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A PANI/NaTaO; composite was successfully synthesized by an oxidative polymerization of aniline monomer in
hydrochloric acid solution containing sodium tantalate. NaTaO; at a monoclinic structure was produced via hy-
drothermal method. The photocatalytic activities of the unmodified NaTaO; and PANI/NaTaO, were evaluated
for hydrogen generation from an aqueous HCOOH solution and under UV light irradiation. The results showed
that the evolution rate of H, increased significantly when NaTaO, was modified with PANI. The enhancement of
the photocatalytic activity of PANI/NaTaO, composite was ascribed to the effective charge transfer and separation
between NaTaO, and PANI, which reduced their recombination. This indicates that PANI modification of tantalate
photocatalysts may open up a new way to prepare highly efficient catalytic materials for H, generation.
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INTRODUCTION

In the past few decades, a variety of research studies
have been performed to develop heterogeneous pho-
tocatalysis for the removal toxic organic and inorganic
contaminants from aqueous and gas phase and water
splitting into hydrogen and oxygen. A wide group of
photocatalytic materials which showed high activity for
H, evolution is tantalates™. In 1998 Kato and Kudo
reported that alkali tantalates such as LiTaO,, NaTaO,
and KTaO; are efficient photocatalysts for water decom-
position into hydrogen and oxygen in the UV region'.
Thereafter, different tantalate catalysts (Na,Ta,Oq
K,Ta,0q, CaTa,Oq, SrTa,O, BaTa,O, Rb,TajO,;, Sr-
sTa,0,5, BasTa,O,5; and K;Ta;B,0,,) have been studied
in the reaction of photocatalytic hydrogen production*”’.
Moreover, for improvement of the photocatalytic activ-
ity of tantalates many different strategies such as metal
deposition, doping of metal or non-metal ions or mixing
with another oxide have been investigated®!°.

Conducting polymer composites have received signifi-
cant attention due to their wide applications in various
fields such as charge storage materials, catalysts, solar
cells, immunodiagnostic assays and electrorheological ER
fluids''. Here, many composites of polyaniline (PANI),
polypyrrole (Ppy), polyphenylene vinylene (PPV) and
polythiophene (PTh) with inorganic compounds (LiM-
n0,, Pt, Cu, SiO,, WO,, Ta,O;, MnO,, TiO,) have been
studied""2. Moreover, both unmodified conducting
polymers and conducting polymer nanocomposites can
be used as catalysts in the photocatalytic processes. For
example, Kandiel et al.” reported that TiO, modified with
Pt-polypyrrole and synthesized via “in situ” simultaneous
reduction of Pt(IV) and the oxidative polymerization
of Ppy monomers showed enhanced photocatalytic H,
production activity in respect to Pt-loaded TiO,. Zhang
et al."* studied photocatalytic H, production from water
with Na,S and Na,SO; as sacrificial reagents and under
vis-light irradiation in the presence of PANI/PdS-CdS
catalysts. It had been stated that the PANI/PdS-CdS
showed high photocatalytic activity for H, evolution
despite the absence of Pt co-catalyst. Furthermore, the

anti-photocorrosion performance of PdS-CdS was also
significantly enhanced. Moreover, the PPy/CdS composite
materials were investigated to split water under visible-
-light irradiation'. The results showed that for PPy/CdS
composite the rate of H, evolution was 4.4 times higher
than that of unmodified CdS.

In the current study, we report the synthesis of
a PANI/NaTaO; composite photocatalyst via oxidative
polymerization of aniline monomer in the presence of
NaTaO;. The photocatalytic reaction was carried out in
the presence of formic acid as an electron donor and
under UV light irradiation. It has been stated that the
as-prepared PANI/NaTaO;, exhibited higher activity in the
reaction of photocatalytic H, generation in comparison
to the pristine NaTaOs.

EXPERIMENTAL SECTION

Preparation of NaTaO,

Sodium tantalate (NaTaO,) was prepared by hydro-
thermal method using Ta,O5 (purity 99.99%, Aldrich)
and NaOH (purity 98%, Sigma-Aldrich) as precursors.
In the first step of the NaTaO; synthesis, 4 g of Ta,Os
was added to 50 cm® of aqueous solution of 8M NaOH.
Then the solution was sonicated at the room tempera-
ture for 1 h. Thereafter, the mixture was poured into
Teflon lined stainless steel with a capacity of 70 cm®. The
hydrothermal reaction was carried out at 200°C for 12
h. The final product was collected by filtration, washed
with distilled water and dried at 100°C for 48 h.

Preparation of PANI/NaTaO,; composite

PANI/NaTaO; composite was prepared as follows: 2 g
of NaTaO; was dispersed in the solution that contains 8
ml H,0 and 2 ml HCI. Then aniline monomer (0.1 ml)
was added to the above suspension with constant mixing
for 1 h. After that the reactor vessel was transferred to
an ice bath and the APS ((NH,),S,0¢, 8 cm?, 0.01 mol/
dm?) was added by dropwise. The obtained mixture was
stirred for 2 h. Finally, the sediment was filtrated, washed
with water and then dried at 100°C for 48 h.
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Experimental procedure and techniques

The morphology of the prepared samples was investi-
gated by high-resolution transmission electron microscopy
(HRTEM, Tecnai F30 with a field emission gun operating
at 200 kV). The phase composition of the samples was
determined using X-ray diffraction analysis (XPert PRO
Philips diffractometer, CuK, radiation). UV-vis diffuse
reflectance spectra were recorded using a UV-vis spec-
trometer (Jasco, Japan). The FTIR spectra were carried
out on a Nicolet 308 spectrometer. Photoluminescence
(PL) properties at 270 nm excitation of studied materi-
als were studied by using F-7000 Spectrofluorometer
(Hitachi).

Photocatalytic reactions

The photocatalytic activities of the obtained NaTaO,
and PANI/NaTaO; composite in the reaction of H,
evolution in the presence of formic acid were investiga-
ted. The reactions were carried out under atmospheric
pressure in a closed system with inner-irradiation-type
reactor. A medium pressure mercury lamp (150 W)
was used as a light source. In a typical photocatalytic
experiment, 300 mg of catalyst was dispersed in 700 cm?
of 0.1 M aqueous solution of formic acid. Afterwards,
the suspension was mixed with a magnetic stirrer for
60 min, and during this time argon was passed through
the reaction mixture to remove the dissolved oxygen.
Finally, the solution was irradiated for 120 min without
argon purging. The evolved hydrogen was collected and
analysed by a gas chromatography (Thermal Conductivity
Detector (TCD), Ar as a gas carrier, model: Chrome5).

RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction patterns of pure
PANI, NaTaO; and PANI/NaTaO; composite. XRD
pattern of PANI shows a week and broad diffraction
peaks at 20 value of 20° and 25°, corresponding to the
periodicity parallel to the polymer chains of PANI'.
The sample obtained after the hydrothermal reaction
of NaOH and Ta,0Os is composed of sodium tantalate
phase at a monoclinic structure (NaTaOs;, JCPDS card
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Figure 1. A comparison of X-ray diffraction patterns of sam-
ples: (a) PANI, (b) NaTaO; and (c) PANI/NaTaO,

no 74-2479). For PANI/NaTaO; composite, only the
diffraction peaks of NaTaO, phase have been detected.
The absence of reflections for PANI could be ascribed
to the weak crystallinity and small doping content of
PANI in composite'®".

Figure 2 shows the TEM images of the NaTaO, and
PANI/NaTaO; composite at different magnifications.

(d)

Figure 2. TEM images of samples NaTaO; (a-b) and PANI/
NaTaO; (c-d)

From TEM images (a-b) it is clearly seen that NaTaO,
shows the well crystallized cubic morphology. From
Figure 2 (c—d), it is clearly seen that PANI/NaTaOj; is
composed of two phases (c—d) and polyaniline formed
a layer on the surface of NaTaO;. The thickness of the
PANI layer deposited on NaTaO; is equal about 80 nm.
Moreover, the agglomeration of NaTaOj; particles in the
PANI composite was noted (see Fig. 2, image d).

The FTIR transmission spectra of the produced PANI,
NaTaO; and PANI/NaTaO; composite are shown in
Figure 3. The main characteristic bands of pure PANI
are assigned as follows: the peaks at 1573 ¢cm™ and
1498 cm™ are attributed to the C=N and C=C stretch-
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Figure 3. FTIR/DRS spectra of (a) PANI, (b) NaTaO; and
(c) PANI/NaTaO,




ing modes of the quinonoid and benzenoid rings, the
bands at 1259 cm™' and 1255 cm™ are assigned to C-N
stretching mode for benzenoid units, while the peak at
798 cm™ is associated with C-C and C-H for benzenoid
units'”?’, Otherwise, the broad and sharp peaks in the
range of 3419-3508 cm™ are attributed to N-H stretching
vibration™. The FTIR spectrum of NaTaO, shows bands
at 1387 cm™, 1630 cm™, a broad band in the region
of 2600-3600 cm™ and a broad band in the range of
500-1200 cm™. A broad and strong peak in the range
of 2600-3600 cm™ and a peak at 1630 cm™ are assigned
to the bending of O-H-O and stretching of O-H modes
due to the presence of physically adsorbed water on the
surface of the samples®’. The bands between 500-1200
cm™! and at 1387 cm™ correspond to the Ta-O and Na-O
vibrations, respectively?’. The FTIR spectrum of PANI/
NaTaO; composite shows seven peaks at about 783
cm™), 1144 cm™, 1310 cm™, 1500 cm™, 1588 cm™, 3230
cm™! and 3450 cm™. All those peaks are characteristic
bands of PANI and confirmed the presence of PANI in
the synthesized composite. Moreover, for PANI/NaTaO,
composite all characteristic peaks of PANI shifted to the
lower wavenumber in comparison to the pure PANI.
This effect can be explained by the strong interaction
between PANI and NaTaO, in the composite.

TGA curves of PANI and PANI/NaTaO; composite
are shown in Figure 4. For both samples two steps of
weight loss are observed. The first weight loss (25-120°C)
of about 12% for PANI and 3% for PANI/NaTaO; is
due to the removal of water adsorbed on the surface
of the samples. The second significant weight reduc-
tion (330-600°C) is attributed to the polymer backbone
decomposition®®. Moreover, according to the data from
TG analysis, it was found that the content of PANI in
PANI/NaTaO; composite is about 30 wt%.
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Figure 4. TGA profiles of PANI (a) and PANI/NaTaO; (b)
samples

Figure 5 shows a comparison of UV-vis absorbance
spectra of PANI, NaTaO; and PANI/NaTaO, composite.
The spectrum of PANI shows two strong peaks. The peak
at about 320 nm is assigned to the m-m * transition of
benzene rings and the peak at about 630 nm is attrib-
uted to the transition of the quinoid rings in long PANI
chains®. For pure NaTaO; a single absorption edge at
around 300 nm, indicating the band gap energy of 4.11eV
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Figure 5. DR-UV-vis spectra of (a) PANI, (b) NaTaO, and (c)
PANI/NaTaO,

can be observed. The estimated band gap of unmodified
NaTaO, is similar to that described in literature®® %,
Moreover, it can be noted that the characteristic bands
of both polyaniline and NaTaO; have been observed for
PANI/NaTaO; composite. Here, a clear agreement with
XRD, TEM and FTIR data is demonstrated.

The photocatalytic H, production studies under UV
light irradiation were evaluated over unmodified NaTaO,
and PANI/NaTaO, composite using HCOOH as an elec-
tron donor. The control reactions without HCOOH have
been also investigated. Here, a trace amount of H, was
observed in these reaction conditions for both unmodified
and modified NaTaO;. The results of hydrogen evolu-
tion are presented in Figure 6. Here, one can notice
that PANI/NaTaO, exhibits higher photocatalytic activity
than unmodified NaTaO,. It indicates that polyaniline
plays a crucial role in the photocatalytic reaction. Also,
the reaction of photocatalytic H, evolution during the
first 120 min of UV light irradiation can be described
by zero order kinetics. The rate constants of H, evolu-
tion are about 87 umol/h and 163 wmol/h for NaTaO,
and PANI/NaTaO,, respectively. It is known that the
result of a photocatalytic reaction depends mainly on
separation, mobility and the lifetime of photogenerated
electrons and holes. Here, the photoluminescence (PL)
analysis was used to study the efficiency of electron-hole
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Figure 6. Photocatalytic H, evolution over NaTaO, and PANI/
NaTaO; catalysts
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carriers separation and transfer in semiconductors®-?*

and to understand why the introduction of PANI leads
to the enhance the photoactivity of NaTaO,. Figure 7
presents the PL emission spectra of PANI, NaTaO, and
PANI/NaTaO; composite. PANI shows a broad spectrum
with low PL intensity. The PL response for NaTaO,
exhibits a strong and broad emission band in the range
of 370-500 nm with a maximum at about 420 nm*~.
Moreover, it is found that PL spectrum of the PANI/
NaTaO, composite in the same range of wavelength is
much lower than that of pure NaTaO;. This results indi-
cated that the recombination of photogenerated electrons
and holes was effectively inhibited in the PANI/NaTaO,
composite*°, It suggests that the higher photocatalytic
activity of PANI/NaTaO; can be explained by efficient
separation of electrons and holes between those two
phases, reducing their recombination.
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Figure 7. Photoluminescence spectra (a) PANI, (b) NaTaO,
and (c¢) PANI/NaTaO,

CONCLUSION

In summary, PANI/NaTaO; composite was success-
fully prepared via oxidative polymerization of aniline
monomer in the presence of NaTaO;. A detailed analysis
(TEM, XRD, FTIR, TGA and DR-UV-vis) indicated
that PANI formed the layer on the surface of NaTaO,.
The photocatalytic properties of the synthesized samples
were evaluated for the reaction of photocatalytic H,
production. It was found that, PANI/NaTaO, composite
exhibited significantly higher photocatalytic activity in
respect to the unmodified NaTaO;. The improvement of
photocatalytic performance of PANI/NaTaO, composite
was attributed to the efficient photogenerated electron—
hole transfer and separation.
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