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Effects of Particle Surface Areas and Microstructures on Photocatalytic

The visible-light photocatalyst PbTiO3; was prepared in molten
NaCl and PbO fluxes using 0.5:1-20:1 flux-to-reactant molar
ratios by heating to 1000°C for a duration of 1 h. Yellow-colored
powders were obtained in high purity, as confirmed by powder
X-ray diffraction and exhibited a bandgap size of ~2.75 eV as
determined by UV-Vis diffuse reflectance measurements.
Roughly spherical and cubic shaped particles with homogeneous
microstructures were observed with sizes ranging from ~ 100 to
6000 nm, and surface areas ranging from 0.56 to 2.63 m”/g. The
smallest particle-size distributions and highest surface areas
were obtained for the 10:1 NaCl flux molar ratio. By compar-
ison, solid-state preparations of PbTiO; particles exhibit no
well-controlled sizes or microstructures. The water-splitting
photocatalytic activities of the PbTiO; particles were evaluated
in visible light (A > 420 nm), and yielded maximum rates of 27.4
pmol - H,- (g-h)~! for the PbTiO; prepared using a 1:1 PbO
molar ratio and 183 pmol-O,-(g-h)~' for the solid-state
prepared sample. The rates were inversely correlated with the
particle surface areas. The relationship between particle mor-
phology and photocatalytic activity provides important insights
into understanding the origins of photocatalysis in metal-oxides.

I. Introduction

SYNTHESIS of new metal-oxide materials for the photocatalytic
production of hydrogen and oxygen from water has had re-
markable and rapid growth over the past 25 years.' Recently,
intense research efforts have been made by several groups to
utilize the largest fraction of the solar spectrum and to develop
working visible-light active photocatalysts for the overall split-
ting of water.®'! In particular, particle sizes and surface mo-
rphologies have been shown to significantly contribute to the
performance of the photocatalyst.'>™'> It has been reported that
Pb**-containing early transition-metal oxides (e.g., Nb, Ta, Ti)
can absorb light in the visible range due to their smaller bandgap
sizes.'®!” This arises because of higher energy Pb 6s orbitals that
mix with the O 2p valence band orbitals, and which are still
sufficiently below the oxidation potential of H,O. Among these
examples, PbTiOj is a recently reported visible-light active pho-
tocatalyst and known ferroelectric with a bandgap size of ~2.75
eV.!"” However, the preparation of PbTiO; in previous studies
proceeded via traditional solid-state synthesis, and which pro-
vides little control of the particle size and surface characteristics
that could significantly affect their photocatalytic activity. As an
alternative method, the utilization of molten-salt flux techniques
has shown the capability to help better modulate particle sizes
and surface features, and which can provide a deeper under-
standing of how the surfaces influence these reactions.'®2° Also,
the use of molten-salt flux techniques for the preparation of
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metal oxides can enable shorter reaction times and reduced
reaction temperatures.ﬂ’27

Presented herein is an investigation of the visible light pho-
tocatalytic properties of ferroelectric PbTiO; particles prepared
via molten-salt flux methods in order to determine the role of
particle size and surface morphology on its photocatalytic
activities. The flux synthesis of PbTiO; has been previously
reported in the literature based on the use of alkali metal
salts.”’®? However, the research motivation herein was to
investigate the photocatalytic activities of flux-prepared PbTiO3
powders as a function of synthetic conditions and in comparison
to their solid-state prepared counterparts. The PbTiOj; particles
were synthesized within molten NaCl and PbO using different
flux-to-reactant ratios, followed by an investigation of its effect
on the particle sizes and morphologies, as well as their optical
properties and photocatalytic rates for H, and O, formation.
The products were characterized by powder X-ray diffraction
(PXRD), UV-Vis diffuse reflectance spectroscopy (DRS),
BET surface-area analysis, field-emission scanning electron
microscopy, and their photocatalytic activities for H, and O,
production.

II.

(1) Synthesis and characterization

The flux synthesis of PbTiO; was performed by combining a
stoichiometric mixture of PbO (Alfa Aesar, 99.99%) and TiO,
(Alfa Aesar, Ward Hill, MA; Anatase, 99.9%) and grinding it in
acetone for 30 min before the addition of either the NaCl (melt-
ing point = 801°C) salt flux in flux-to-reactant molar ratios of
1:1, 10:1, and 20:1, or the PbO (melting point = 888°C) flux in
molar ratios of 0.5:1, 1:1, and 2:1. After grinding, the reactant
mixtures were then placed inside alumina crucibles and heated
to 1000°C inside a box furnace in air for a reaction time of 1 h.
The crucibles were allowed to radiatively cool to room temper-
ature inside the furnace. The resulting powders were washed
with hot deionized water to remove the flux, and then washed
briefly in 1M HNOj; to remove excess PbO flux and then dried
overnight in an oven at 80°C. Fine homogeneous yellow pow-
ders of PbTiO; were obtained in high purity, as judged from
PXRD. The solid-state method of preparing PbTiO3 involved
grinding, pelletizing, and heating the stoichiometrically com-
bined PbO and TiO,; reactants at 1000°C for 48 h, according to
the reported procedures.!”

High-resolution PXRD data of all products were collected on
an INEL diffractometer using CuKo; (A = 1.54056 A) radiation
from a sealed-tube X-ray generator (35 kV, 30 mA) using a
curved position sensitive detector (CPS120). Unit cell parame-
ters of the flux-prepared samples were calculated using the LAT-
CON software program.’® Field-emission scanning electron
microscopy analyses were performed on a JEOL SEM 6400,
(Peabody, MA) and concomitantly the energy dispersive X-ray
(EDX) spectra were taken as a check of the elemental compo-
sitions. UV—Vis diffuse reflectance spectra (DRS) were collected
for all samples on a Shimadzu UV-3600 spectrophotometer
(Shimadzu, Columbia, MA) equipped with an integrating
sphere. BET surface area analyses were performed using a

Experimental Procedure
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Quantachrome ChemBET Pulsar TPR/TPD (Quantachrome,
Boynton Beach, FL).

(1) Photocatalysis Testing

The photocatalytic activity for either H, or O, formation were
carried out separately using an outer-irradiation type fused-silica
reaction cell with a volume of 90 mL and irradiated under both
ultraviolet (A>300 nm) and visible (A>420 nm) light energies.
For the photoreduction of H* to H,, each sample was first
loaded with a 1 wt% Pt cocatalyst using the well-known photo-
deposition method.’> Numerous previous studies have shown that
platinum islands on a metal oxide surface can function as a ki-
netic aid for the reduction of H" to give H,.3! Typically, 200 mg
of a PbTiO; sample was mixed with 30 mL of an aqueous so-
lution of dihydrogen hexachloroplatinate(IV) (H,PtClg - 6H,O;
Alfa Aesar, 99.95%), and which was then irradiated for 6 h using
a 400 W Xe arc-lamp with constant stirring using a magnetic stir
bar. UV—Vis measurements of the remaining solution confirmed
a complete deposition of the platinum cocatalyst. After
platinization, the particles were separated via centrifugation,
washed with deionized water to remove any remaining CI”
ions, and then dried overnight in an oven at 80°C. For the pho-
tocatalytic H, measurements, 150 mg of the platinized PbTiO3;
was then added to the fused-silica reaction vessel and filled with
20% aqueous methanol solution. The added methanol functions
as a hole scavenger, thereby generating CO, from its photo-
oxidation, and which allows the measurement of the H, forma-
tion rate alone without the typically more difficult concomitant
formation of O, being necessary and potentially rate limiting.>
The net balanced reaction is: CH;O0H+H,O — 3 H,+CO,. For
the photooxidation of H>O to O,, each sample was first loaded
with a 1 wt% RuO, cocatalyst via incipient wetness impregna-
tion, as described before.>>* For photocatalytic O, measure-
ments, 150 mg of the loaded PbTiO; was then added to the
fused-silica reaction vessel and filled with a 0.1 M AgNO;
solution. The sacrificial Ag* is reduced at the PbTiO; surface
to Ag metal under irradiation, which allows the formation of O,
alone. The net balanced reaction is: 2 AgNO3;+H,0 -2 Ag,,+2
HNO;+1/2 O,. Further details of these photocatalytic measure-
ments have been described previously.?

III. Results and Discussion

The PbTiOs solid crystallizes in a distorted perovskite structure-
type in the tetragonal space group P4mm and is a well-known
ferroelectric.’* The TiOg octahedra are condensed via corner
sharing while Pb atoms occupy the interstitial sites. The PXRD
pattern of the flux products, shown in Fig. 1, could be fitted and
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Fig.1. The powder X-ray diffraction (PXRD) patterns of the PbTiO;
products. (a) Calculated theoretical PbTiO; pattern, (b) solid-state
method (c) 1:1 NaCl Flux heated for 1 h, (d) 10:1 NaCl flux heated
for 1 h, (e) 2:1 PbO flux heated for 1 h.
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Fig.2. UV-Vis diffuse reflectance spectra of PbTiO; powders prepared
via (a) solid-state methods, (b) 1:1 NaCl (PBO1), (c) 0.5:1 PbO (PBO4),
(d) 1:1 PbO (PBOS), (e) 20:1 NaCl (PBO3), and (f) 10:1 NaCl (PBO2).
Reflectance has been converted to absorbance by the Kubelka—Munk
method.

indexed to the reported PbTiOj5 structure, confirming that high
purity and good crystallinity could be obtained in only a 1 h
reaction time within molten NaCl and PbO fluxes at flux:Pb-
TiO3 molar ratios of 0.5:1, 1:1, 10:1, and 20:1. Refined unit-cell
parameters for all samples were calculated using the LATCON
program reporting the following lattice range (a=3.9018-
3.9081 A) and (¢ = 4.134-4.154 A).%° The NaCl salt was selected
as a flux based on previous successful reports, as well as its low
cost and ease of removal after the reaction.?” The PbO flux was
chosen owing to its common ion and sufficiently low melting
point. The excess loaded PbO flux was easily subsequently re-
moved upon washing with 1M HNO;. An EDX analysis was
also performed on PbTiO; samples in order to confirm the el-
emental compositions and revealed Pb, Ti, and O in approxi-
mately the 1:1:3 molar ratio. There was no significant detection
of any Na™, indicating the NaCl flux had been removed com-
pletely by washing. Measurements of the UV-Vis DRS were
taken on all PbTiO; samples in order to determine their optical
bandgap sizes, and are shown for several selected samples in
Fig. 2. In all cases, the bandgap size was calculated to be within
a range of ~2.72-2.78 eV based on the onset of absorption, and
which was found to be consistent with previous reports.'”
Field-emission scanning electron microscopic (FESEM) im-
ages were taken on several PbTiO; samples in order to evaluate
their particle sizes and morphologies. Figure 3 shows PbTiO3
particles prepared using a 1:1 NaCl flux (Figs 3a and b) and a
10:1 NaCl flux (Figs 3c and d). Both samples reveal small,
roughly spherical-like particles that fuse into larger aggregates.
A distribution of particle sizes was observed, with the edge di-
mensions of the particles ranging from ~ 100 to 250 nm for the
1:1 NaCl flux-prepared samples and ~ 75 to 180 nm for the 10:1
NaCl flux-prepared samples. An estimation of the average par-
ticle sizes was made based on size measurements of ~20 ran-
domly selected particles that were observed in different regions
of the sample. These measurements for the 1:1 NaCl flux pre-
pared samples yield average sizes of ~ 170 nm while those pre-
pared with a 10:1 NaCl flux yielded an average size of ~ 130 nm.
The FESEM images of the PbO flux-prepared samples are
shown in Figure 4 and reveal a contrasting morphology, with
particles forming large rectangular and cube-like structures with
sizes ranging from ~ 1000 to 10000 nm. Figure 4(b) shows at
higher magnification the particle surfaces exhibit small domains
with 90° step edges. For comparison, images were also taken of
PbTiO; samples prepared by the traditional solid-state method,
shown in Fig. 5. The solid-state products were observed to be
small poly-faceted particles with little distinctly well-defined
morphology and rougher surface features compared with those



May 2011

Photocatalysis of PbTiO; Particles 1485

Y
-
L [

)
-
3

.Y
}t
wo”

Fig.3. Field-emission scanning electron microscopic (FESEM) images of (a, b) PBO1 and (c, d) PBO2 prepared at 1000°C for 1 h using a NaCl molten

flux in flux:PbTiO; ratios of (a, b) 1:1 and (c, d) 10:1

prepared using the NaCl flux. The average size of the particles
was estimated to be ~400 nm.

The FESEM images were also taken for selected samples that
were photodeposited with 1% (wt.) platinum cocatalyst. Upon
irradiation of light with energy greater than the bandgap of
PbTiO;, nanosized Pt particles can be photodeposited onto the
surface of the semiconductor particles. The locations of the
photodeposited Pt particles can serve as a probe to understand
where the most photocatalytically active surfaces of the particles
occur. The 20:1 NaCl flux-prepared PbTiOj; is shown in Fig. 6
both before (a and b) and after (c and d) the platinum photo-
deposition. The platinum particles deposit onto the surface as
approximately 15 nm islands, and are in general uniformly dis-

tributed among the different surfaces of the spherical particles.
The deposition of Pt onto the surface of PbTiO; prepared using
a 1:1 NaCl flux is shown in Fig. 7, and reveals small Pt islands
deposited in a similar fashion to those observed for the samples
prepared in a 20:1 NaCl flux. For comparison, the platinized
solid-state sample is shown in Fig 7b. Although Pt nano-islands
were found in several areas of the particles’ surfaces, particularly
high concentrations of Pt deposits were observed along edges,
grooves, and rough areas of the particle. It has been shown that
platinum will preferentially photodeposit onto the most active
sites of a metal oxide photocatalyst.*>® It is likely that these
areas of the PbTiOj; particles are the most active surface sites,
and therefore received the highest density of Pt deposits. The

Fig.4. Field-emission scanning electron microscopic (FESEM) images of PBO6 prepared at 1000°C for 1 h in a PbO molten flux with a flux:PbTiO;

molar ratio of 2:1.
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Fig.5. Field-emission scanning electron microscopic (FESEM) images of the solid-state PbTiO; prepared at 1000°C for 48 h.

NaCl flux-prepared samples were roughly spherical with few
surface features, and resulted in a rather uniform distribution of
Pt deposition over the particles’ surfaces.

Surface area measurements were performed on several pow-
dered PbTiO; samples and their average values are listed in Ta-
ble I. For the NaCl-flux samples the surface area generally
increased upon increasing the amount of flux used in the reac-
tion. This trend is consistent with the observed particle sizes
from the FESEM images. The samples with the highest average
surface area of 2.65 m*-g~' were the 10:1 NaCl flux-prepared
particles (PBO2). The 20:1 NaCl flux samples (PBO3) yielded an
average of 2.36 m>-g~!, which indicates that the particle size
modulation by the flux had reached a maximum limit. For the
PbO flux reactions, the surface area varied from 0.56 m?- g~ ' for
the 0.5:1 PbO flux (PBO4) to 1.08 m?-g~! for the 1:1 PbO flux

(PBO5) to 0.39 m?-g~' for the 2:1 PbO flux (PBO6). This
suggests that use of PbO as a flux is less effective at yielding
small particle sizes as compared with the NaCl flux, which
showed a more linear correlation. For comparison, the PbTiO3
products prepared by the solid-state method (PBO std.) exhib-
ited a surface area of 0.46 m>- g, and which is lower in surface
area than any samples prepared using the NaCl flux, but com-
parable to the PbTiO; samples prepared using the smallest
amount of PbO flux (PBO4).

The PbTiO; particles prepared by solid-state methods have
previously been shown to both oxidize water to O, and to reduce
water to H, using sacrificial reagents under visible irradiation.!”
To observe the photocatalytic water-splitting reactions, irradi-
ated photons of bandgap or greater energies must excite elec-
trons in a semiconductor to create electron/hole pairs, which can

Fig.6. Field-emission scanning electron microscopic (FESEM) images of PBO3 prepared in a 20:1 NaCl flux showing (a and b) bare particles before
platinum photodeposition and (c and d) with a 1% wt. Pt photodeposited cocatalyst.
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Fig.7. Field-emission scanning electron microscopic (FESEM) images of platinized PbTiO; prepared (a) using a 1:1 NaCl Flux (PBO1) and (b) by

traditional solid-state methods (PBO std.).

then both oxidize and reduce water into O, and H», respectively.
In these experiments, AgNO; and CH;0H were employed as
sacrificial reagents to observe both half reactions separately. The
flux syntheses of different particle sizes and morphologies
should impact the rates of these reactions. The photocatalytic
rates of H, and O, production for the flux-prepared PbTiO;
products are given in Table I. The rate of O, formation de-
creased over time due to metallic silver being deposited onto the
surface of the particles and effectively passivating the surface
from further reaction. Therefore, the initial activity rate was re-
garded as the rate of reaction.’” The rates of H, formation under
visible irradiation were very low compared with the rates
observed for O,. Therefore, the H, producing reactions were
carried out under ultraviolet irradiation (>300 nm), while the
O, producing reactions were performed under visible irradiation
(>420 nm). An aqueous solution of 20% MeOH with no added
catalyst yielded no production of H, under UV irradiation,
thereby showing that all the H, gas produced in the reactions are
from the activity of the PbTiOj3 catalysts and not from any pos-
sible methanol photolysis. In general for the NaCl flux-prepared
reactions, the rates of O, and H, evolution decreased with in-
creasing surface area and smaller particle sizes, which were ob-
tained by increasing the amount of flux used during synthesis.
The highest observed rate of O, from the NaCl flux prepared
samples was 155.8 pmol- O, -(g-h)~" for the PbTiO; particles
prepared from the 1:1 NaCl flux, while for H, production the
sample from the 20:1 NaCl flux evolved at the highest rate of
25.3 pmol - Hy - (g- h)~". The 10:1 NaCl flux sample, which also
had the highest observed surface area, recorded the lowest rates
for both O, and H, production, yielding 81.5 pmol - O, - (g-h)™"
and 2.8 umol-H, - (g-h)~", respectively. In all NaCl-prepared

samples, the activity was observed for at least 24 h. For the PbO
flux-prepared samples, the observed photocatalytic activities
were quite similar, with the 1:1 PbO flux sample showing slightly
higher rates of activity for both O, and H, production. When
compared with the NaCl flux samples, the PbO flux-prepared
particles yielded higher rates of activity in all cases, suggesting
that activity is not dependent upon having a large surface area
or small particle sizes. For comparison, the photocatalytic rates
of O, and H, evolution of the solid-state prepared PbTiO3 were
183.1 pmol-O,-(g-h)~" and 19.9 pumol-0,-(g-h)~", respec-
tively. These rates were higher than all NaCl flux-prepared
samples, while at the same time exhibiting lower surface area
and larger particle sizes from SEM observations. The activity
was similar, however, to the observed rates for both PbO flux-
prepared samples (PBO4 and PBOS), which had comparable
surface areas. This is most likely due to the solid state and PbO
flux-prepared samples having a greater amount of active sur-
faces for photocatalytic O, and H, evolution.

In general, particle size has been shown to have a significant
impact on the photocatalytic activity, with the smaller garticle
sizes generally exhibiting higher photocatalytic rates.'”*® How-
ever, this relationship is in contrast to our observed rates for
PbTiO;. The SEM images of the PbO flux-prepared samples
show small nano-sized features at the surface of the particles
that are not observed on any images taken of the NaCl flux-
prepared samples. Similarly, the SEM images of the solid-state
prepared samples show rough-edged particles with grooves that
when photodeposited with a Pt cocatalyst received a higher
concentration of Pt islands than in other areas of the particle.
The NaCl flux-prepared particles were the smallest particles ob-
served, but their surface features are quite smooth with relatively

Table I. Measured photocatalytic rates of O, and H, formation for flux-prepared PbTiO3 and also for its solid-state method

Flux:AgNbO; Wavelength Surface Area Activity (umol - O, - Activity
Sample Ratio Cocatalyst (1% wt.) (nm) m>gh (g-h)™H (umol - Hy - (g-h)™ ")
PbTiO3 std* - RuO, >420 0.46 183.1 -
Pt >300 19.9
PBO1 1:1 NaCl RuO, >420 1.43 155.8 -
Pt >300 9.1
PBO2 10:1 NaCl RuO, >420 2.63 81.5 -
Pt >300 2.8
PBO3 20:1 NaCl RuO, >420 2.36 143.4 -
Pt >300 253
PBO4 0.5:1 PbO RuO, >420 0.56 172.3 -
Pt >300 27.0
PBOS 1:1 PbO RuO, >420 1.08 180.7 -
Pt >300 27.4

*Prepared by solid-state reaction of PbO and TiO, reactants at 1000 C for 48 h. Testing Conditions: Outer irradiation 1000 W high-pressure Xe arc-lamp, 150 mg of
PbTiO3, 20% MeOH ,q) or 0.08 M AgNO; (4q), and 1 wt% Pt or RuO, surface cocatalyst.
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few observable surface features and showed no preferential Pt
deposition sites. The photocatalytic rates of PbTiOj; particles
with these more terraced surface features and edges were the
highest observed, while samples that did not exhibit these
features (i.e. the NaCl flux-prepared samples) were less active.
Platinum deposition has also previously been shown to prefer-
entially deposit onto the {110} surface of TiO, particles,
indicating that specific exposed faces aid in electron/hole sepa-
ration during the photocatalytic reaction.*® Also, several studies
have shown that the dipolar fields in ferroelectric materials
can more efficiently separate charge carriers and reduce
recombination, thereby increasing photocatalytic activity.*®*
Given that the ferroelectric polarization is diminished in nano-
sized particles, this effect may explain the decreased activity
observed in the smallest PbTiO; particles.?® It has also been
reported for NaTaOj;, that La-doping yields nano-stepped
surface features that dramatically increase photocatalytic
activity by creating separate surface sites for the formation of
0, and H,.'%* Thus, a combination of the larger particle sizes
and the nano-features and edges observed in PbTiO; lead to its
highest observed photocatalytic activities.

IV. Conclusions

The visibly-active PbTiO3; can be prepared in either a NaCl or
PbO flux, yielding high purities and homogeneous microstruc-
tures that range in size from ~ 100 to 10000 nm, with the high-
est surface areas obtained for the 10:1 NaCl flux-prepared
samples. Optical characterization revealed bandgap sizes of
the PbTiO; products in the range of ~2.72-2.78 eV, which pro-
duced visible-light photocatalytic rates of 81.5-180.7
pmol-O,-(g-h)~' and ultraviolet photocatalytic rates of
2.8-27.4 pmol-H,-(g-h)~! in sacrificial AgNO; and MeOH
solutions, respectively. Higher rates were correlated with the
formation of surface nano-features with distinct edges and
grooves on the PbO flux-prepared particles. By comparison,
the PbTiOz sample prepared by the solid-state method also
exhibited rough particle surfaces, yet little well-defined particle
morphology. Thus, the results demonstrate the value of flux
synthetic methods in tuning particle sizes and surface micro-
structures in order to probe the origins of photocatalytic activity
on the surfaces of metal-oxide particles.
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