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Abstract Layered nanocomposite of methylene blue (MB)-intercalated vanadium oxide
was obtained through a simple hydrothermal synthesis method using MB, V2O5, and NaI
as starting materials. The intercalation reaction was proven to be successful using X-ray
diffraction pattern. The MB-V2O5 nanocomposite was characterized using a scanning
electron micrograph, infrared spectra, thermogravimetric analysis, UV spectra, and electro-
chemical measurements. The intercalated MB cations showed a fine diffusion-controlled
electrochemical redox process and facilitated the immobilized horseradish peroxidase’s
(HRP) good catalytic reduction upon H2O2. The as-prepared MB-V2O5/HRP biosensor
showed a linear response to H2O2 over a range from 2.0×10−6 to 9.5×10−5 M with a
detection limit of 9.7×10−7 M (S/N ratio=3).
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Introduction

Intercalation compounds are a unique type of materials, in which the mobile guest species are
intercalated into a crystalline host lattice that has an interconnected system of an empty lattice site
of appropriate size.What is interesting is that after intercalation, the structural integrity of the host
lattice is still retained, and the host–guest interaction usually endows the intercalates with
prominent properties such as catalysis [1], photocatalysis [2], photoresponse [3], electrooxidation
[4], and photoluminescent [5, 6] and electroconductive [7] behaviors. Various host materials have
been found to undergo such intercalation reactions, among which the layered metal oxides have
attracted many interests. Vanadium pentoxide (V2O5) is a typical layered metal oxide semicon-
ductor with an orthorhombic crystalline structure which can be utilized as intercalation com-
pound. In the two-dimensional structure of V2O5, each layer consists of VO5 square pyramids
that share edges and corners. The vanadium atoms form a very short V–O bond with the apical
oxygen and four much longer bonds with the basal oxygen [8]. It is the anisotropy of this layered
structure that gives rise to the ability to insert guest species in perovskite-like cavities [9].

A large variety of organic guest species intercalated into V2O5 has been reported, including
polyaniline [7, 10–12], polypyrrole [12], porphyrin [13], [Co(phen)3]

2+ [14], amines [15, 16], and
viologens [17, 18]. The obtained nanocomposites have found applications especially in
electrochromism and electrochemistry. However, traditional ion exchange method seldom suc-
ceeds in preparing ion-intercalated composites of V2O5 because of the electric neutrality nature of
its layers. Nevertheless, if the host layers of V2O5 can be partially reduced and become negatively
charged, the intercalation of guest cations will be easily prepared through an electrostatic reaction
between the host and the guest [19, 20].

Methylene blue (MB) is a typical basic dye with a plane structure being widely used as an
electrochemical indicator [21, 22]; it can be immobilized with an electrode-modified material
[23–25] or adsorbed on the surface of an electrochemical probe [26] for the detection of various
reagents. Immobilization of MB with a polyion complex membrane has already been investigat-
ed, and catalytic reduction of H2O2 has been reported [27]. The kinetics of the intercalation ofMB
into V2O5 gels were reported by B Ackermans in 1996; however, the powder X-ray diffraction
(XRD) spectrum of the intercalate was not given and the electrochemical properties of the hybrid
have not been reported since then [28]. Our research group has succeeded in the intercalation of
methylene blue into layered niobate [29] and titanoniobate [30]; the nanocomposites exhibit
excellent electrochemical behaviors. In the present work, MB was intercalated into the interlayer
of V2O5 through direct redox reaction of reducing agents I

− and host V2O5 (Eq. 1). The laminar
structure of MB-V2O5 nanocomposite was proven using XRD data, scanning electron micro-
graph (SEM), infrared (IR) spectra, thermogravimetric analysis (TGA), and UV spectra. The
electrochemical behaviors of theMB-V2O5 hybrid thin filmwere studied, the nanocomposite was
utilized with immobilization of enzyme (horseradish peroxidase (HRP)) to construct a H2O2

biosensor, and the MB-V2O5/HRP biosensor showed fast response and good reproducibility.
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Experimental Details

Reagents

Analytical V2O5, NaI, and H2O2 (30 % (w/v) solution) were purchased from Sinopharm
Chemical Reagent Co. Ltd., MB was purchased from Alfa Asia, and horseradish peroxidase
(250 U mg−1) was purchased from Shanghai Yuanye Biotechnology Co. Ltd.; all reagents were
used without further purification.

Apparatus

XRD patterns were collected with a M21X (MACCo., Ltd.) diffractometer (monochromatic Cu
Kα radiation, λ=0.15406 nm) at 30 kVand 30mAwith 2θ going from 3° to 70° in 1° steps. SEM
images were taken with a JSM-6390 apparatus (JEOL) for the Au-coated sample. UVabsorption
spectra were carried out using a UV–vis spectrometer (UV-2550). IR spectra were measured on a
Nicolet Impact 410 FT-IR spectrometer with the use of KBr pellets. Thermogravimetry (TG) and
differential scanning calorimetry (DSC) were carried out on a Shimadzu DTG-60 apparatus at a
heating rate of 20 °Cmin−1 from room temperature to 600 °C in air. Electrochemical experiments
were investigated in a conventional three-electrode electrochemical cell connected to a CHI
660C electrochemical workstation at room temperature, with a platinum electrode as counter
electrode, a saturated calomel electrode (SCE) as reference electrode, and the modified electrode
as working electrode.

Preparation of the MB-V2O5 Nanocomposite

The procedure for the preparation of the layered composite MB-V2O5 was described as follows:
a 1.9:1:1molar ratiomixture of V2O5,MB, andNaI powder was dissolved in 10mL of deionized
water and stirred vigorously at room temperature for 5 h; the color of the mixture changed from
yellow to dark blue. The solution was then transferred into a Teflon-lined stainless autoclave and
heated at 120 °C for 8 h to obtain a dark green powder. After hydrothermal reaction, the resulting
mixture was washed with deionized water and alcohol and centrifuged repeatedly until the
supernate became colorless. The precipitate was at last dried in a vacuum oven at 60 °C for 12 h
to obtain the nanostructured composite MB-V2O5.

Preparation of the Modified Electrode

The nanocomposite-modified electrode was prepared as follows: 2 mg of MB-V2O5 was
dispersed in 2 mL of ultrapure water to form a dark green suspension, and then 6 μL of the
suspension was cast on the surface of a glass carbon electrode (GCE) and dried at room
temperature. The acting electrolyte was 0.1 mol L−1 of phosphate-buffered saline (PBS; pH=
7.0) solution. The solution was bubbled with N2 for 20 min before examination in order to avoid
the influence of oxygen.

To prepare MB-V2O5/HRP biosensor, 6 μL of HRP solution (10 mg of HRP and 2 mg of
chitosan in 1-mL ultrapure water) was cast on theMB-V2O5-modified electrode and dried at 4 °C
for at least 24 h. The enzyme electrode was rinsed with PBS thoroughly prior to use. A study of
the effect of pH on the electrochemical behavior of the biosensor was carried out beforehand, and
the optimum pH value was 7.0, so all the electrocatalytic studies were performed in N2 saturated
PBS (pH=7.0) solution at a scan rate of 50 mV s−1. A 2×10−3 M H2O2 solution was used for the
successive dropping of H2O2 in the test.
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Fig. 1 The X-ray diffraction patterns of (a) V2O5 powder and (b) MB-V2O5 thin film

Fig. 2 a SEM graph of V2O5 powder and b TEM graph of MB-V2O5 nanocomposite
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Results and Discussion

Characterization of MB-V2O5 Nanocomposite

The layered structures of V2O5 powder and MB-V2O5 nanocomposite were identified by XRD
analysis, which is shown in Fig. 1. The layer structure of the V2O5 host before intercalation
(Fig. 1a) is in good agreement with the standard data (JCPDS 41–1426) for orthorhombic V2O5

[31, 32], and the sharp peaks in Fig. 1b indicates that the MB-V2O5 nanocomposite possesses a
well-ordered lamellar structure and maintains good crystallinity after the intercalation [15]. The
XRD pattern of the V2O5 powder in Fig. 1a shows a d001 spacing of 0.44 nm, which is consistent
with those of other references [9, 33]; the peak with the highest intensity at the low-diffraction
angle in Fig. 1b reflects that the d001 spacing of MB-V2O5 nanocomposite increases to 2.0 nm,
which confirms the intercalation of methylene blue into the inorganic layers of vanadium oxide
[20, 34, 35]. The micromorphology of the MB-V2O5 nanocomposite in Fig. 2b shows that after
the intercalation of MB, the aggregated laminar structure is retained [32].

According to [9], the distance between two single sheets of V2O5 making up the bilayer slab
is approximately 0.29 nm; judging from the d001 value of MB-V2O5 nanocomposite, the
interlayer spacing of MB-V2O5 should be calculated as 2.0−0.29=1.71 nm. Considering the
rectangular dimensions of MB molecules (1.70 nm×0.76 nm×0.325 nm) [36], we propose that
the most possible models of MB+ cation arrangement in the interlayer of V2O5 may be either a
single layer with its 1.70-nm axis perpendicular to the V2O5 layer or a bilayer with its long axis
parallel to the V2O5 layer, which is shown in Fig. 3.

The intercalation of MB into vanadium oxide was also confirmed using IR spectra in Fig. 4.
The characteristic IR absorption peaks of MB in Fig. 4b [37–39] are located at 1,601 and
1,494 cm−1 (stretching modes of the aromatic rings), 1,400 cm−1 (C–N symmetric stretch), and
1,358 cm−1 (−CH3 symmetric deformation), while the absorption peaks of MB in MB-V2O5

moved to 1,598, 1,489, 1,391 and 1,339 cm−1 (Fig. 4c) respectively, and we believe that the
redshift of the absorption peaks is the consequence of the interaction between the host layer and
the guest cation. In the spectrum of V2O5 powder (Fig. 4a), the band at 1,023 cm

−1 is ascribed to
the stretching of the V=O group and bands at 825 and 594 cm−1 are attributed to the vibrations
associated with vanadium oxide bridges (V–O–V) [40]. As is shown in Fig. 4c, the characteristic
absorption peaks of V2O5 are at 1,015, 801, and 565 cm

−1, respectively, with a redshift to lower
the wave number by 8, 24, and 39 cm−1. The shift of the peaks for the host layer towards a lower
wave number indicates that the V5+ in the host layers was partially reduced to V4+; thus, the host
layers are negatively charged and the electrostatic interaction of the host layer with the guest
MB+ cation may weaken the V=O and V–O–V bonds [16, 20, 40, 41]. Consequently, it can be
concluded from the XRD and IR characterization that MB+ has been intercalated into the
interlayer spaces of V2O5 successfully without disturbing the structure of MB and the structural
integrity of the host layer, and it can be estimated that the strong interaction that exists between
the host layer and the guest MB may increase the thermal/electrochemical stability and the
efficiency of photoinduced charge separation [42].

Figure 5 gives the TG–DSC curves of the MB-V2O5 nanocomposite. The first weight loss
step from room temperature to 200 °C (1.7 %) is believed to be the vaporization of water, the
second weight loss from 200 to 500 °C (43.4 %) indicates the decomposition of the intercalated
MB, and the exothermic peaks at 314 and 470 °C can be ascribed to the loss of methyl groups
and breakup of the aromatic ring, respectively. It is obvious that the thermostability of methylene
blue greatly improved through its intercalation into the host interlayer of V2O5 [13, 20, 32].

UV–vis optical absorption of MB-V2O5 nanocomposite was investigated in comparison
with the UV spectrum of theMB solution (0.5mmol L−1). Figure 6a shows that theMB+ cation
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Fig. 3 The proposed intercalation model of MB-V2O5: a single-layer vertical to V2O5 layer and b bilayer
parallel to V2O5 layer

Fig. 4 IR spectra of (a) V2O5, (b) MB, and (c) MB-V2O5 nanocomposites
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has a strong tendency to aggregate in aqueous solution and the typical maximum absorbance
peaks are located at around 665 and 610 nm, ascribing to a monomer and dimer, respectively
[37, 43]. The UV–vis spectrum of MB-V2O5 nanocomposite in Fig. 6b has a broad absorption
band in the visible light region, presenting a maximum absorbance at 585 nm for the dimer and
a shoulder at 695 nm for the monomer, which confirms the presence of MB in the nanocom-
posite. It can be deduced from the UV spectra that the intercalation reaction begins with the
reduction of MB by V4+ species, followed by the formation of protonated MB (695 nm), and
then the dimerization of the dye cation (585 nm), and this result coincides well with B.
Ackermans’ work [28]. The broad peak and highest UV absorbance of the MB-V2O5 nano-
composite at 585 nm clearly indicate that the MB+ cations in V2O5 interlayer are mainly
dimerized. The absorbance at 695 nm may be due to the methylene blue monomer absorbed on
the surface of the nanocomposite.

Fig. 5 TG-DSC curves of MB-V2O5 nanocomposite

Fig. 6 UV spectrum of MB in aqueous solution (0.5 m mol L−1) (a) and MB-V2O5 nanocomposites (b)
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Electrochemical Behavior of MB-V2O5 Nanocomposite Thin Film

The CV curves of MB-V2O5 nanocomposite thin film on GCE in 0.1 mol L−1 PBS (pH=7.0) at
scan rates from 10 to 100 mV s−1 are shown in Fig. 7. There are a couple of sensitive
oxidation/reduction peaks indicating the two-electron transfer reaction of MB cations [23, 44].
Take the curve at a scan rate of 50 mV s−1 for example: the redox potentials are at −0.257 and
−0.190 V with a peak separation of 67 mV, which is enlarged by the immobilization of the dye
cations in the host interlayer [30, 45]. As the scan rate increases from 10 to 100 mV s−1, both Epc

Fig. 7 CVs of MB-V2O5 thin film at different scan rates (30, 40, 50, 60, 70, 80, 90, and 100 mV s−1 from
inner to outer) in 0.1 mol L−1 PBS solution (pH=7.0). Insert: Ic~υ curve for MB-V2O5 nanocomposite thin
film in 0.1 mol L−1 PBS solution (pH=7.0)

Fig. 8 Cyclic voltammograms of MB-V2O5/HRP electrode in the absence of H2O2 (a) and at the presence of
5.83×10−5 M H2O2 (b) in 0.1 mol L−1 PBS solution (pH=7.0) at scan rate of 50 mV s−1
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and Epa change a little and ΔEp remains stable, indicating a reversible electron transfer process of
the MB+ cations in the interlayer space at low scan rates. The peak currents (Ic and Ia) are in
perfect direct proportion with the scan rates (Fig. 7 insert), suggesting that the oxidation–
reduction behavior of MB+ in the V2O5 interlayer is controlled by the surface reaction.

In order to test the electrochemical stability of the MB-V2O5 hybrid film, the modified GCE
was tested for 20 repeated cycles at scan rate of 50 mV s−1. The cyclic voltammetric curves
remain stable after the repeated cycles, with almost no observable changes in both the peak
current and the peak separation, which confirms that the layers of V2O5 effectively stabilize the
MB+ cations. With excellent electrochemical stability and reproducibility of the nanocomposite
enhanced by the intercalation reaction, the MB-V2O5 hybrid material will find practical
applications in electroanalytical chemistry.

Characterization of the MB-V2O5/HRP H2O2 Biosensor

Figure 8 shows the cyclic voltammetric behaviors of the MB-V2O5/HRP electrode with and
without the existence of H2O2. It can be seen in Fig. 8a that the redox behavior of the
intercalated MB cation retained with the immobilization of HRP; however, the peak currents
decreased as a result of the influence of HRP and the inertness of chitosan in the film. When
H2O2 was added, both the reduction and oxidation peak currents increased and the cathodic
peak potential shifted towards the negative direction, which demonstrated that MB can
mediate the electron transfer between HRP and GCE and facilitate the bioactivity of the
enzyme towards reduction of H2O2.

The reaction mechanism of the biosensor can be proposed according to the literature [27,
38, 46]:

& HRP reduced hydrogen peroxide to water:

H2O2 þ HRP→H2Oþ HRP−I

Fig. 9 Cyclic voltammograms of MB-V2O5/HRP electrode in 0.1 M PBS (pH=7.0) solution at different
concentrations of H2O2, that is, with 10, 20, 50, 100, 150, 200, 250, 300, 350, 400, and 500 μL of 2×10−3 M
H2O2 solution into 10 mL PBS from inner to outer. Scan rate is 50 mV s−1. Insert: calibration curve between
the cathodic peak current and the concentration of H2O2
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& HRP then was regenerated by the intercalated methylene blue through two separate one-
electron steps:

HRP−Iþ MB−V2O5ð Þred→HRP−II þ MB−V2O5ð Þox

HRP−II þ MB−V2O5ð Þred→HRP þ MB−V2O5ð Þox

MB−V2O5ð Þox þ 2e→ MB−V2O5ð Þred

The intercalated MB underwent oxidation during the regeneration of HRP, which can be
seen from the increase of the oxidation peak current. MB can then be recycled through
reduction reaction at the electrode, which endows the MB-V2O5/HRP biosensor good stability
and reproducibility; therefore, the reduction current increased proportionally to the concentra-
tion of H2O2 in the PBS solution.

The electrochemical catalytic reduction behaviors of the MB-V2O5/HRP electrode on H2O2

at different pH were studied, and the hybrid shows the best catalytic behavior at pH 7.0 of the
PBS at a scan rate of 50mV s−1. An excellent linear relationship of the cathodic peak current Ipc
to H2O2 concentration c ranging from 2.0×10−6 to 9.5×10−5 M was obtained, as was shown in
Fig. 9. The linear relationship can be given as Ipc (μA)=0.9198c (μM)+10.4382 (r=0.9995, n=
11); a detection limit of 9.7×10−7 M was obtained with a signal-to-noise ratio of 3. The above
biosensor has a lower detection limit than the biosensor that is based on the immobilization of
HRP on DNA–silver nanohybrids and PDDA-protected gold nanoparticles constructed by Ma,
and it is also easy to prepare [47]. The stability of the biosensor was studied by successive tests
in 1.0×10−5 M H2O2 solution every day for 20 times; the obtained RSD was 1.15 %, which
indicated good stability of the biosensor towards detection of H2O2. To the best of our
knowledge, the interaction between HRP and intercalated MB with layered V2O5 was inves-
tigated for the first time. It is obvious that the V2O5 host layer plays an important role in the
mediation activity of MB, and we believe that the MB-V2O5 nanocomposite has a potential
application as a stable electron mediator in many electrocatalytic reactions.

Conclusion

An electron mediator methylene blue intercalated layered V2O5 was obtained through a
simple redox process. The MB-V2O5 nanocomposite has been characterized using XRD,
SEM, IR spectra, TGA, and UV spectra, and the electrochemical properties have been
investigated. It was confirmed that the intercalated MB+ cations are mainly aggregated in
the form of dimers. Electrochemical studies indicated that the interaction between the host
layer and the guest dye cation enhanced the electrochemical stability of the nanocomposite.
The as-prepared nanocomposite was immobilized with HRP to construct an enzyme bio-
sensor for the detection of H2O2, and the as-prepared biosensor possessed good sensitivity
and stability. It can be concluded that the nanocomposite can be utilized as an excellent
mediator, and other electrochemical applications are being investigated in our laboratory.
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