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Abstract BaTisO9 powders with improved crystal
perfection and relatively large surface area were synthesized
by the polymerized complex (PC) method calcined at
reduced temperatures (700-1,000 °C) relative to the solid-
state reaction (SSR) method. BaTi4O9 with a unique pen-
tagonal-prism tunnel structure, combined with different
cocatalysts (Pt, Ru, Ni, Cu, Co) as promoters, was investi-
gated towards photocatalytic reactions for H, evolution from
pure water and aqueous ethanol solution. Pt/BaTisOq
achieved the highest activity from ethanol solution, and sub-
sequently it was focused to study the effect of calcination
temperature on photocatalytic activities. The maximum
quantum yield for H, evolution from pure water and ethanol
solution was obtained at 700 and 800 °C separately, with the
value of 0.9% and 11.7% over Pt/BaTi4Oy photocatalysts.

Keywords BaTisOq - Polymerized complex method -
Photocatalytic activity - Hydrogen evolution

1 Introduction

TiO,-based compounds have been extensively investigated
as efficient photocatalysts for photodecomposition of water
under UV irradiations [1-5]. The compounds of barium ti-
tanates are of great importance in materials science due to
their attractive ferroelectric and dielectric properties. Special
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interests have been paid to the photocatalytic applications
of these materials with a TiO,-rich content, such as BaTi,Oq
[6—8], BaTi5O“ [9], Ba4Til3O30 [10] and etc. BaTi409
combined with RuO, has emerged as a new class of potential
photocatalyst for photocatalytic water decomposition [6].
The high photocatalytic performance over RuO,—BaTi Oy is
mainly ascribed to the unique pentagonal-prism tunnel
structure of BaTiyOy. In the orthorhombic structure of
BaTisOy as shown in Fig. 1, the edge- and corner-sharing of
TiOg octahedra give rise to the chemical twin tunnels which
accommodate the Ba atoms in a pentagonal prismatic coor-
dination [11]. This unique structure has two distinctive
advantages in photocatalytic reactions: (1) the dipole
moment resulted from the heavily distorted TiOg octahedra
are considered to be useful for electron-hole separation upon
photoexcitation [12]; (2) the characteristic structure provides
the form of a concave site with a ridge like a “nest”, which
likely makes a geometric barrier to prevent the loading
cocatalyst from growing and aggregating [2]. Recently, the
advantage of Pechini-type polymerized complex (PC)
method to the traditional solid-state reaction (SSR) method
has been greatly confirmed for the improved crystalline
homogeneity and photocatalytic activity of the product [13,
14], which is especially meaningful for RuO,-BaTi4O9 [7,
8], from the aspect that the suppressed growth of unstoi-
chiometric impurities and highly dispersive RuO, particles
can be achieved by the PC method.

In this article, some new insights have been brought
forward in the investigation for different kinds of loading
species to the photocatalytic H, evolution over BaTi;Oq
photocatalyst from both pure water and aqueous ethanol
solution. The predominant performances over Pt/BaTi4Oq
towards the introduction of ethanol were first reported here,
and the impact of calcination temperature on the photo-
activity of Pt/BaTiyO9 was described in details.
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Fig. 1 A schematic representation of BaTiyOo with a unique
pentagonal—prism tunnel structure

2 Experimental

All chemicals were of analytical grade and used without
further purification. Powders of BaTi,O9 were synthesized
by the PC route according to the procedures in literatures
[7, 8]. Here Ba(CH;COO), instead of BaCO5; were selected
as Ba sources for better solubility and improved interac-
tions between Ba and Ti complexes. About 0.02 mol of
TBOT was dissolved into 0.8 mol of ethylene glycol (EG),
and subsequently 0.20 mol of citric acid (CA) was added to
this solution. After complete dissolution of CA, an aqueous
solution containing 0.05 mol of Ba(Ac), was added and the
mixture was magnetically stirred at ~50 °C for 2 h
(pH = 5). The obtained transparent solution was then
heated at 140-150 °C for several hours with continuous
stirring to accelerate polyesterification between CA and
EG, resulted in a highly viscous gel without any visible
precipitation. The precursor of black powder was obtained
by charring the gel at 350 °C for 2 h in an electric furnace.
The product was finally synthesized by calcining the pre-
cursor in static air for 2 h at temperatures between 600 and
1,000 °C with an interval of 100 °C. For comparison,
BaTi4Oy was also prepared by the conventional SSR
method. A stoichiometric mixture of BaCO; and TiO,
(P25, Degussa) was ground mechanically and then calcined
at 1,100 °C for 10 h.

About 1.0 wt% Pt cocatalyst was loaded to obtain high
activity from an aqueous H,PtClg - 6H,O solution by a
photodeposition method. For the comparative study
between different loading species, 1.0 wt% MO, (M = Ru,
Ni, Cu, Co) was loaded by the impregnation method with
an aqueous solution of RuClz, Ni(NOs3),, Cu(NO3), and
Co(NO3),, respectively. The impregnated BaTisO9 was
dried at 80 °C in water bath and then subjected to the
reduction process in H, atmosphere at 500 °C for 2 h
followed by oxidation in air at 200 °C for 1 h.

The crystal structures of synthesized powders were
characterized by X-ray diffraction (XRD, D/Max-RB, Cu
Ko). The surface area was determined by the Brunauer—
Emmett-Teller method using nitrogen gas as absorbent
(BET, NOVA 4000). The morphology of crystals was
observed by transmission electron microscopy (TEM,
JEOL JEM-1200EX). The diffuse reflectance UV-Vis
absorption spectra were collected on a UV-Vis spectrom-
eter (DRS, Hitachi U-3010). The photoluminescence
emission spectra were recorded by a fluorescence spec-
trophotometer (PL, Perkin-Elmer LS55) with an excitation
wavelength of 265 nm at room temperature.

Photocatalytic reactions for H, evolution were carried
out in a gas-closed circulation system. The photocatalyst
powder (0.1 g) was dispersed in deionized water (100 ml)
or aqueous ethanol solution (100 ml of deionized water,
20 ml of C,HsOH) by means of magnetic stirring in a
390 ml reaction cell made of quartz glass. A 500 W high-
pressure Hg lamp was used as the light source and irradi-
ated from the top of the cell. To avoid the heating of the
solution during illuminations, cool water was circulated
through a quartz jacket around the wall of cell. The reac-
tion temperature was constantly adjusted to 30 £ 2 °C.
The amount of evolved H, was determined by gas chro-
matography (Shimazu GC-14B; TDX-01 column, TCD, Ar
carrier) through a gas sampler (0.5 ml) which was directly
connected to the reaction system.

The quantum yield is more meaningful than H, evolu-
tion rate to evaluate the performance of photocatalyst since
the rate is normalized against the absorbed photons [15].
The apparent quantum yield was determined as below:

Quantum yield =[(2 x the amount of evolved H,)/
the number of incident photons| x 100%

The number of incident photons was calculated from
the chemical actinometer of potassium ferrioxalate
[K3Fe(C,04)5 - 3H,0], which was estimated to be
4.07 x 107° mol s~ . In this case, it is considered that the
365 nm emission of the high-pressure Hg lamp is the major
promoter of the reaction.

3 Results and Discussion

Figure 2 shows the XRD patterns of BaTiyO9 powders
synthesized by the SSR method at 1,100 °C for 10 h and
the PC method at 600-1,000 °C for 2 h. The PC-derived
sample prepared at 600 °C was revealed as primarily
amorphous solids. The crystallization was initiated after
raising the calcination temperature to 700 °C, showing
major phase of orthorhombic structure in good agreement
with the diffraction pattern of BaTisO9 (JCPDF 34-0070).
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However, the presence of impurity phases including
BaTisO,,, BaTi,Os, and BaTiOz were observed as well in
PC-derived sample at 700 °C. When the calcination tem-
perature was increased to 800-900 °C, the crystallinity of
BaTi Oy was greatly improved and phases of BaTisO;; and
BaTiO; completely disappeared from XRD patterns, leav-
ing BaTi,O5 as a single impurity in bulk. For PC-derived
sample at 1,000 °C, the crystal homogeneity was further
improved whereas a new phase of Ba,Ti;303¢ substituted
for BaTi,Os as a tiny amount of impurity, indicating that
even higher calcination temperature is required to obtain
the absolute pure-phase of BaTi4Oq. It has been reported in
literature that the single-phase of BaTi4Og can definitely be
obtained by calcination at 1,100 °C with different CA

contents by the PC method [16]. For the sample prepared
by the SSR method at 1,100 °C for 10 h, it exhibited major
BaTiyO9 phase with various impurity phases, such as
BaTi,O5, Ba,Ti;305, BaTiO5 and BaTisO,;. Moreover, a
shift of the diffraction peak to higher angles (~0.15°)
relative to standard position was observed over the SSR
sample. As a consequence, it can be concluded that the PC
method has the advantage in the improved homogeneity
and accuracy of crystal growth of BaTiyOg compound
compared to the traditional SSR method.

Figure 3 shows the TEM images of all the BaTi Oq
samples. The particles of PC-derived powder at 600 °C
exhibited relatively uniform morphology with average size
of approximately 12 nm. It is evident that the nanoparticles

Fig. 2 XRD patterns of
BaTiyOg prepared by the PC
method at different
temperatures for 2 h and by the
SSR method at 1,100 °C for

10 h
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Fig. 3 TEM images of BaTi O9
prepared by the PC method
calcined at (a) 600 °C, (b)

700 °C, (c) 800 °C, (d) 900 °C,
(e) 1,000 °C for 2 h and by the
SSR method calcined at (f)
1,100 °C for 10 h
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Table 1 Summaries of physical properties evaluated from XRD patterns, BET method and DRS of the BaTi4O9 powders

Calcination Synthesis Impurities Surface area Eg, (eV)?* Egp (eV)? Jp (nm)
temperature (°C) (m2 gfl)

600 PC Amorphous 28.43 3.32 2.88 348
700 PC BaTisO,,, BaTi,Os, BaTiO3 13.37 343 335 349
800 PC BaTi,05 6.22 3.55 3.46 347
900 PC BaTi,05 4.29 3.55 347 346
1000 PC Ba,Ti;3030 2.16 3.60 3.51 345
1100 SSR BaTi,0s, BayTi;3030, BaTiO3, BaTisOq; 1.07 3.61 347 344

 Caculated from the straight regions of the absorption coefficient («hv)? versus hv near the band edge: Eg, is referred to the main obsorption

edge and Eg, is related with the slight absorption peak around A,

grow up with increasing calcination temperatures from 700
to 800 °C, and porous networks can be observed as well due
to the burnout of organics during charring. The particle size
increases markedly to 0.1-0.3 pm after raising tempera-
tures to 1,000 °C, displaying highly dense particles with
round corners. For the SSR sample calcined at 1,100 °C,
dark images of large powders with higher electron density
were observed, representing serious agglomeration of par-
ticles. The BET surfaces of these samples are summarized
in Table 1. It is easy to understand that the surface area of
PC-derived BaTisO9 samples sharply decreases with
increasing calcination temperatures, associated with the
continuous crystal growth as shown in Fig. 3. Another
important characteristic is that PC-derived samples possess
relatively large surface areas compared to the SSR product.
It is known that having a crystalline material with a large
surface area is of practical importance for certain applica-
tions, particularly a catalytic application [13]. Thus it is
anticipated that the PC-derived BaTi4Oq photocatalyst with
improved crystal homogeneity and high surface area would
exhibit higher catalytic activities than the SSR sample.
The diffuse reflection spectra of BaTi4Og prepared by
the SSR method and PC method at different temperatures
are shown in Fig. 4a. The value of the band gaps for all
samples were shown in Table 1, which was determined
from the energy intercept by extrapolations of the straight
regions of the absorption coefficient (ohv)® versus hv for a
direct allowed transition [17]. For the SSR sample, a
shoulder peak at a wavelength of about 390 nm is pre-
sumably associated with the imperfect crystallization as
revealed by XRD. An extended tail at the absorbance edge
is observed for PC-derived sample at 600 °C, which can be
probably related to the delocalized electronic levels in the
forbidden gap introduced by amorphous clusters [18]. In
addition, the PC-derived sample at 700 °C exhibits rela-
tively higher absorption in the visible range, which could
also be an evidence for the absorption of impurities.
An interesting phenomenon can be detected that all the
spectra display a slight absorption peak within the major
absorption edge, which is signed as A, and listed in
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Fig. 4 (a) Diffuse reflectance spectra of BaTi4O9 prepared by the
SSR method at 1,100 °C for 10 h and the PC method at different
temperatures for 2 h, (b) The illustration for the determination of
energy gap calculated by the extrapolations of the straight regions of
the absorption coefficient («hv)? versus hy near the band edge over
PC-derived BaTi4,Oq prepared at 800 °C

Table 1. Apparently there will be two different values of
the band gap obtained from the two slopes within the
straight regions as illustrated in Fig. 4b. The band gap of
Eg, related to the slight peak is probably derived from the
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absorption of impurity phases. For example, approximately
the same value of Eg,, is obtained for PC-derived samples
at 800 and 900 °C, which may result from the absorption of
BaTi,05 as the same major impurity for both samples. The
band gap of Eg, for BaTiyO9 (~3.55eV) appears to
slightly increase with increasing calcination temperatures,
assumed to be due to the improved crystallinity of BaTi Og
synthesized at increased temperatures.

The photoluminescence emission spectra have been
widely used to investigate the efficiency of charge carrier
trapping, immigration and transfer, and to understand the
fate of electron/hole pairs in semiconductor particles [19].
Figure 5 shows the PL emission spectra with an excitation
wavelength of 265 nm at room temperature. All the PC-
derived BaTisOg prepared from 700 to 1,000 °C exhibit in
approximately the same shape. The main emission peak at
about 402 nm was attributed to a direct recombination of a
conduction electron in Ti 3d orbital and a hole in O 2p
valence band. The difference between the bandgap energy
(~3.55eV) and the emission peak energy (~3.08 eV),
which is around 0.47 eV, is described as the Stokes shift
due to the Frank—Condon effect [20]. The second highest
emission peak at about 420 nm can be referred to the
radiative recombination of excitons from impurities of
unstoichiometric barium titanates. For SSR sample, it is
evident that the main emission peak is transferred to around
420 nm, which indicates the recombination of excitons
trapped by impurities becomes the major part of PL
emission. In addition, impurities in bulk can enhance non-
radiative recombination of the excited electrons [20],
leading to the decrease in emission intensity of SSR sam-
ple. It appears that the PL intensity of PC-derived BaTi Oq
increases with increasing calcination temperature from 600

402nm
420nm
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NM
=- KA/\/
e N gaqe o
= |1000°C | 600°C

1100°C SSR
n 1 n 1 n 1
300 350 400 450
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Fig. 5 Room-temperature PL spectra (4., = 265 nm) of BaTi4Og by

the PC method at different temperatures for 2 h and by the SSR
method at 1,100 °C for 10 h

@ Springer

to 900 °C, which can be mainly attributed to the improved
crystal integrity. The flat PL curve with low intensity of
amorphous powder prepared at 600 °C can confirm the
correlation between PL spectra and crystalline perfection.
The occurred reduction in PL intensity of PC-derived
sample at 1,000 °C may result from the decreased number
of self-trapped excitons caused by enlarged particle size
[21]. Besides this, the enhanced PL intensity for PC-
derived sample at 800 and 900 °C may also be ascribed to
the increased content of Ti** d-orbital surface states sta-
bilized by oxygen vacancy in the forbidden gap [22], which
is beneficial to retard the recombination of photogenerated
electron-hole pairs in photocatalytic reactions.

Figure 6 shows the effect of different cocatalysts (Pt,
Ru, Ni, Cu, Co), combined with PC-derived BaTi,Oq cal-
cined at 900 °C, on the photocatalytic activity for H,
evolution. As to the photoreaction of water splitting, a
steady evolution of approximately stoichiometric amount
of H, and O, was detected over NiO, and RuO, loaded
BaTiyOy, and NiO, is found to be the most effective pro-
moter for BaTiyOg in photocatalytic water splitting with an
average H, evolution rate of 60 pmol h ' However, the
formation of O, cannot be steadily observed on Pt, CuO,
and CoO, loaded photocatalysts, among which CoO,/
BaTiyOy can barely produce hydrogen either. In these
cases, photogenerated holes in photocatalyst would gen-
erate -OH radicals and O, molecules physisorbed or
chemisorbed on the surface [23], which may progres-
sively saturate the cocatalyst’s surface, rendering it
inactive for H, evolution after long periods [24] as shown
from the inset. In order to facilitate the oxidation part of
photoreaction, an additional 20 ml of ethanol was applied
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Fig. 6 Time courses of H, evolution from pure water (inset) and
ethanol solution over BaTiyO9 support (900 °C PC) loaded with
1 wt% Pt by photodeposition method and 1 wt% MO, (M = Ru, Ni,
Cu, Co) treated after the reduction of impregnated BaTi4Og at 500 °C
for 2 h followed by oxidation at 200 °C for 1 h
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as sacrificial reagent to obtain improved H, evolution. In
contrast to the results from pure water, NiO, and RuO,
performed low activity in aqueous ethanol solution com-
pared to other cocatalysts, and the sacrificial reagent does
not seem to make its contribution to promote photoreac-
tions. However, the photocatalytic H, evolution over Pt,
CoO, and CuO, loaded BaTi;Oy was greatly enhanced
from ethanol solution. Pt/BaTisOyq is testified as the most
efficient photocatalyst with an average H, evolution rate of
716 pmol h™', implying that the loading of metallic Pt
with high electric conductivity acts more efficient roles in
trapping and transferring free electrons than metal oxides
for BaTisO9 in photocatalytic reactions from aqueous
ethanol solution. Afterwards, the modification of Pt loading
was focused to investigate the influence of calcination
temperature on photocatalytic activities.

The photocatalytic activity of Pt/BaTi4Og as a function
of calcination temperature is shown in Fig. 7. In photo-
catalytic H, evolution from pure water, the activity
achieved a maximum at 700 °C with an evolution rate of
65 pmol h™', indicating its relatively large surface area
contributes a lot in providing substantial active sites for
photocatalytic water decomposition. When 20 ml ethanol
was introduced, a remarkable increase of photoactivity can
be clearly observed. The activity passed through an opti-
mum level of 855 pumol h~! at 800 °C, and decreased
sharply with raising temperatures. The highest value of
apparent quantum yield for H, evolution from pure water
and aqueous ethanol solution was 0.9% and 11.7% apart,
respectively obtained over 0.1 g Pt/BaTiyOg calcined at
700 and 800 °C by the PC method. The SSR sample cal-
cined at 1,100 °C only showed a photocatalytic activity of
174 umol h™!, which was mainly caused by its low surface
area together with the imperfect crystallization. A corre-
lation that the tunnel structure titanate with a high ability of
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Fig. 7 The effect of calcination temperature on the photocatalytic H,
evolution from pure water and ethanol solution over Pt/BaTi;Oq
synthesized by the PC and SSR method

O™ radical formation under UV irradiation favors photo-
catalytic reaction has been demonstrated [25, 26]. The O™
surface species is proposed to be responsible for holes
center, and meantime the Ti** species would help promote
the reduction of H* by transferring the photoexcited elec-
trons to Pt particles [26]. The cyclic process of bond
scission and re-bonding between the Ti and O ions is
essential in photoreactions of BaTi4Og. Therefore, the best
photocatalytic activity obtained over Pt/BaTi O at 800 °C
does not only account for a good balance between enough
surface area and improved crystallinity, but also has inti-
mate relationships with the active species of Ti** and O™
As discussed above, the relatively high PL intensity of
BaTiyOy calcined at 800 °C may suggest the increased
content of Ti** d-orbital surface states stabilized by oxygen
vacancy in the forbidden gap. It implies that adequate
amounts of Ti** and O~ radicals would be provided in
photoreactions as electron carriers to Pt particles and hole
centers for oxidation of ethanol separately, leading to the
decreased possibility of photogenerated electron-hole
recombinations and great enhancement in the photocata-
lytic activity of H, evolution.

4 Conclusions

BaTi4O9 powder has been successfully synthesized by the
PC method at reduced temperatures (700-1,000 °C) for a
shorter calcination time relative to the SSR method.
Although some unstoichiometric impurity phases were
detected in XRD patterns, the PC-derived BaTi4sO9 has
prominent advantage in improved crystal homogeneity and
relatively large surface area compared to the SSR sample.
Among different loading cocatalysts investigated, NiO,—
and RuO,—BaTi Oq can split water into H, and O, in a
nearly stoichiometric ratio, but no promotion of photore-
actions occurred when ethanol was introduced as holes
scavenger. In this study, Pt/BaTisO9 was identified as the
most efficient photocatalyst toward photocatalytic H,
evolution from aqueous ethanol solution. The maximum
photocatalytic activity was achieved over Pt loaded
BaTi4Oy calcined at 800 °C by the PC method. It was not
only attributed to an appropriate balance between large
surface area and improved crystallinity, but also to its
ability to provide considerable lattice O~ and Ti** radicals
to prevent electron-hole recombinations.
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