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–MoO3 nanostructure for surface
enhanced Raman spectroscopy of dyes†

Ramya Prabhu B, ‡ K. Bramhaiah, ‡ Kaushalendra K. Singh
and Neena S. John *

Enhancing the surface-enhanced Raman scattering (SERS) activity of semiconductor metal oxide

nanostructures by controlling the morphology and oxygen vacancies towards trace detection of

organics is of significant interest. In this study, MoO3 with a novel sea urchin morphology is synthesized

employing chemical bath deposition and consists of hundreds of �15 mm long spikes originating from

the core forming 20–40 micron globular structures. The spikes taper to form 20 nm sharp tips. SERS of

rhodamine 6G (R6G) over MoO3 sea urchins has been investigated and compared to that of 1D h-MoO3

nanorod arrays. The SERS activity is morphology dependent and the sea urchin-like morphology exhibits

higher SERS activity with an enhancement factor (EF) of the order 105 and a detection limit of 100 nM,

while for h-MoO3 nanorods, the corresponding values are 103 and 1 mM, respectively. X-ray

photoelectron spectroscopy reveals a high concentration of Mo+5 states in sea urchins indicating lattice

oxygen vacancies. The observed EF is quite high for a metal oxide substrate and is attributed to the

enhanced charge transfer between analyte molecules and the substrate promoted by the oxygen

vacancies along with surface defects and hydroxyl groups on MoO3 sea urchins providing more active

sites for the adsorption of probe molecules. The role of oxygen vacancies is confirmed by the lower EF

value exhibited by the stoichiometric 1D h-MoO3. Raman mapping of a single sea urchin is achieved with

good R6G intensity and indicates that the tips of spiky features are involved in SERS enhancement. The

reusability of substrates is shown for repeated cycles of R6G adsorption by UV irradiation exploiting the

photocatalytic activity of MoO3 nanostructures.
Introduction

Surface-enhanced Raman spectroscopy (SERS) has evolved as
a sensitive and rapid analytical tool for the detection of various
analyte molecules in several elds such as biology, chemistry,
medicine and environment.1–4 Generally, the enormous
enhancement in SERS by nanostructured materials is primarily
attributed to two mechanisms such as electromagnetic
enhancement arising from the interference of local surface
plasmon resonance (LSPR) modes and chemical enhancement
due to the interaction between analyte molecules and nano-
particles.3–5 Various noble metals such as Ag, Au, and Cu are
commonly used as SERS substrates due to their intense local-
ized SPR that covers the visible and infrared wavelength ranges.
Nonetheless, high cost and scarcity of usage can limit the
practical applications of these noble metal nanoparticles.6,7

Therefore, in recent years, extensive research has been focused
lahalli, Bangalore-560013, India. E-mail:
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434
on the development of low-cost semiconductor based SERS
substrates such as porous ZnO,8 CuO,9 Cu2O superstructures,10

TiO2,11 Fe2O3,12 MoO3,13 and V2O5.14 However, it is still a signif-
icant challenge to prepare novel semiconductor nanostructures
with high enhancement factors and lower detection limits
comparable to those of noble metals.15,16 Semiconductors
possess several advantages such as versatile, low-cost synthesis
methods, tunable band structures, higher SERS uniformity
along with chemical stability and biocompatibility when
compared with noble metals, and particularly reusability.17–19

The SERS activity of semiconductor nanostructures is believed
to follow a charge transfer mechanism, wherein the electrons
get transferred from the adsorbed analyte to the semiconductor
or vice versa when irradiated with visible light.15,16

Nanostructured MoO3 is an attractive material due to its
unusual chemistry and electrochromism produced by multiple
valence states. Molybdenum trioxide (MoO3) is a wide bandgap
n-type semiconductor (bandgap �3.2 eV) and has been exten-
sively explored for photocatalytic applications.20,21 Generally,
crystalline MoO3 formed by MoO6 octahedrons exhibits three
polymorphs: thermodynamically stable, orthorhombic a-MoO3

and metastable phases, hexagonal MoO3 (h-MoO3) and mono-
clinic MoO3 (b-MoO3).21,22 Recently, there has been great
This journal is © The Royal Society of Chemistry 2019
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interest in exploring MoO3 nanostructures as SERS substrates
since the report on local plasmons of MoO3�x nanostructures
due to oxygen vacancies.23,24 Dong et al. reported an enhance-
ment factor (EF) of 103 from 1D MoO3 for the 4-mercapto-
benzoic acid analyte and theoretical studies conrmed that the
enhanced SERS is mainly due to the charge transfer mecha-
nism.13 The coupling of 1D MoO3 nanowires with Au NPs
exhibited high SERS sensitivity to melamine showing a limit of
detection of 0.01 ppb.25 The plasmonic MoO3�x@MoO3 nano-
sheets obtained by surface oxidation of MoO3�x revealed high
EF values of 105 for the methylene blue (MB) analyte compa-
rable to that observed for noble metal nanostructures.23 Wang
et al. fabricated SERS substrates of MoO3 nanorods coated with
a thin uniform layer of polymethacrylic acid with a thickness of
4 nm using the molecular imprinting method and achieved an
EF of 104 for MB dye. The critical step here is the pretreatment
of MoO3 nanorods with HNO3 to provide sufficient surface
hydroxyl groups for the anchoring of polymethacrylic acid.24 Wu
et al. reported a general route to transform non-SERS substrates
into active SERS substrates by engineering the defects and
achieved an EF of 1.8 � 107 for rhodamine 6G (R6G) over a-
MoO3�x nanobelts.19

The reported methods to prepare SERS active MoO3 nano-
structures include the vapour transport method, hydrothermal
synthesis, etc that require higher temperatures and post-
thermal treatments.13,19,24 We have been exploring simple one-
step synthesis protocols for obtaining novel 1Dmorphologies of
MoO3 for improvement in SERS.26 In this article, we present the
synthesis of hydrated MoO3 sea urchin nanostructures
employing a simple chemical bath deposition method. Chem-
ical bath deposition involves controlled precipitation of
a compound from the reaction solution on a suitable substrate
at lower temperatures. The present process facilitates easy
synthesis and large area deposition on substrates at low cost.
SERS application of MoO3 sea urchins is demonstrated using
R6G as the model analyte and the performance is compared
with that of vertical h-MoO3 nanorods. The stability and SERS of
the sea urchins towards recyclability are studied. The potential
application of single sea urchin for SERS is presented.
Experimental details
Materials

Ammonium heptamolybdate tetrahydrate, AHM (99.9%) and
concentrated HNO3 (69%) were purchased from Merck.
Synthesis of MoO3 sea urchins

The synthesis of MoO3 sea urchins on Si or glass substrates was
performed employing a chemical bath deposition method. The
cleaned substrates were stuck on the glass slide and dipped
inclinedly in a beaker containing 30 mL of 0.025 M AHM
precursor solution and 15 mL of conc. HNO3 and heated at 90
�C for 3 h. Aer 3 h, the substrate was removed from the reac-
tion medium and washed with deionized water and dried at 60
�C in an oven. For comparative SERS studies, we have synthe-
sized vertically aligned hexagonal MoO3 nanorods employing
This journal is © The Royal Society of Chemistry 2019
the procedure reported by Singh et al.26 The seeded substrate
from chemical bath deposition is subjected to further growth
under microwave irradiation for 5 min (Fig. S1a†).
Characterization

Absorption spectra of the as-prepared samples dispersed in
ethanol were recorded using a PerkinElmer Lambda 750 spec-
trophotometer. FT-IR spectra were obtained on pellets of KBr
ground with MoO3 powder employing a PerkinElmer spectrum
1000 spectrometer. Raman spectra were acquired from the as-
grown MoO3 on substrates using a confocal Raman microscope
(Horiba Jobin Yvon-XploRa PLUS V2.1 Multiline). The diffracto-
grams of the nanostructures were recorded using a Rigaku
SmartLab diffractometer equipped with parallel beam optics and
Cu Ka radiation (1.54 Å, 40 kV, and 30 mA) at a grazing angle of
0.3� was incident on the substrates. A eld emission scanning
electron microscope (FESEM) (TESCAN MIRA 3 LM) with
a Quantax Energy Dispersive Spectroscope (Bruker) attachment
was used to study the morphology of the synthesized samples and
acquire the elemental composition. A FEI Tecnai (T20 S-TWIN
TEM, 200 kV) equipment was used to acquire high resolution
transmission electron microscope (HRTEM) images. X-ray
photoelectron spectroscopy was performed using a Kratos AXIS
Ultra Spectrometer with a spherical mirror analyzer.
SERS measurements

For SERS measurements, rhodamine 6G (R6G) was used as
a probe molecule. R6G solutions of various concentrations were
prepared in ethanol and 10 mL of R6G solution was drop casted on
the substrates (5 mm � 5 mm) with MoO3 sea urchins and dried
under ambient conditions. SERS spectra were acquired using
a Horiba Jobin Yvon XploRA PLUS V2.1 Multiline confocal Raman
microscope. An excitation laser of 532 nm was focused on the
samples with a diameter of 0.9 mm through a 100� objective. The
acquisition time was 30 s. Raman maps were acquired by scan-
ning the samples under a microscope with a scan area of 12 mm�
12 mm (144 data points) and recording the spectrum at every
single point. The integrated intensity of the Raman bands at 612
cm�1 and 1358 cm�1 was used to create Raman maps.
Results and discussion

MoO3 sea urchin nanostructures are synthesized by a simple
chemical bath deposition method at lower temperatures, below
100 �C. AHM in the presence of concentrated nitric acid undergoes
disproportionation to form MoO3. The schematic representation
of the synthesis method is shown in Fig. S1a.† The formation of
MoO3 can be expressed as the following reaction.27

(NH4)6 Mo7O24$4H2O (aq.) + 6HNO3 / (H4N)x7MoO3�y [OH]z
+ 6NH4NO3 (aq.) + 7H2O

Initially, dissociation of AHM takes place to produce 6NH4
+

and Mo7O24
�6 ions. Mo7O24

�6 in the presence of H+ ions
produces a solid product of MoO3.27 MoO3 nuclei grow to form
Nanoscale Adv., 2019, 1, 2426–2434 | 2427
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Fig. 1 (a) FESEM images of MoO3 sea urchins on a Si substrate
synthesized by chemical bath deposition, (b) magnified image of
a single MoO3 sea urchin; inset shows the EDS spectra and (c) EDS
composite map of Mo L (red) and O K (green) levels from a single sea
urchin. Yellow colour is seen due to the overlap of green and red in the
same region (see Fig. S3†).
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seeds and act as nucleation centres for further growth of the
crystal according to the Ostwald ripening mechanism.27 This is
further evident from the morphology study at various stages of
the growth of sea urchins (Fig. S1b†). At the initial stage of the
reaction, formation of amorphous seed nuclei from the
assembly of MoO6 octahedral units is seen all over the surface of
the Si substrate. As the reaction progresses (90 min), isolated
plate like crystals are seen distributed over the substrate with
less density indicating that there is a dissolution of some of the
initial nuclei to favour the growth of stable ones. As the MoO6

growth units assemble, defects may also be generated that
further favours intergrowth structures, seen as irregular aggre-
gates of crystals at 120 min of reaction. The addition of further
nuclei onto the irregular aggregates results in anisotropic
growth radially in energetically favoured [001] orientation
leading to the formation of spiky features.28 As the reaction
further progresses, the nanostructures continue to grow and
crystallize to attain a sea urchin morphology.28,29

The surface morphology of MoO3 nanostructures synthe-
sized employing chemical bath deposition has been examined
by FESEM, and the images are given in Fig. 1. MoO3 exhibits an
exquisite sea urchin morphology (Fig. 1a) with typical diameter
in the range of 20–40 mm (Fig. S2a†). Fig. 1b shows the magni-
ed image of a single MoO3 sea urchin. It can be seen that the
micron-sized MoO3 sea urchins are formed by elongated spines
with a length of �13 mm (Fig. S2b†) originating from a central
core similar to the case of a sea urchin organism. The EDS
spectra show the presence of both Mo and O (inset of Fig. 1b)
and EDS maps of Mo L and O K levels acquired from a single
MoO3 sea urchin (Fig. S3†) also show the uniform elemental
composition across the micro-nanostructure. Fig. 1c displays
the EDS composite map of Mo L (red) and O K (green) levels.
The yellow colour is seen due to the overlap of red and green
colours. It can be noticed from Fig. 1c that the tips are green in
colour due to the availability of more –OH species and the
middle core region is yellow in colour due to the presence of Mo
and oxygen in an equimolar ratio. In some areas, the red colour
can be seen due to the occurrence of more Mo species.

We have also synthesized vertically oriented and highly
crystalline hexagonal MoO3 nanorods (Fig. S1a†) with a length
of �5.5 mm and a diameter of �400 nm on a Si substrate in
order to study the effect of the morphology and stoichiometry
on the SERS performance. h-MoO3 nanorods are well charac-
terized as reported in our previous article26 and further char-
acterization data are given in the ESI (Fig. S4 to S8†).

The XRD pattern of the MoO3 sea urchins shown in Fig. 2
reveals the presence of mixed phases of orthorhombic MoO3

with MoO3$0.33H2O composition (JCPDS no. 87-1205) and the
a-MoO3 phase (JCPDF no. 89-5108). The peaks at 13.9� (002),
18.1� (111), 23.1� (020), 28.1� (202/004), 36.7� (222/024), 53.4�

(117), and 55.9� (242) correspond to the MoO3$0.33H2O phase.
For a-MoO3, the peaks are observed at 12.8� (020), 25.7� (040),
27.3� (021), 33.8� (111), 38.9� (060), and 49.2� (002). The intense
and sharp peaks suggest that the as-synthesized MoO3 sea
urchins are well crystallized. In the case of h-MoO3 rods, only
peaks due to hexagonal crystallites are observed.26
2428 | Nanoscale Adv., 2019, 1, 2426–2434
Fig. 3a displays the FT-IR spectra of MoO3 sea urchins and
the strong bands observed at 1000 to 400 cm�1 correspond to
the stretching and bending vibrations of Mo–O characteristic
bonds. The peak at 990 cm�1 corresponds to the terminal Mo]
O bond stretching and that at 871 cm�1 is attributed to the
stretching vibration of the Mo–O–Mo bond while the bending
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 XRD pattern of MoO3 sea urchin structures.

Fig. 3 (a) FTIR spectra and (b) Raman spectra of the as-synthesized
MoO3 sea urchin micro-nanostructures (A a-MoO3 and C

MoO3$0.33H2O).

Fig. 4 TEM images of MoO3 sea urchins: (a) low magnification image;
inset shows the complete view of one sea urchin. (b) High magnifi-
cation image of (a), (c) HRTEM image of a spine and (d) SAED pattern
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mode is observed at 570 cm�1. The stretching and bending of
–OH associated with the surface hydroxyl groups and associated
water are seen as broad peaks at 3448 cm�1 and 1615 cm�1,
respectively.30–32 Low intensity broad peaks at 3242 cm�1 and
1400 cm�1 correspond to the stretching and bending vibrations
of N–H of NH4

+ groups.27,30,31 Raman spectra of MoO3 sea
urchins are shown in Fig. 3b. The bands observed from 600–
1000 and 200–400 cm�1 correspond to the stretching and
deformation/lattice modes of MoO3, respectively. The most
intense peak at 814 cm�1 corresponds to the OMo2 vibrations of
a-MoO3 phases and that at 905 cm�1 corresponds to the n(O]
This journal is © The Royal Society of Chemistry 2019
Mo) vibrations of a-MoO3$0.33H2O phases.30–34 The peaks
present at 995 and 336 cm�1 correspond to n(O]Mo) vibrations
while the peaks at 662 and 286 cm�1 are attributed to the OMo3
vibrational modes of a-MoO3.30,31 Optical absorption spectra of
MoO3 sea urchins and h-MoO3 nanorods given in Fig. S6† show
band edge absorption at 317 nm.35 In the case of sea urchins,
the tail of the absorption edge extends further into the visible
region compared to that observed for h-MoO3 indicating the
presence of intermediate energy levels and thus lowering the
band gap to 2.8 eV in sea urchin structures.36 In addition,
a broad absorption of lower intensity from the visible to the NIR
region is observed in both cases, which also supports interme-
diate surface states and might arise from oxygen vacancies.23,36

The morphology observed in the TEM image (Fig. 4a) is
consistent with the FESEM image (Fig. 1). Fig. 4b displays the
magnied view of MoO3 sea urchin spines/spikes. The average
length of the spikes is around 14 mm and the spikes taper
towards the end to form sharp tips with a diameter of�20 nm. A
high-resolution image of the spiky tip is given in Fig. 4c.
HRTEM image analysis indicates a d spacing of 0.33 nm cor-
responding to the (021) plane of a-MoO3. Fig. 4d displays the
selected area diffraction pattern (SAED) from the tip of the
MoO3 sea urchin spikes. The bright spots in SAED indicate the
single crystalline nature of the mixed phases of MoO3. The well-
dened diffraction spots correspond to the (040) planes of a-
MoO3 indicating spike growth in the [001] direction.

XPS analysis was performed to understand the surface states
and vacancies present in the sea urchin structure. The survey
spectra of MoO3 nanostructures (Fig. S7†) clearly show the
major peaks due to Mo 2p, 3d and O 1s. Fig. 5 displays the
deconvoluted Mo 3d and O 1s spectra. The doublet pattern for
from the spines of sea urchins.

Nanoscale Adv., 2019, 1, 2426–2434 | 2429
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Fig. 5 XPS of MoO3 sea urchin structures: (a) Mo 3d and (b) O 1s
spectra.

Table 1 XPS results for MoO3 nanostructures

MoO3

Mo 3d Atomic %

Mo 3d5/2 (eV) Mo 3d3/2 (eV)

Mo+6 Mo+5Mo+5 Mo+6 Mo+5 Mo+6

MoO3 sea urchins 232.4 233.6 235.5 236.7 33.47 66.53
h-MoO3 nanorods 232.1 233.1 235.1 236.2 91.50 08.50
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MoO3 nanostructures is due to the spin–orbit splitting of Mo 3d
levels giving rise to Mo 3d5/2 and Mo 3d3/2 levels with an energy
difference of 3.1 eV. The deconvolution of Mo 3d spectra reveals
two pairs of doublets that correspond to amixed valence state of
MoO3 nanostructures. The peaks located at 232.4 and 235.5 eV
correspond to 3d5/2 and 3d3/2 of Mo+5 and those at 233.6 and
236.7 eV corresponds to Mo+6, respectively, for MoO3 sea urchin
nanostructures.37–39 It is evident that the concentration of the
Mo+5 component in the hydrated MoO3 sea urchins is quite
higher than that of Mo+6, indicating that the synthesized sea
urchins are highly non-stoichiometric. This can be directly
correlated with the presence of oxygen defects in the synthe-
sized MoO3 sea urchins. In the literature, such oxygen defects
are shown to be responsible for generating local surface plas-
mon modes in metal oxides for exploitation in SERS.19,23 Wu
et al. reported a general route for the transformation of non-
SERS metal oxide nanostructures into SERS active substrates by
annealing in a vacuum at various temperatures to create oxygen
defects, which introduces defect energy levels in the band gap of
metal oxides. High SERS enhancement factors were achieved by
controlling the oxygen defects for a-MoO3�x and V2O5�x from
0 to 0.05387x and 0 to 0.07933x, respectively.19 In order to
compare and conrm the presence of a high concentration of
Mo+5 in the synthesized sea urchins, we have also analyzed the
XPS spectra of h-MoO3 nanorods wherein the concentration of
Mo+6 is seen to be maximum as expected in the case of stoi-
chiometric MoO3 (Fig. S8†). From the tting analysis, the
calculated atomic percentage of Mo+6 and Mo+5 for MoO3

nanostructures is given in Table 1.
2430 | Nanoscale Adv., 2019, 1, 2426–2434
The O 1s spectra given in Fig. 5b exhibit a broad asymmetric
peak, which can be deconvoluted into three peaks for MoO3 sea
urchins. The most intense peak at lower energy (530.3 eV) can
be assigned to O2� forming strong Mo]O bonds. The binding
energy 531.8 eV is related to surface hydroxyl groups and
a broad peak at 534.9 eV corresponds to the H2O molecules.34,35

It can be noticed that the peak due to surface hydroxyl groups is
as intense as that of the lattice oxygen for sea urchins and the
ratio of integrated area, IO2�=IOH� , is estimated to be 0.6. In the
case of h-MoO3 nanorods, only peaks due to Mo]O bonds and
surface hydroxyl groups are seen at 530.7 eV and 532.6 eV
(Fig. S8b†), respectively and IO2�=IOH� is�1.2. It can be deduced
that the as-synthesized MoO3 sea urchins contain various
oxygen vacancies and the electrons are trapped in such oxygen
vacancies leading to Mo+5 intermediate states.19,23
SERS

SERS is being used as a powerful analytical tool for the detection
of analyte molecules present in trace amounts. R6G is one of the
highly uorescent dyes and an active analyte for SERS studies
due to its large Raman scattering cross-section43 and molecular
resonance effect when irradiated with visible light.40–43

Fig. 6a displays the baseline corrected SERS spectra of 1 mM
concentration of R6G on a glass substrate, andMoO3 sea urchin
and h-MoO3 modied substrates. It is clear that R6G adsorbed
on MoO3 nanostructures exhibits enhanced vibrational signa-
tures when compared to the R6G coated glass substrate. The
peak positions are well matched with the literature on R6G
adsorbed over metal oxide substrates.10,14 The peaks at 612 cm�1

and 770 cm�1 are assigned to the in-plane bending mode of the
C–C–C ring and out of plane bending motion of the C–H of the
xanthene skeleton, respectively. The bands at 1190 cm�1 and
1358 cm�1 correspond to the C–C stretching and C–N stretching
of the xanthene ring, respectively. The bands around 1504, 1536
and 1644 cm�1 are assigned to C–C stretching vibrations.41–44 In
order to analyze the SERS effect, the intensities of 612 cm�1 and
1358 cm�1 peaks of 1 mM R6G over various MoO3 nano-
structures are compared in Fig. 6b. It can be observed that the
enhancement is much higher for MoO3 sea urchins than for
vertical h-MoO3 nanorods indicating the effectiveness of the
surface defects and morphological advantages in improving the
SERS activity. Fig. 7 displays the SERS spectra of R6G adsorbed
over a MoO3 sea urchin modied substrate for various
concentrations ranging from 1 mM to 10 nm. The Raman
intensity of R6G vibrations became weaker with decreasing
concentration. However, all the Raman bands can still be
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00115h


Fig. 6 (a) SERS spectra of 1 mM R6G coated on various substrates on
bare glass, h-MoO3 nanorods/Si and MoO3 sea urchins/glass and (b)
Raman band intensity bar diagram (* denotes a-MoO3 Raman peaks).

Fig. 7 (a) SERS spectra of various concentrations of R6G coated on
MoO3 sea urchin structures (* denotes a-MoO3 signatures) and (b) plot
of R6G concentration versus Raman peak intensity (612 cm�1 and 1358
cm�1).
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discerned for concentrations up to 100 nM. For 10 nM
concentration of R6G, only a peak at 612 cm�1 due to R6G is
seen. Fig. 7b exhibits the intensity bar diagram for 612 cm�1

and 1358 cm�1 for various concentrations. For comparison,
SERS spectra of various concentrations of R6G over h-MoO3

nanorods are shown in Fig. S9† and it can be noticed that
Raman spectra due to R6G are observed only till 1 mM in the
case of h-MoO3 nanorods. In all the SERS spectra, the peaks
corresponding to MoO3 are denoted by asterisks.

Estimation of the EF. The EF value of R6G on MoO3 nano-
structures relative to R6G coated on glass (considered as a bulk

sample) is calculated employing the formula EF ¼ ISERS
Ibulk

� Nbulk

NSERS
,

where ISERS is the SERS intensity measured from the substrate
and Ibulk is the normal Raman intensity measured for R6G on
glass. Nbulk is the number of probe molecules under laser illu-
mination in the bulk sample and NSERS is the number of probed
molecules on the surface of the substrate. Nbulk has been calcu-

lated employing the following expression Nbulk ¼ Ahr
m

, where A is

the area of the laser spot (0.407 mm2), h is the confocal depth of
focus (2.63 mm), r is the density (1.26 g cm�3) and m is the
molecular weight of the analyte (479.02 g mol�1). The value of
This journal is © The Royal Society of Chemistry 2019
Nbulk is estimated to be 2.81 � 10�15 moles. NSERS has been
estimated according to the Park et al. procedure.42,43,45,46 The
lowest concentration of R6G adsorbed on the surface of theMoO3

nanostructures such as sea urchins and vertically aligned nano-
rods is 100 nM (1� 10�7 M) and 1 mM (1� 10�6 M), respectively.
Assuming that all R6G molecules get adsorbed on the surface of
MoO3 structures, the number of moles of R6G contributing to the
Raman signal is 1 � 10�12 moles and 1 � 10�11 moles (a volume
of 10 mL was used) for MoO3 sea urchins and h-MoO3 nanorods,
respectively. With the help of the laser spot size, the number of
R6G molecules present under the laser illumination can be
estimated employing the expression, NSERS ¼ {(concentration
(moles))/sampling area [p(3 mm)2]} � area of the laser spot size
[p(0.36 mm)2].
Nanoscale Adv., 2019, 1, 2426–2434 | 2431
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Fig. 8 SERS intensity mapping of 100 mM R6G adsorbed on a single sea urchin MoO3 (a) 612 cm�1 peak (green); inset shows the optical image of
a single MoO3 sea urchin with R6G (b) 1358 cm�1 peak (blue) and (c) SERS spectra of R6G in the tip and middle regions of the MoO3 sea urchin
nanostructures.

Fig. 9 Raman intensity bar diagram of 612 cm�1 and 1358 cm�1 peaks
of R6G in the spike region of various MoO3 sea urchins across the
substrate at 10 random positions.
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Two signature bands of R6G such as 612 cm�1 and 1358
cm�1 were chosen for calculating the EF based on the
enhancement in Raman intensities compared with that of R6G
on glass. The ratio of ISERS/Ibulk calculated for various R6G
bands on MoO3 sea urchins and vertically aligned nanorods is
given in Table S1.† The EF obtained for MoO3 sea urchin
structures is as high as�105 with a detection limit of 10�7 M for
the R6G analyte while for h-MoO3 nanorods, the corresponding
EF is 7.8 � 103. The obtained EF of 105 for sea urchins is quite
higher than the expected values from usual semiconductor
nanostructures and are comparable to the reported high EFs
from plasmonic MoO3�x@MoO3, MoO3 microspheres and
amorphous ZnO nanocages.8,19,21 An EF value of 3.4 � 105 for
the R6G analyte over tungsten oxide nanostructures has been
reported and the enhancement is attributed to the coupling
between the surface oxygen states of tungsten oxide and vibra-
tional states of analyte molecules.44 1D MoO3�x nanobelts are
reported to exhibit an EF of 107.19 The SERS performances of
various reported semiconductor nanostructures are listed in
Table S2.†

Micrometer-sized sea urchins are visible under an optical
microscope and we have explored the SERS from a single sea
urchin. Raman mapping was performed over a 12 mm � 12 mm
area of a single MoO3 sea urchin employing 100 mM R6G. Fig. 8
displays the Raman mapping images corresponding to the 612
cm�1 (green) and 1358 cm�1 (blue) peaks of R6G along with
Raman spectra obtained in the tip as well as middle regions of
the MoO3 sea urchin. Raman spectra collected at ve random
positions of the MoO3 sea urchin tips (spikes) and core are
shown in Fig. S10.† The SERSmap suggests that the tips (spikes)
of the scattering substrates generate enhanced SERS intensity
compared to the core region of the sea urchin.

The observed high SERS performance of MoO3 sea urchins
may be ascribed to several factors: (1) charge transfer enhance-
ment (CT), (2) local electric eld of the hydrated species on the
surface of the nanostructures, (3) intrinsic and surface oxygen
vacancies and (4) resonance Raman from dye molecules. It is
well known that in the CTmechanism, the molecule to substrate
electron transfer is the main contribution for SERS from semi-
conductors. The mechanism involved is electronic coupling
between the metal oxide and R6G molecules during irradiation
of 532 nm light (Fig. S11†). The electrons get excited from the
2432 | Nanoscale Adv., 2019, 1, 2426–2434
defect levels of MoO3 nanostructures and are transferred to the
LUMO of R6G. Simultaneously, electrons also get excited from
the HOMO to the LUMO level in the dye molecules especially
with 532 nm laser excitation, which can be transferred to the
conduction band of MoO3 levels.41,46–48 In the case of MoO3 sea
urchins, the effect gets accentuated by the surface defects and
oxygen vacancies present in the sea urchin tips promoting the
adsorbate–adsorbent interactions. In addition to the charge
transfer mechanism, contribution from local dipole moment
due to the surface OH species of sea urchins can also result in
the enhancement.49 The low-temperature wet chemical method
employed for the synthesis promotes the formation of surface
hydroxyls and oxygen vacancies in the case of hydratedMoO3 sea
urchins19 and can be more concentrated at the tips of the spikes.
Sea urchin shaped nanostructures are ideal for the performance
improvement compared to regular nanorod morphologies. The
sea urchins provide more surface area and binding sites in the
form of abundant intrinsic and surface defects as well as
hydrated species particularly at the tips that lead to adsorption
of more analyte molecules. The sharp spikes (anisotropic
morphology of semiconductors) also promotes the charge
transfer frommolecules to the substrate with the suppression of
e–h recombination when irradiated with laser light.50
This journal is © The Royal Society of Chemistry 2019
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Fig. 10 MoO3 sea urchins as renewable SERS substrates: (a) SERS of
100 mM R6G before and after UV treatment and (b) reusability of MoO3

sea urchin substrates for 100 mM R6G tested for five runs before and
after UV treatment (* denotes a-MoO3 peaks).
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For practical SERS applications, the reproducibility of the
measured data is important. In order to achieve reproducibility,
the uniformity of the SERS substrates should be high. Fig. 9
shows the intensity bar diagram of 612 cm�1 and 1358 cm�1

peaks of 100 mM R6G obtained at 10 random positions across
a 0.25 cm2 glass slide with MoO3 sea urchin structures. It is
evident that the Raman counts are quite consistent from place
to place across the sample surface (see Fig. S12†). The relative
standard deviation (RSD) of the Raman signal intensity for 612
cm�1 and 1358 cm�1 of R6G is calculated to be 16.6% and
25.2%, respectively.

Reusability. The reusability of the as-prepared MoO3 sea
urchins as SERS substrates for uorescent dyes was also tested.
The photocatalytic degradation of dyes by semiconductor
nanostructures is exploited for the renewal of substrates. For
this, the substrates were irradiated with UV light (365 nm)
under wet conditions for 30 min followed by cleaning the
substrates with acetone and ethanol. Fig. 10a shows that the
Raman signatures of R6G are highly diminished aer irradia-
tion with UV light. The photocatalytic degradation of R6G by
MoO3 sea urchins is facilitated by the surface oxygen defects
and sharp tips of sea urchin spikes resulting in efficient elec-
tron–hole separation. Moreover, the surface of MoO3
This journal is © The Royal Society of Chemistry 2019
nanostructures has a strong affinity towards atmospheric O2

species. They can act as an active species by forming cO2
�

during the UV light illumination and help in the degradation of
R6G dye molecules.23 The cleaned substrates were then reim-
mersed in the R6G solution for SERS measurement. Fig. 10b
displays the Raman spectra from the ve cycles of the reus-
ability test. It can be seen that the MoO3 sea urchin substrates
display no noticeable loss of SERS enhancement even aer ve
cycles. The reusability of h-MoO3 nanorods as SERS substrates
for R6G molecules was also tested and is shown in Fig. S13.†

Conclusions

We have achieved the synthesis of MoO3 micro-nanostructures
with a sea urchin morphology employing a facile, low-cost
chemical bath deposition method and demonstrated their
potential application as SERS substrates for the detection of
R6G molecules. Lower temperature synthesis routes introduce
non-stoichiometric defects and vacancies and as a result, MoO3

sea urchins are composed of a high concentration of Mo+5 and
surface hydroxyl groups compared to stoichiometric h-MoO3

nanorods. The SERS activity of the R6G molecules over MoO3

nanostructures mainly depends on the charge transfer inter-
action between the analyte and the substrate and the availability
of oxygen vacancies and surface defects. The role of oxygen
vacancies in SERS is supported by the lower EF value of �7.8 �
103 obtained for 1D h-MoO3 vertical arrays compared to the
high EF value, �1 � 105, of MoO3 sea urchins. Raman mapping
on a single sea urchin proves that the tips of sea urchin spikes
contribute more to SERS enhancement. MoO3 sea urchin based
SERS substrates are renewable by UV irradiation of dyes due to
photodegradation catalysis of MoO3 nanostructures. The above
nanostructures also hold the potential to serve as addressable
SERS substrates.
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