
Pickering Emulsions Prepared by Layered Niobate K4Nb6O17
Intercalated with Organic Cations and Photocatalytic Dye
Decomposition in the Emulsions
Teruyuki Nakato,*,† Hiroaki Ueda,‡ Sachika Hashimoto,‡ Ryosuke Terao,‡ Miyuki Kameyama,‡

and Emiko Mouri†

†Department of Applied Chemistry, Kyushu Institute of Technology, 1-1 Sensui-cho, Tobata-ku, Kitakyushu-shi, Fukuoka 804-8550,
Japan
‡Graduate School of Bio-Applications and Systems Engineering, Tokyo University of Agriculture and Technology, 2-24-16 Naka-cho,
Koganei-shi, Tokyo 184-8588, Japan

*S Supporting Information

ABSTRACT: We investigated emulsions stabilized with
particles of layered hexaniobate, known as a semiconductor
photocatalyst, and photocatalytic degradation of dyes in the
emulsions. Hydrophobicity of the niobate particles was
adjusted with the intercalation of alkylammonium ions into
the interlayer spaces to enable emulsification in a toluene−
water system. After the modification of interlayer space with
hexylammonium ions, the niobate stabilized water-in-oil (w/o)
emulsions in a broad composition range. Optical microscopy
showed that the niobate particles covered the surfaces of
emulsion droplets and played a role of emulsifying agents. The niobate particles also enabled the generation of oil-in-water (o/w)
emulsions in a limited composition range. Modification with dodecylammonium ions, which turned the niobate particles more
hydrophobic, only gave w/o emulsions, and the particles were located not only at the toluene−water interface but also inside the
toluene continuous phase. On the other hand, interlayer modification with butylammonium ions led to the formation of o/w
emulsions. When porphyrin dyes were added to the system, the cationic dye was adsorbed on niobate particles at the emulsion
droplets whereas the lipophilic dye was dissolved in toluene. Upon UV irradiation, both of the dyes were degraded
photocatalytically. When the cationic and lipophilic porphyrin molecules were simultaneously added to the emulsions, both of
the dyes were photodecomposed nonselectively.
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■ INTRODUCTION

Emulsions stabilized by particles, called Pickering emulsions,
have been rediscovered and attracted attention in the past
decade.1−5 Solid particles are adsorbed more strongly than
conventional surfactants on oil−water interfaces to yield highly
stable emulsions. The emulsions provide broad practical
applications in various fields such as petroleum, food, cosmetic,
and pharmaceutical industries, and are also recognized as a kind
of multicomponent soft matter where particles are aggregated
in a specific manner at the structured oil−water interface. For
the formation of Pickering emulsions, hydrophilic or hydro-
phobic property of the emulsifier particles, or in other words,
wettability, is important.3−5 Appropriately hydrophobic and
hydrophilic particles yield water-in-oil (w/o) and oil-in-water
(o/w) emulsions, respectively. The hydrophobicity is usually
controlled by surface modification of the particles. Since the
surface reaction site for the hydrophobicity modification is not
well-defined for conventional spherical particles, precisely
controlled surface modification is not easily attained. To
overcome this, utilization of Janus particles6−10 and addition of

molecular surfactants have been examined for organizing stable
Pickering emulsions.11−15 However, complicated techniques are
required for preparing the emulsifying particles in the former
case, and leakage of the surfactants is possible in the latter.
Although spherical particles are usually used as the particle

emulsifier of Pickering emulsions, platelike particles can be
utilized as alternative emulsifiers. The platy shape has been
suggested to be advantageous for the formation of network
structures at the water−oil interfaces.16,17 Because this type of
particle morphology is usually observed for layered crystals,
Pickering emulsions have been prepared with inorganic layered
materials.16−48 If the layered crystals have ion-exchangeable
sites in their interlayer spaces, as observed for numerous
layered compounds exemplified by smectite-type clays and
layered double hydroxides, the solid emulsifiers have an
additional advantage, which is the ease of hydrophobicity
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modification by incorporation of organic molecules into their
interlayer spaces through ion exchange. The organic species is
readily intercalated into sterically defined sites with the
amounts determined by the ion exchange capacity, and the
intercalation alters the hydrophobicity of the layered crystals.49

Hence, the ion-exchangeable layered crystals can be utilized as
the particle emulsifiers, and the emulsification behavior can be
tuned through the hydrophobicity control with the intercalation
of appropriate organic ions.
So far, ion-exchangeable layered crystals with and without

intercalation of organic molecules have been investigated as the
solid emulsifiers. Smectite-type clays form o/w emulsions
without intercalation of organic species16,22,23,45 whereas the
clays intercalated with organic cations produce o/w18,28,42,44 or
w/o19,25 emulsions depending on the organic species. Layered
double hydroxides with and without the intercalation of organic
substances also stabilize emulsions.16,23,26,27,32 Phase inversion
between o/w and w/o emulsions has also been observed for the
emulsification with the organically modified layered materi-
als.20,32,35,48 However, to the best of our knowledge,
investigations that systematically alter the interlayer conditions
for the same layered crystal have not been carried out.
Another aspect of the Pickering emulsions is utilization of

physicochemical properties of the solid emulsifiers for novel
functions of the emulsions. Inorganic emulsifiers can add
unusual properties to the emulsions if we use the particles with
advanced optic, photochemical, electric, and magnetic proper-
ties although many studies have utilized inert solid particles
typically exemplified by silica as emulsifiers. Examples are
emulsions with magnetic particles responsive to external
magnetic fields.50−53 For the case of ion-exchangeable layered
materials, however, the emulsifiers have been limited to
physicochemically inert ones such as clay minerals. Although
Pickering emulsions of graphene oxide have been reported as a
very few exceptions, functions of the obtained emulsions have
not been developed.40,41,43 It should be important to
systematically control the emulsifying behavior of physico-
chemically active layered compounds for designing hierarchi-
cally organized functional systems with layered materials based
on the emulsion structures.
Here, we report Pickering emulsions prepared with layered

hexaniobate K4Nb6O17 that is a photocatalytically active wide
band gap semiconductor54,55 and is intercalated with organic
cations through ion exchange.56−58 The photocatalytic activity
allows decomposition of organic species that is adsorbed on the
material or dissolved in the surrounding liquid upon UV
irradiation.59−62 Hydrophobicity of the material is broadly
modified by intercalation of alkylammonium ions whereas bare
K4Nb6O17 is hydrophilic.

63−66 We have obtained both w/o and
o/w emulsions depending on the intercalated alkylammonium
species with different chain length. In addition, the niobate
particles located at the water−oil interface photocatalytically
decompose dyes dissolved in both oil and water phases.

■ EXPERIMENTAL SECTION
Preparation of the Alkylammonium-Intercalated Niobates.

Tetrapotassium hexaniobate trihydrate K4Nb6O17·3H2O was prepared
by heating a mixture of K2CO3 and Nb2O5 (2.1: 3.0 in molar ratio) at
1373 K for 10 h according to the reported method.58,67 The powdery
potassium hexaniobate was then subjected to intercalation of three
alkylammonium ions. For the intercalation of dodecyl- or
hexylammonium ions, the niobate was allowed to react with an
aqueous solution of a chloride salt of the alkylammonium ions with
K:N atomic ratio of 1:8 at 333 K for 2 weeks, followed by washing

with water and drying under ambient conditions.58,64,65 For the
intercalation of butylammonium ions, the reaction was carried out
under the same conditions as described above but the reaction period
was 6 weeks, and the product was thoroughly washed with water, once
rinsed with acetone, and dried under ambient conditions.58 The
niobate samples intercalated with dodecyl-, hexyl-, and butylammo-
nium ions are designated as C12N−Nb6O17, C6N−Nb6O17, and C4N−
Nb6O17, respectively.

The intercalation of alkylammonium ions was confirmed by powder
X-ray diffraction (XRD, Figure S1 of the Supporting Information).
The XRD patterns indicated the expansion of the basal spacings
compared with K4Nb6O17, and the expanded spacings were in
agreement with the previous papers on the intercalation of
alkylammonium ions.58,64,65 The basal spacings indicated that all of
the products incorporated the alkylammonium ions into both the two
types of the interlayer spaces of hexaniobate.58 The amount of
intercalated alkylammonium ions was estimated with thermogravim-
etry. The alkylammonium:Nb molar ratio was 3.5:6, 3.3:6, and 3.2:6
for C12N−Nb6O17, C6N−Nb6O17, and C4N−Nb6O17, respectively;
namely, the rate of cation exchange was slightly larger for the longer-
chain alkylammonium species. Water vapor adsorption isotherms of
the alkylammonium-intercalated niobate were obtained at 298 K by a
BEL Japan BELSORP 18-Plus automatic vapor adsorption apparatus
with the previously reported method.65

Preparation and Characterization of Emulsions. Water−
toluene emulsions were prepared by homogenizing a mixture of
water, toluene, and the alkylammonium-intercalated niobate powders
with a rotating speed of 20000 rpm for 5 min with an IKA T25 Ultra
Turrax homogenizer. The temperature was kept to be 283 K with a
water bath. Concentration of the intercalated niobate (cS, in g L

−1) and
volume fraction of water (ϕW) were examined as the variables while
the total amount of the solvents was 15 mL. An emulsion was judged
as stable when the emulsified state was kept more than 1 day, whereas
it was recognized as unstable if demulsified within 24 h. We note that
all of the emulsions judged as stable in the present study were kept for
more than a month. The type of emulsions, w/o or o/w, was evaluated
by the dilution test. The prepared emulsions were observed with an
Olympus BX-51 optical microscope.

Adsorption and Photocatalytic Decomposition of Porphyrin
Dyes. Adsorption and photocatalytic decomposition of organic dyes
by the C12N−Nb6O17 and C6N−Nb6O17 particles in the emulsions
were examined for two porphyrin species: water-soluble 5,10,15,20-
tetrakis(1-methylpyridinium-4-yl) porphine (H2TMPyP4+) and tol-
uene-soluble tetraphenylporphine (TPP). The dyes were first
dissolved into the good solvent with the concentration of 10 μmol
L−1, and then subjected to emulsification with the poor solvent and the
niobate powders. The ϕW and cS values were set to 0.5 and 2 g L−1,
respectively. The prepared emulsions were kept in the dark for a day.
Fluorescence microscope observations of the dye-including emulsions
were carried out with an Olympus BX2-FL-1 system using a U-
MSWB2 mirror unit. Adsorption of the porphyrin species onto the
powders in the emulsions was evaluated with visible spectra of the
supernatant obtained by removing the niobate powders with
centrifugation (20 000 rpm, 10 min).

For the photocatalytic decomposition, the porphyrin-containing
emulsions of 3 mL were irradiated in a quartz cell (1 cm path length)
with an Ushio SX-U1500XQ Xe lamp. A Kenko U-340 UV-band-pass
filter was used to irradiate the sample only with UV light (260−390
nm). Decomposition of the dyes was monitored by visible diffuse
reflectance spectroscopy using a Shimadzu UV-2450 spectrophotom-
eter equipped with an integrating sphere.

■ RESULTS AND DISCUSSION

All of the alkylammonium-intercalated niobates prepared in the
present study  C12N−Nb6O17, C6N−Nb6O17, and C4N−
Nb6O17  form Pickering emulsions at appropriate ϕW and cS
values. The emulsification behavior is somewhat different
depending on the intercalated alkylammonium species. On the
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contrary, unmodified K4Nb6O17 does not stabilize emulsions at
all.
Emulsions with C6N−Nb6O17. Figure 1a shows a photo-

graph of typical samples obtained with C6N−Nb6O17. The
samples consist of emulsion (in lower part of the vials) and
pure toluene (upper part) phases, and the emulsion type is all
w/o. Optical microscope images of a typical emulsion sample
with and without crossed polarizers shown in Figures 1c and d
indicate that water droplets are dispersed in toluene with
birefringence at the droplet edges. Because of optical anisotropy
of the K4Nb6O17 crystallites,

67 the birefringence is ascribed to
the presence of the C6N−Nb6O17 particles at the droplet edges;
hence, the samples are Pickering emulsions.
We draw a phase diagram by examining the emulsification

behavior of C6N−Nb6O17 with various ϕW and cS values. Figure
2 shows the obtained diagram. Stable w/o emulsification is
attained in the region of ϕW < 0.8 and cS > 1 g L−1.
Emulsification is also possible down to cS = 0.2 g L−1 if ϕW <
0.2. Instable w/o emulsions form in most of the other region.
However, instable o/w emulsions also form in a limited region
of large water content (ϕW = 0.6−0.9, cS < 0.5 g L−1); typical
sample appearance is shown in Figure 1b. This is evidence for
the phase inversion that is observed for the particle emulsifiers
with the surface property near the border of hydrophobic and
hydrophilic. The phase behavior indicates that C6N−Nb6O17
works as a moderately hydrophobic particle emulsifier.
Volume fraction of the emulsion phase in the samples gives

additional information. Figure 3 shows volume fraction of the
emulsion phase with different ϕW at cS = 2 g L−1. The fraction
of the emulsion phase becomes large as ϕW increases at a
constant cS. This is usual behavior of Pickering emulsions.
Emulsions with C12N−Nb6O17. The emulsification behav-

ior of C12N−Nb6O17 is similar to that of C6N−Nb6O17.

Photographs of typical samples, Figure 4a, show that stable w/o
emulsions are obtained in the lower part of the vials with the
upper toluene phases. These behaviors are essentially the same
as those observed for the C6N−Nb6O17 system. Volume
fraction of the emulsion phase depends on the ϕW value
similarly to the C6N−Nb6O17 system (Figure 3). Optical
microscope images of an emulsion, Figures 4b and c, indicate
the location of niobate particles evidenced by the birefringence
both at the droplet edges and in the continuous liquid
(toluene). This is different from the C6N−Nb6O17 system
where the niobate particles are almost located at the droplet
edges.
The optical microscopy also gives the information of the

surface coverage of the emulsion droplets. We obtained a

Figure 1. Photographs of the (a) w/o emulsions prepared with C6N−Nb6O17 (cS = 2 g L−1, ϕW = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 from left to right) and (b)
instable o/w emulsion (cS = 0.5 g L−1, ϕW = 0.7), and optical microscope images of the w/o emulsion (c) without and (d) with crossed polarizers (cS
= 2 g L−1, ϕW = 0.5).

Figure 2. Phase diagram of the emulsions with C6N−Nb6O17. Open
circles, filed circles, and crosses mean stable w/o emulsion, instable w/
o emulsion, and instable o/w emulsion phases, respectively.
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polarized microscope image of an emulsion droplet edge with a
large magnification (cS = 2 g L−1, ϕW = 0.5) (see Figure S2 in
the Supporting Information). The image indicates that the
droplet is fully covered with the birefringent niobate particles.
The thickness of the birefringent periphery is estimated as
several micrometers, corresponding to the stacking of several
thousands niobate layers. The particle thickness is in harmony
with that can be estimated from a scanning electron microscope
image of the C12N−Nb6O17 particles reported in a previous
paper.68

The phase diagram of the C12N−Nb6O17 system, shown in
Figure 5, is almost the same as that of the C6N−Nb6O17
system. Stable w/o emulsion forms in the region of ϕW < 0.8
and cS > 1 g L−1, and ϕW < 0.2 at cS = 0.2 g L−1. Only instable
w/o emulsion forms in the other region; the phase inversion to

o/w emulsion is not observed, which is different from the
C6N−Nb6O17 system. The differences between the C6N−
Nb6O17 and C12N−Nb6O17 systems are ascribed to more
hydrophobic character of the C12N−Nb6O17 particles as
rationalized by intercalation of the longer-chain C12N species,
compared with the C6N−Nb6O17 particles.
The hydrophobic character of the C12N−Nb6O17 particles is

also evidenced by the water vapor adsorption. Figure 6
compares the adsorption isotherms of the alkylammonium-
intercalated niobate examined in the present study. Although all
of the isotherms are classified into type II of the IUPAC
definition indicating affinity for water,69 the amounts of
adsorbed water are in the order of C12N−Nb6O17 < C6N−
Nb6O17 < C4N−Nb6O17. This indicates that C12N−Nb6O17 is

Figure 3. Volume fraction of the emulsion phase in the C6N−Nb6O17
(black bars) and C12N−Nb6O17 (white bars) samples with 0.1 < ϕW
<0.6 at a constant cS of 2 g L−1.

Figure 4. (a) Photographs of the w/o emulsions prepared with C12N−Nb6O17 (cS = 2 g L−1, ϕW = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 from left to right), and
optical microscope images of the emulsion (c) without and (d) with crossed polarizers (cS = 2 g L−1, ϕW = 0.5).

Figure 5. Phase diagram of the emulsions with C12N−Nb6O17. Open
circles and crosses mean stable w/o emulsion and instable w/o
emulsion phases, respectively.
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the most hydrophobic and C4N−Nb6O17 is the most
hydrophilic, agreeing with the order of hydrophobicity expected
from the chain length of the intercalated alkylammonium
species.
Emulsions with C4N−Nb6O17. In contrast to C6N−

Nb6O17 and C12N−Nb6O17, the emulsification behavior of
C4N−Nb6O17 is characteristic to that of hydrophilic particles.
The C4N−Nb6O17 particles generate o/w emulsions. Photo-
graph of the samples emulsified with C4N−Nb6O17 shown in
Figure 7 indicates that the emulsions are present at the upper
parts of the vials with turbid water phases of the lower parts.
The turbidity of the water phase is due to the distribution of the
niobate particles in the continuous phase as well as the droplet
interface.
The phase diagram shown in Figure 8 indicates that the

C4N−Nb6O17 particles stabilize o/w emulsions in the rather
restricted region of ϕW > 0.6 and cS > 1 g L−1, and that w/o
emulsions are not obtained. Macroscopically separated oil and
water phases, where the niobate particles are suspended in the
aqueous phase, are obtained outside the emulsification region
(see Figure 7). Such behavior of the C4N−Nb6O17 sample is
explained with the most hydrophilic nature of this sample
compared with the others because of the intercalation of short-
chain C4N cations as indicated by the water adsorption
isotherm; hydrophilic particles stabilize o/w emulsions.
However, hydrophilicity of the C4N−Nb6O17 particles is not
ideal as an efficient emulsifier because the niobate particles are
not only adsorbed at the water−toluene interface but also
dispersed in the aqueous phase.
Adsorption of Porphyrins Added to the Emulsions.

We have examined adsorption of water- and oil-soluble
porphyrins onto the C6N−Nb6O17 and C12N−Nb6O17 particles
forming the w/o emulsions (cS = 2 g L−1, ϕW = 0.5). The water-

soluble cationic porphyrin, H2TMPyP4+, is adsorbed by the
particles because the niobate layers are negatively charged. For
C6N−Nb6O17, visible spectra of the water and toluene
supernatants after the removal of the emulsifier particles from
the emulsion indicate that H2TMPyP4+ cations do not reside in
the aqueous phase (see Figure S3 in the Supporting
Information); hence, the porphyrin molecules are all adsorbed
onto the C6N−Nb6O17 particles. Visible diffuse reflectance
spectrum of the porphyrin-containing emulsion shown in
Figure 9 exhibits the Soret band of the H2TMPyP4+ species at
426 nm, being red-shifted by 5 nm from that of an aqueous
H2TMPyP4+ solution. The spectral shift supports the
adsorption of porphyrin molecules onto the niobate
particles.70−72 The adsorption of porphyrin is also evidenced
by fluorescence optical microscopy. Figure 10a shows a typical
microscope image of the emulsion with C6N−Nb6O17
containing H2TMPyP4+. It exhibits red emission of
H2TMPyP4+ from the water−oil interface, where the niobate
particles are located, of the emulsion droplets.
The C12N−Nb6O17 system shows somewhat different

behavior. The H2TMPyP4+ molecules are not completely
adsorbed by the niobate particles but present in the water phase
as dissolved species, which is indicated by visible spectrum of
the water phase from which the emulsifier is removed (see
Figure S3 in the Supporting Information), although the amount
of H2TMPyP4+ species is less than 1/100 (in molar ratio) that
of alkylammonium ions, i.e., all of the H2TMPyP4+ molecules
can be adsorbed. However, fluorescence microscope image of
the porphyrin-containing emulsion shown in Figure 10b

Figure 6.Water vapor adsorption isotherms for (a) C6N−Nb6O17, (b)
C12N−Nb6O17, and (c) C4N−Nb6O17.

Figure 7. (a) Photographs of the o/w emulsions and suspensions prepared with C4N−Nb6O17 (cS = 1 g L−1, ϕW = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9 from left to right).

Figure 8. Phase diagram of the emulsions with C4N−Nb6O17. Squares,
crosses, and filled circles mean not emulsified, instable o/w emulsion,
and stable o/w emulsion phases, respectively.
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indicates intense emission from the droplet edge. Thus, the
C12N−Nb6O17 particles at the water−toluene interface adsorb
the porphyrin molecules. This is also supported by the visible
diffuse reflectance spectrum of the emulsion (Figure 9c)
showing the Soret band at the position same as that of the

C6N−Nb6O17 system. The fluorescence microscope image also
shows that only the niobate particles at the water−oil interface
emit; emission from the toluene continuous phase is not
observed although the polarized optical microscope image
(Figure 4c) shows the location of the niobate particles inside
the toluene continuous phase. This indicates that the particles
distributed in the oil phase do not contribute to the adsorption
of the dye dissolved in the aqueous phase, which is rationalized
by little migration of the water-soluble H2TMPyP4+ molecules
into the toluene phase.
On the other hand, the oil-soluble porphyrin, TPP, is little

adsorbed by both of the C6N−Nb6O17 and C12N−Nb6O17

particles. Fluorescence optical microscope image shown in
Figure 10 exhibits emission from continuous toluene phase but
not from the edge of emulsion droplets with C12N−Nb6O17

with contrary to the microscope images of the H2TMPyP4+-
containing emulsions. Diffuse reflectance spectrum of the
emulsion with the C6N−Nb6O17 particles shown in Figure 11
indicates the Soret absorption band of TPP at 419 nm, which is
the same position as that of the porphyrin dissolved in toluene.
Hence, the TPP molecules are not adsorbed onto the niobate
particles at the water−toluene interface but stay inside the
toluene phase. This is explained by electrical neutrality and
hydrophobicity of the TPP species, which thus does not have
specific driving force of adsorption between the electrically
charged niobate layers.

Photocatalytic Decomposition of the Porphyrins in
the Emulsions. Photocatalytic decomposition of the porphyr-
ins added to the emulsions has been examined for the w/o
emulsions with C6N−Nb6O17 (cS = 2 g L−1, ϕW = 0.5), where
the location of the porphyrin molecules is almost uniquely

Figure 9. Visible spectra of (a) a 10 μmol L−1 aqueous H2TMPyP4+

solution (transmission spectrum), and the w/o emulsions containing
10 μmol L−1 H2TMPyP4+ stabilized with (b) C6N−Nb6O17 and (c)
C12N−Nb6O17 (cS = 2 g L−1, ϕW = 0.5, diffuse reflectance spectra).

Figure 10. Fluorescence microscope images of the w/o emulsions (cS = 2 g L−1, ϕW = 0.5) containing H2TMPyP4+ stabilized with (a) C6N−Nb6O17
([H2TMPyP4+] = 5 μmol L−1) and (b) C12N−Nb6O17 ([H2TMPyP4+] = 2.5 μmol L−1), and w/o emulsion (cS = 2 g L−1, ϕW = 0.5) containing TPP
stabilized with (c) C12N−Nb6O17 ([TPP] = 1.5 μmol L−1).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am300987x | ACS Appl. Mater. Interfaces 2012, 4, 4338−43474343



defined. When H2TMPyP4+ is added to the emulsion, it is
decomposed with UV irradiation as monitored by the
disappearance of the Soret band at 426 nm in the diffuse
reflectance spectra of the emulsion shown in Figure 12A. The
band intensity rapidly decreases with the irradiation. On the
other hand, the visible diffuse reflectance spectra of the sample
irradiated for 5−30 min, shown in Figure 12B, exhibit a very
broad absorption band extending over the measured wave-
length region with peaks around 400 and 650 nm. These bands
are assigned to a reduced (lower-valent) Nb species in the
niobate particles.73−75 Organic species intercalated in or
adsorbed on the layered niobate has been reported to act as
a sacrificial donor to consume the positive holes in the niobate
layers generated by photoexcitation of the semiconductor
oxide;60,76 and thus the Nb species in the niobate layers is
reduced.
TPP molecules added to the emulsion are also photo-

decomposed. Figure 13 shows diffuse reflectance spectra of the
emulsion containing TPP molecules before and after the UV
irradiation. A rapid decrease in the intensity of the Soret band
and gradual growth of the broad absorption band assigned to
the lower-valence Nb species are observed as in the case of the
H2TMPyP4+-containing emulsion. The redox potentials of the
porphyrins at the ground state are +1.11 and +1.00 V (vs SCE)
for H2TMPyP4+ and TPP, respectively.77,78 Also, those at the
excited state are −0.73 and −0.89 V for H2TMPyP4+ and TPP,
respectively. Thus, both of the porphyrins can be oxidized by
the positive holes of the niobate whose valence band level is
estimated as +2.52 V.79 These values explain the similar
decomposition behavior of H2TMPyP4+ and TPP. However,
the decomposition of TPP is somewhat slower than
H2TMPyP4+ on the basis of the comparison of Figures 12A
and 13A. This difference suggests an effect of the location of
porphyrin molecules. Although the H2TMPyP4+ molecules
adsorbed on the photocatalytically active C6N−Nb6O17
particles are decomposed fast, the TPP species not located

on the photocatalyst but dissolved in the liquid phase reacts
somewhat slowly.
The emulsions are stable during the photocatalytic

decomposition of porphyrins under our experimental con-
ditions. Figure 14 shows photograph of the TPP-containing w/
o emulsion stabilized with C6N−Nb6O17 (cS = 2 g L−1, ϕW =
0.5) before and after the irradiation for 21 min. Although the
emulsion turned pale green after the irradiation due to the
formation of the lower-valence niobate species as mentioned
above, appearance of the irradiated emulsion is almost the same
as that before the irradiation, and the volume fraction of the
emulsion phase is reduced only a little with the irradiation. IR
spectra of the powder of C6N−Nb6O17 recovered from the
TPP-containing emulsion shown in Figure S4 of the Supporting
Information indicate that the absorption bands at around 2900
cm−1 and 1700−1300 cm−1 due to the organic species still
clearly appear after the reaction although that the band profile
changes because of the decomposition of the TPP molecules.
The intercalated hexylammonium ions would also be
decomposed in part.
The photocatalytic decomposition of TPP species is greatly

suppressed in the toluene suspension of C6N−Nb6O17 powders
without emulsification in contrast to the effective decom-
position in the Pickering emulsion. Figure S5 of the Supporting
Information compares the visible spectra of TPP before and
after the irradiation for 30 min. Although the TPP
concentration (10 μmol L−1) is the same as that of the
emulsion system and the amount of C6N−Nb6O17 is larger (cS

Figure 11. Visible spectra of (a) a 10 μmol L−1 TPP toluene solution
(transmission spectrum), and (b) the w/o emulsion containing 10
μmol L−1 TPP stabilized with C6N−Nb6O17 (cS = 2 g L−1, ϕW = 0.5,
diffuse reflectance spectrum).

Figure 12. Visible diffuse reflectance spectra of the w/o emulsion
containing 10 μmol L−1 H2TMPyP4+ stabilized with C6N−Nb6O17 (cS
= 2 g L−1, ϕW = 0.5) (A) before and after the irradiation for 1−3 min
and (B) after the irradiation for 5−20 min.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am300987x | ACS Appl. Mater. Interfaces 2012, 4, 4338−43474344



∼ 4 g L−1), the TPP concentration little decreased with the
irradiation. This result clarifies the benefit of the photocatalytic
reaction in the emulsions.
When H2TMPyP4+ and TPP molecules are both added to

the w/o emulsion with C6N−Nb6O17, the niobate particles
simultaneously photodecompose both of the porphyrin species.

In this case, diffuse reflectance spectra of the emulsion
containing the binary porphyrin species shown in Figure 15

indicate disappearance of TPP in toluene upon UV irradiation
because of the absorption wavelength of the Soret band. At the
same time, the niobate solid recovered from the emulsion by
centrifugation shows that the characteristic Soret absorption
band of the H2TMPyP4+ molecules observed before the
irradiation vanishes in the sample after the irradiation, as
shown in Figure 16. The results demonstrate that the
organically modified niobate forming the Pickering emulsion
nonselectively decompose organic dyes in the emulsion without
distinction of their location.

■ CONCLUSIONS
In summary, amphiphilicity of the layered niobate is tuned by
the intercalation of alkylammonium species with different chain
length, which enables the niobate to systematically control its
emulsification behavior in the mixtures of water and toluene.
W/o and o/w Pickering emulsions are both obtained by
appropriate choice of the alkylammonium species. The
organically modified niobate located at the water−oil interface
of the emulsion droplet adsorbs cationic porphyrins introduced
into the aqueous phase but not electrically neutral hydrophobic
one dissolved in the toluene phase. The photocatalytically
active niobate particles decompose the porphyrin molecules in
the emulsions without distinction of their location; the dye
molecules adsorbed onto the niobate and dissolved in the

Figure 13. Visible diffuse reflectance spectra of the w/o emulsion
containing 10 μmol L−1 TPP stabilized with C6N−Nb6O17 (cS = 2 g
L−1, ϕW = 0.5) (A) before and after the irradiation for 1−3 min and
(B) after the irradiation for 5−21 min.

Figure 14. Photographs of the w/o emulsion samples containing 10
μmol L−1 TPP stabilized with C6N−Nb6O17 (cS = 2 g L−1, ϕW = 0.5)
(a) before and (b) after the irradiation for 21 min.

Figure 15. Visible diffuse reflectance spectra of the w/o emulsion
containing 10 μmol L−1 H2TMPyP4+ and TPP stabilized with C6N−
Nb6O17 (cS = 2 g L−1, ϕW = 0.5) (A) before and after the irradiation
for 1−3 min and (B) after the irradiation for 5−21 min.
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organic phase are both decomposed. The results will be utilized
for constructing novel photofunctional systems based on
emulsion-based hierarchical structures.

■ ASSOCIATED CONTENT
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XRD patterns of C6N−Nb6O17, C12N−Nb6O17, and C4N−
Nb6O17. Magnified polarized optical microscope image of an
emulsion droplet. Visible spectra of the supernatant aqueous
phase of the emulsions obtained by centrifugation after the
adsorption of H2TMPyP4+. IR spectra of C6N−Nb6O17
recovered from the TPP-containing emulsion. Visible spectra
of a toluene solution of TPP before and after the irradiation of
for 30 min in the presence of the powders of C6N−Nb6O17
without emulsification. This material is available free of charge
via the Internet at http://pubs.acs.org/.
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