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Thin films of α-Fe2O3

nanoparticles using as
nonmetallic SERS-active
nanosensors for sub-
micromolar detection

Xiaoqi FU (✉)1,2, Shuang WANG2,
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Hengbo YIN2

A new kind of nonmetallic nanosensors based on
surface-enhanced Raman spectroscopy (SERS) have
been successfully prepared by the assembly of α-Fe2O3

nanoparticles (NPs) onto clean quartz surface via the
cross-linker of hexamethylene diisocyanate (HDI). The
resultant substrates have been characterized by elec-
tron micrographs, which show that the α-Fe2O3 NPs
distribute on the modified surface uniformly with a
monolayer or sub-monolayer structure. 4-mercapto-
pyridine (4-Mpy) and 2-mercaptobenzothiazole (2-
MBT) molecules have been used as SERS probes to
estimate the detection efficiency of the α-Fe2O3 thin
films. The SERS experiments show that it is possible
to record high quality SERS spectra from probe
molecules on the α-Fe2O3 thin films at sub-micromolar
( < 10–6 mol/L) concentration. These results indicate that
the highly ordered, uniformly roughed, highly sensitive
and low-cost α-Fe2O3 thin films are excellent candidates
for nonmetallic SERS-active nanosensors.

Keywords nanosensors, SERS, α-Fe2O3 nanoparticles,
thin film

1 Introduction

Raman spectroscopy is an important non-destructive tool for
obtaining information about the structure and properties of
molecules from their vibrational transitions. Although the
weak intensity of the Raman scattered light and the

appearance of fluorescence limit the application of normal
Raman spectroscopy, the use of surface-enhanced Raman
spectroscopy (SERS) is able to overcome these disadvantages
and extend its application greatly. In comparison with
fluorescence spectroscopy, SERS has a very narrow band-
width of a typical Raman band (< 1 nm), while the
fluorescent bands can be as high as 50 nm in width [1].
Furthermore, unlike infrared spectroscopy, SERS has the
advantages of application in aqueous media and the high
sensitivity for trace level detection [2]. The distinct advan-
tages of SERS, such as low detection limit, real-time response,
both qualitative and quantitative analysis capabilities, high
degree of specificity and simultaneous multi-component
detection, enable it to be one of the most effective analytical
trace methods [3]. Therefore, many SERS-active substrates,
such as nanostructured metals (Ag, Au and Cu), have been
used as nanosensors for trace detection of dyes, biomaterial
and other molecular species [4,5].

As we know, it is important that the optical properties of the
substrate should be designed to fully maximize SERS
intensities to lower the analytical limit of detection. Thus, it
is essential to systematically control the distribution of
nanoparticales (NPs), such as the physics dimensions,
particles diameter and spacing, to optimize SERS enhance-
ments. Among these robust SERS substrates in use today, the
assembly of metal NPs to ordered structures was especially
important due to their properties of high sensitivity,
reproducibility, uniform roughness, easy fabrication and
long time stability [6,7]. Naton groups [6,8] and Cotton
groups [9] have respectively assembled metal NPs (Au, Ag)
on to quartz or glass surfaces modified with organosilane such
as alkylaminosilanes, alkylcyanosilane and alkylaminosilane.
In 1996, Ulman [10] systematically introduced the formation
of self-assembled monolayers. Nevertheless, these SERS-
active nanosensors have been restricted primarily to noble
metals (Ag [4,11], Au [12,13], Cu [14], Pt [15], Pd [16]).
Little work about SERS signals from molecules adsorbed on
metal oxide NPs thin films has been reported, and one
predominant reason is that metal oxide NPs can hardly be
bound to the modified surface firmly through covalent bonds
to the functional groups such as NH2, CN and SH. However,
metal oxides have many novel electric, chemical, optical and
magnetic properties, compared to these above metals. These
metal oxides are fundamental to the development of smart and
functional materials, devices and systems [17,18]. Another
important advantage is that they cost much lower than noble
metals. Therefore, exploiting low-cost SERS-active nonme-
tallic nanosensors with excellent performance remains an
important task in this field.

Although SERS signals from molecules on the surfaces of
the randomly arranged oxides such as ZnO [19], NiO [20],
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Cu2O [21], PbS [22] and TiO2 [23] have been observed, the
Raman enhancement factors were usually on the order of 10 to
100, which are much less than the most frequently cited value
(105–106) for molecules absorbed on nanostructured metal
surfaces. In this article, enhancements of up to 104 in the
Raman signal have been obtained from probe molecules
adsorbed on surfaces of oxide nanosensors (α-Fe2O3 thin
films), which is capable for the application in sub-micromolar
(< 10–6 mol/L) detection. The nanosensors are fabricated
through a new and simple method by the assembly of
dispersed α-Fe2O3 NPs onto the surface of quartz slides
modified with hexamethylene diisocyanate (HDI). With the
nanosensors, trace quantities of Raman responded species can
be detected, and their adsorption behaviors on the surface
such as the interaction and orientation of molecules with the
surface can be conferred. We have also changed the size of α-
Fe2O3 particles for the fabrication of α-Fe2O3 thin films in
order to attain the maximum SERS enhancement.

2 Experimental

2.1 Materials and instruments

HDI was purchased from Fluka, and methanol (HPLC grade)
was supplied from Fisher. 4-Mercaptopyridine (4-Mpy) and
2-mercaptobenzothiazole (2-MBT) were bought from
Aldrich. The other reagents were obtained from Sinopharm
Chemical Reagent Co., Ltd. All water was distilled through
Millipore Milli-Q water purification system with a resistivity
of 18.2 MΩ.

Raman spectra were recorded with a Renishaw Micro-
Raman spectroscopy system. The excitation line at 514.5 nm
provided by an Ar+ laser was used. Raman scattering was
detected with a Peltier cooled ( – 70°C) standard CCD array
sensors (576� 384 pixels). Specially adapted Research Grade
Leica DMLM microscope allowing confocal measurements
with 2 µm depth resolution was used. The data acquisition
time used in the measurement of 4-Mpy was 25 s. X-ray
diffraction (XRD) was carried out on Bruker D8 Advanced
X-ray diffractometer with use of Cu Kα radiation (l =
0.1542 nm). The morphologies of the prepared α-Fe2O3 NPs
and α-Fe2O3 thin films were observed by TEM (JEM-2100,
200 kV) and SEM (LEO-1550, 5 kV), respectively.

2.2 Preparation of α-Fe2O3 NPs and suspension

100 nm α-Fe2O3 NPs (Sample 1) were prepared according to
the reported method [24]. 3 mmol ferric chloride and 0.6 g
cetyltrimethylammonium bromide (CTAB) was dissolved into

water and kept stirring for 30 min. After that, the whole
mixture was transferred into a Teflon-lined stainless steel
autoclave, sealed, and maintained at 80°C for 10 h. Finally, it
was heated to 180°C with a heating ramping of 1°C/min, and
kept at the temperature for 12 h.

65 nm α-Fe2O3 NPs (Sample 2) were achieved according to
the previously published procedure [25]. Concentrated (ms
37%) HCl was added to 100°C water to make a 0.002 mol/L
HCl solution, and then 0.02 mol/L ferric chloride was
dissolved in this hot solution. The temperature was kept at
100°C for 5 days.

5 nm α-Fe2O3 NPs (Sample 3) were obtained according to
the following method. 0.05 mol ferric chloride and 0.15 mol
sodium hydroxide was added into 250 mL water and kept
stirring for 1 h, and reddish brown deposits were obtained.
The deposits were rinsed and dried. After that, the deposits
were diluted with 100 mL water to make 0.07 mol/L Fe(OH)3
sol. 250 mL of n-butanol solution was injected into this sol,
and then was heated to 190°C and refluxed for 24 h. At last,
the dry powder was obtained by centrifuging the mixture and
washing the sediment four times with 400 mL of water.

8.4 mg of the resulting α-Fe2O3 powder was dried under
vacuum at 100°C for 2 h and then was dropped into 50 mL
anhydrous toluene with ultrasonic agitation under nitrogen for
3 h. Then the homogeneous dispersed suspension of α-Fe2O3

was obtained.

2.3 Fabrication of α-Fe2O3 nanosensors

Figure 1 shows the fabrication strategy of α-Fe2O3 nanosen-
sors [26]: At first, quartz slides (about 0.5 cm � 0.5 cm) were
cleaned in H2O2/H2SO4 solution at 100°C for 10 min. Then
they were rinsed with ethanol and water, and further dried
under vacuum at 100°C for 2 h. In the second step, the above
clean slides were submerged into a solution of 4 mL HDI in
40 mL anhydrous toluene at 60°C under nitrogen. After 24 h,
the slides were rinsed with extensive anhydrous toluene to
remove unbound HDI from the surface. In the final step, the
slides were immerged into the suspension of α-Fe2O3, and
heated at 60°C for 24 h. These substrates were rinsed
profusely with methanol and dried under vacuum at 60°C
for 2 h.

2.4 Preparation of the sample for Raman measurement

To record the Raman spectrum of 4-Mpy and 2-MBT
adsorbed on α-Fe2O3 thin films, the substrates were immersed
into 10 mL 10–6 mol/L 4-Mpy and 2-MBT methanol solution,
respectively. After 24 h, the sample was removed and
measured.

Thin films of α-Fe2O3 nanoparticles using as nonmetallic SERS-active nanosensors for sub-micromolar detection 207

Frontiers of Chemistry in China Vol. 6, No. 3, 2011



3 Results and discussion

3.1 Characterization of α-Fe2O3 nanosensors

X-ray diffraction patterns of the obtained three sized α-Fe2O3

particles are shown in Fig. 2. They have the same diffraction
peaks appearing at about 24.4°, 33.3°, 35.8°, 41.1°, 49.9°,
54.2°, 57.8°, 62.6° and 64.2°, corresponding to the character-
istic planes of (012), (104), (110), (113), (024), (116), (018),
(214) and (300), which reveal the presence of α-Fe2O3 only.
The TEM images of α-Fe2O3 NPs are shown in Fig. 3. As
shown in Figs. 3(a–c), the samples 1, 2 and 3 present the
relatively similar distribution with the respective average
diameters of ca. 100, 65 and 5 nm. And the SEM images of the
corresponding substrates are presented in Fig. 4, which show
that α-Fe2O3 NPs distribute on the substrates in sub-
monolayer mode on the whole, although the particles of
Sample 3 is too small to discern. These images verify the
strategy depicted by Fig. 1 that the α-Fe2O3 NPs were coated
firmly on the modified surface. The classical electromagnetic
enhancement mechanism on metals is usually considered that
the very strong enhancements observed on the metal surfaces
are usually obtained from particular sites, the so-called “hot
spots”, which may be junctions and interstices between metal

nanoparticles [27,28]. It is known that when two nanoparticles
approach each other, their transition dipoles get coupled, and
the electromagnetic field around each nanoparticle is
enhanced greatly. However, the rise of this huge enhancement
(106 through 1014) is still at dispute. Researchers constructed
several SERS-active substrates to systematically study the

Figure 2 X-ray diffraction patterns of the resulting α-Fe2O3

particles: (a) 100 nm; (b) 65 nm; (c) 5 nm

Figure 1 Schematic of the fabrication process for α-Fe2O3 thin films assembly
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enhancement mechanism or the hot spots. What is the most
attractive is the highly ordered array structures composed by
highly ordered nanoparticles because of their properties of
uniform roughness, high sensitivity, long time stability and
high concentration of hot spots. Among these highly ordered
nanostructures, thin film is the alternative one. However, for
most semiconductors, the plasmon resonance is typically in
the infrared [29]. This value is too far away from the 514 nm
incident light to be responsible for the observed enhancement
in α-Fe2O3. Therefore, surface plasmon resonances may not
be responsible for the observed enhancement in α-Fe2O3.

Until now, for most semiconductors, including α-Fe2O3, the
Raman enhancement mechanism has not been clear. Lom-
bardi group [30] did lots of work on the mechanism of SERS.
They figured out that the enhancement stems from three
sources: One is the surface plasmon resonance caused by the
interaction of light with a metal nanoparticle, or more
importantly, a cluster of nanoparticles. The second is a
charge-transfer resonance between an adsorbed molecule and
the metal conduction band. The third resonance occurs when
one of the molecule resonance lies near the excitation
frequency, and can greatly increase the observed enhancement
factor. Usually, at a single excitation wavelength, it is often

difficult to distinguish the degree to which each of the types of
resonance contributes to the overall enhancement. At
semiconductors system, their experiments further suggest
that charge-transfer plays the predominant contribution on the
enhancements. In this article, we consider that charge-transfer
enhancement is most responsible for the observed enhance-
ment, whereas the highly ordered structures play a synergistic
role.

3.2 SERS spectra of 4-Mpy adsorbed on α-Fe2O3 thin films

Figures 5(a–c) show the SERS spectra of 4-Mpy on the
surface of thin films with different α-Fe2O3 particle sizes. The
intensities of Raman bands from 4-Mpy on Sample 2 are
almost twice that of Sample 3, and the enhancement can be
observed in the order of Samples 2> 1> 3. Finkelstein-
Shapiro et al. [31] have displayed that the SERS enhancement
effects also depend on the nanoparticles size. It indicates that
the α-Fe2O3 NPs have an optimum enhancement size. In
addition, the SERS bands of 4-Mpy on Sample 1 are narrower
than Samples 2 and 3.

For comparison, a normal Raman spectrum of bulk 4-Mpy
is obtained under identical experimental conditions, as well as

Figure 3 TEM micrographs of α-Fe2O3 particles: (a) 100 nm; (b) 65 nm; (c) 5 nm

Figure 4 SEM micrographs of α-Fe2O3 nanoparticle thin films with samples of different sizes: (a) 100 nm; (b) 65 nm; (c) 5 nm
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the Raman spectrum of the adsorbate-free surface (Fig. 5).
The corresponding band assignments are listed in Table 1. In
the absence of adsorbate, no major peaks are observed in the
Raman spectrum, indicating that SERS from the adsorbate-
free surface is very weak. It is observed that the S-H stretching
at approximate 2570 cm–1 in the normal Raman spectrum is
completely missing in the SERS spectrum (not shown). Since
4-Mpy exists in the thiol-thione tautomer, the disappearance
of this band is not a reliable evidence to confirm the rupture of
the SH bonding [22,32]. Nevertheless, the appearance of the
strong enhanced band at 1150 cm–1 corresponds to the ring-
breathing / C–S stretching mode, which indicates that 4-Mpy
is adsorbed on α-Fe2O3 thin films surface through the sulfur
atom. It is also supported by the C–S stretching mode at
713 cm–1, which displays an increase in intensity.

In order to understand the orbital nature of the charge-
transfer process, we take advantage of the considerable
literature on photo-dissociation dynamics of thiophenol
[33,34]. In these work, Kim and coworkers explore the
molecular orbital nature of the photo-dissociation of thiophe-
nol to phenylthiyl radical. Since most of the low-lying
transitions involved p-orbitals on the S atom, their results
should be applicable to charge-transfer in adsorbed 4-Mpy as
well, since the only difference is that the pyridine ring is
replaced by a benzene ring. It is likely that the 4-Mpy is
attached to the thin film surface through S atom bonding to a
partially positive Fe atom on the surface. This is facilitated by
the removal of the thiol H atom, so that the most likely adduct
is 4-pyridylthiyl radical. Charge-transfer from α-Fe2O3

valence band will then take place in the lowest p-orbitals on
the S atom.

It should be noted that the enhanced bands (1598, 1579,
1450, 1321, 1189, 1150, 1021, 997, 787, 616 cm–1) in the
SERS spectrum are all attributed to in-plane vibration modes.
According to the SERS selection rules [35,36], these in-plane
vibration modes in the SERS of 4-Mpy suggest the
perpendicular orientation of 4-Mpy molecules to the surface
of α-Fe2O3 thin films [37,38]. Therefore, 4-Mpy molecules
adsorbed onto the surface of α-Fe2O3 thin films through the
sulfur atom at a perpendicular orientation.

In addition, the SERS spectra of 2-MBT adsorbed on α-
Fe2O3 thin films are also recorded in Fig. 6, in which it is clear
that the Raman signals of 2-MBT adsorbed on α-Fe2O3 thin
films are enhanced. In Figs. 6(a–c), the ring-breathing /νCS
vibrational mode at 1151 cm–1 exhibits a great enhancement
compared with that in Raman spectrum of bulk 2-MBT.

Table 1 Raman frequencies (cm–1) and band assignments for 4-Mpy

Bulk SERS Assigmenta)

1616 1598 νCC

1594 1579 νCC

1471 1450 νCC / νCN

1397 νCC

1293 1321 βCH

1243 βCH

1199 1189 βCH / δNH

1110 1150 ring-breathing / νCS

1044 1021 βCH

991 997 ring-breathing

903 907 γCH

785 787 γCH

720 713 βCC / νCS

644 616 βCCC

a) Assignment for 4-Mpy from Refs. [22,32].

Figure 5 SERS spectra of 4-Mpy adsorbed on α-Fe2O3 thin films
with different size samples: (a) 100 nm; (b) 65 nm; (c) 5 nm;
(d) normal Raman spectrum of bulk 4-Mpy; (e) Raman spectrum of
the adsorbate-free surface

Figure 6 SERS spectra of 2-MBTadsorbed on α-Fe2O3 thin films
with different size samples: (a) Sample 1, (b) Sample 2, (c) Sample
3; (d) normal Raman spectrum of bulk 2-MBT; (e) Raman
spectrum of the adsorbate-free surface
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Besides, the C–S stretching mode at 619 cm–1 is also
observed in the SERS spectrum of 2-MBT on the surface of
α-Fe2O3 thin films. Therefore, similar to 4-Mpy, 2-MBT
adsorbed onto the surface of α-Fe2O3 thin films through the
sulfur atom.

3.3 Estimation for the efficiency of α-Fe2O3 nanosensors

The SERS spectra from 4-Mpy at different concentrations
adsorbed on the surface of α-Fe2O3 thin film (Sample 2) are
shown in Fig. 7. When the concentrations of 4-Mpy change
from 10–5 to 10–8 mol/L, the intensities of peaks are almost the
same, but they get weakened when the concentration
decreases to 10–9 mol/L. It indicates that the saturated
adsorption concentration of 4-Mpy on the α-Fe2O3 thin
films surface is 1 � 10–8 mol/L. Note that even though the
concentration decreases to 10–12 mol/L, it remains possible to
detect the Raman signal of the adsorbed 4-Mpy molecules.

To further evaluate the enhancement efficiency of this
system, we quote a simple formula [39,40], EF = (ISERS / Ibulk)
� (Nbulk / NSERS), to estimate the enhancement factor (EF).
ISERS and Ibulk are Raman intensities of 4-Mpy adsorbed on α-
Fe2O3 thin film (Sample 2) and 0.2 mol/L 4-Mpy solution,
respectively, whereas NSERS and Nbulk are the corresponding
number of samples. When we choose the representative band
at 1598 cm–1 as the typical band, the ratio of the intensities
(ISERS / Ibulk) is about 0.75. Taking the sample area (ca. 1 μm
in diameter) of the laser beam into account, the calculated
Nbulk / NSERS is about 1.26 � 104. Therefore, the EF is
estimated to be about 104.

4 Conclusion

Novel SERS-active nonmetallic nanosensors (α-Fe2O3 thin
films) have been developed, which are capable of detecting
probes at sub-micromolar (< 10–6 mol/L), even at nanomolar
(10–9 mol/L) concentration. During the fabrication process of
α-Fe2O3 thin films, the cross-linker (HDI) plays important
roles in fabricating uniformly roughed, stable and immobi-
lized surface. The morphology-specific surface results in large
Raman enhancements from probe molecules. Furthermore, by
regulating the particle size, we found that α-Fe2O3 NPs have
an optimum enhancement size nearby 65 nm. Charge-transfer
enhancement is the most responsible for the observed
enhancement, and the highly ordered structures play a
synergistic role.
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