feature may be

an advantage for the prepared Ag hierarchical structures as

highly sensitive SERS tags, since no certain incident polarization

is required for molecule detection.

The acid-directed assembly of AgNPs into complex structures

can be manifested in the growth of core–shell Ag wires using

conducting PANI as the reducing agent. We have recently

demonstrated the fabrication of metal nanostructures with

various morphology and size through a direct chemical reduction

by conducting polymers.43–50 Here, on a citric acid doped PANI

film, Ag nanowires (AgNWs) can grow on the surface in a matter

of seconds. When the reaction period was extended to one hour,

the PANI film would be fully covered with extremely long silver

wires up to �1 mm that have polyhedral cross-sections

(see Fig. S4 in ESI†). Interestingly, by adding a very small

amount (10 mL, 0.25 M) of citric acid after the AgNW growth

was initiated (10 s later), we found that the added acid could

direct the subsequent AgNPs assembly into nanosheets on the

nanowire surfaces (Fig. 4), a result that agrees well with our
Fig. 3 (a) The Raman images of a single Ag microsphere under different

incident polarizations. The arrows show the different polarizations. (b)

The corresponding SEM image of the Ag microsphere for SERS polar-

ization study. (c) Polar plot of the strongest Raman intensities read from

the SERS images. Scale bar: 1 mm.

J. Mater. Chem.
finding that citric acid that adsorbs on the MNPs would induce

the MNPs to assemble into sheet-like structures.43 Fig. 4a shows

the Ag wires grown on a PANI film after extra citric acid was

added for 1 h, which reveals that lateral growth of the assembled

nanosheets on top of the nanowire after addition of citric acid

would cause concomitant inhibition of the radial growth of

nanowires, leading to wires with limited aspect ratios. Fig. 4b

presents a core–shell structure consisting of AgNW (100–200 nm

in diameter) as the core and assembled nanosheets as the shell,

with a shell thickness of about 1 mm. The top surface in Fig. 4c

clearly shows that the end of the wire is capped by the nanosheet

assemblies, which is believed to terminate the radial growth of

the AgNWs, leading to much shorter wires than those prepared

without the extra addition of citric acid (see Fig. S4 in ESI†).

From Fig. 4d, one can see the interlaced Ag nanosheets are

assembled by AgNPs with a mean size of about 40 nm and each

nanosheet is actually formed by one single layer of AgNP

assemblies, but not common smooth nanosheets as prepared

from solution chemistry.18 This result verifies that the wire

structure is formed by the assembly of nanosheets on the surfaces

of the original AgNWs.

As shown in Fig. 5, the XRD pattern of the prepared core–

shell Ag wires differs a lot from those of the Ag particles with

hierarchical structures as found in Fig. 2, which indicates

a dominant diffraction peak corresponding to the (111) plane of

fcc Ag phase. One can only see very limited diffractions from

(200), (220), (311), and (222) planes. As found in most single

crystalline AgNWs, (111) plane would be the preferable growth

direction when a proper surfactant or capping agent was applied

during the controlled anisotropic growth.51,52 Here, when citric

acid was introduced to induce the assembly of AgNPs onto the

pre-existing AgNWs on the PANI films, the AgNPs would also

grow with an anisotropic feature along the [111] crystal plane. As

a result, a dominant (111) diffraction peak was observed in the

XRD pattern of the core–shell Ag wires.
This journal is ª The Royal Society of Chemistry 2010
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Fig. 5 XRD pattern of the prepared core–shell Ag wires.
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The acid-directed nanosheet growth and assembly on the

AgNWs can be further validated by a time-dependent SEM study

of the structure evolution of the core–shell Ag wires (Fig. 6).

Growth of AgNWs on PANI films is a very quick process,

smooth AgNWs with diameters of about 200 nm can be seen only

after 10 s (Fig. 6a). Immediately after citric acid was added in the

AgNO3 solution, an initial aggregation of newly formed AgNPs

on the surface of AgNWs can be distinguished (Fig. 6b), which

again verifies that the incorporated acid directs the newly formed

AgNPs in a way of assembly. It is interesting to find that instead

of size growth, the AgNPs assemble in the form of nanosheets in

an extended period (Fig. 6c). Further growth leads to well-

defined interlaced structures, as well as increased diameters of the

Ag wire structures (Fig. 6d, e). After one hour, core–shell Ag

wires with an average diameter of about 2 mm can be found, with

the shells consisting of nanosheets that are formed by assembled

AgNPs (Fig. 6f). By using same amount of mandelic acid instead

of citric acid, we also get assembled nanosheet structures that are

loosely packed on the wires (see Fig. S5 in ESI†), similar to the

case of Ag particles. We believe that this subsequent addition of

citric acid to induce formation of core–shell structures can be
Fig. 6 Time-dependent SEM images of citric acid directed formation of

a core–shell Ag wire: (a) nanowire growth on PANI film for 10 s, (b)–(f):

after citric acid was added for 10 s, 1 min, 5 min, 10 min and 60 min,

respectively. Scale bar: 1 mm.

This journal is ª The Royal Society of Chemistry 2010
a general synthetic platform to fabricate metal structures with

complex morphologies.

We find this core–shell Ag structure shows especially strong

SERS response for the detection of melamine—a milk contam-

inant added to artificially inflate the reading of protein level and

causes acute kidney failure, with several fatalities. As shown in

Fig. 7, the most intense peak in the SERS spectrum of melamine

observed at 679 cm�1 is assigned to the ring breathing mode II

and involves in-plane deformation of the triazine ring in mela-

mine molecules, and a barely visible peak around 984 cm�1 arises

from the ring breathing mode I of the triazine ring.53,54 It can be

seen that the sensitivity of detecting melamine on these core–shell

Ag wires reaches 5 ppm, almost one of the highest sensitivities

ever reported and is very promising for fast detection of additives

in dairy products.54 The interlaced nanosheets create abundant

interstitial sites, which can be ‘‘hot spots’’ in SERS measurement.

Moreover, the AgNPs that form the nanosheets may facilitate

analyte molecule binding and gaps between two AgNPs can

present similar SERS enhancement as found in metal

dimers.14,55,56 The intensity change of the Raman peak at

679 cm�1 with the melamine concentration is shown in the inset

of Fig. 7. When the concentration is 5 ppm, the peak intensity is

about 3500. When the concentration is increased to 10 ppm, the

peak intensity is increased to about 10 000. That is to say, when

the number of molecules became double, the SERS intensity

became more than double. Considering the experimental uncer-

tainty, it can be concluded that when the concentration is not

higher than 10 ppm, all melamine molecules adsorbed on the

core–shell Ag structures are enhanced adequately, because there

are enough ‘‘hot spots’’ for those molecules. When the concen-

tration is increased further to 50 ppm, the Raman intensity of the

679 cm�1 peak is increased to about 22 000, which is only about

double the intensity of the 10 ppm case. The decrease of the

enhancement for the samples of high concentration should be

caused by the crowd of the molecules compared with the ‘‘hot
Fig. 7 SERS spectra of melamine in different concentrations taken on

core–shell Ag wire structures: (a) 200 ppm, (b) 100 ppm, (c) 50 ppm, (d)

20 ppm, (e) 10 ppm, and (f) 5 ppm. Measurements were conducted with

a 10 s exposure and 1 mW laser power. Inset shows the relationship

between Raman intensity of the 679 cm�1 band and concentration of

melamine solution.

J. Mater. Chem.
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spots’’. When a large amount of molecules are adsorbed on the

Ag structures, some molecules may locate at the spots which are

not so hot, therefore, the averaged enhancement factor will be

decreased. Actually, when the concentration is high, the mela-

mine will crystallize on the Ag wires, and the normal Raman

scattering will contribute to the detected Raman signal. An SEM

image of the Ag wires after immersing in melamine solution of

100 ppm shows that the melamine can evenly crystallize on these

wires (see Fig. S6 in ESI†).

Conclusions

In summary, without the assistance of any surfactant or capping

agent, small acid molecules can be applied to direct the assembly

of MNPs into well-defined hierarchical structures. This synthesis

technique of metal structures precludes the sorption of polymer

molecules on metal surfaces. The acid-directed assembly of

MNPs has been confirmed by using both ascorbic acid and

polyaniline as the reducing agents. The as-prepared self-assem-

bled structures with highly roughened surfaces can be highly

sensitive SERS platforms for the detection of chemical or bio-

logical molecules. The Ag particles with hierarchical structures

show no polarization dependency of the incident laser, and this

feature can be an advantage for molecule detection since no

certain incident polarization is required during SERS measure-

ment. Notably, the fabricated core–shell Ag wires show espe-

cially high SERS activity toward melamine, with a detection

sensitivity of 5 ppm. We believe this facile acid-directed fabri-

cation of MNPs into larger systems with hierarchical structures

may open up a new avenue for fabricating complex assembled

architectures and exploring emerging properties that have been

previously inaccessible.
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