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ABSTRACT

The (11 0)-layered perovskite La, Ti, 07 photocatalyst has been synthesized in high purities and in homo-
geneous microstructures within a molten Na;S04/K,SO4 flux in short reaction times of ~1-10h. The
La,Ti, 07 particle morphologies and sizes were investigated as a function of flux amounts (flux:La;Ti 07
molar ratios of 1:1, 2:1, 5:1, and 10:1) and reaction times (1, 2, 5, and 10h). Powder X-ray diffraction
confirmed the structure type and high purity, and UV-vis diffuse reflectance measurements yielded
optical bandgap sizes of ~3.75-3.81 eV. Rectangular platelet morphologies are obtained with maximal
dimensions of ~500-5000 nm, but with thicknesses down to <100 nm, and which decrease in size with
increasing amounts of flux used in the synthesis. Photocatalytic activities of the La,Ti,O; products were
measured under ultraviolet irradiation in aqueous methanol solutions and yielded rates for hydrogen
production from 55 to 140 pmolH, h~! g=1, with the maximum photocatalytic rates for the smallest par-
ticles, e.g. for 1:1 and 10:1 flux:La,Ti,O7 ratios respectively. The flux-prepared La,Ti,O; products were
also photocatalytically active in pure deionized water, yielding maximal rates for hydrogen formation
of 31 wmol H, h—1 g~1. The observed photocatalytic rates were up to nearly two times greater than that
obtained when La, Ti; 07 was prepared by the reported solid-state method, and indicate that the exposed
crystallite edges and the (010) and (00 1) crystal faces play a key role in the photocatalysis mechanisms

for hydrogen formation.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The synthesis of early transition-metal oxide particles has drawn
considerable recent attention owing to their absorption of ultra-
violet/visible light and efficient photocatalytic production of H,
and O, from aqueous solutions [1-4]. Typically, the metal oxides
are also loaded with surface co-catalyst islands, such as RuO; or
Pt particles, and more recently Rh/Cr,03 core-shell particles [5],
that function to assist the electron transfer and liberation of H, /O,
upon irradiation in solution. Among the many explored titanate,
niobate, and tantalate photocatalysts, solids with layered types of
structures have generally been among those exhibiting the high-
est photocatalytic rates, such as most prominently known for the
(110) layered perovskites including MyNb, 07 (M=Ca, Sr), Ry Ti» 07
(R=Y, La-Yb) and La,CaTi5047 [6,7]. The reported quantum yields
of the (1 10) layered perovskites range as high as ~20-50% at ultra-
violet wavelengths [4,7]. Of these layered perovskites, La; Ti, O7 has
received the most attention because of its photocatalytic activity in
the presence of sacrificial reagents or in pure water. Its photocat-
alytic activity for H, and/or O, production from aqueous solutions
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has been studied as a function of different rare-earth (R) elements
(i.e. RyTip07) [8-10], with transition-metal dopants for its sensiti-
zation to visible light [11,12], as well as for the decomposition of
organic pollutants [13,14]. High photocatalytic activities for metal
oxides have generally been correlated with smaller particle sizes
and with good particle crystallinity. However, the standard solid-
state synthesis of La,Ti, 07 typically yields low surface areas and
requires high temperatures (~1100-1400 °C) and repeated regrind-
ings and reheatings owing to the difficulty of achieving good
homogeneity and high purity by this method. Relatively few alter-
native preparative routes to La, Ti 07 have been explored, including
hydrothermal syntheses [15,16] and the high-temperature decom-
position of metal-organic precursors [17,18]. These syntheses have
provided for smaller particle sizes compared to the solid-state
method, but also typically require extended heating times and
multi-step synthetic procedures.

Our research efforts in this area have focused on the rapid and
simple single-step synthesis (down to ~1-2 h) of metal-oxide pho-
tocatalysts within molten-salt fluxes. For example, we recently
reported the first flux synthesis of high purity BisTizFeO;5 and
LaBi4TisFeO15 with highly textured platelet-like particle sizes that
can be controlled from <1 to >20 um, and that are obtained in
only 0.5-1h at 800 or 900 °C [19]. We have also demonstrated that
these methods allow for the visible-light sensitization of layered
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perovskite metal oxides via rapid flux-assisted exchange reactions
[20]. However, the effect of flux synthesis on the photocatalytic
activity of layered metal oxides has not been investigated to date.
By comparison, the flux synthesis of a perovskite-type photocat-
alyst, La-doped NaTaOs3, was found to result in up to a two-fold
enhancement of photocatalytic rates, and which was a function of
the particle sizes and fine surface features [21]. A flux-synthesis
route to the (1 1 0)layered perovskite photocatalyst La, Ti; O7 would
be promising for control over the particle-size distributions and
homogeneity, and therefore could enable the study of the under-
lying particle features and surfaces that control its photocatalytic
properties.

Presented herein is the new flux synthesis of La,;Ti,O7 and an
investigation of the effect of its particle sizes/morphologies on opti-
cal properties and photocatalytic rates for hydrogen formation. The
reaction durations and reactant-to-flux ratios were independently
varied, and both of which can affect the particle sizes and aggrega-
tion. The products were characterized by powder X-ray diffraction
(PXRD), UV-vis diffuse reflectance spectroscopy, and scanning elec-
tron microscopy. Photocatalytic activities were measured in an
aqueous methanol as well as pure water solutions, both in order
to evaluate the effect of particle sizes and morphologies on the rate
of H, formation and for comparisons to the solid-state products.

2. Experimental
2.1. Synthesis and characterization

The flux synthesis of La;Ti,O; was performed by combining
a stoichiometric mixture of AR grade TiO, and La,03 (preheated
and dried at 900°C), which was ground together with ~10 ml of
acetone. After evaporation of the acetone, the reactants were com-
bined with the Na;S04/K;S04 (1:1 molar ratio) salt flux to give
flux:LayTi,O; molar ratios of 1:1, 2:1, 5:1, and 10:1. These reac-
tant mixtures were then placed inside an alumina crucible and
heated at 1100°C inside a box furnace for reaction times of 1, 2,
5, and 10 h. The crucibles were allowed to radiatively cool to room
temperature and the resulting products were washed with hot
deionized water to remove the flux and then dried overnight in an
oven at 80°C. A fine homogeneous white powder of La,Ti; 07 was
obtained in high purity, as judged from powder X-ray diffraction.
The solid-state preparation of La; Ti 07 involved grinding, pelletiz-
ing, and heating the La;03 and TiO; reactants at 1100°C for 50 h
with one intermittent grinding, similar to other reported proce-
dures [8]. High-resolution powder X-ray diffraction patterns of all
products were collected on an INEL diffractometer using Cu Koty
(A =1.54056 A) radiation from a sealed-tube X-ray generator (35 kV,
30mA) using a curved position sensitive detector (CPS120). Scan-
ning electron microscopy (SEM) was performed using a JEOL JEM
6300 in order to examine the particle microstructures and approx-
imate sizes of the reaction products. UV-vis Diffuse Reflectance
Spectra (DRS) were collected on powdered samples using a CARY
3E spectrophotometer equipped with an integrating sphere.

2.2. Photocatalytic measurements

Measurements of the photocatalytic rates of the flux-
synthesized La;Ti O products were conducted similar to previ-
ously described procedures [20-23]. Each sample was first loaded
with 1 wt.% platinum co-catalyst by the photodeposition method.
The platinum co-catalyst serves as a well-known kinetic aid in solu-
tion for the reduction of H, O at the surfaces to give H,. First, 100 mg
of La;Ti; 07 was mixed with 30 ml of an aqueous solution of dihy-
drogen hexachloroplatinate(IV) (H,PtClg-6H,O; Alfa Aesar, 99.95%),
and that was then irradiated using a 400 W Xe arc-lamp with con-

stant stirring for 2 h. The remaining amount of un-deposited Pt salt
left in solution after this step was <0.5%, as determined from UV-vis
measurements. After platinization, the grayish-colored La;Ti; 07
particles were separated via centrifugation, washed with distilled
water to remove any remaining Cl~ ions, and then dried in an
oven at 80°C. Next, a weighed (100 mg) amount of the platinized
La,Ti; 07 was added to an ~90 ml quartz reaction vessel that was
then filled with a 20% aqueous methanol solution, or alternatively,
with pure water. The added methanol functions as a hole scav-
enger, thereby generating CO, from photo-oxidation, and which
allows the measurement of the formation rate of H, alone and
without the typically more rate-limiting step of O, formation. The
photoreaction vessel was connected to a small horizontal quartz
tube that trapped the evolved gases, and contained a moveable liq-
uid bubble that allowed a volumetric determination of the amount
of evolved gases at a constant pressure. The metal-oxide particles
were stirred in the dark for ~1-2 h to remove any trapped gases on
the particles surfaces. Next, this outer-irradiation type quartz reac-
tion cell was irradiated under constant stirring using a 1000 W Xe
arc-lamp equipped with an IR water filter and cooled using an exter-
nal fan. Each of the photocatalytic reactions exhibited the formation
of copious amounts of gases that rose to the top of the reaction cell,
and that was consistent with the movement of the liquid bubble.
The progress of the photocatalytic reactions was marked every hour
and used to calculate the amount of gases generated. The trapped
gasses were injected into a gas chromatograph (SRI MG #2, helium
ionization and thermal conductivity detectors) in order to identify
the formed gases as H, and CO,, and to confirm a constant molar
ratio over time.

3. Results and discussion

The La,Ti, 07 solid crystallizes in a structure containing (110)
perovskite layers spanning four TiOg octahedra in width, and which
stack together in the monoclinic and polar space group Pna2; [24].
The PXRD patterns of the flux products, shown in Fig. 1, could be
fitted and indexed to the La,Ti, O7 structure and confirm that high
purity and good crystallinity could be obtained in short reaction
times of 1-10h within a Na;S04/K,S04 flux (1:1 molar ratio) at
flux:La,Ti, O7 ratios of 1:1, 2:1, 5:1 and 10:1. To evaluate the par-
ticle sizes and morphologies of the La;Ti,O; products, scanning
electron microscopy images were taken on the samples prepared
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Fig. 1. The PXRD of the La,Ti, 07 products prepared using (a)a 10:1 flux ratio heated
for 10 h, (b)a 1:1 flux ratio heated for 1 h, (c) solid-state methods (1100°C, 50 h), and
compared to (d) the calculated theoretical pattern.
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Fig. 2. SEM images of washed flux products for a 2:1 molar ratio of flux:La, Ti, O after reaction times of (A) 1h, (B) 2h, (C) 5h, and (D) 10 h. The scale is 10 pm.

with flux:La;Ti, 07 ratios of 2:1 and 10:1 for reaction times of 1,
2, 5, and 10h, shown in Figs. 2 and 3 respectively. These images
reveal aggregations of distinct platelet-like particles of La;Ti; 07,
and which is typical of layered types of structures where the stacked
perovskite layers correspond to the smallest crystal dimension. In
this case, the top and bottom faces of the platelet particles would
correspond to the (1 00) crystal faces, and the edges of the particles
would correspond to the (01 0) and the (00 1) crystal faces. A distri-
bution of platelet particle sizes was observed, with the lengths and
widths of the platelets typically in the range of ~500-2000 nm for
larger flux:La, Ti» 07 ratios of 10:1 and 5:1 and ~1000-6000 nm for
smaller flux:La, Ti, O7 ratios of 2:1 and 1:1, as shown in Figs. 2 and 3.
The measured average particle size for the smaller flux:La,;Ti, O
ratio of 2:1 was 1068 nm in length and 200 nm in thickness, and for
the larger flux:La,Ti»O7 ratio of 10:1 was approximately 675 and
100 nm, respectively. While the individual particle sizes generally
decreased both with increasing flux amounts and reaction time, a
distribution of particle sizes could be found in all samples. A distri-
bution of smaller particle sizes would most significantly enhance
the number of exposed edges, i.e. the (010) and (001) crystal
faces, while the amount of exposed (100) crystal faces would not
be affected as significantly. Individual platelets were a few orders
of magnitude thinner, down usually to <100 nm. The aggregation
of the individual particles into larger agglomerates increased with
increasing reaction times in each case, as shown in Figs. 2(C) and (D)
and 3(C) and (D), but this was minimal with larger amounts of flux
used in the synthesis. For comparison, SEM micrographs were taken
of La,Ti, 07 prepared by the solid-state method and compared to
that obtained by flux synthesis, Fig. 4. The solid-state method yields
neither a well-defined crystal morphology nor a range of distinct

particle sizes. A calculation of the average particle size shows that
La, Ti; 07 samples prepared by the solid-state method show a rough
particle size of approximately 320 nm. Nevertheless, the particle
morphologies/microstructures are known to directly impact the
photocatalytic activities of metal oxides [15,25,26]. Therefore, the
flux synthetic technique offers a rapid and single-step approach
to target more highly defined particle microstructures, as well as
a more distinctive exposure of specific crystal faces that will be
critical in probing their roles in photocatalytic properties.

Measurements of the UV-vis diffuse reflectance spectra were
taken on all flux-synthesized La;Ti,O; samples in order to verify
their optical bandgap sizes and as a probe of the averaged bulk par-
ticle sizes. These are shown for several selected samples in Fig. 5.
The optical bandgap sizes were calculated from the onset of absorp-
tion using the well-known formula Eg (eV)=1240/A¢ (nm), where
Ag (nm) is extrapolated from the linear rise in the absorption. In all
cases, the optical bandgaps were calculated to be within a range of
~3.75-3.81 eV, and were in close agreement with previous studies
[8,9].

The DRS of the La,Ti; 07 samples prepared with a 5:1 flux ratio,
Fig. 5(A), illustrate that the diffuse reflectance of sub-bandgap light
(A>400nm) increases with increasing reaction times of 1, 2, 5, and
10 h. A distribution of smaller particle sizes will increase the dif-
fuse reflectance by enhancing the scattering and decreasing light
penetration [19,20]. Thus, the averaged bulk particle dimensions
show a clear trend towards smaller sizes with the 5:1 and 10:1 flux
ratios with increasing reaction time, in agreement with the SEM
images. However, for the smaller flux ratios of 2:1 and 1:1, the DRS
do not increase regularly with increasing reaction time, e.g. show-
ing a higher diffuse reflectance (and larger particle sizes) for 10h
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Fig. 3. SEM images of washed flux products for a 10:1 molar ratio of flux:La,Ti, O after reaction times of (A) 1h, (B) 2 h, (C) 5h, and (D) 10 h. The scale is 10 pm.

versus 5 h. The smaller amounts of flux allow for closer interactions
of the reactants and La;Ti, 07 particles and for them to crystallize
and grow via a solid-state rather than flux pathway. Thus, the larger
amounts of flux are critical for the particles to be well separated.
Both increasing amounts of flux and increasing reaction times yield
the smallest particle sizes, as shown together in Fig. 5(B). For com-
parison, the UV-vis DRS of La,Ti, 07 prepared via the solid-state
method is also shown, and which has the lowest diffuse reflectance
and the largest particle sizes.

The La,Ti,0; compound prepared by the solid-state method
is among the most efficient photocatalysts reported, exhibiting
quantum efficiencies of up to ~20-50%, depending on the dopants
and surface co-catalysts [4,7]. Upon irradiation by bandgap or
greater energies, the electrons that are excited into the con-
duction band serve to reduce water to H, at the Pt co-catalyst
sites, while the photo-generated holes in the conduction band
are scavenged by methanol to produce CO,. The latter is used in
order to measure the formation rate of H, alone, as the oxidation

Fig. 4. Comparison of the SEM images of the particle morphologies obtained from a flux reaction (left; 10:1 ratio and 1 h reaction time) and from a solid-state preparation

(right).
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Fig. 5. Plots of UV-vis diffuse reflectance, as % reflectance versus wavelength, for
(A) a 5:1 flux:La,Ti, O7 ratio reacted for (a) 1h, (b) 2h, (c) 5h and (d) 10h, and (B)
for the (a) solid-state sample and the flux samples of (b) 1:1 at 1 h, (c) 2:1at 2 h, (d)
5:1at5h,and (e)10:1 at 10h.

of water to O, can be slower and rate limiting. Flux syntheses
of different particle-size distributions, as well as the different
amounts of (100) and (010) or (001) crystal faces, can both
potentially impact the rates of these surface reactions. Hence, the
photocatalytic rates of H, production were measured for each
La,Ti; 07 sample under identical conditions, using ultraviolet
irradiation in an outer-irradiation quartz reaction vessel in a 20%
aqueous methanol or pure water solution. Listed in Table 1 are
the reaction conditions and measured photocatalytic rates for the
La,Ti,O; samples. The photocatalysis rates generally increased
with increasing reaction times, with up to a 2-3 x increase for flux

Table 1
Measured photocatalytic rates of hydrogen formation for La, Ti, O7 prepared using a
Na,S04/K,S04 flux and also by the solid-state method?

Sample Synthetic conditions Activity (wmolH, h=1g1)
Flux:La,Ti, Oy ratio Time (h)
La,Ti, O stdP - - 87
LTO1 1:1 1 55
LTO2 2:1 1 -
LTO3 5:1 1 58
LTO4 10:1 1 68
LTO5 1:1 2 80
LTO6 2:1 2 50
LTO7 5:1 2 30
LTO8 10:1 2 74
LTO9 1:1 5 87
LTO10 2:1 5 140
LTO11 5:1 5 119
LTO12 10:1 5 89
LTO13 1:1 10 138
LTO14 2:1 10 107
LTO15 5:1 10 99
LTO16 10:1 10 130

2 Testing conditions: Outer irradiation 1000 W high-pressure Xe arc-lamp, 100 mg
of La;Ti; 07, 20% aqueous methanol solution, and 1 wt.% Pt surface co-catalyst.
b Prepared by solid-state reaction of TiO, and La,03 reactants at 1100°C for 50 h.
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Fig. 6. Photocatalytic formation of hydrogen versus time for flux-synthesized
La,Ti, 07 prepared in a reaction time and flux:La,Ti, O ratio of (a) 10h and 10:1,
(b)5hand 5:1,(c) 1hand 10:1, and (d) 2h and 5:1.

reactions at 10 and 5h (~100-140 pumolH, h—1g~1) versus 2 or
1h (~30-80 wmol Hy h~1 g=1). The higher rates therefore correlate
with the smaller particle-size distributions and a higher number of
exposed crystal edges and (01 0) and (00 1) surfaces, as confirmed
by the SEM and DRS results (above). All La;Ti; O7 samples prepared
with a reaction time of 5h or longer yielded rates higher than
that exhibited by the sample prepared by the solid-state method,
which exhibited a rate of 87 umolH, h~1g~1. Shorter reaction
times yielded lower rates than that of the solid-state sample. A
comparison of the effect of both the flux amount and reaction
time for the 10:1 and 5:1 samples is shown in Fig. 6, which is a
plot of the total formation of H, versus time. The larger 10:1 ratio
yielded much higher rates, compare blue versus green lines, while
the shortest flux reaction times have lower rates in each case,
compare the dotted versus solid lines. However, this illustrates that
the reaction time has the more predominant effect on rates than
the flux:La,Ti,O7 ratio, which exhibited little discernible trends.
This is likely the result of a range of particle-size distributions in
every sample, as well as by partially solid-state driven reactions at
the lower flux ratios of 2:1 and 1:1. The enhanced photocatalytic
activities of the smaller and anisotropic platelet particles suggest
that these platelet edges, i.e. orthogonal to the perovskite layer,
are a significant factor in the high photocatalytic activity that had
previously been observed for La,Ti; O7.

For comparison, selected La,Ti,O; samples were tested in
pure deionized water for photocatalysis. Each sample was loaded
with a 1wt.% Pt co-catalyst and placed in a reaction vessel with
~90 ml deionized water. Photocatalytic testing of both the solid-
state sample and the 2h 2:1 flux:La;Ti,O; sample showed no
detectable activity after several hours of testing. The 10h 10:1
flux:La;Ti,O7 sample exhibited a rate of H, production in pure
water of 31 wmolH, g1 h~1, averaged over ~12 h, and which was
~23% of its rate in an aqueous methanol solution. Thus, the small-
est particles with the largest amounts of edges showed some of the
highest activities in 20% aqueous methanol, and as well, their sur-
faces had been rendered active for hydrogen production even in a
deionized water solution.

4. Conclusions

The rapid single-step synthesis of the (11 0) layered perovskite
La,Ti; 07 can be performed in a molten Na;SO4/K,S04 flux at
1100°C in short reaction times of 1-10h. Platelet-like particle
morphologies are obtained in high purity and with homogeneous
microstructures that range in size from ~500 to 6000 nm, with
thicknesses of <100 nm. The smallest particle-size distributions of
~500-2000 nm were obtained for increasing amounts of flux and
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the longer reaction times of 5 and 10 h. Measured optical bandgap
sizes of the La;Ti, O products were in the range of ~3.75-3.81 eV.
UV-vis DRS exhibited higher diffuse reflectances for the 10:1
and 5:1 samples for longer reaction times, i.e. for the samples
with smaller particle sizes. Photocatalytic activities of the flux-
synthesized La,;Ti,O; samples in an aqueous methanol solution
were ~55-140 wmol H; h~1 g1, with the maximum rates for the
flux reactions time of 5 h or longer. The measured rates were nearly
twice as large than for La, Ti; O prepared by the solid-state method,
and strongly suggest a key role of the crystallite edges and the (01 0)
and (00 1) crystal faces in the origins of its high activity. Further, the
flux-synthesized particles resulting from the highest flux ratios and
reaction times were highly active for hydrogen production even in
deionized water. Thus, flux synthetic preparations of La,Ti, 07 par-
ticles have enabled a beginning of deeper insights into the surface
features that govern its high photocatalytic activity.

Supporting information

UV-vis diffuse reflectance spectra of all flux-synthesized prod-
ucts, refined lattice parameters, and EDS results for composition
analysis.
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