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a b s t r a c t

The molten-salt flux synthesis of AgNbO3 particles was performed in a Na2SO4 flux using 1:1, 2:1 and
3:1 flux-to-reactant molar ratios and heating to 900 ◦C for reaction times of 1–10 h. Rectangular-shaped
particles are obtained in high purity and with homogeneous microstructures that range in size from ∼100
to 5000 nm and with total surface areas from 0.16 to 0.65 m2 g−1. The smallest particle-size distributions
and highest surface areas were obtained for the largest amounts of flux (3:1 ratio) and the shortest
reaction time (1 h). Measured optical bandgap sizes of the AgNbO3 products were in the range of ∼2.8 eV.
The photocatalytic activities of the AgNbO3 particles for H2 formation were measured in visible light

−1 −1

gNbO3

hotocatalysis

(� > 420 nm) in an aqueous methanol solution and varied from ∼1.7 to 5.9 �mol H2 g h . The surface
microstructures of the particles were evaluated using field-emission SEM, and the highest photocatalytic
rates of the AgNbO3 particles were correlated with the formation of high densities of ∼20–50 nm terraced
surfaces. By comparison, the solid-state sample showed no well-defined morphology or microstructure.
Thus, the results presented herein demonstrate the utility of flux-synthetic methods in targeting new
particles sizes and surface microstructures for the enhancement and understanding of photocatalytic
reactivity over metal-oxide particles.
. Introduction

Photocatalytic hydrogen production from solar energy and
ater using metal-oxide particles is a rapidly expanding field of

enewable energy research [1–4]. Numerous metal oxides have
een shown to split water into hydrogen and oxygen in aque-
us solutions when irradiated by high-energy ultraviolet photons,
ncluding NaTaO3 [5], Sr2Nb2O7 [6,7], La2Ti2O7 [8], as well as

any others [9–16]. However, the highest intensities and great-
st fraction (>50%) of the solar spectrum consist of visible-light
avelengths, and thus the synthesis of new photocatalysts that effi-

iently utilize visible-light photons for hydrogen production could
elp realize significant new technological advancements. Previ-
usly, it has been shown that Ag+-containing early transition-metal
xides can absorb light out to the visible wavelengths owing to

heir smaller bandgap sizes [17–19]. This arises because of the
igher-energy valence band that derives from the filled Ag 4d
rbitals, and which is still sufficiently below the (O2/H2O) oxida-
ion potential. Previous studies on AgNbO3 and AgTaO3 have shown
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that their bandgap sizes are ∼2.8 eV and ∼3.4 eV [17], respectively,
and that the photon-driven oxidation and reduction of water is
feasible in visible light using suitable sacrificial reagents. AgTaO3
is reportedly inactive for the photocatalytic production of H2 in
visible light owing to its larger bandgap size, but AgNbO3 was
found to be active in visible light using sacrificial reagents with
low rates of ∼1.5 �mol H2 g−1 h−1 [17]. However, the synthesis
of AgNbO3 and AgTaO3 in these photocatalysis studies proceeded
via traditional solid-state methods. This synthetic route provides
almost no control over the particle sizes and/or surface charac-
teristics of the metal-oxide particles where the photon-initiated
oxidation and reduction reactions occur (i.e. the active sites of
the reaction). Utilization of new synthetic methods to better gain
control over the particle features of metal oxides can potentially
enable a deeper understanding of these reactions. As an alterna-
tive synthetic method, the use of molten-salt flux techniques for
the preparation of metal oxides can enable shorter reaction times,
reduced reaction temperatures, and tunability of the particle fea-
tures, such as their sizes and morphologies [20–25,30–33].

Thus, new synthetic investigations into the preparation of

AgNbO3 particles by flux-synthetic techniques were conducted in
order to determine the roles the particle sizes and surfaces had in
the photocatalytic activities. The flux synthesis of large single crys-
tals of AgNbO3 for X-ray analysis has been reported previously in
the literature based on the use of AgCl and Ag2SO4 fluxes [26,27].

dx.doi.org/10.1016/j.jphotochem.2010.06.006
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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owever, the research motivation herein was to investigate flux-
ynthetic routes to much smaller particle sizes of AgNbO3, and
o compare the resultant photocatalytic activities, surface areas,
nd particles sizes with those products obtained from traditional
olid-state methods. Described herein is the synthesis of AgNbO3
articles within a molten Na2SO4 flux, and an investigation of the
ffects of reaction durations and flux-to-reactant ratios on the par-
icle sizes and morphologies, as well as their optical properties
nd photocatalytic rates for H2 formation. The products were char-
cterized by powder X-ray diffraction, UV–vis diffuse reflectance
pectroscopy, BET surface area analysis, field-emission scanning
lectron microscopy, and their visible-light photocatalytic activi-
ies for H2 production.

. Experimental

.1. Synthesis and characterization

The flux synthesis of AgNbO3 was performed by combining a
ell-ground stoichiometric mixture of Ag2O and Nb2O5 and adding

his to a Na2SO4 salt flux to give flux-to-reactant molar ratios of
:1, 2:1, and 3:1. The reactant mixtures were then placed inside an
lumina crucible and heated to 900 ◦C inside a box furnace for reac-
ion times of 1, 2, and 10 h. The crucibles were allowed to radiatively
ool to room temperature inside the furnace. Additionally, 1:1 flux-
repared samples were slow cooled to 750 ◦C at rates of 15 ◦C/h
nd 3 ◦C/h, respectively, before then radiatively cooling to room
emperature. The resulting products were washed with hot deion-
zed water to remove the flux, and then briefly washed once with
M HNO3 to remove any excess silver and dried overnight in an
ven at 80 ◦C. A fine homogeneous grayish powder of AgNbO3 was
btained in high purity, as judged from powder X-ray diffraction.
he solid-state method of preparing AgNbO3 involved grinding,
elletizing, and heating the Ag2O and Nb2O5 reactants to 900 ◦C
or 12 h, according to the reported procedures [17].

High-resolution powder X-ray diffraction (PXRD) data of all
roducts were collected on an INEL diffractometer using Cu K�1
� = 1.54056 Å) radiation from a sealed-tube X-ray generator (35 kV,
0 mA) using a curved position sensitive detector (CPS120). Unit-
ell parameters of the flux-prepared samples were calculated
sing the LATCON software [28]. Field-emission scanning elec-
ron microscopy analyses were performed on a JEOL SEM 6400,
nd concomitantly the energy dispersive X-ray (EDX) spectra were
aken as a check of the elemental compositions. UV–vis diffuse
eflectance spectra (DRS) were collected for all samples on a Shi-
adzu UV-3600 spectrophotometer equipped with an integrating

phere. BET surface area analyses were performed using a Quan-
achrome ChemBET Pulsar TPR/TPD.

.2. Photocatalysis testing

The photocatalytic activity for H2 formation was measured using
n outer-irradiation type fused-silica reaction cell with a volume of
0 mL and irradiated under visible light (� > 420 nm). First, each
ample was loaded with a 1 wt% Pt cocatalyst using the pho-
odeposition method [5]. Numerous previous studies have shown
hat platinum islands on a metal oxide surface can function as

kinetic aid to the reduction of H2O to give H2 [29]. Typically,
50 mg of a AgNbO3 sample was mixed with 30 mL of an aque-
us solution of dihydrogen hexachloroplatinate(IV) (H2PtCl6·6H2O;

lfa Aesar, 99.95%), and which was then irradiated for 6 h using
400 W Xe arc-lamp with constant stirring using a magnetic stir
ar. UV–vis measurements of the remaining solution confirmed
complete deposition of the platinum cocatalyst. After platiniza-

ion, the particles were separated via centrifugation, washed with
otobiology A: Chemistry 214 (2010) 54–60 55

distilled water to remove any remaining Cl− ions, and then dried
overnight in an oven at 80 ◦C. For the photocatalytic H2 measure-
ments, the platinized AgNbO3 was then added to the fused-silica
reaction vessel that was filled with a 20% aqueous methanol solu-
tion. The added methanol functions as a hole scavenger, thereby
generating CO2 from its photo-oxidation, and which allows the
measurement of the H2 formation rate alone without the typi-
cally more difficult concomitant formation of O2 being necessary
and potentially rate limiting [4]. The net balanced reaction is:
CH3OH + H2O → 3H2 + CO2. The AgNbO3 particles were first stirred
in the dark for ∼1–2 h, in order to remove any trapped gases on
the particles’ surfaces. Next, the reaction cell was irradiated under
constant stirring for 6–12 h using an external 400 W Xe arc-lamp
equipped with a long-pass cutoff filter (>420 nm), an IR water filter,
and cooled using an external fan. The outlet of the photoreaction
vessel was connected to a small horizontal quartz tube that trapped
the evolved gases, and contained a moveable liquid bubble that
allowed a volumetric determination of the amount of evolved gases
at a constant pressure. The most active AgNbO3 samples exhibited
the formation of copious amounts of gases that rose to the top of
the reaction cell, and that was observed to be 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 in �mol H2 g−1 h−1. The trapped gases were
manually injected into a gas chromatograph (SRI MG #2; helium
ionization and thermal conductivity detectors) in order to confirm
the generated gases as H2 and CO2.

3. Results and discussion

3.1. Particle crystallinity, sizes, and surfaces

The AgNbO3 particles crystallize in a perovskite-related struc-
ture in the orthorhombic space group Pbcm [26]. The NbO6
octahedra are condensed via corner sharing while Ag atoms occupy
the interstitial sites, shown in Fig. 1. The Na2SO4 salt was chosen
as a flux based on its previously successful use in the synthesis of
La-doped NaTaO3 and La2Ti2O7 [30,31], as well as for its low cost
and ease of removal after synthesis. The powder X-ray diffraction
(PXRD) patterns of the flux-prepared AgNbO3 products could be
fitted and indexed to the reported structure type, as shown in Fig. 2
[27]. Refined unit-cell parameters for all samples are provided in
Supporting Information. These PXRD data show that high purity
and good crystallinity could be obtained in short reaction times of
1, 2, and 10 h and at Na2SO4 (flux):AgNbO3 molar ratios of 1:1, 2:1
and 3:1. Synthetic attempts using larger flux:AgNbO3 ratios and
higher reaction temperatures resulted in the formation of NaNbO3,
as identified by PXRD. A barely detectable amount of NaNbO3 was
also observed as a separate phase in the PXRD patterns for the reac-
tions at the 3:1 molar ratio. However, NaNbO3 can be ruled out
as a contributor to visible-light photocatalysis because of its large
bandgap size (∼3.4 eV), as reported previously [1].

In order to evaluate the AgNbO3 particle sizes and morpholo-
gies, field-emission SEM images were taken on samples prepared
using flux:AgNbO3 ratios and heating times of 1:1 for 1 h (ANO1),
1:1 for 10 h (ANO3), 2:1 for 10 h (ANO6), 3:1 for 1 h (ANO7), 3:1 for
10 h (ANO9), and the solid-state prepared sample. These AgNbO3
samples represent those having both the shortest and longest reac-
tion times, and the smallest and largest amounts of flux used in the
reaction. Shown in Fig. 3, the AgNbO3 particles formed in rectan-

gular and block-like shapes that clustered into larger aggregates
of particles. A distribution of particle sizes was observed, with the
edge dimensions of the particles typically ranging between ∼100
and 700 nm for shorter reaction times of 1 h, and ∼600–4000 nm
for longer reaction times of 10 h. The amount of flux had a rela-
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Fig. 1. Structure of AgNbO3 with the unit-cell outlined; NbO6 octahedra are blue,
Ag atoms are yellow, and O atoms are red. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)
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ig. 2. Calculated PXRD patterns for NaNbO3 (a) and AgNbO3 (b), and the experi-
ental PXRD patterns for AgNbO3 prepared by the solid-state method (c) and using
1:1 flux at 10 h (d; ANO3) and a 3:1 flux at 10 h (e; ANO9).

ively small effect on the AgNbO3 particle sizes, as the particles
repared using larger amounts of flux were only a little smaller.
n estimation of the average particle sizes was made based on

ize measurements on ∼20 randomly selected particles that were
bserved in different regions of the sample. These measurements
or the 1:1 flux:AgNbO3 ratio, shown in Fig. 3A and B, yield average
izes of ∼450 nm and ∼1700 nm for the 1 h and 10 h reaction times,
espectively. For the 3:1 flux:AgNbO3 ratio, shown in Fig. 3C and
otobiology A: Chemistry 214 (2010) 54–60

D, average particle sizes of ∼400 nm and ∼900 nm were observed
for the 1 h and 10 h reaction times, respectively. The largest par-
ticle sizes were observed in ANO3 for the smallest amount of flux
(1:1) and longest reaction time (10 h). While the individual AgNbO3
particle sizes decreased both with increasing flux amounts and
decreasing reaction times, a distribution of sizes could be found
in all samples. For comparison, field-emission SEM images were
taken of the AgNbO3 sample prepared by the traditional solid-state
method, as shown in Fig. 4. The solid-state products were observed
to have no distinctly well-defined morphologies and exhibited a
significantly wider range of particle sizes.

An EDX analysis was also performed on AgNbO3 samples in
order to confirm the elemental compositions, provided in the Sup-
porting Information. The spectra revealed primarily Ag, Nb, and O
in approximately the 1:1:3 molar ratio. Also, a small but detectable
amount of Na was observed in all flux-prepared samples, indicat-
ing a small amount of incorporation of Na+ from the Na2SO4 salt
flux. The molar amount ranged from ∼7% Na+ for the 1:1 flux-
prepared samples up to ∼12% for the 3:1 flux-prepared samples.
These represent the lowest and highest amounts of Na content from
among all flux-prepared samples. As described in the PXRD data
above, higher flux amounts or longer reaction times yield a minor
impurity of NaNbO3 in the products. NaNbO3 is a known photocat-
alyst that is active in UV light only. No detectable amount of S was
observed in any of the samples, indicating that the flux itself had
been completely removed by the washing.

Surface area measurements were performed on each powdered
AgNbO3 sample, and these data are listed in Table 1. The largest
measured surface area of 0.65 m2 g−1 (ANO7) was obtained for the
largest flux amount (3:1) and shortest reaction time (1 h), and con-
versely, the smallest surface area of 0.24 m2 g−1 (ANO3) for the
smallest flux amount (1:1) and longest reaction time (10 h). For
intermediate flux reaction conditions, the surface area decreases
in a regular way with increasing reactions times and decreasing
flux-to-reactant ratios. This trend is consistent with the particle
sizes calculated from the SEM images. Further, both the BET sur-
face areas and SEM images confirm that reaction times have a more
significant effect on the resulting AgNbO3 particle sizes than the
amount of flux used in the reaction. By comparison, the AgNbO3
product prepared by the solid-state method exhibited a surface
area of 0.55 m2 g−1, and which is intermediate between that for the
1 h and 2 h flux reactions. The effects of slower cooling rates on the
AgNbO3 particles were also tested using a 1:1 flux-to-reactant ratio.
The flux reactions were slow cooled from 900 ◦C to 750 ◦C at rates
of 15 ◦C/h and 3 ◦C/h, while a third reaction was quickly radiatively
cooled to room temperature in 0 h. The measured surface areas of
the 0 h, 10 h, and 50 h cooled reactions gradually decreased from
0.39 m2 g−1 to 0.30 m2 g−1 and to 0.16 m2 g−1, respectively. There-
fore, the AgNbO3 surface areas can also be controlled via tuning
the cooling rate of the reaction, but not any more significantly than
using the flux-to-reactant molar ratio or the reaction time.

3.2. Optical properties and photocatalytic activities

Measurements of the UV–vis diffuse reflectance spectra were
taken on all AgNbO3 samples in order to determine their opti-
cal bandgap sizes, and are shown for several selected samples in
Fig. 5. In all cases, the bandgap sizes were calculated to be within
a range of ∼2.75–2.81 eV, consistent with previous reports [17].
However, the flux-prepared samples are slightly blue-shifted com-
pared to the AgNbO3 sample prepared by the solid-state method,

most likely owing to the incorporation of small amounts of Na into
the products.

Using a traditional solid-state preparation, the AgNbO3 particles
have previously been shown to oxidize water to O2 under visible-
light irradiation, and with the aid of a cocatalyst, to reduce water
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Fig. 3. Field-emission SEM images of flux-prepared AgNbO3 particles using (a) 1:1 flux ratio at 1 h (ANO1), (b) 1:1 flux ratio at 10 h (ANO3), (c) 3:1 flux ratio at 1 h (ANO7),
and (d) 3:1 flux ratio at 10 h (ANO9).

Fig. 4. Field-emission SEM images of a AgNbO3 sample prepared by the solid-state method at 900 ◦C for 12 h.

Table 1
Measured BET surface areas, and visible-light (>420 nm) photocatalytic rates of H2 formation,a for AgNbO3 particles prepared using different flux conditions and also by the
solid-state method.b,c.

Sample ID Flux:AgNbO3 molar ratio Reaction time (h) Surface area (m2 g−1) Activity (�mol H2 g−1 h−1)

ANO7 3:1 1 0.65 5.9
ANO4 2:1 1 0.61 1.7
ANO1 1:1 1 0.59 4.9
S.S. Method – 12 0.55 3.5
ANO8 3:1 2 0.55 3.4
ANO5 2:1 2 0.54 2.5
ANO2 1:1 2 0.46 3.6
ANO9 3:1 10 0.43 2.7
ANO6 2:1 10 0.35 4.0
ANO3 1:1 10 0.24 2.4

a Photocatalysis conditions: 400 W Xe arc-lamp with 420 nm cutoff filter, 250 mg of AgNbO3, 20% aqueous methanol solution, and 1 wt% Pt surface cocatalyst.
b Prepared by the solid-state reaction of Ag2O and Nb2O5 at 900 ◦C for 12 h.
c All samples were radiatively cooled to room temperature at the time of reaction termination.
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Fig. 5. Experimental UV–vis DRS data for flux-prepared AgNbO3 using (a) 2:1 flux
ratio at 10 h (ANO6), (b) 1:1 flux ratio at 10 h (ANO3), (c) 3:1 flux ratio at 10 h (ANO9),
and (d) prepared using the solid-state method.

Fig. 7. Field-emission SEM images of post photocatalysis-tested surfaces of the
solid-state prepared AgNbO3 sample.

Fig. 6. High-magnification field-emission SEM images of flux-prepared AgNbO3 particles using (a) 1:1 flux ratio at 10 h (ANO3), (b) 1:1 flux at 1 h (ANO1) showing ∼20 nm
stepped surface features, (c, d) 3:1 flux ratio at 1 h (ANO7), and (e, f) 2:1 flux ratio at 10 h (ANO6) that shows smooth surfaces.
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o H2 at rates of ∼1.5 �mol H2 g−1 h−1 in a 10% aqueous methanol
olution [17]. When irradiated by photons of bandgap and greater
nergies, the electrons excited into the conduction band drive the
eduction half reaction, while the remaining holes in the valence
and are scavenged by methanol to produce CO2. The latter is used

n order to measure the formation rate of H2 alone, as the oxida-
ion of water to O2 can be slower and rate limiting. Flux syntheses
f different particle-size distributions should impact the rates of
hese surface reactions. The visible-light photocatalytic rates of H2
ormation for the flux-prepared AgNbO3 products were measured
nd are listed in Table 1. For the 1:1 and 3:1 flux-to-reactant molar
atios, the rates of H2 formation generally increased with higher
urface areas and smaller particle sizes, as obtained by increasing
he amount of flux and decreasing the reaction time. The highest
bserved rate of activity was 5.9 �mol H2 g−1 h−1 for the AgNbO3
articles prepared from the 3:1 flux-to-reactant ratio and heated
or 1 h (ANO7). By contrast, for the 2:1 flux-prepared AgNbO3 par-
icles, the photocatalytic rates decreased with the shorter reaction
imes, and instead yielded the highest rate of 4.0 �mol H2 g−1 h−1

or the longer 10 h reaction time (ANO6). For comparison, the pho-
ocatalytic rate of the solid-state prepared AgNbO3 was measured
o be 3.5 �mol H2 g−1 h−1. These results suggest that particle sizes
nd surface areas alone do not entirely determine the rate of pho-
ocatalysis.

Though particle size, in general, has been shown above to have
n impact on the AgNbO3 photocatalytic activity and rates, another
ritical consideration is the relative concentration of particle sur-
aces that are active versus inactive. As described above for AgNbO3,
nd as described previously in studies on La2Ti2O7 [31], the smaller
articles generally exhibit the highest photocatalytic rates for H2
ormation. However, the 2:1 flux-prepared samples (ANO4, ANO5,
NO6) did not follow this expected behavior, listed in Table 1.
hus, higher-magnification field-emission SEM was used to fur-
her probe the surfaces of the AgNbO3 particles exhibiting either
he higher or lower activity rates. The SEM images, shown in Fig. 6,
evealed a large concentration of nano-stepped terraced surfaces
20-50 nm) on the AgNbO3 particles prepared with a 1:1 flux ratio
t either 1 h (Fig. 6B) or 10 h (Fig. 6A). These nano-stepped fea-
ures were also observed in the 3:1 flux-prepared samples, Fig. 6C
nd D, but in fewer numbers per particle. By contrast, the 2:1
ux-prepared sample (ANO6), shown in Fig. 6E and F, did not
xhibit these nano-stepped surfaces, but however, exhibited the
owest rates of H2 formation. Generally, the photocatalytic rates
f AgNbO3 particles with these surface nanosteps were among
he highest observed, while samples that did not exhibit these
eatures were much less active. The AgNbO3 sample prepared
y the solid-state method exhibited very irregular particle sur-
aces and no distinct and well-formed surface features. After ∼6 h
f photocatalysis testing, relatively larger and apparently etched
dges of ∼100–200 nm in size were also observed, shown in Fig. 7.
he most inactive solid-state and flux-prepared AgNbO3 samples
requently required a 1–2 h incubation period before any mea-
urable activity began, and which may be the result of the time
equired for significant surface etching to occur. However, the
XRD patterns of the AgNbO3 powders after phototesting showed
o detectable degradation or photocorrosion yet, and the sam-
le weights were approximately unchanged. A related study on
he UV-photocatalyst NaTaO3 shows that La-doping yields nano-
tepped surface features similar to those found here, but at larger
100–700 nm sizes [34,35]. These nanosteps at the metal-oxide

urfaces are reported to create separate surface sites for the forma-
ion of H2 and O2 and also help to inhibit recombination. Therefore,

t is likely that the nano-stepped features in AgNbO3 have a simi-
ar effect. A recent report on the solvothermal synthesis of AgNbO3
articles shows increased photocatalytic activity for O2 formation
36], and that was associated with similar nano-stepped surfaces.

[
[
[
[
[
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Future in situ measurements are necessary to more deeply probe
the origins and mechanisms of the active sites on the AgNbO3 sur-
faces.

4. Conclusions

The synthesis of AgNbO3 particles can be performed in a molten
Na2SO4 flux at 900 ◦C in short reaction times of 1–10 h, with
high purities and homogeneous microstructures that range in size
from ∼100 nm to 5000 nm. The smallest particle-size distributions
of ∼100–700 nm and highest surface areas of 0.65 m2 g−1 were
obtained for the largest amount of flux (3:1) and shortest reaction
time (1 h). Measured optical bandgap sizes of the AgNbO3 products
were in the range of ∼2.75–2.81 eV. Visible-light photocatalytic
rates of the flux-synthesized AgNbO3 particles for H2 formation in
an aqueous methanol solution were 1.7–5.2 �mol H2 h−1 g−1. The
higher rates were correlated with the formation of ∼20–50 nm
terraced surface features on the flux-synthesized particles. By
comparison, the AgNbO3 sample prepared by solid-state methods
showed no well-defined particle morphology or microstructure.
Thus, the results herein demonstrate the value of flux-synthetic
methods in tuning particle sizes and surface microstructures in
order to probe the origins of photocatalytic activity on the surfaces
of metal-oxide particles.
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