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ABSTRACT A visible-light-driven photocatalyst, LisFes(P,07)5(PO4),, prepared by a hydrothermal method was studied. The as-prepared
catalyst exhibited efficient photocatalytic activity in the degradation of methylene blue (MB) under visible-light irradiation (A > 400
nm). Besides decoloring, the decomposition of phenol was also observed, further demonstrating the photocatalytic performance of
LigFes(P,07)5(PO4),. It was found that hexadecyltrimethylammonium bromide (CTAB) affected the geometry, crystallinity, optical
property, surface area, and photocatalytic activity of the material significantly. The sample obtained with CTAB addition during synthesis
procedure showed the higher photocatalytic activity. 70% of MB could be photodegraded under visible-light irradiation after 3 h,
showing the excellent photocatalytic activity of LigFes(P,07)5(POs),. Furthermore, with I™ as electron donor, 19 umol/g of hydrogen
was photocatalytically evolved from aqueous solutions after 5 h. According to experimental results, a possible photocatalytic mechanism

of LigFes(P,07)5(POy4), was proposed.
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1. INTRODUCTION
emiconductor photocatalysis has been the focus of

much research for its application in splitting water to

supply clean, recyclable hydrogen energy and for
decomposing organic contaminants (1—3). TiO, has been
widely used as an effective and inexpensive photocatalyst
(4). However, TiO, is only active in the ultraviolet (UV) light
range (5). It has been of great interest to develop highly
active photocatalysts that work efficiently under visible-light
irradiation. Modification of TiO, by doping or dye-sensitiza-
tion has been intensely studied to exploit the photocatalyst
response to visible-light irradiation (6—9). However, doped
materials often suffer from thermal instability (10), and
many dye sensitizers are not sufficiently stable in the aquatic
environment (11). To eliminate these drawbacks, a large
number of investigations have focused on undoped, single-
phase oxide photocatalysts working under visible-light il-
lumination (12—14). However, the metal elements of many
new catalysts are rare, and the visible-light-driven photo-
catalysts are usually synthesized by high-temperature ce-
ramic methods, which are characterized by high energy
consumption. Therefore, it is of great importance to develop
easily prepared, earth-abundant photocatalysts.

It was reported that some phosphates exhibited photo-
luminescence properties (15). Considering some photocata-
lysts also have photoluminescence properties (16, 17), the
phosphates may have potential application in photocatalyst.
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In addition to P, Fe is also an abundant element, which is
commonly used to make various catalysts (18, 19). There-
fore, we think that a combination of P and Fe might develop
a new photocatalyst.

LigFes(P,07)5(POy4), was previously synthesized by high-
temperature ceramic method and reported as one of the
several monodiphosphates (20). Recently, we prepared this
material by hydrothermal method. Its good visible-light
absorption ability indicated that it may be a photocatalyst
working under visible light. In the present paper, we report
the synthesis of LigFes(P,07)5(PO4), nanoparticles and their
photocatalytic properties. Our method of synthesis was
characterized by low temperature and short time. The as-
prepared photocatalysts exhibited good visible-light absorp-
tion and high photocatalytic activity. Photocatalytic decom-
position of water to produce hydrogen over the catalyst was
also observed.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Photocatalysts were prepared by
a hydrothermal method. All chemicals are of analytic purity and
used without further purification. In a typical procedure, the
CTAB was dissolved in 50 mL HsPO, solution (0.1 mol L.
Sixty-three hundreths of a gram of of LiOH - H,O and 1.39 g of
FeSO, - 7H,O powders were added to the solution. The solution
was quickly transferred to a Teflon-lined stainless steel autoclave
(inner volume: 120 mL) and heated at 150 °C for 2 h. After the
hydrothermal reaction, the reactor was cooled to room tem-
perature. The precipitated powder was washed with ethanol to
ensure elimination of the excess of surfactant. Then, the
obtained powder was dried at 50 °C under a vacuum. For
comparison, the catalyst without CTAB addition during synthe-
sis was also prepared by the same procedure. The two samples
obtained in this manner are hereafter named SA (sample
obtained in the absence of CTAB during synthesis) and SB
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(sample obtained in the presence of CTAB during synthesis). A
common visible-light-responsive photocatalyst N-doped TiO,
was synthesized (21). The N-doped TiO, and a commercial TiO,
photocatalyst (Degussa P25) were used as reference photocatalyst.

2.2. Characterization. The phase compositions of the as-
prepared samples were characterized by X-ray diffraction (XRD)
on a Japan Rigaku D/max 2500 PC diffractometer using Cu Ka
radiation. Scanning electron microscopy (SEM) characteriza-
tions were performed on a Hitachi S-4700 electron probe
microanalyzer. The UV—visible diffuse reflectance spectra (DRS)
of the samples were measured using a Shimadzu UV-2450
UV—visible spectrophotometer with barium sulfate as the refer-
ence sample. The Brunauer—Emmett—Teller (BET) surface area
measurements were performed by a Micromeritics ASAP2020
surface area analyzer.

2.3. Photocatalytic Activity Test. The photocatalytic activi-
ties of the samples were evaluated by degradation of MB and
phenol in an aqueous solution under visible light from a 350 W
xenon lamp. The light below 400 nm was removed by using a
glass filter. In each test, 50 mg of the photocatalyst was
dispersed in 10 mg L™' MB or phenol solution (100 mL). The
reaction temperature was controlled at 25 °C by a circulating
water jacket. Prior to irradiation, the suspension was magneti-
callystirredindark forabout 30 mintoreach absorption—desorption
equilibrium. The suspension was kept under constant air-
equilibrated conditions during illumination. At certain time
intervals, 5 mL suspension was sampled and centrifuged to
remove the particles. The degradation of MB was monitored by
a Hitachi U-3010 UV—vis spectrophotometer at 665 nm. The
concentration of phenol was determined by using a colorimetric
assay (22). Photocatalytic splitting of water to hydrogen was
carried out in a Pyrex reactor of 250 cm? capacity. In a typical
reaction, 0.1 g of catalyst was added to 100 mL of aqueous
solution of 0.2 M KI in the Pyrex reactor (23). The mixture was
suspended by using a magnetic stirrer within the reactor. Prior
to the reaction, the mixture was deaerated by evacuation and
then flushed with N, repeatedly to remove O, and CO, dissolv-
ing in water. The light below 400 nm was also removed by using
a glass filter. The reactor was irradiated using a 350 W xenon
lamp after gas chromatography (GC) analysis confirmed that the
amount of air in the reactor was negligible. The reaction was
carried out and the reaction products were analyzed by GC
(Shimadzu 2014 C system, a molecular sieve 5 A column, a
thermal conductivity detector, and N, as the carrier gas) at
intervals of 1 h. To check the reproducibility of catalyst, the
resulting suspension was centrifugalized at the end of experi-
ment. The separated catalyst was reused for repeated tests.

The measurements were repeated for each catalyst and the
results were reproducible within the experiments errors (£3 %).

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. It was reported that
geometry is an important factor affecting activity of photo-
catalyst. With similar particle surface areas, a different
geometry results in a different efficiency of photocatalytic
degradation (24). The morphological characteristic of the two
samples were first investigated by SEM. The morphology of
the sample SA, as shown in Figure 1a, was blocky and the
particle size was in the rage of 500—1000 nm. As shown in
Figure 1b, the morphology of the sample SB exhibited a
rodlike morphology, where the length and diameter of the
rods varied over the ranges of 500—1000 and 100—200 nm,
respectively. The growth pattern of nanocrystals could be
influenced by the surfactants such as CTAB and dodecyl
benzene sulfonic acid sodium (DBS) (25—28). With the
existence of CTAB, the energy between solution and the

www.acsami.org

VOL. 2 ¢NO. 6 1674-1678 « 2010

FIGURE 1. Scanning electron micrographs of (a) sample SA and (b)
sample SB.

crystal was reduced, and the crystal favored to grow pref-
erentially along the direction that the CTAB absorbed (29).
Morphologies of the samples obtained with different amount
of CTAB addition were shown in Figure S2 of the Supporting
Information. The results clearly show that the CTAB is
responsible for the formation of nanorods in large quantities.

The XRD patterns of the sample SA is shown in Figure
2a. The peaks of the samples match well with PDF 01 —089—
4707. The main diffraction peaks can be attributed to the
phase of LigFes(P,07)5(PO4),. The cell constants of the sample
SA was calculated to be a = 9.75 A, b =9.75 A, and ¢ =
13.37 A, which differ slightly from the PDF 01—089—4707
(@=9.72 A, b=9.72 A, and ¢ = 13.5 A). Figure 2b shows
that the phase of catalyst is not changed during the heating
process in the presence of CTAB. One notable observation
from Figure 2b is that the intensity of the (002) peak
decreases drastically relative to those of the other peaks.
Such changes could be attributed to preferential orientation
of the crystal. Different geometries of these different samples
also support this view.

It is widely accepted that the surface area of a photocata-
lyst greatly affect its catalytic activity (30). With greater
surface area, the adsorbed molecules might be able to diffuse
more rapidly at the surface of the catalyst, causing the
photoreactions to carry on more easily. The surface area was
16 and 32.2 m? g™! for the sample SA and SB, respectively.
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FIGURE 2. XRD patterns of the nanoparticles: (a) synthesized without
CTAB; (b) synthesized with CTAB.
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FIGURE 3. UV—vis absorption spectra of TiO,, N-doped TiO, and
LigFe;(P,07)5(POy), samples, with the band gap Es of sample SB
(inset).

The large surface area of the sample SB may play important
roles in its photocatalytic reaction.

The diffuse-reflection spectra of TiO,, N-doped TiO, and
the LigFes(P,07)5(PO4), samples are depicted in Figure 3. The
TiO, sample shows no absorption in the visible region with
its band gap transition starting from 380 nm. A considerable
shift of absorption edge to the visible-light region can be
observed for the N-doped TiO, in comparison with TiO,,
which can be attributed to the nitrogen doping. Unlike the
TiO,, the LigFes(P,07)5(PO4), samples have photoabsorption
from UV light to visible light. The sample SA showed an
absorption edge around 490 nm. The sample SB exhibited
a greater light attenuation, and its absorption edge was
slightly extended toward the visible-light range. There is a
close relationship between the photoabsorption ability and
the particle size. Similar red shift of absorption has also been
observed for Cu,O nanopaticles with different particle sizes
(24).

3.2. Photocatalytic Performances. The photocata-
lytic activities of the as-prepared nanoparticles were evalu-
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FIGURE 4. (a) Photodegradation efficiencies of MB (10 mgL™ ') as a
function of irradiation time by different photocatalysts (catalyst,
0.5 g L™"). (b) Kinetic linear simulation curve of MB photocatalytic
degradation with different photocatalysts.

ated by analyzing the photodegradation of methylene blue
under visible-light irradiation. Figure 4a shows that illumina-
tion with visible light can lead to only about 5% decomposi-
tion of MB molecules after 3 h in the absence of any
photocatalysts. To prove the UV light was cut off by the glass,
the photocatalytic property of TiO, was also tested. Slight
degradation of MB was observed in the presence of the
photocatalyst P25 after 3 h under visible-light irradiation.
This can be accounted for the photosensitized capability of
MB molecules (31). The N-doped TiO, nanoparticles exhib-
ited about 26 % degradation rate of MB within 3 h. Under
the same conditions, 70 % of MB can be photodegraded by
the sample SB while that by SA was 38 % . Results showed
that the excellent photocatalytic activity of the sample SB
under visible-light irradiation. The higher degradation activ-
ity of the sample SB was mainly attributed to their high
surface area and photoabsorption in the visible region.

A Kkinetic curve of MB photocatalytic degradation based
on the data plotted in Figure 4a is shown in Figure 4b. It is
obvious that the curve is close to a linear curve, which
indicates the photocatalytic degradation of MB using the as-
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FIGURE 5. Photodegradation of phenol in the presence of sample
SB under visible-light irradiation (1 > 400 nm).

prepared materials follows first-order reaction kinetics. The
apparent reaction rate constant k for the sample TiO,,
N-doped TiO,, SA, and SB was 0.0003, 0.0006, 0.0008, and
0.0023 min~', respectively, suggesting a preferable photo-
catalytic performance of the sample SB.

To further confirm the photocatalytic property of the as-
prepared LigFes(P,07)5(PO.),, we selected phenol, which has
no visible-light absorption, to evaluate the photocatalytic
activity. As shown in Figure 5, it was found that phenol was
degraded by the sample SB under visible-light irradiation.
Twenty-six percent of phenol can be photodegraded after
3 h, and the adsorption of phenol on the sample SB in the
dark was only 4 % . Different from chemical dyes, phenol
does not absorb visible light. Thus, the photosensitization
process did not exist in such a photodegradation process.
As a result, the degradation of phenol was fully attributed
to the photocatalytic process, indicating that the LioFes-
(P,07)5(PO.), is indeed a visible-light-induced photocatalyst.

Photocatalysts could be examined for degradation of
water pollutants and water splitting for hydrogen evolution
(32). Photocatalytic decomposition of water to produce
hydrogen under visible-light irradiation over the photocata-
lyst was also investigated. I~ was used as a strong hole
scavenger to reduce the recombination of the photoinduced
electrons and holes (23). The result for hydrogen production
as a function of irradiation time with the sample SB photo-
catalyst is shown in Figure 6. Visible-light irradiation of the
aqueous LigFes(P,07)5(PO.), suspension led to an apparent
production of hydrogen. The amount of hydrogen evolution
increases steadily with the irradiation time. After 5 h, the
total hydrogen yield was 19.5umol g~'. To evaluate the
photostability of the as-prepared catalyst, producing hydro-
gen from the solution via photocatalysis was repeatedly
studied for up to three cycles. The results are shown in Figure
7. The hydrogen yield after 4 h of visible-light irradiation was
15, 9.8, and 9.5 umol g7', respectively, for the three tests.
A slight decrease in photoactivity after each cycle may be
due to aggregation of nanoparticles during the catalytic
process. The experimental results indicate that the catalyst
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FIGURE 6. Photocatalytic hydrogen evolution activity of the sample
SB as a function of irradiation time (catalyst, 1 g L™").
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FIGURE 7. Photocatalytic hydrogen evolution experiments of the
sample SB for three cycles.

has good reproducibility and can be used repeatedly with
only a slight loss of activity for producing hydrogen.

3.3. Mechanism. As shown in Figure 3, the absorp-
tion edge of the sample SB is 500 nm. For a crystalline
semiconductor, the optical band gap is determined by the
following equation: ahv = A(hv — E9*", where a, hv, A, and
Eg4 are the absorption coefficient, light frequency, propor-
tionality constant, and band gap, respectively (33). The
values of n and E; were determined using the published
methods (34). As shown in Figure 3 (inset), the value of the
band gap for the sample SB was estimated to be 2.53 eV.

We can calculate the conduction and valence band posi-
tions through the following empirical equation: Ecg = X —
E. — 0.5E4, where X is the geometric mean of Mulliken’s
electronegativities of constituent atoms, E. is the energy of
free electrons on the hydrogen scale (% 4.5 eV), and Eg is
the band gap (35). Using calculations (shown in the Support-
ing Information), the conduction band (CB) edge position of
the sample SB at the point of zero charge is evaluated at
—0.445 eV (vs NHE). Correspondingly, the valence band (VB)
potential is calculated at about 2.085 Ev (vs NHE).
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Scheme 1. Proposed Mechanism of Photocatalytic
Degradation of Organic Pollutants and Hydrogen
Evolution over LigFes;(P,07)35(POy),
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According to the above experimental results, a possible
mechanism was proposed as shown in Scheme 1. Catalysts
absorb light with energy higher than 2.53 eV and generate
electron/hole pairs. For the proper conduction band position,
it becomes more favorable for the electrons generated to
react with adsorbed O,, producing active radicals. The active
radicals then react with pollutants through the pathway
(36—38). As shown in Figure S2 of the Supporting Informa-
tion, the decolorization efficiency of MB was remarkably
decreased with N, purging, indicating that the oxygen played
an important part in the photocatalytic process. The decol-
orization of MB in the absence of oxygen could be accounted
for the reactions between the holes and the dye pollutants
(39). For the hydrogen evolution in the absence of oxygen,
the electrons in the conduction band of the particle will
simultaneously reduce water or protons in the solution to
form gaseous H, as the pathway (40).

4. CONCLUSIONS
In this work, photocatalytic removal of organic pollutants

and decomposition of water to produce hydrogen under
visible-light irradiation over the photocatalyst LisFes(P,07)s-
(PO4), was studied. The results reported herein highlight a
new area of exploration for the development of easily
prepared, earth-abundant photocatalysts. It may provide
useful information to further develop some effective phos-
phate catalysts for pollutant degradation under visible-light
irradiation for water and wastewater treatment.

Supporting Information Available: Additional figures and
calculations of Ecg (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.
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