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Abstract This paper reports the preparation of a type of

Ag-embedded zeolite crystals as surface-enhanced Raman

spectroscopy (SERS) substrates by chemical reduction of

Ag?-exchanged ZSM-5. Ag? ions were loaded into the

zeolite framework by ion exchange. Then the exchanged-

Ag? ions were reduced and metallic silver clusters formed

inside the zeolite channel. The resulting Ag-embedded

zeolite crystals are characterized by using a number of

techniques including X-ray diffraction, scanning electron

microscopy, and X-ray photoelectron spectroscopy to

confirm silver formed inside the crystal channel. The fab-

ricated Ag-embedded ZSM-5 zeolite substrates displayed

strong and reproducible SERS activity for different Raman

probe molecules such as Tris(2,20-bipyridyl) ruthenium(II)

chloride (RuBpy) and rhodamine 6G (R6G). Since silver

embedded into the zeolite channel without changing the

crystal surface property, the Ag–ZSM-5 zeolite crystal can

be used to prepare different SERS-active substrate (SERS-

tags), in which different probe molecules may be detected.

Such Ag-embedded zeolite substrate would be useful in

chemical and biological sensing and in the development of

SERS-based analytical devices.

Introduction

Studies on development of practical surface-enhanced

Raman spectroscopy (SERS) substrates have drawn broad

attention for over 30 years due to the potential applications

of SERS in chemical and biological sensing [1–12]. The

efficient SERS substrate must not only provide large

enhancement factors but also be robust, stable, uniform,

and reproducible. It is also desirable that the substrates are

easy and relatively inexpensive to fabricate and store. The

most commonly used SERS-active substrates are aggre-

gated Ag and Au colloids [13–17]. Ag or Au particles of

nanometer sizes have been shown to supply a high Raman

enhancement factor. Nie and Emory [18] reported that

SERS of single rhodamine 6G molecules was detected

when they were absorbed on the silver nanoparticle sur-

face. However, the stability of the colloidal solution and

reproducibility of aggregation are two major problems for

nano-Ag/Au substrate [19, 20]. Another common substrate

is a roughened metal electrode. Although these substrates

are more stable than colloids, their enhancement factors are

typically not as high. Recently, template-based fabrication

methods have been used for SERS substrate preparation

and have exhibited promising potentials [21–23]. In par-

ticular, nanoporous matrices, such as porous alumina and

silica, have been used as templates, and a silver thin film

was either coated onto the surface through vacuum depo-

sition or inside the pores by chemical plating. Chan et al.

[23] developed a silver-coated nanoporous silicon substrate

by depositing a silver thin film inside the nanopores. They

observed that such a SERS substrate could exhibit a surface
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enhancement factor of 1010. The advantages of template-

based fabrication are that the template can be fabricated

over a relatively large area with statistically uniform

structures and the required noble metal coating is very thin,

rendering the process relatively inexpensive.

In this paper, we report the use of zeolite as SERS-active

substrate. Zeolites are crystalline aluminosilicates with

unique pore structures, which have been employed in a

variety of important industrial processes. Dutta and Robins

[24] first reported the use of a silver-coated zeolite as SERS

substrates. Silver ions were exchanged into the cages of the

Faujasitic (FAU) zeolite, followed by chemical reduction

by hydrazine. Silver particles were observed on the surface

of the zeolite due to the migration of the exchanged silver

ions from the interior of the zeolite to the surface. Yan

et al. [25] fabricated zeolite as SERS-active substrate via

vacuum deposition of silver on zeolite film. They observed

that the prepared substrate could enhance the Raman signal

as uranyl ions were adsorbed onto the zeolite surface. In

our study, we investigated Na–ZSM-5 zeolite crystal as a

potential SERS-active substrate. Ag? ions were exchanged

inside the zeolite pores and reduced inside. The prepared

Ag–ZSM-5 substrate was SERS-active with very good

long-term stability.

Experimental

Reagents

Tetrapropylammonium hydroxide (TPAOH), sodium alu-

minate, RuBpy, and R6G were purchased from Aldrich.

Tetraethyl orthosilicate (TEOS, 98%), formaldehyde (37%)

was supplied by Acros.

Synthesis of Na–ZSM-5 zeolite crystals

Na–ZSM-5 zeolite crystals were synthesized by the

hydrothermal method. The synthesis solution was prepared

by mixing 5.65 mL 1 M TPAOH, 10.2 mL TEOS,

0.0739 g NaAlO2, and 30 mL deionized (DI) water. Then

the mixture was stirred at 45 �C for 12 h. Hydrothermal

treatment was conducted in an autoclave at 180 �C for 4 h.

After synthesis, the zeolite crystals were washed, dried, and

fired at 500 �C for 6 h to remove the template molecule.

Preparation of Ag–zeolite particles

In order to obtain Ag–zeolite particles, Ag?-exchanged

zeolites were prepared by ion-exchanging the zeolite with

0.1 M AgNO3. 1.0 g calcined Na–ZSM-5 crystals were

equilibrated with 100 mL 0.1 M AgNO3 in the dark at

room temperature for 24 h. The zeolite powder was next

washed with DI water three times to remove the surface-

adsorbed Ag? ions. Reduction of Ag?–ZSM-5 crystals was

carried out by adding 0.05 g Ag?–ZSM-5 powders to a

solution containing 0.232 mL 0.1 M NaOH, 0.464 mL

0.128 M formaldehyde, and 19.3 mL DI water. The mix-

ture was stirred at room temperature for 12 h. The samples

were then extensively washed with DI water to remove any

unreacted formaldehyde and dried at 70 �C. The prepared

crystals were characterized with field emission scanning

electron microscopy (FE-SEM, JEOL 5800LV) operating

at 25.0 kV and X-ray diffraction (XRD) with Cu ka radi-

ation. X-ray photoelectron spectroscopy (XPS) was mea-

sured with a Kratos AXIS ULTRA X-ray Photoelectron

Spectrometer. Inductively coupled plasma mass spectros-

copy (ICP-MS) was carried out to determine the compo-

sition of the prepared crystals.

SERS measurement

The dye molecules, RuBpy and R6G, were used as the

probe molecules to investigate the SERS activity. An

18 mL 0.5 g/L Ag–ZSM-5 solution was first mixed with

2.0 mL 0.1 mM dye solution under vigorous stirring. Next

a drop of the solution was cast onto a tilted, clean cover slip

and allowed to dry at room temperature. Raman measure-

ments were carried out on a LabRAM Raman microscope.

Laser intensities at the samples were set at approximately

130 lW for the 632.8 nm HeNe laser for all measurements.

Exposure time for all measurements was 1 s. Each spec-

trum was the average of 10 scans.

Results

Figure 1 shows the SEM images of Ag?-exchanged ZSM-5

crystals and energy-dispersive X-ray spectroscopy (EDS)

collected on the samples. The SEM images and EDS data

clearly indicate that (1) there exist only zeolite crystals and

no bulk metal formed at observable size outside the crys-

tals, (2) ion exchange method for preparation of Ag?–

ZSM-5 does not cause any observable defects in the

structure of zeolite crystals, (3) silver was successfully

loaded in the crystals. Chemical composition of the pre-

pared Ag?-exchanged ZSM-5 was determined by induc-

tively coupled plasma mass spectroscopy (ICP-MS) (see

Table 1S in Supporting Information). 2.3 wt% silver was

obtained with an exchange time of 24 h. More silver could

be obtained with increasing ion exchange time [26].

Reduction of the exchanged Ag? ions was carried out by

formaldehyde. Figure 2 shows the SEM image of the

reduced Ag–ZSM-5 crystals. Compared with the high

magnification SEM image of Ag?-exchanged ZSM-5

crystals in Fig. 1b, no bulk silver particles were observed
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on the Ag–ZSM-5 crystal surface. Figure 2 also revealed

that the morphology of the reduced Ag–ZSM-5 crystal was

the same as the Ag?-exchanged ZSM-5, which indicated

the reduction reaction did not change or damage the crystal

structure. Figure 3 shows the results of the X-ray photo-

electron spectroscopy (XPS) spectra of Ag?–ZSM-5 and

Ag–ZSM-5. XPS studies provide the local environment

and oxidation state of silver in ZSM-5 crystals. The survey

spectrum given in Fig. 3a indicates that silver is the only

element detected in addition to the zeolite framework

elements, which supports the EDS results in Fig. 1c.

Two probe molecules, RuBpy and R6G, were used to

evaluate the SERS activity of the silver-embedded zeolite

substrate. Figure 4 compares SERS spectra obtained from

Ag–ZSM-5 and Na–ZSM-5 substrates [5, 10]. It can be

seen that, under the similar experimental conditions,

Ag–ZSM-5 substrate displays very strong SERS of RuBpy,

while the Na–ZSM-5 substrate is not SERS-active, indi-

cating that the Raman enhancement is due to the silver

component in the Ag–ZSM-5 substrate. Figure 5 displays a

series of SERS with different concentrations of RuBpy in

Ag–ZSM-5.

To evaluate the SERS enhancement factor for the pre-

pared Ag–ZSM-5 substrate, Na–ZSM-5 zeolite crystals

were immersed into 20.0 mL 0.1 M RuBpy, in which the

particle concentration of Na–ZSM-5 was the same as that

of Ag–ZSM-5, as described above. Then the SERS spectra

were taken under the same conditions (laser intensity,

integration time). As shown in Fig. 6, the SERS intensity

of the RuBpy adsorbed onto the Na–ZSM-5 crystals is

obviously lower than that of the Ag–ZSM-5 crystals, even

when the RuBpy concentration is 0.1 M for Na–ZSM-5.

Discussion

The synthesized Na–ZSM-5 zeolite contains a three-

dimensional interconnected five-member ring linked toge-

ther through oxygen bridges. XRD patterns (see Fig. 1S in

Supporting Information) and SEM image (see Fig. 2S in

Supporting Information) indicated that the as-synthesized

products were well crystallized. The Al3? doped in the

synthesis could replace the Si4? in the zeolite framework.

To maintain the overall charge neutral, an additional

positive charge is required in the zeolite crystal to com-

pensate for the deficient positive charge due to the substi-

tution. The positive charge could be proton or sodium ions,

which could then be substituted by other ions such as Ag?

through ion exchange. After the Ag? ions exchanged into

Fig. 1 a Low magnification

and b high magnification SEM

images of Ag?-exchanged

ZSM-5 crystals; c EDS spectra

of the Ag?-exchanged ZSM-5

crystals

Fig. 2 SEM image of the Ag–ZSM-5 crystals
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the zeolite channel, they can move or migrate in the

channel and form different size of ions clusters. Sazama

et al. and Ozin et al. [26, 27] reported ions clusters, such as

Ag3
2?, Ag6

5?, and Agn
q?, formed in the channel of Ag?-

exchanged zeolites and the size of the clusters was in the

range of 5.1–7.2 Å.

Various reducing agents, such as formaldehyde, hydra-

zine, sodium borohydride, and butylamine, can reduce Ag?

Fig. 3 XPS spectra of Ag? and Ag in zeolite crystals. a XPS survey scans of Ag?–ZSM-5, b Ag? 3d XPS spectra, and c Ag 3d and 2p XPS

spectra

Fig. 4 SERS spectra of RuBpy

and R6G (10-5M)
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to Ag. Our choice of formaldehyde was based on the

simple reaction and small molecular size. In order to

completely reduce all the exchanged Ag?, NaOH was

added to promote the reaction. The added hydroxyl ion

undergoes a nucleophilic addition reaction to formalde-

hyde, producing hydride and formate ions [13]. The

hydride ions reduce silver ions to silver atoms with

hydrogen as a by-product. The initial ratios of formalde-

hyde/Ag? and OH-/Ag? were 4 and 1, respectively, to

completely reduce all exchanged silver ions [13]. The

results of XPS spectra in Fig. 3 demonstrated that all the

exchanged Ag? ions were completely reduced by formal-

dehyde. It is known that the Ag? 3d bonding energy peak

appears at 368.8 eV, whereas that of metallic silver appears

at 368.2 eV. The experimental peak for Ag?–ZSM-5 was

observed at 369.3 eV. The slight difference could be

explained by the Agn
d? cluster formed in the zeolite channel

[26, 27]. A small peak observed at 368.5 eV was attributed

to partial reduction of the silver ions by water in the zeolite

channel [27]. After Ag? reduction to metallic silver, one

peak observed at 368.5 eV was identified as metallic silver

3d peak. The other peak, appearing at 374.5 eV, is the

silver 2p peak due to spin orbital coupling.

We also noticed that most of the exchanged Ag? ions

were reduced in the zeolite channel because (1) the form-

aldehyde molecule could easily penetrate into the zeolite

channel due to its smaller molecular size; (2) butylamine

cannot reduce the exchanged Ag? ions but it can reduce the

Ag? ions in solution [12]. The larger molecular size of

butylamine and its spatial configuration rendered it difficult

to enter the zeolite channel. No bulk silver metal particles

were observed on the Ag–ZSM-5 zeolite surface (Fig. 2).

In the pioneering research by Dutta and Robins [24], the

exchanged silver ions could migrate from the NaX zeolite

interior to the outer surface during reduction. The ‘‘snow-

flake’’ like patter silver particles with typical dimension of

*2 lm were observed on the zeolite surface. Unlike NaX

zeolite, our study of ZSM-5 crystal has smaller pore size

and different structure. The difference in pore size and

crystal structure between ZSM-5 and NaX may lead to the

different mobility of Ag? in zeolite pore. In addition, the

location of the exchanged Ag? ions in zeolite crystals also

affects their migration in the crystal [27].

It would be interesting to explore the possible use of the

as-synthesized silver-embedded zeolite crystal for fabri-

cating intense SERS substrates to detect different mole-

cules. The probe molecules, RuBpy and R6G, with the

molecular size of 13 Å and 10 Å [28, 29], respectively, can

be adsorbed onto the zeolite surface. The exchanged silver

ions or clusters inside the zeolite pores were reduced,

forming silver nanoparticles. These silver nanoparticles

were distributed throughout the zeolite crystal. When the

probe molecules were adsorbed onto the zeolite crystals,

they were brought close to the silver nanoparticles inside

the pores, an optical cavity formed. Localized surface

plasmons (LSP) can be excited by proper illumination as

the cavity is placed into the focus of the laser light. The

LSP are associated with electron density oscillations under

the influence of the external electromagnetic field, creating

in turn their own electromagnetic field [30]. Molecules

exposed to this enhanced field lead to enhanced Raman

signal. We also noticed that, as the probe molecules were

Fig. 5 SERS spectra of RuBpy

at different concentration

Fig. 6 Raman spectra of RuBpy on Ag–ZSM-5 and Na–ZSM-5

substrates
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adsorbed onto the zeolite surface, they could not enter the

zeolite pore channel due to size exclusion. Therefore, the

SERS enhancement observed in these Ag–ZSM-5 crystals

is probably due solely to electromagnetic enhancement, as

there is no direct contact between the surface-absorbed

probe molecules and the reduced silver inside the pores

[31]. Li et al. [32] also observed strong SERS as the probe

molecules were adsorbed onto the Au/SiO2 nanoparticles,

where there was no direct contact between the probe

molecules and the gold core. Since there was no direct

contact between the probe molecules and silver particles,

any molecules attracted by the zeolite crystal could be

detected. Hence, the Ag–ZSM-5 can be used as SERS

substrate for the in situ detection of various molecules.

The as-synthesized Ag–ZSM-5 substrate can detect

RuBpy concentrations as low as 10-7 M in solution

(Fig. 5). The detection limit could be further improved by

increasing the ion exchange time, which would result in

more Ag? ions being exchanged in the zeolite pores and

more SERS-active silver nanoparticles spread throughout

the zeolite crystal. Furthermore, due to the chemical and

physical stability of the zeolite crystals, no aggregation of

silver nanoparticles was observed for the prepared substrate

after long-term storage. The as-synthesized Ag–ZSM-5

substrate displayed similar SERS activity after 1 month.

The SERS enhanced factor (EF) for Ag–ZSM-5 crystals

was estimated using the following relationship:

EF ¼ ISERS=INRð Þ NNR=NSERSð Þ

where ISERS and INR are the Raman scattering intensity of

RuBpy on Ag–ZSM-5 and Na–ZSM-5 crystals, respec-

tively, and NSERS and NNR are the numbers of RuBpy

molecules illuminated by the laser light to obtain the

corresponding Raman spectra. ISERS and INR were mea-

sured at different wavelengths, and the ratio of NNR and

NSERS was estimated with the RuBpy concentrations since

the particle size and concentration in both solutions were

the same. The ratios of ISERS and INR at 1031 cm-1,

1317 cm-1, 1485 cm-1, 1556 cm-1, and 1600 cm-1 were

measured (shown in Fig. 6); these were 13.8, 6.1, 2.2, 7.3,

and 8.4, respectively. The EF for Ag–ZSM-5 was estimated

in the range of 2.2 9 104–1.38 9 105. The value is quite

comparable to that observable from the usual nanostruc-

tured silver substrates [33, 34].

Conclusions

In summary, a very stable SERS-active Ag–ZSM-5 sub-

strate was fabricated. Ag? ions were first loaded into the

zeolite channel through ion exchange and then reduced

inside the zeolite pores by formaldehyde. The method is

cost-effective and easy to synthesize. The characterization

by means of SEM, EDS, and XPS indicated that the

formation of silver nanoparticles in the zeolite channel.

The prepared Ag–ZSM-5 substrate displayed strong SERS

activity and was stable for a long period of time. The

formation of silver nanoparticles inside the zeolite pores

may behave as a ‘‘hot spot’’ to enhance the Raman signals

of molecules adsorbed on the zeolite surface. The advan-

tages of the zeolite substrate for SERS include ease of

preparation, very good stability, and reproducibility, as

well as the possibility of using SERS to detect various

molecules in situ. We believe that these Ag–ZSM-5 SERS

substrates will be useful in the development of SERS-based

analytical devices.
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