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Abstract Methylene blue (MB) was intercalated into
layered potassium titanoniobate (KTiNbOs) through a
guest—guest exchange method by use of the intercalation
compound 7n-C4HoNH; " —TiNbOs as a precursor. The
MB*/H*-TiNbOs nanocomposite has been characterized
by XRD, SEM, IR, TGA, UV, elemental analysis, and
electrochemical cyclic voltammetric measurements. From
the XRD and elemental analysis results, we proposed that
the MB™ cations formed a single layer standing vertically
to the titanoniobate nanosheets together with H. The CV
curves of the MB*/H"-TiNbOs nanocomposite thin film
exhibited a fine diffusion-controlled redox process, which
hints the possibility of being utilized as an electrode
modifying material.

Introduction

Recently, there has been a tremendous increase in inter-
est in nanosized two-dimensional semiconducting metal
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oxides due to their unique laminar structure. Intercalation
of metal ions [1], transition metal oxides [2], and organic
ions [3] into the interlayer of layered metal oxides may
produce new hybrid materials, which can be used as
photocatalysts and nanoscale devices. Potassium titano-
niobate (KTiNbOs) is a unique layered semiconducting
material having high photocatalytic efficiency for decom-
position of water into H, and O, [4]. Figure 1 shows the
layer structure of KTiNbOs, edge-sharing octahedra of
NbOg¢ and TiOg form zigzag strings, and corner-sharing
octahedra along the b-axis construct sheets are perpendic-
ular to the c-axis, exchangeable K™ ions exist in the inter-
layer [5]. Ion-exchange properties of layered KTiNbO5 was
first reported in 1979 [6], and from then on, the intercala-
tion of KTiNbOs with metal oxides [7], aliphatic amines
[8], methylviologen [9], porphyrin [10], polyaniline [11],
and polyfluorinated cationic azobenzene [12] have been
prepared successfully, the photocatalytic, photoelectro-
chemical, and photo-induced electron-transfer behaviors of
the intercalation nanocomposites have been extensively
investigated. However, the electrochemical behaviors of
the intercalated ions, especially the dye cations were not
popularly reported, the prospective utilization of the
nanocomposites as modified electrodes was not widely
discussed.

Methylene blue (MB) (Fig. 2) is a cationic, thiazine dye
with plane structure, which is widely used for electrochem-
ical applications, such as catalyst-mediator in electrochem-
ical biosensors or redox indicator in electrochemical
determinations. However, MB is a low molecular weight
water-soluble mediator, which may affect the stability of
biosensors. For this reason, immobilization of MB with
various matrices such as silicate [13], barium phosphate
[14], TiO, [15], mordenite-type zeolite [16], zirconium
phosphate [17], layered manganese oxide [18] was studied to
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the interlayer 20/° Cu-Ka

overcome this shortcoming. MB™ intercalated layered nio-
bate (K4NbgO;7) has also been studied [19, 20] and we have
reported the electrochemical behavior of intercalated MB™
cation [20], but the intercalation of MB into the KTiNbOs has
not been studied yet.

In this paper, we report a guest—guest ion exchange
method for preparing MB*/H*-TiNbOs nanocomposite by
use of the intercalation compound n-C4HoNH; -TiNbO5
as a precursor. The MB"/H"—TiNbO5 nanocomposite was
characterized by X-ray diffraction, SEM, IR, TGA, ele-
mental analysis, and UV spectroscopy. The electrochemi-
cal behaviors of MB1/H"—TiNbOs nanocomposite were
studied, the stability of the nanomaterial was proved.

Experimental
Materials

Analytical TiO, (anatase), Nb,Os, and K,CO3 were pur-
chased from Sinopharm Chemical Reagent Co., Ltd,
n-butylamine and methylene blue were purchased from
Tokyo Kasei, all reagents were used without further
purification.

The layered potassium titanoniobate (KTiNbOs) was
prepared by calcination of a 1:2:1 M ratio mixture of
K,CO3, TiO,, and Nb,Os at 1150 °C for 24 h, according to
the previous literature [5]. The direct intercalation of
KTiNbOs with MB™ ion is difficult, so a guest exchange

Fig. 2 The molecular structure
(a) and structural model (b) of
methylene blue cation

(a)

Fig. 3 The X-ray diffraction patterns of (a) KTiNbOs, (b) HTiNbOs,
(¢) n-C4HoNH;T-TiNbOs, and (d) MBT/H-TiNbOs

reaction with the n-C4HoNH;T-TiNbOs intermediate was
performed to obtain the MB*/H"—TiNbOs nanocompos-
ite. The n-C4HoNH;"-TiNbOs hybrid was prepared as
follows: 1 g of the powder potassium titanoniobate was
treated three times with 1 mol dm™— HCI (100 mL each)
for 24 h at room temperature; the resulting titanoniobic
acid powder was washed with deionized water until free
of C17! and then air-dried; 0.5 g of the white titanoniobic
acid powder was sealed in a 200-mL glass ampoule with
15 mL of an aqueous 50% n-butylamine solution and
stirred for 2 weeks at room temperature, then the pre-
cipitate powder was washed with alcohol (5 times) to
obtain n-C4HoNH; —TiNbOs hybrid. 0.5 g of the white
n-C4HoNH; -TiNbOs powder was allowed to react
with 30 mL of aqueous 5 mmol dm > MB™ solution in a
50-mL glass ampoule for 2 weeks. The resultant solution
was centrifuged and washed with deionized water sev-
eral times to obtain a blue powder MB*/H™-TiNbOs
nanocomposite.

Characterizations

Characterizations of the MB*/H"-TiNbOs hybrid were
carried out by means of X-ray diffraction, SEM, IR, TGA,
UV, and elemental analysis, as well as electrochemical
analysis. XRD patterns were collected with a M21X (MAC

@ Springer
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Co., Ltd) diffractometer with monochromatic CuK,, radia-
tion (4 = 0.15406 nm) with 20 going from 1.5° to 30° in
1° steps. Scanning electron microscopic (SEM) image was
taken with a JSM-6390 apparatus (JEOL) for the Au-coated
sample. IR spectra were measured using KBr pellets on a
WGH-30/6 double-beam IR-spectrometer. Thermal gravi-
metric analysis (TGA) was carried out on a Shimadzu
DTG-60 apparatus at an average heating rate of
20 °C min~" from room temperature to 800 °C in air. UV
absorption spectra were carried out using a UV-vis spec-
trometer (UV-2550). The composition of the MB*/H*-
TiNbOs hybrid was performed using a Perkin Elmer 2400-
CHN elemental analyzer. The electrochemical experiments
were carried out in a conventional three-electrode electro-
chemical cell at room temperature, with a platinum wire
electrode as the counter electrode and a saturated calomel
electrode (SCE) as the reference electrode. For preparing the
nanocomposite modifying working electrode, 0.1 g of the
MB*/HT-TiNbOs nanocomposite was dispersed in 1 mL
ultra pure water to obtain a blue solution, then 5 pL of the
MB*/H"-TiNbOs solution was cast on the surface of a glass
carbon electrode (GCE) and dry in air. The acting electrolyte
was 0.1 mol L™ HCl solution. CV scans were carried out on
a CHI600b electrochemical workstation at scan rate of
50-500 mV s~ under highly pure nitrogen atmosphere.

Results and discussion
Characterization of MB/H"-TiNbOs nanocomposite

The XRD patterns in Fig. 3a and b exhibit the interlayer
spacing change from 0.92 to 0.85 nm after the protonation
of KTiNbOs. The sharp peaks indicate the high crystal-
linity of the product. The n-C,HoNH;T—TiNbOs hybrid has
a dyop value of 1.65 nm (Fig. 3c), indicating the preinter-
calation of interlayer spacing by butylammonium ion. The
substituent of MB™ cation for n-C4HoNH;" resulted in a
larger interlayer spacing of MB*/H"-TiNbOs (2.20 nm),
as can be seen in the XRD diffraction patterns in Fig. 3c,d.
The basal spacing and the Ad values of these compounds
are shown in Table 1. The net interlayer height of MB*/
HT-TiNbOs was calculated as 1.70 nm by subtracting the
thickness of the TiNbOj5 layer (0.5 nm for a single sheet)
[21] from the observed basal spacing (2.20 nm). Figure 4
shows the micromorphology of the hybrid MB/H'—
TiNbOs, the laminar structure of the titanoniobate still
remains after the intercalation of the MB™ cation; however,
the exfoliation of the layers also happen, so crinkles can be
seen at the edges of the layers.

The IR spectrum of the intercalate MB*/H*-TiNbOs is
shown in Fig. 5c, with the spectra of MB and KTiNbOs for
comparison. The stretching modes of the aromatic ring

@ Springer

Table 1 X-Ray powder diffraction data

Compound dooo (nm) Ad (nm)?
KTiNbOs 0.92 -
HTiNbOs 0.85 -
1n-C,HoNH; " —TiNbO5 1.65 115
MB*/H"-TiNbOs 2.20 1.70

# Ad is the gallery height

Transmittance

898 * 5o7}

. I . | . | . | , 5061
2500 2000 1500 1000 500
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Wavenumber/cm

3000

Fig. 5 IR spectra of (a) KTiNbOs, () MB and (c) MB*/H"—TiNbO5
nanocomposite

at 1604 cm™! and 1494 cm_l, the C—N symmetric stretch
at 1400 cm™!, the —CH; symmetric deformation at
1358 cm™ ' are characteristic infrared absorption peaks of
MB (Fig. 5b) [13, 15, 22], and the absorbance peaks
between 500 and 1000 cm ™" belong to the Nb—-O and Ti-O
stretching vibration (Fig. 5a) [23]. The above results
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confirm that MB has been intercalated into the interlayer
spaces of titanoniobate successfully.

Based on the elemental analysis result (C, H, and N
distribution of 14.25, 2.42, and 3.15%, respectively) for
the MB*/H*-TiNbOs hybrid, the composition formula for
the MB'/H'-TiNbOs hybrid can be calculated as
(MB+)0'23H0.77TiNb05'1.25H20, in which the calculated
C/N molar ratio, 5.28 (14.25/12:3.15/14 = 5.28), is in
good agreement with the observed value, 5.33. The rect-
angular dimensions of MB molecular are approximately
1.70 nm x 0.76 nm x 0.325 nm [24] and the reported
area of host layer surface per charge for the titanoniobate is
0.123 nm? [25]. The maximum amount of MB™" cations
standing as a monolayer perpendicularly to the interlayer is
calculated as 0.123/(0.76 x 0.325) = 0.5 mol, while if the
MB™ cations lie with the long axis parallel to the TiNbO5
layers, the maximum amount could be calculated as 0.123/
(1.7 x 0.325) = 0.22 mol. Although the later model has
an value of MB™ cation similar to the observed value, 0.23,
it is implausible because the Ad value of TiNbOs~ layers
calculated from XRD data is 1.7 nm, which is too large for
the monolayer arrangement of MB™' with the long axis
parallel to the TiNbOs~ layers, for the same reason, a
bilayer model is also unrealistic. Considering the interlayer
spacing of the intercalate and the H* exist in the inter-
layers, we suggest that the MB™ cations might form a
monolayer standing vertically to the titanoniobate nano-
sheets together with H'.

Figure 6 gives the TGA curve of the MB*/HT-TiNbOs
nanocomposite. We have reported the TG curve of
KTiNbOs and there is little weight loss between 300 and
400 °C [26], so the weight loss of the host material is
omitted and we explain the thermal behavior of the MB*/
HT-TiNbOs nanocomposite with a two-step weight loss
process. The first weight loss step from room temperature
to 160 °C (7%) is believed to be the vaporization of the
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Fig. 6 TGA curve of MB*/H"—TiNbOs nanocomposite
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Fig. 7 UV spectra of n-C4HoNH; -TiNbOs precursor (),

0.5 m mol L' MB solution (b) and MB*/H"-TiNbOs nanocom-
posite (¢)

intercalated water, the second weight loss from 160 to
650 °C (21%) is due to the decomposition of MB™ cation
in the nanocomposite interlayer. The total weight loss
(28%) is consistent with the sum of the water and MB™
cation content determined by the elemental analysis.

UV spectra of the precursor n-C4HoNH;T-TiNbOs,
0.5 m mol L™' MB solution and the MB1/Ht-TiNbO;
nanocomposites are shown in Fig. 7. UV-vis optical
absorption of a typical MB*/H*-TiNbOs film presents a
nonsymmetrical peak with a maximum absorbance at
600 nm and a shoulder at 695 nm (Fig 7c). Comparing
with the UV spectrum of n-C,HoNH; -TiNbOs, it can be
concluded that MB™ cation is intercalated into spaces of
TiNbOs~ layers. It is reported that there are several
aggregates of MB in MB™ aqueous solution, the typical
absorbance peaks are at 650-675 nm for the monomer, at
605 nm for the dimer, and at 570-590 nm for trimers,
tetramers, and still higher aggregates [13, 27-31]. Here, we
ascribe the absorbance peak at 600 nm to the dye dimer
and the peak at 695 nm to the presence of MB monomer.
The position of the maximum and the shape of the signal
suggest that MB is mainly present as dimers, while the
proportion of monomers is comparably lower [24, 32].

Electrochemical behavior of MB/H —TiNbOs
nanocomposite thin film

The CV curve of MB in aqueous solution at 100 mV s~
scan rate is shown in Fig. 8a. There are a couple of sen-
sitive oxidation/reduction peaks with redox potentials
at 0.2 and 0.167 V, with the midpoint potential [E,, =
(Epa + Epo)/2] of 0.184 V. The peak separation [AE, =
(Epa — Ep)l is 33 mV, which is between the AE, value
of individual electron transfer reaction (59 mV) and

@ Springer
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Fig. 8 Cyclic voltammograms of (a¢) MB (0.5 mmol Lfl) and (b)
MB/H*-TiNbOs thin film in 0.1 mol L™'HCI solution, scan rate:
100 mV s~

two-electron transfer reaction (28.5 mV), indicating a two-
step individual electron transfer reaction of MB dimer [33,
34]. For the typical MB*/H"~TiNbOs hybrid film on GCE,
the redox potentials are at 0.114 and 0.071 V with a mid-
point potential of 0.093 V and larger peak separation of
43 mV (Fig. 8b). The negative shift of E}, and increase of
AE, for the case of hybrid film is explained to be the result
of the blocking effect of the hybrid film on the charge
transfer of MB reaction [35]. The peak currents of the
hybrid are much higher than that of MB in aqueous solu-
tion, which is due to the high concentration of the MB
cations in the interlayer of the nanocomposite.

The cyclic voltammetric behaviors of MB*/H-TiNbOs
at different scan rates are shown in Fig. 9. There is a shift
of E,. to more negative values and a shift of E,, to more

100

0.6 0.4 0.2 0.0 -0.2
E/V vs SCE

Fig. 9 CV curves of MB*/H'T-TiNbOs thin film at different scan
rates (100, 150, 200, 300, 400, 500 mV s~! from inner to outer)
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posite thin film in 0.1 mol L~" HCI solution

positive values with increasing the scan rate. The redox
peaks are assigned to a two-electron quasi-reversible redox
process of MB dimer [17, 36-38]. The cathodic and anodic
peak currents (I, and 1,) are proportional to the square root
of the scan rate (Fig. 10), which indicates a planar diffu-
sion-controlled redox behavior of MB™ cations in titanio-
niobate interlayer. The AE, increased from 43 to 93 mV
when the scan rate varied from 100 to 500 mV sfl, indi-
cating a slow electron diffusion process of the MB™ cations
in the interlayer space at high scan rates. This is due to the
semiconducting nature of the titanoniobate matrix [17].

The ideal linear relationship in Fig. 10 indicates a fine
mass transfer process, which hints the potential utilization
of the MB*/H'"-TiNbOs laminar nanocomposite as elec-
trode modifying material. In order to test the electro-
chemical stability of the MB/H"~TiNbOs hybrid film, the
MB*/H"-TiNbOs nanocomposite modified-GCE was tes-
ted for five repeated circles at the scan rate of 50 mV s~
again immediately after the former electrochemical cyclic
voltammetric experiments. It can be seen from Fig. 11 that
the MB/H"—TiNbOs hybrid material are very stable in
acid conditions, with almost no observable changes in both
the peak current and the peak separation after five scan
circles, which confirms the good immobilization of MB in
titanoniobate interlayer spacing. It can be concluded that
the excellent electrochemical stability and reproducibility
of the nanocomposite are not affected by the presence of
layered host material, and the MB*/H"-TiNbOs hybrid
material possesses good opportunities for practical appli-
cations in electrochemistry.
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Fig. 11 Cyclic voltammograms upon five repeated scans of MB*/
H*—TiNbOs hybrid in 0.1 mol L™' HCI solution at scan rate of
50 mV s~

Conclusions

Layered nanocomposite MB/H"—TiNbOs was synthe-
sized through guest—guest ion exchange reaction with a
precursor n-C4HoNH;T-TiNbOs. The hybrid nanocom-
posite was characterized using XRD, SEM, IR, UV, TGA,
elemental analysis, and electrochemical cyclic voltam-
metric investigation. Based on the XRD and elemental
analysis results, we proposed that the MB™ cations formed
a single layer with its long axis standing vertically to the
titanoniobate layers together with H'. The cyclic voltam-
mogram of the MB'/H"-TiNbOs nanocomposite film
possessed a pair of distinct reductive and oxidative peaks,
representing a two-electron redox process. The peak cur-
rents exhibited fine diffusion-controlled processes, and the
electrochemical stability of the hybrid film was also
proved. We predict that the novel MB*/H'-TiNbOs
nanocomposite has potential capacity as electrode modi-
fying material.
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