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The morphology of photocatalysts plays an important role in their photocatalytic activity. Here, a novel sodium tantalum trioxide (NaTaO3)
nanotube photocatalyst was hydrothermally synthesised with the assistant of Na dodecyl sulphate (SDS) surfactant. The as-synthesised
NaTaO; nanotubes presented an enhanced light absorption, compared with NaTaO; nanocubes prepared without the addition of SDS. By
using rhodamine B (RhB) as organic pollutants model, the NaTaO; nanotubes exhibited a 96.2% of photodegradation ratio after 80 min
ultraviolet light irradiation, which was much higher than NaTaO; nanocubes and commercial P25. The cycle degradation results revealed
that NaTaO; nanotubes had an excellent photochemical stability. The active species trapping experiment suggested that the dominating
active species were hydroxyl radicals and superoxide radicals, rather than holes.

1. Introduction: In consideration of environmental pollution and
energy shortage, semiconductor photocatalysis receives increasing
attention in recent years [1-3]. The semiconductors can convert
renewable light energy to chemical energy under the light irradi-
ation, which provides a fascinating approach to eliminate the
organic pollutants of wastewater. Many organic pollutants can be
photodegraded successfully to safer end products such as water
(H,0), carbon dioxide (CO,) and mineral acids via semiconductor
photocatalysis [4-6]. However, many photocatalysts reported have
a dissatisfactory photocatalytic efficiency in the degradation of
organic pollutants due to their inherent features such as high photo-
generated holes—electron pair recombination, low redox ability
and serious photocorrosion [7-9].

As a new type of ternary oxide semiconductor, NaTa
oxide (Na,Ta,0;.) has attracted great attention in photocatalysis
application such as photodegradation of organic pollutions, hydro-
gen evolution and water splitting [10—12]. Jiang group reported
that the pyrochlore-like Na,Ta,O¢ nanocubes with a wide
bandgap (~4.6 eV) exhibited an outstanding photocatalytic prop-
erty under ultraviolet (UV) irradiation [13]. Li group prepared a
perovskite-type NaTa trioxide (NaTaO3) nanocube by the hydro-
thermal method. They found that, compared with pyrochlore-like
Na,TayO¢ nanocubes, the perovskite-type NaTaOj; nanocubes
possess a narrower bandgap (~4.0 eV), as well as a higher H,
evolution ability under UV illumination [14]. The higher activity
indicated that the perovskite-type NaTaO; is a promising catalyst
in photocatalysis application. Therefore, enhancing photocatalytic
activity of NaTaO; is of great significance. The morphology
of photocatalyst is an important factor in photocatalytic property.
For example, different morphologies of Na,Ta,O¢ nanocrystalline
prepared by adjusting Na hydroxide (NaOH) concentration
presented an obvious difference in photocatalytic activity [15].
Controlling the morphology of NaTaO; can improve its photo-
catalytic activity. Some publications indicated that tubular nano-
photocatalysts showed better photocatalytic activity, compared
with other morphologies such as nanowires and nanocubes [16].
Up to now, NaTaO3; nanocubes, nanoparticles have been synthe-
sised, but the tubular NaTaO; has never been reported.

Herein, novel NaTaO; nanotubes were prepared by surfactant-
assisted hydrothermal approach, and the optical property and photo-
catalytic activity of NaTaO; nanotubes were investigated.
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2. Experiments: Ta pentoxide (Ta,Os), NaOH, Na dodecyl
sulphate (SDS) and absolute ethyl alcohol (CH3;CH,OH) were pur-
chased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China) and were used without further purification.

The NaTaO; nanotubes were synthesised as follows: 0.442 g
Ta,0s, 0.08 g NaOH and 0.1 g SDS were dissolved in 37.5 ml
of CH;CH,OH with magnetic stirring. After 30 min, the solution
was transferred in a 50 ml teflon-lined stainless steel autoclave
and kept at 180°C for 24 h. After cooled to room temperature,
the mixture solution was centrifuged and washed with deionised
water and absolute ethanol three times successively. Finally, the
products were obtained by drying the wet powders at 60°C for
12 h. NaTaO;z nanocubes were synthesised with the same pro-
cedure, just without the addition of SDS.

The morphologies of the as-prepared samples were inves-
tigated by S-4800 field-emission scanning electron microscopy
(FE-SEM, Hitachi) and crystal structure of samples was analysed
with a SIEMENS Diffraktometer D5000 X-ray diffractometer
using copper Ko radiation source. X-ray photoelectron spectro-
scopy (XPS) data were obtained with an ESCALab220i-XL
electron spectrometer from VG Scientific using 300 W AlKa radi-
ation. The Brunauer—Emmet-Teller (BET) specific surface area
of the samples was determined by a high-speed automated area
and pore size analyser (3H-2000PS1). UV-visible (UV-vis)
diffuse reflectance spectra were recorded with a UV—vis spectro-
meter (U-3010, Hitachi).

The photocatalytic activity of the as-prepared NaTaO; catalysts
was evaluated by the photodegradation of RhB (an organic pollu-
tant model). In each experiment, 0.015 g catalysts were dispersed
in 50 ml of RhB aqueous solution (10 mg1~"). The irradiation
was performed with a 300 W mercury lamp. The change of RhB
concentrations (C) in accordance with the irradiation time was mea-
sured by JH752 UV-vis spectrophotometer (A =552 nm, Shanghai
Jinghua Instruments Co., Ltd.).

3. Results and discussion: NaTaO; nanoparticles were synthesised
by a facile hydrothermal method (reaction equation: Ta,Os+
2Na*+20H~ =2NaTaOs +H,0), and SDS surfactant were added
to regulate the morphology of NaTaO; nanoparticles. The regular
NaTaO; nanocubes were obtained without SDS surfactant
(Fig. la), whereas NaTaO; nanotubes with a length of about
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Fig. 1 SEM images of

a NaTaO; nanocubes

b Nanotubes

¢ TEM image

d SAED pattern of NaTaO; nanotubes

4 um were synthesised under the presence of SDS (Fig. 1b). The
transmission electron microscopy (TEM) image (Fig. 1¢) indicated
that the diameter of the as-synthesised NaTaO3 nanotubes is about
0.5 um. Moreover, the selected area electron diffraction (SAED,
Fig. 1d) indicated the single-crystalline nature of NaTiO3
nanotubes.

The addition of SDS surfactant induces a change of NaTaO;
morphology, maybe attributed to the guiding role of SDS and dis-
solution/recrystallisation mechanism [9, 17]. At the earlier reaction
times, the long-chain SDS could guide the oriented growth of
NaTaO; crystal nucleus along the long-chain direction (Fig. 2).
With the prolonging of reaction times, the centre of crystals
would dissolve gradually due to supersaturation, which recrystal-
lisation proceeded, and the NaTaOz nanotubes were formed [18].
The growth of NaTaO; crystal nucleus will be non-directional
without SDS.

Fig. 3a exhibits the XPS spectrum of the as-synthesised NaTaO;
nanotubes. All component elements of NaTaO; including Na,
Ta and O elements, were found in NaTaO; nanotubes and the
appearance of C element was attributed to CO, of the analysis
chamber [19]. In XPS spectrum, the peaks at binding energies of
25.1, 529.1 and 1070.1 eV could be assigned to Ta (4fs5,), O 1s
and Na 1s of NaTaOs, respectively [20]. Fig. 35 shows the XRD
pattern of the as-prepared NaTaOj3 nanotubes. It can be seen that
all diffraction peaks of the nanotube sample can be well-indexed
to the orthorhombic phase of NaTaO; (PDF card: 25-0863) and
the strong diffraction peaks at 20=22.9° and 32.5° are indexed
to (020) and (200) planes of NaTaOj crystal. The broad peak
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Fig. 2 Synthetic process of NaTaOj; nanoparticles
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Fig. 3 XPS spectrum of the as-synthesised NaTaOj; nanotubes
a XPS spectrum of NaTaO; nanotubes
b XRD patterns of NaTaO5 nanotubes

of XRD pattern in the region from 10° to 20° can be ascribed
to Sodium Tantalum Oxide Hydrate (H,(H,O)Na,Ta,0¢) impurity
[10]. Moreover, sharp diffraction peaks in the XRD pattern also
indicates a good crystallinity of NaTaO; nanotubes.

The optical properties of NaTaO3 nanotubes have been tested by
UV-vis diffuse reflectance spectroscopy, and the results are shown
in Fig. 4a. An obvious red shift is observed in NaTaO; nanotubes.
Compared to NaTaO3 nanocubes (330 nm), the absorption edge
of NaTaO; nanotubes is significantly improved, reaching up to
353 nm, implying the enhanced absorption capacity of UV light
in NaTaOj3; nanotubes. For a crystalline semiconductor, the relation-
ship between optical absorption edge and bandgap can be expressed
as follows: ahv=A(hvag)"/ 2, where a, 4, v, n and E, represent the
absorption coefficient, constant, incident light frequency, bandgap
and an integer, respectively [21]. As a kind of direct-gap semicon-
ductor, n value of NaTaO; is 1 [10]. On the basis of this equation,
the bandgaps (£,) of the NaTaO; nanocubes and nanotubes were
estimated to be 3.79 and 3.54 eV, respectively. The change of band-
gaps could be attributed to morphological difference, and hollow
structure of NaTaO; nanotubes can allow multiple reflections of
UV light, which enhances light adsorption capacity [22, 23]. The
specific surface area of nanoparticles plays an important role in
adsorption of organic matter [24]. Therefore, the specific surface
area of NaTaO; nanoparticles was measured by N, absorption
analysis. As shown in Fig. 4b, the BET specific surface areas of
NaTaO; nanocubes and nanotubes were determined to be 32.3
and 59.2 m%/g, respectively, and the corresponding average pore

371
© The Institution of Engineering and Technology 2020



4
NaTaO, nanotubes
NaTaOQ, nanocubes
3
o
o
o
c
[
2
o
[}
=]
©
o T T T T T T T T
300 400 500 600 700
wavelength, nm
a
75
—e—NaTaO, nanocubes (S, =32.3 m’/g)
_ 2
> 60 —e—NaTaO, nanotubes (S, =59.2 m'/g)
3 o0
E
'g' 45- oo
e “EOMB
3 §
304
w 3
o i
£ 2
=2 154
[
>
04 T T T T T N
0.0 0.2 04 0.6 0.8 10
relative pressure, P/Pg
b

Fig. 4 Optical properties of NaTaO; nanotubes
a UV-vis diffuse spectrum of NaTaO; nanotubes
b N, absorption—desorption isotherm curves of NaTaO3 nanotubes

1
i
60 3 ' &
* g! ‘ *®
S 40 §: " 5 a0
I LN g
1 —s— Control -
) P 20
1 —a— NaTal, nanocubes R |
o 1 e MATHO, naretubos 1
o 20 40 60 BO 120 !‘ﬂl 200 Zl;ll
time, min tima, min
a b
o, potential
] NHE)
a0l 0, 2 (vs
N E
. ~ | D e == 016V
2 3 N 199V
g’ 0] % 5 (-OHI-OH)
) R 7w KA
204 -OH
RhB CO, etc.
N | OH- T
no quencher IPA BQ TEOA

c d

Fig. 5 Photodegradation of RhB aqueous solution

a Over different samples
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d Photocatalytic mechanism scheme of NaTaO; nanotubes
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sizes were centred at 21.27 and 23.41 nm (the inset of Fig. 4b).
About 83.3% of enhancement ratio in BET specific surface area
was ascribed to the hollow structure of NaTaO; nanotubes.

To investigate the photocatalytic activity of NaTaO3; nanoparti-
cles, the photodegradation of RhB aqueous solution was performed
over different samples. As shown in Fig. 5a, the self-degradation of
RhB with 1.8% of the degradation rate is negligible (control group).
When the NaTaO; nanotubes are used as catalyst, it can be found
that the degradation rate of RhB can reach up to 96.2% after
80 min UV light irradiation, which is much higher than NaTaO;
nanocubes (43.1%) and P25 (64.5%). This maybe attributed to
the better light absorption ability and higher specific surface area,
as demonstrated in Fig. 4. Moreover, the photocatalytic activity
of the NaTaO; nanotubes do not show a significant loss after
three recycles (Fig. 5b), which indicates that the NaTaO; nanotubes
are photochemically stable in aqueous solution. For exploring the
active species of NaTaO; nanotubes during photodegradation of
RhB, holes (h"), hydroxyl radicals (¢ OH) and superoxide radical
(O37) are detected by adding 1.0 mM Triethanolamine (TEOA)
(a quencher of h"), Isopropanol (IPA) (a quencher of eOH) and
p-benzoquinone (BQ) (a quencher of O3"), respectively [25].
After 80 min UV light irradiation, the residual RhB concentration
is still 78.2% with the addition of IPA or 61.3% with the addition
of BQ (Fig. 5¢), whereas residual RhB concentration is just 16%
with the addition of TEOA. Therefore, it can be determined that
the main active species of NaTaO; nanotubes are ®«OH and O3,
rather than h*. This maybe attributed to the strong reactive
activity of eOH and O3~ [26]. Fig. 5d illustrates the plausible
photodegradation mechanism of RhB. During UV light irradiation,
the electrons of NaTaO; nanotubes are activated, which forms
strong reductive electrons (e”) at the edge of conduction band
(CB) and oxidative holes (h") at the edge of valence band (VB).
For a semiconductor, the edge potentials of CB (Ecg) and VB
(Evyg) can be calculated with Mulliken electronegativity method:
Ecg=x—E.—0.5E,, Eyvg=Ecg+E,, where y is the geometric
mean of the Mulliken electronegativity of the constituent atoms;
E. is the free electron energy on the hydrogen scale (about
4.5¢eV); and E, is the bandgap energy of semiconductor [27].
The Mulliken electronegativities of Na, Ta and O atoms are 2.84,
4.34 and 9.62 eV, respectively [28]. The Ecg and Evp are, there-
fore, determined to be 0.16 and 3.7 eV, respectively. The —OH in
aqueous solution can be oxidised to eOH (-OH/eOH=1.99 eV),
and the dissolved O, will form oxidative O3~ after the capture of
electrons. Under the actions of ¢ OH and O, RhB can be degraded
to small-molecule substances such as CO,.

4. Conclusions: The NaTaO; nanotubes were hydrothermally
synthesised with the assistance of SDS surfactant. Compared to
NaTaO; nanocubes prepared without SDS, the UV light absorption
capacity and BET specific surface area of NaTaO; nanotubes were
significantly enhanced. As a result, NaTaO; nanotubes exhibited
excellent photocatalytic activity, with a 96.2% of degradation rate
of RhB, much higher than that of NaTaO; nanocubes and P25.
Moreover, The NaTaO; photocatalysts also exhibited a superior
chemical stability. The trapping experiment of active species sug-
gested that the superoxide radical and hydroxyl radicals were the
main active species.
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