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Water splitting; Herein, we report the preparation of a series of surfactant-free nanostructured sodium tantalum
Hydrogen production; oxide using NaTa(OCsHy)s as a single precursor. The reaction conditions for the novel synthetic
Photocatalyst; method were optimized and the morphology and crystal structure of the prepared materials were

Porous materials;
Nanomaterials;
Sodium tantalum
oxide

investigated by transmission electron microscopy (TEM), X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS). Condensation and polymerization of NaTa(OCsH;)e under
atmospheric pressure gave a porous amorphous structure that could be converted to crystalline
NaTaO; while crystalline Na,;Ta,0, nanocrystals with a 25 nm average particle size could be
obtained from a hydrothermal method using NH; as a base catalyst. In addition, the photocatalytic
behaviors of the prepared materials were investigated for overall water splitting into hydrogen
and oxygen. Unexpectedly, porous amorphous sodium tantalum oxide showed much better
catalytic activity over the crystalline one. The synthesized Na,Ta;0, nanocrystals also indicated
promising activity for overall water splitting without any co-catalyst in comparison to bulk NaTaOs.
© 2012 Elsevier Ltd. All rights reserved.

Introduction fossil fuels owing to their harsh effects on global climate
change [1-3]. In addition to energy harvesting from piezo-
In the last decade, remarkable efforts have been spent on  €lectrics [4] or thermoelectrics, [5] solar energy has gained

finding alternative renewable energy sources to substitute ~ considerable interest since it has the potential to provide
enormous amounts of energy required by the increasing
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a photochemical cell [11]. The production and efficiency of
photovoltaic solar cells are gradually growing and will even-
tually play a larger role in the global energy portfolio [12,13].
On the other hand, since about 90% of the world’s current
energy usage is in the form of fuels [14] novel approaches and
materials should be explored to convert solar energy directly
into storable fuels [15,16]. The photoelectrolysis of water
directly with sunlight, which produces clean H,, is a favorable
method for reaching this goal [17-20].

Nowadays, there is a plethora of materials and diverse
approaches available for electrochemical [21,22] and
photo-chemical water splitting into H, and O, [23-26].
Powdered or slurry photocatalyst systems are still one of
the most attractive means since they have a wide range of
benefits and uses on a large-scale. Among powdered photo-
catalysts, tantalum oxide compounds have displayed
encouraging stability and catalytic activity for overall water
splitting. Researchers have prepared many tantalates that
show high activities for photocatalytic water splitting under
UV light irradiation such as Y,Ta;,0,N, [27] ATaOs (A: Li, Na,
and K) [28-30], ATa,0, (A: Ca, Sr, and Ba) [31] A,Ta;04
(A=Na, K) and CaTa;0¢ [32] and Sr,Ta,07 [9]. In particular,
NaTaOs with a perovskite structure is the most active among
the tantalates. Kudo and co-workers reported a maximum
apparent quantum yield of 56% at 270 nm for NiO/NaTaO3
doped with lanthanum ions, the highest ever reported. The
high photocatalytic activity was attributed to the small
particle size and the ordered surface nanostep structure of
the NiO/NaTaOs:La photocatalyst [33].

As a result, there has been much interest in studying the
effect of crystallinity, particle size, structure and morphol-
ogy of these materials, which could highly affect their
photocatalytic activity. In addition, porous films have been
shown to display higher photocatalytic activity compared to
nonporous films due to the shortened distance between the
sites where charge carriers are generated and the interface
with the electrolyte [34]. Many studies have identified that
the structural features of the perovskite tantalates, such as
alkali ion type [29,30], Ta-O-Ta bond angle [35] as well as
particle size and surface area [36,37] have a large effect on
the hydrogen production rate. These can be tuned in part by
changing the synthesis methods. Solid-state [33], sol-gel
[35] and hydrothermal routes [38,39] have been explored
for controlling the morphology, crystal structure, size, and
shape of NaTaO; photocatalysts.

It has been commonly accepted that highly crystalline
materials are required for high photocatalytic activity, since
photoexcited electron-hole pairs can recombine at defects.
Studies comparing amorphous photocatalysts to their crys-
talline counterparts have usually found negligible photo-
catalytic activity in the amorphous forms [30,40]. It is also
commonly acknowledged that a large surface area photo-
catalyst is desired, since it can promote substrate adsorp-
tion to the surface and increase the number of active sites
for catalysis. However, a tradeoff often occurs, since
synthesis methods to obtain highly crystalline materials
usually use high temperature treatment, which can often
increase the particle size and decrease the surface area.
Thus, both high crystallinity and high surface area usually
cannot be obtained in the same synthesis.

Despite this conventional wisdom, there have been many
recent reports on the study of photocatalytic activity in

amorphous materials. For example, mixed amorphous and
nanocrystalline TiO, powders, or entirely amorphous TiO,,
have been shown to have higher photocatalytic activity for
dye degradation than crystalline TiO, [34,41,42]. An amor-
phous surface layer on TiO, has been attributed to a change
in the electronic structure and bandgap, resulting in
improved photocatalytic activity under visible light absorp-
tion [43]. Amorphous co-catalyst nanoparticles have also
been shown to be highly active and stable [44-48] with
amorphous molybdenum sulfide films displaying one of the
highest activities for hydrogen evolution amongst non-
precious metal catalysts [49]. These studies indicate that
nanoscale amorphous materials may have unique catalytic
properties compared to their crystalline forms. From a
commercial and technological standpoint, if amorphous
materials can be designed to have comparable or even
higher photocatalytic activities than crystalline or nano-
crystalline counterparts, there could be a significant savings
in cost and effort, since amorphous materials can be made
using low temperature methods. However, a systematic
study of amorphous vs. crystalline nanoparticles for overall
water-splitting has not been attempted. To this end, we
have synthesized and characterized a series of sodium
tantalum oxide photocatalysts to serve as model systems
to better evaluate the role of crystallinity, particle size, and
morphology on photocatalytic water splitting.

Experimental procedure

Porous amorphous sodium tantalum oxide was prepared by
simple stirring of 15mL of 1% wt/v of sodium tantalum
isopropoxide {NaTa(OCsHy)s, Chemsols} in isopropanol at
70 °C for 24 h. The white precipitate product was centri-
fuged and washed several times with ethanol and dried in a
vacuum oven at 100 °C overnight. Na,Ta;0¢ nanocrystals
were prepared by a hydrothermal route. In a typical
synthesis, 4 mL of concentrated (14.8 M) ammonium hydro-
xide solution (EMD) was added dropwise to 21 mL of 1% wt/v
of sodium tantalum isopropoxide {NaTa(OCsH7)e, Chemsols}
in isopropanol and stirred at room temperature for 15 min.
Afterwards, the milky suspension was transferred to a 40 mL
Teflon-lined stainless autoclave and heated under autoge-
nous pressure at different temperatures for a range of
times. The autoclave was naturally cooled down to room
temperature. Then, the white precipitate was centrifuged,
followed by washing several times with de-ionized water
and absolute ethanol and finally drying at 100 °C overnight.
Bulk NaTaO; and Na,Ta,0, were prepared according to the
literature [32,33].

The photocatalytic activity of the prepared materials for
water splitting was investigated as following: 10 mg of
sample was dispersed in 4 mL of de-ionized water, sonicated
for 30 min and then transferred to the reaction cell.
Photocatalytic reaction was performed using an outer-
irradiation reaction cell connected to an Ar purged, closed
gas circulation system. The irradiation was performed
at 760 Torr using a 500W high-pressure (Hg-Xe) lamp
(Newport, model 66921) at 100 mW/cm?. The amount of
evolved H, and O, were determined by using inline gas
chromatography (Agilent 3000 MicroGC) using a MS-5A
column (GL Sciences) and a TCD detector. Transmission
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electron microscopy (TEM) images were taken using a
Hitachi H-7650 microscope operating with 120 kV accelera-
tion voltage. Wide angle X-ray diffraction (XRD) measure-
ments were carried out on a Bruker D8 X-ray diffractometer.
X-ray photoelectron spectroscopy (XPS) was performed
using a PHI 5000 VersaProbe (Physical Electronics) equipped
with an Al Ko X-ray radiation source.

Results and discussion

Herein, we synthesized a set of sodium tantalum oxide
materials with a variety of morphologies and crystal phases.
To optimize the reaction conditions for the preparation of the
sodium tantalate nanostructures, we carried out a series of
experiments by varying reaction parameters such as tem-
perature, time, solution concentration and pH. We primarily
studied hydrolysis and condensation of NaTa(OCsH)e at
temperatures within the range 70-210 °C. When the synthesis
was carried out under atmospheric pressure at 70 °C for 24 h,
the reaction product consisted of a porous matrix intercon-
nected by short nanowires with a 5nm average thickness
(Figure 1a) and an amorphous structure (Figure 1e).

Since the precursor contains Na and Ta elements, this
amorphous structure could be sodium tantalum oxide or
tantalum oxide. If sodium is not coordinated in the crystal
structure, it would be easily rinsed out during the sample
washing step. The material was examined by X-ray photo-
electron spectroscopy (XPS) to provide further insight into
the composition and the structure. XPS spectra of the
amorphous sample (Figure 2) shows a perfect fit to the two
Gaussian curve peaks in the range of 29-24 eV which corre-
spond to the Ta (4fs;) and Ta (4f;,,) core levels of Ta®*
cations located at binding energies of 27.5 and 25.6¢eV,
respectively. It also shows typical binding energies for sodium
(Nass) in NaTaOs; with a binding energy of 1071.4 eV. These
values are in good agreement with the literature [50]. The
quantitative XPS analysis result indicated that the molar ratio
of Na to Ta was 1.04. This finding confirmed that the
amorphous sample is based on sodium tantalum oxide. When
this amorphous sample was annealed at a temperature of
600 °C for 3 h, the amorphous structure could be transformed
to crystalline NaTaO; with monoclinic phase (JCPDS 74-2479)
as verified by XRD (Figure 1e), which also indicated that the
starting amorphous material was based on sodium tantalum
oxide. Subsequent to the calcination step, the porous
nanostructure shrank and formed large aggregates; however
some porosity in the samples were still observed from the
TEM micrograph as shown in Figure 1b.

Hydrothermal synthesis is a very effective method for the
synthesis of crystalline nanostructured materials. However,
when the reaction was performed through the hydrothermal
route at 180 °C for 15 and 115 h, the porous amorphous
structure was formed once more as seen from TEM micro-
graphs (Figure 1c and d) and XRD patterns (Figure 1e).
We did not observe any dramatic change in morphology and
crystal structure in the material by increasing the reaction
temperature and varying the reaction time.

An acid or base catalyst is commonly used to hydrolyze
metal alkoxides to obtain their relevant metal oxides.
The relative rate of hydrolysis and condensation reactions,
which has an important effect on the morphology and final

structures, can be very effectively tuned by varying the pH.
To accelerate reaction conditions for the preparation of
uniform nanoparticles, we also investigated effects of a base
catalyst (ammonia) on the morphology and crystal structure
of sodium tantalum oxide at various hydrothermal reaction
temperatures and times. TEM images and XRD patterns of the
sample series that was prepared in the presence of NH; are
presented in Figure 3. As seen from the TEM micrographs and
XRD pattern in Figure 3a and e, a reaction temperature of
120 °C for 12 h produced a porous amorphous matrix with
3 nm average thicknesses. Increasing the hydrothermal tem-
perature from 120 to 150°C gave a poorly crystalline
Na;Ta;0¢ porous structure with an average thickness of
6 nm (Figure 3b). Further increasing the reaction tempera-
ture and time (180 °C, 20 h) resulted in formation of crystal-
line Na,;Ta, 04 consisting of nanoparticles with a size range of
10-25 nm dispersed in the porous structure, indicating a
transformation of some of the porous structure to nanopar-
ticles as confirmed by TEM (Figure 3c). Once the temperature
was increased to 210 °C, highly crystalline cubic pyrochlore
Na,Ta,0¢ nanoparticles (JCPDS no.: 01-070-1155) with an
average particle size of 25 nm were obtained, which indi-
cates complete transformation of the porous matrix structure
to a nanoparticle structure (Figure 3d). As shown above,
NH; plays a key role for the production of crystalline sodium
tantalum oxide nanoparticles with pyrochlore structure.
Previous studies in ABO3; materials have shown that the
hydroxide concentration is important for obtaining the pyro-
chlore structure vs. perovskite structure. A higher hydroxide
concentration favors the formation of the perovskite struc-
ture [51]. The use of ammonia as a mineralizer in hydro-
thermal synthesis has been shown to favor formation of the
pyrochlore structure over the perovskite in other systems
[52]. This may be because the ammonia only partially ionizes
active hydroxide ions in the solution, which lowers the
activity of the hydroxide and allows the formation of a
pyrochlore structure.

To determine the optimal reaction time and temperature
for the preparation of Na,Ta,0O¢ nanocrystals, a set of
samples were also synthesized in the presence of NH; base
catalyst at 180 °C with a variety of reaction times. TEM
micrographs and XRD patterns of samples synthesized at
180 °C for 3, 6, 12 and 24 h are presented in the supporting
information Figure S1. After a reaction time of 3 h at 180 °C,
the product consisted of a porous matrix with an average
wall thickness of 5 nm (Figure S1a), and the XRD pattern of
the sample indicates a poorly crystalline structure (Figure
S1e). When the reaction time was increased to 6 h, some of
the porous matrix transformed into crystalline Na;Ta;0¢
nanoparticles with an average particle size of 20 nm (Figure
S1b). A reaction time of 12 h mostly produced nanoparticles
with an average particle size of 26 nm and with better
crystallinity. A further increase in reaction time from 12 to
24 h raised the nanoparticle ratio even though a small
portion of porous matrix remained in the sample (Figure
S1d). After these series of experiments, we can conclude
that the optimal reaction temperature and time for the
production of crystalline Na,Ta,0, nanoparticles are 210 °C
and 12 h, correspondingly.

The photocatalytic activity of porous amorphous NaTaO,
that was prepared at 70 °C (Figure 1a), crystalline NaTaO3
nanocrystals (Figure 1b, obtained by calcination of the



Preparation of photocatalysts

119

Relatlve Intensity

— 70°C@24h
—— Calcined 600°C
— 180°C@15h
—— 180°C@115h

20 30

Figure 1

40 50 60
2 theta

T T L]

TEM images of (a) amorphous NaTaO, sample prepared at 70 °C for 24 h, (b) followed by calcination at 600 °C for 3 h to

form crystalline NaTaO3;. TEM micrographs of sodium tantalum oxide prepared via hydrothermal route at 180 °C for (c) 15 h and

(d) 115 h and (e) their XRD patterns.

amorphous NaTaO, at 600 °C), and Na,Ta,O, nanocrystals
(Figure 3c and d) were also evaluated for water splitting.
Because reported activities for photocatalysts can vary
depending on a number of factors, including reactor design,
light intensity, lamp type, and catalyst concentration, we
prepared bulk photocatalysts to serve as references using
procedures published in the literature. Bulk NaTaO; was
prepared by solid-state reaction of Ta;0s and Na,COs;

(labeled as NaTa0s-SS) [33] while Na,;Ta,0, was synthesized
via hydrothermal route by using TaCls and NaOH as starting
precursors (labeled as Na,Ta;0¢-NaOH) [32]. The prepara-
tion methods of the samples that were tested as photo-
catalysts and their activity for overall water splitting are
summarized in Table 1. Figure 4 shows the H, and O,
evolved during the irradiation for a set of sodium tantalum
oxide photocatalysts.
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Figure 2 XPS spectra (Tass and Na;s peaks) of amorphous sodium tantalum oxide that prepared at 70 °C.

As illustrated in the graph, H, and O, were evolved in a
stoichiometric ratio of approximately 2:1 ratio for all
samples. The hydrogen production rate after 2 h for the
NaTaO5-SS, amorphous porous NaTaO,, and crystalline
NaTaOsz nanocrystals was determined to be 14, 114 and
45 umolh™'g™", respectively. The porous amorphous
NaTaO, sample showed an ~8 fold better catalytic activity
than NaTaOs;-SS. This can be attributed to the smaller
particle size and higher surface area of the material, which
possesses more active centers that can be involved in the
catalytic reaction. Unexpectedly, the crystalline NaTaOs
showed lower catalytic activity in comparison to the
amorphous NaTaO,. As mentioned previously, the crystalline
NaTaO; was prepared by calcination of the amorphous
NaTaO, sample using 600 °C. Despite the improvements of
crystallinity, which may help to avoid defects and sites
where photogenerated electrons and holes can recombine,
the thermal treatment also caused the particle size to
increase due to sintering and aggregation (Figure 1b),
resulting in a decrease in surface area and number of active
sites. This indicates that the particle size may play a larger
role compared to crystallinity in the activity of photocata-
lysts, since the photogenerated charge carriers can diffuse
to the surface of the particles before recombining more
easily in smaller particles. We also note that no co-catalysts
were used in these experiments. Co-catalysts such as Pt and
NiO for hydrogen evolution can improve charge separation
by removing the unfavorable band alignment at the inter-
face between the particle and electrolyte for facile trans-
port of the electrons across the interface. This has shown to
be particularly important in wide band-gap oxides such as
NaTaOs; in the bulk [33]. However, as the particle size of the
material is decreased, the semiconductor becomes fully
depleted since the width of the depletion region is on the
order of or even larger than the size of the nanoparticle.
In this regard, the driving force for charge separation is lost,
and the charge carriers must rely on diffusion through the
depleted semiconductor to the interface without band
bending considerations. As a result, smaller nanoparticles
should display improved charge separation, and hence
photocatalytic activity for hydrogen production compared
to larger nanoparticles. The smaller nanoparticles also have
the advantage of a higher surface-to-volume ratio and
larger number of active sites on the surface. In our case,
we observe that the size consideration is more important
than the crystallinity, in contrast to the conventional notion

that highly crystalline semiconductors are important for
avoiding recombination of charge carriers in photovoltaic
and photoelectrochemical applications. This indicates that
there are additional advantages to smaller particle-size
photocatalysts. Additionally, the observation that the amor-
phous nanoparticles show higher photocatalytic activity
than the bulk and nanocrystalline versions even without
co-catalysts may be a promising route for the development
of inexpensive yet highly active photocatalysts, since lower
temperature methods can be used (since crystallization is
not needed) and expensive co-catalysts like Pt are not
required.

Although Na;Ta,04 has the same chemical composition
with NaTaOs, their photocatalytic activities are different
due to their different crystal structures and band gaps
[32,33]. Na,Ta;0, nanocrystals with 25 nm average particle
size prepared via hydrothermal route using NH; as a base
catalyst (Figure 3d) and Na,Ta;04-NaOH gave similar H,
production rates of 87 and 84 umolh~"'g~"', correspond-
ingly. On the other hand, the sample prepared at 180 °C for
20 h consisting of nanoparticles with the interconnected
porous matrix structure (Figure 3c) showed a much higher
photocatalytic activity by reaching a H, production rate of
568 umol h—' g~', which is 7 and 40 times higher than that
for Na,Ta,0¢-NaOH and NaTaOs;-SS, respectively. This high
catalytic activity might be associated with the morphology
and/or higher surface area that results from the smaller
particle size of the Na,Ta,0s. Another possibility is that the
band-edge positions of the amorphous matrix and crystalline
Na,Ta,0¢ are slightly different, which can enhance the
separation of electron and hole pairs at their interfaces.
The separation efficiency of the electron-hole pairs is an
important issue that affects the photocatalytic activity of
the material. A heterojunction formed between porous
amorphous NaTaO, and crystalline Na,Ta,0¢ nanoparticles
can promote the separation of electron-hole pairs, which
increases the photocatalytic performance of the material.
A similar observation has also been reported by other
researchers who obtained a higher hydrogen evolution rate
for a NaTaO3/Na,Ta,0 composite photocatalyst compared
to either NaTaOs; or Na;Ta,0¢ alone [53]. A comparable
phenomenon has been recently seen in a mixture of micro-
and nano-sized TiO, particles [54] as well, and may also be
the case for our mixed porous matrix and nanoparticle
morphologies. A further study concerning the higher activity
and crystal structure of these materials is in progress.
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Figure 3 TEM micrographs of sodium tantalum oxide prepared via hydrothermal route at various temperatures in the presence of

NHs at (a) 120 °C for 12 h, (b) 150 °C for 12 h, (c) 180 °C for 20 h, (d) and 210 °C for 12 h, and their (e) XRD patterns.

Conclusions

In summary, herein we report the synthesis of a set of
sodium tantalum oxide materials by using NaTa(OCsH;)e
as a single precursor using a wet chemistry technique and
hydrothermal route. By precisely controlling the reaction
parameters, we could fabricate amorphous porous NaTaO,,
crystalline NaTaOs and crystalline Na,;Ta,0, with morpholo-
gies that consist of a porous structure with interconnected
nanoparticles or nanoparticles only. Our photocatalytic data
for overall water splitting confirmed that catalytic activity
highly depends on the crystal structure and morphology of

the samples, with a maximum catalytic activity obtained for
crystalline Na,Ta,0, with a nanoparticle and porous matrix
structure. Unpredictably, amorphous porous NaTaO, indi-
cated better catalytic activity than crystalline NaTaOs.
To the best of our knowledge, this is the first report that
shows promising catalytic activity in amorphous sodium
tantalum oxide for overall water splitting without any co-
catalyst, which is a significant step for the fabrication of
low-cost semiconductor solid catalysts for water splitting.
We believe this strategy can potentially be applied to
produce other morphologies, structures and crystal phases
of tantalum oxide by further modification of reaction
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Figure 4 Photocatalytic H, (full) and O, (empty) evolution over various sodium tantalum oxide samples.
Table 1  The synthesis routes of the samples and their photocatalytic activity for overall water splitting.
Samples Preparation method H, (umolg="h™") 0, (umolg="h™")
NaTa03-SS Solid-solid reaction of Ta,0s with Na,CO3 at 1100 °C for 12 h 14 9
NaTaOy 1% wt NaTa(OC3H;)e in iPA, 70 °C 24 h 114 62
NaTa03-600 NaTaO, calcined at 600 °C for 3 h 45 22
Na,Ta;0¢-180 1% wt NaTa(OC3H;)e in iPA-NH3 solution, 180 °C 20 h, hydrothermal 568 308
Na,Ta,04-210 1% wt NaTa(OC3H;)e in iPA-NHj3 solution, 210 °C 12 h, hydrothermal 87 49
Na,;Ta;04-NaOH TaCls in acetylacetone/aqueous NaOH, 140 °C 12 h, hydrothermal 84 45

conditions to improve photocatalytic performance of the
material. A further study regarding the photocatalytic
activity of amorphous sodium tantalum oxide with a range
of morphologies is in progress.
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