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ABSTRACT: TiO2 is capable of directly utilizing solar energy
for sustainable energy harvest and water purification. Facet-
dependent performance of TiO2 has attracted enormous
interests due to its tunable photocatalytic activity toward
photoredox transformations, but information about the noble-
metal-loaded TiO2 for its facet-dependent photocatalytic
performance, especially in pollutant degradation systems, is
limited. In this work, inspired by our previous theoretical
calculations about the roles of the crystal surface in Pt-loaded
TiO2 in its enhanced photocatalytic capacity, TiO2 nanocryst-
als with interspersed polyhedron nanostructures and coex-
posed (001) and (101) surfaces as a support of Pt
nanoparticles are prepared in a simple and relatively green
route. Also, their performance for photocatalytic degradation of nitrobenzene (NB), a model organic pollutant, is explored. The
experimental results demonstrate that the NB photodegradation and photoconversion efficiencies are significantly enhanced by
uniformly loading Pt nanoparticles on the crystal surfaces, but the Pt nanoparticles deposited on only the (101) surface have no
contribution to the improved NB photodegradation. Furthermore, the liquid chromatography mass spectrometry results also
show that NB photodegradation tends to proceed on the (001) surface of Pt/TiO2 for the generation of nitrophenol
intermediates through the photooxidation pathway. This work provides a new route to design and construct advanced
photocatalysts toward pollutant photoredox conversions and deepens our fundamental understanding about crystal surface
engineering.
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■ INTRODUCTION

Metal oxide semiconductor materials have wide potential
applications in achieving energy storage and environmental
remediation toward, for example, photocatalytic hydrogen
evolution, and degradation of organic pollutants in water and
wastewater.1,2 TiO2 is one of the most widely used photo-
catalysts with superior physicochemical and optical proper-
ties.3,4 TiO2-mediated photocatalysis has drawn considerable
interests because it offers a possibility of directly utilizing solar
energy and causes no new pollution in energy harvest and water
purification.5,6 Analyzing the fundamental mechanisms of redox
reactions on the crystal surface of TiO2 will be beneficial for
designing new photocatalysts for application in the fields of
energy and environment. For a long time period, researches
have focused on the methodology for improving the photo-
catalytic efficiency of TiO2, such as metal and nonmetal doping
and compositions of different materials. The combination of
noble-metal nanostructures and semiconductor may provide a
way for enhanced catalytic applications.1,7,8

Photocatalytic efficiency can be improved by depositing
noble metals on the TiO2 surface for photogenerated electrons
trapped in the noble metals to reduce the electron−hole
recombination rate.9,10 The photogenerated electrons transfer

to the metal particles when they are in contact with TiO2, so
that the Fermi level (EF) of the noble metal becomes more
negative until reaching the equilibrium between the EF and
conduction band.9 In addition to the electron trap mechanism,
plasma-excited high-energy electrons from the noble-metal
nanoparticle flow to the TiO2 to promote electron−hole
separation, and then the electron−hole pairs can be used in the
photocatalytic reactions.11 The surface plasmon resonance
(SPR) effect12 caused by visible light irradiation can enhance
the photocatalyst performance. Recently, SPR of Au nano-
particles has been applied to a visible light-responding
photocatalyst.13−17 SPR photoabsorption by Au particles is
found to be one of the important factors governing the rate of
the H2 evolution.12 The separation of photogenerated
electron−hole pairs via localized SPR is greatly enhanced,
and the activity of Au−TiO2 for both photocatalytic hydrogen
evolution and methylene blue decomposition could be
promoted and obtained under visible light irradiation.18 In
addition to forming a composite material coupled with Au and
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Ag nanoparticles, Pt as an electron sink deposited on TiO2 also
substantially enhances the separation of photogenerated
electron−hole pairs for photocatalytic degradation organic
pollutants.19−21 The loaded Pt with a large work function
induces the formation of a Schottky barrier in the TiO2−metal
region and assists the interfacial multielectron transfer.22 Thus,
the migration of photogenerated electrons from the TiO2
conduction band (CB) to the metal phase retards the
recombination of electron−hole pairs and subsequently
increases the photocatalytic activity. Moreover, the electron-
sink function of Pt coupled with the Au SPR effect could
synergistically enhance the photocatalytic activity.23 The higher
overall activity of the Pt-loaded TiO2 catalyst is attributed to
the more effective trapping and pooling of photogenerated
electrons on Pt and/or to the higher intrinsic platinum activity
in both hydrogen production and complete methanol
oxidation.24

Anatase TiO2 nanostructures usually exhibit superior
performance over the rutile counterparts in photoelectrochem-
ical systems, due to the facile charge transport and efficient
separation of light-induced electron−hole pairs.25−27 However,
the formation of anatase nanostructures usually involves
complex and laborious steps. Catalytic reactions occur at the
surface of TiO2, and thus, catalytic activity is largely dependent
upon crystalline structure and exposed facets.28,29 Anatase
(001) planes with a high surface energy of 0.90 J/m2 usually
vanish rapidly in the crystal growth30 until an anatase TiO2
single crystal containing 47% of (001) facets was first
synthesized.25 The anatase (101) plane is the most stable
surface with the lowest surface energy of 0.43 J/m2.31 Surface-
dependent photocatalytic activity of anatase TiO2 nanocrystals
could be systematically evaluated by preparing TiO2 with
different exposed surfaces. For example, the photodegradation
efficiency of anatase TiO2 toward methylene blue over (001)
planes is superior to that over (101) planes,32 but the
photocatalytic activity of the (101) surface is higher than that
of the (001) surface for the selective conversion of glycerol to
hydroxyacetaldehyde in aqueous solution.33 These contra-
dictory results remind us that the photocatalytic performance
of the crystal surface of anatase may be affected not only by the
surface energy but also by the target contaminants.34 The most
common morphology for surface-dependent activity is
truncated tetragonal bipyramidal anatase crystals with coexist-
ing (001) and (101) planes.31

Although previous studies have shown the facet-dependent
performance of TiO2 in the photocatalytic reactions,35−38

information regarding the noble-metal-loaded TiO2 for its
facet-dependent photocatalytic performance, particularly in the
case of pollutant degradation systems, is still limited. Mean-
while, the photocatalytic degradation of nitrobenzene (NB) by
nanocrystalline TiO2 has been investigated by various
groups.39−41 For instance, the NB degradation efficiency of
nanocrystalline TiO2 was found to be improved by loading
graphitic carbon39 and coating dihydroxynaphthalene onto Pt/
TiO2.

41 Besides, surface modification of TiO2 was reported to
be able to improve selective pollutant conversion42 and
facilitate the interaction with the desired target contami-
nants.43,44 In the case of Pt nanoparticles selectively loaded on
the (101) facets under irradiation, both photocatalytic hydro-
gen evolution (photoreduction) and photocatalytic degradation
of methyl orange (photooxidation) processes could be
enhanced.45 The highest phenol degradation efficiency could
be achieved with Pt nanoparticles deposited on the (101) and

(010) facets.46 However, for the process of oxidation of
formaldehyde into CO2, the photocatalytic activity of the
dominant surface has not been provided for the Pt/TiO2
photocatalyst.47 Thus, more studies are needed to explore the
photoreduction and photooxidation activities of the facets for
the target contaminants. Understanding the surface−perform-
ance relationship with noble metal loaded at the atomic level
will provide theoretical guidelines for improving the photo-
catalytic activity of anatase TiO2 crystals in practical
applications. In addition, the performance of superstructure
systems with well-regulated morphologies can be improved by
exploring the crystal-facet-dependent photocatalytic reactions.48

A systematic study of the degradation mechanisms for different
pollutants on a specific surface could provide a superior surface
environment for enhancing the photocatalytic efficiency and
lowering the cost, which are beneficial for large-scale
applications.
In a previous study,49 we conducted first-principles

theoretical calculations about the roles of the crystal surface
in Pt-loaded TiO2 in its photocatalytic capacity and found that
the (001) facets of TiO2 in this complex tended to accumulate
more positively charged holes and thus have a higher
photocatalytic activity than the (101) facets. Inspired by these
informative results, in this study, we aimed to explore the facet-
dependent mechanism of the Pt cluster-loaded nanocrystalline
TiO2 (Pt/TiO2) composite catalyst for the degradation of
nitrobenzene (NB), which has been widely used as a model
pollutant to evaluate the photocatalytic activity of designed
catalysts.50,51 Anatase TiO2 nanocrystals with an interspersed
polyhedron morphology and coexposed (001) and (101) facets
were prepared with a Ti source and morphology controlling
agent of NH4F. The formation mechanism of this polyhedron
structure was investigated. TiO2 nanocrystals with different
crystal planes exposed as a support of Pt nanoparticles were
prepared to examine the effect of the crystal face on the NB
degradation efficiency on Pt/TiO2 catalysts. The crystal
morphologies of Pt nanoparticles supported on different TiO2
crystal planes were also investigated to provide new insights for
designing effective goal-targeted noble-metal-loaded photo-
catalysts.

■ EXPERIMENTAL SECTION
Preparation of the Pt Cluster-Loaded TiO2. Nanocrystalline

TiO2 was synthesized using 40 mL of HCl (6 mol/L) and 0.4 g of Ti
foil via a hydrothermal method. Ammonium fluoride (NH4F) (0.15 g)
dissolved in 15 mL of the as-prepared solution was added into a 50 mL
beaker. After that, the mixed solution was stirred for 15 min, 5 mL of
water was added, and the mixture was further stirred for 15 min and
transferred into a 50 mL polytetrafluoroethylene-lined stainless
autoclave. The hydrothermal synthesis was conducted in an electric
oven at 160 °C for 12 h. After the reaction was completed, the
autoclave was cooled to room temperature. Then, the obtained
samples were ultrasonically washed with ethanol and deionized water
in sequence. Before the photocatalytic characterization, all the hybrid
samples were rinsed with NaOH (0.1 M) and deionized water to
remove the adsorbed fluorine ions. All chemicals used in this work
were analytical-grade reagents and used without further purification.

Pt nanoparticles (1 wt %) were simultaneously deposited on the
(001) and (101) surfaces of TiO2 catalysts by chemical deposition. Pt
nanoparticles (1 wt %) were only deposited on the (101) surface of
TiO2 catalysts by photoreduction. The deposition process was as
follows: First, 0.2 g of TiO2 powder, 100 mL of ethanol, H2PtCl6·
6H2O (2 mg Pt), and 50 mg of ascorbic acid were added sequentially
to a three-neck flask. Then, the suspension was mixed under heating
reflux and constant stirring. After 1 h deposition, gray-colored powders
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were obtained, which were centrifuged, dried at 60 °C for 1 h, and
then annealed at 450 °C in air for 1 h.
Characterization. Scanning electron microscopy (SEM) imaging

of the samples was performed on a Zeiss Supra 40 field emission
scanning electron microscope at an acceleration voltage of 5 kV.
Transmission electron microscopy (TEM) images, high-resolution
(HR) TEM images, and selected-area electron diffraction (SAED)
patterns of Pt/TiO2 nanocrystals were obtained on a transmission
electron microscope (JEM-2010, JEOL Co., Japan) with an
accelerating voltage of 200 kV. Powder X-ray diffraction (XRD)
patterns were obtained using a MXPAHF diffractometer (MacScience
Co., Japan) with a Cu Kα radiation source (λ = 1.54056 Å). The
scanning speed was set at 8°/min to determine the crystal phase of the
samples. The accelerating voltage and the applied current were 30 kV
and 300 mA, respectively. The Pt element in the Pt-loaded TiO2

samples was determined by using inductively coupled plasma atomic
emission spectrometry (ICP-AES) (Optima 7300 DV, PerkinElmer
Inc., USA). The measurement of surface area was conducted using the
Brunauer−Emmett−Teller (BET) method at −195.8 °C on a TriStar
II 3020 V1.03 (Micromeritics Instrument Co., USA). The chemical
compositions and the valence states of constituent elements were
analyzed by X-ray photoelectron spectroscopy (XPS) (ESCALAB250,
Thermo Fisher Inc., USA). Ultraviolet−visible (UV−vis) absorption
spectra analysis of the samples was conducted with a UV−vis
spectrophotometer (SOLID3700, Shimadzu Co., Japan). The photo-
luminescence (PL) measurement of the samples was carried out with a
photoluminescence spectrophotometer (5301, Shimadzu Co., Japan).
Photocatalytic Degradation of NB on Pt/TiO2. A Xe lamp

(CHF-XM-350W, Beijing Trusttech. Co., China) was used as the light
source for the photocatalytic degradation experiment. UV (λ < 420
nm) or visible light (λ ≥ 420 nm) irradiation was selectively applied by
utilizing a visible (UV) cut filter. Before the experiment, 1 mg/mL of
the synthesized catalyst was transferred into 25 mL of the reaction
solution. The initial NB concentration was 10 mg/L. The photo-
catalytic reaction was initiated by using the irradiation generated from

a 15 A external current. In the photodegradation, the solution was
sampled every 10 min for analyzing the concentration changes of NB
and its degradation products. The total organic carbon (TOC)
concentrations of the samples were measured using a TOC analyzer
(multi N/C 2100, Analytik Inc., Germany) to confirm the
mineralization of NB. The intensities of the visible light source (in
mW/cm2) and the UV light source (in mJ/cm2) were measured using
a radiometer (Model FZ-A, Photoelectric Instrument Co., China) and
a UV-integrator (KÜHNAST Inc., Germany), respectively. The
photoconversion efficiency (εeff) can be expressed as a function of
photocurrent density in the presence of an externally applied potential.
The NB concentration was determined using high-performance liquid
chromatography (HPLC-1100, Agilent Inc., USA) equipped with a
Hypersil-ODS reversed-phase column and a VWD detector. The
mobile phase was a 0.1% acetic acid and methanol (40:60) water
solution delivered at a flow rate of 0.8 mL/min. The NB degradation
products were analyzed by liquid chromatography mass spectrometry
(LC/MS, Agilent 6460).

Photocurrent Intensity Measurement. The photocurrent
intensity was recorded on a CHI 760D electrochemical workstation
(Shanghai Chenhua Co., China) with a three-electrode system. In the
system, a photocatalyst (0.1 mg dispersed in 0.1 mL of aqueous
solution), a modified fluorine-doped tin oxide (FTO) electrode (1.5
cm × 3.0 cm) was used as the working electrode, a Pt wire was used as
the counter electrode, and a Ag/AgCl electrode was used as the
reference electrode. All the photocurrent measurements were carried
out in Na2SO4 solution (0.1 M, pH 7.0), and the applied potential
(Eapp) was 0.1 V (versus Ag/AgCl, i.e., 0.3 V versus SHE).

= −E E Eapp meas aoc (1)

where Emeas is the electrode potential with respect to a reference
electrode at which photocurrent is measured and Eaoc is the electrode
potential at open circuit under the same conditions.52

Figure 1. Proposed formation mechanism of 3D self-interspersed anatase TiO2 (a−d). (a) 2D self-interspersed nanosheet formed for 1.5 h
hydrothermal synthesis at 160 °C with the corresponding SEM images (e) and the wide range image (i). (b, f, j) Assembled nanostructure from (a)
after 2 h. (c, g, k) 3D bulk nanostructure fabricated from (b) with the TiO2 nanoparticles on the surface after 3 h. (d, h, l) 3D self-interspersed
anatase TiO2 composed with the exposed surfaces of (001) and (101) after 12 h.
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■ RESULTS AND DISCUSSION

Formation Mechanism of Self-Interspersed Anatase
TiO2. Anatase TiO2 is a truncated octahedral bipyramid
comprising of eight (101) facets on sides and two (001) facets
on the top and bottom.25,31 Figure 1 shows the proposed
formation mechanism of the self-interspersed nanostructure
with the corresponding SEM images of the intermediate states
and the obtained anatase TiO2 nanocrystals, whereas Figure
1i−l illustrates the wide range images. As shown in Figure 1e,
the 2D self-interspersed TiO2 nanosheets were formed in the
hydrothermal process after 1.5 h at the initial stage. Then, the
2D interspersed nanosheets continued to superimpose on each
other and formed a more complex interspersed architecture
(Figure 1b,f,j). After 3 h of hydrothermal synthesis, 3D bulk
nanostructures were obtained with small TiO2 nanoparticles on
the surfaces (Figure 1c,g,k). Finally, a self-assembled 3D
anatase TiO2 architecture were formed with a large percentage
of smooth (001) surfaces after 12 h of hydrothermal synthesis.
A thermodynamic model based on surface free energies and
surface tensions can be used to evaluate the effects of surface
chemistry on the morphology and phase stability of anatase
nanocrystals.53,54 Then, the target morphology and the exposed
surfaces of the anatase architecture could be tailored in the
synthesis. Moreover, the polyhedral 3D self-interspersed
structures demonstrate the unique synergistic properties and
compose the pore space between self-assembled TiO2 nano-
crystals to accelerate the diffusion of reactants and products for
the improved photocatalytic capacity.55,56

The fluorine ion (F−) plays an important role in the synthesis
of anatase crystals with dominant (001) facets since the first
demonstration by Yang et al.25 The high F−Ti bonding energy
significantly lowers the energy of the (001) surfaces.57 In the
traditional method, F− is contributed by the crystallographic

controlling agent, i.e., hydrofluoric acid (HF). However, NH4F
was used in this work as the capping agent to control the
exposed surface so as to avoid use of the highly corrosive liquid,
i.e., HF. Meanwhile, NH4

+ might provide the opportunity of
forming the interspersed nanostructures because of the steric
effect and the electrostatic attraction with F−. NH4

+ could be
self-assembled on the TiO2 surface to form the surface electric
dipole moment.58 The roles of NH4

+ in such a synthesis
warrant further investigations.

Microstructure of the Pt/TiO2 Photocatalyst. The as-
prepared TiO2 samples were subjected to XRD analysis, which
confirms the formation of anatase TiO2 (JCPDS 21-1272)
(Figure 2a). Here, the diffraction peaks at 25.32, 37.93, 48.02,
53.98, and 55.04° correspond to the (101), (004), (200),
(105), and (211) planes of anatase TiO2, respectively. In
addition, the diffraction peaks of the Pt/TiO2 composite reveal
that the photodeposited Pt had a cubic phase (JCPDS 4-802).
SEM and TEM images indicate that the TiO2 particle was

decahedral in shape with (001) and (101) exposed crystal faces
(Figure 3). The Pt nanoparticles derived from the chemical
reduction preparation processes exhibit uniform distributions
on the TiO2 facets (Figure 3c). HRTEM was used to directly
observe the location of Pt clusters on the nanocrystalline TiO2.
The HRTEM images of a single TiO2 nanocrystal show a lattice
spacing of 0.19 nm (Figure 3d), which matches well the
interplanar spacing of the (020) and (200) plane of decahedral
TiO2. The SAED patterns (inset of Figure 3d) further confirm
that anatase nanocrystallites were indeed formed and the angle
between (200), zero point, and (020) was 90°. In addition, the
lattice spacing observed here is in good agreement with the
XRD results. Furthermore, photodeposited Pt nanoparticles
were uniform in size and existed in the different crystal faces of
the TiO2 nanocrystal, including (001) and (101) surfaces. The

Figure 2. (a) XRD patterns, (b) UV−vis diffuse reflectance spectra, (c) XPS valence band spectra, and (d) PL spectra of pure TiO2 and Pt/TiO2
samples.
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ICP-AES analysis shows that the total Pt content loaded on
these two exposing surfaces was 11.77 μg/mL.
The BET specific surface area and the corresponding pore-

size distribution of the synthesized anatase and Pt-loaded TiO2
were evaluated using the BET method (Figure 4). According to
Brunauer−Deming−Deming−Teller (BDDT) classifica-
tion,59,60 the isotherms belong to Type IV with an H3
hysteresis loop, which are typical for mesoporous materials.
The SEM and TEM images indicate that these mesopores were
related to the space between the aggregated nanocrystals
because of the absence of a pore structure inside the individual
nanopcrystals. The BET surface areas of the anatase TiO2 and
Pt/TiO2 calculated from the N2 adsorption results were 5.9 and
6.6 m2/g, respectively. The Pt-loaded TiO2 polyhedron
nanostructures with higher specific surface areas are beneficial
for promoting photocatalytic activity by facilitating the
absorption of pollutants for degradation.
The XPS analysis was performed to explore the surface

compositions and the binding energy of the as-prepared Pt-
loaded TiO2 nanocrystals (Figure 5). As shown in Figure 5a,
the survey spectrum contains the peaks of O, Ti, and Pt
elements, indicating the surface constitution of the hybrid
nanostructure of Pt/TiO2. The C 1s peak observed in the
survey comes from the background. The Ti 2p XPS spectrum
(Figure 5b) shows two main peaks with binding energies at
458.5 and 464.2 eV, corresponding to Ti 2p3/2 and Ti 2p1/2,
respectively. The O 1s XPS spectrum (Figure 5c) could be
fitted well with the peak at 529.7 eV, which belongs to O2−

from the Ti−O bond on the surface atomic structures of the
host TiO2 for noble-metal loading. The Pt/TiO2 photocatalyst
presents two obvious peaks of Pt 4f7/2 and 4f5/2 at 70.3 and 73.6
eV (with the splitting energy Δ = 3.3 eV, Figure 5d),
respectively, indicating the existence of the metallic Pt.61

An enhanced visible light adsorption of the TiO2 nanocryst-
als induced by Pt nanoparticles was also evidenced by the UV−
vis diffusion reflectance spectra (DRS) of the photocatalysts
(Figure 2b). The Pt/TiO2 composite exhibited a significantly
higher absorption in the visible region than the bare TiO2
nanocrystal, attributed to the electron sink effect of the Pt
nanoparticles.12 The optical band gap of a phototcatalyst can be
calculated with the following equation62

α ν ν= −h A h E( ) ( )n
g

/2
(2)

where α is the absorption coefficient, hν is the photon energy,
Eg is the optical band gap, n is assumed to be 1 for the direct
transition type (n = 4 for the indirect transition), and A is a
constant concerning the transition probability.
The absorption edges of TiO2 and Pt/TiO2 were located at

388 and 477 nm (Figure 2b), and the wavelength data could be
transformed into their band gap values of 3.2 and 2.6 eV,
respectively.63,64 The valence band (VB) of each sample
measured by XPS VB spectra is shown in Figure 2c. The VB
edge of Pt/TiO2 (1.69 eV) below the Fermi energy indicates
that the Pt loading causes a slight shift of the VB location to the
lower energy level. Moreover, the conduction band (CB) of Pt/

Figure 3. (a) SEM images of bare TiO2 nanocrystals with the
morphology of the nanocrystalline anatase TiO2 from the hydro-
thermal synthesis with a scale bar of 1 μm and (b) with a scale bar of
200 nm. (c) TEM and (d) HRTEM images of Pt/TiO2 samples with
(001) and (101) surfaces. Inset of (c): schematic illustration of the
crystal orientation. Inset of (d): SAED pattern of anatase TiO2.

Figure 4. Nitrogen adsorption−desorption isotherm plot and
corresponding pore-size distribution (inset) of the as-prepared anatase
TiO2 and Pt/TiO2.
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TiO2 (−0.91 eV, Eg = EVB − ECB) locates closer to the Fermi
energy than the TiO2 polyhedron nanostructures. These results
indicate that the Pt/TiO2 had a narrower band gap in the
visible light region, which is in agreement with the previous
reports65,66 and our theoretical predictions.49 Such a poly-

hedron structure with Pt loading on both the (001) and the
(101) surfaces might facilitate the separation of photoexcited
electrons and holes and could substantially enhance the
photocatalytic activity.
On the other hand, the fluorescence spectra of the

photocatalysts imply that Pt loading decreased the recombina-
tion of electron−hole pairs. As shown in Figure 2d, the Pt/
TiO2 showed a much lower PL intensity than the bare TiO2 in
the wavelength range of 300−850 nm. Since PL is the emission
of fluorescence originating from the recombination of photo-
generated electron−hole pairs, the decreased PL intensity of
the Pt/TiO2 indicates a lower density of recombination centers
and, consequently, higher availability of effective photo-
generated carriers for catalytic reactions. Such a decreased
electron−hole recombination might be ascribed to an
accelerated transfer of the photogenerated electrons from the
CB of TiO2 to the Pt cluster.

Application of Pt/TiO2 and Photoconversion Effi-
ciency. To examine the roles of Pt nanoparticles, the
photocatalytic degradation of NB on both bare and Pt-loaded
nanocrystalline TiO2 was investigated, and these processes were
repeated three times. The incident visible light intensity (I0,vis)
was about 160 mW/cm2, and the UV light intensity (I0,UV)
showed 157 mJ/cm2 for 60 s, i.e., 2.6 mW/cm2. Figure 6a,b
illustrates the NB photodegradation process over time, which
follows the first-order kinetics. Therefore, the apparent
degradation rate constant (k) of NB could be obtained from
the slope of the ln(C/C0) versus time fitting line, in which C
represents the NB concentration. Each error bar indicates the

Figure 5. XPS spectra of Pt-loaded TiO2 nanocrystals: (a) survey
spectrum, (b) Ti 2p spectral region, (c) O 1s spectral region, and (d)
Pt 4f spectral region.

Figure 6. Photocatalytic degradation of NB in aqueous solution under UV (I0,UV = 2.6 mW/cm2) irradiation, in the presence of no photocatalyst
(CK), bare TiO2, and Pt/TiO2 (a), and visible light (I0,vis = 160 mW/cm2) irradiation, in the presence of no photocatalyst (CK) and Pt/TiO2 (b).
(c) TEM image of Pt/TiO2(101) samples and (d) photocatalytic degradation of NB in aqueous solution under UV light irradiation (I0,UV = 2.6 mW/
cm2), in the presence of Pt/TiO2(101) as photocatalyst. Here, C0 and C refer to the NB concentrations at t = 0 and t = t, respectively.
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standard deviation. The detailed statistic results of the NB
photocatalytic degradation kinetic data are given in Table 1. A

comparison of the NB degradation rate constants with different
catalysts shows that the fastest NB degradation was achieved by
the Pt/TiO2 under UV irradiation. The kPt/TiO2

was 2 times

larger than the kTiO2
in absolute value under UV light radiation.

In addition, the overall removal efficiency of NB within 1 h of
UV irradiation in the Pt/TiO2 system was higher than that in
the TiO2 system by 30%. All of these results confirm that the Pt
cluster led to a significantly improved NB photodegradation.
Notably, a slow decrease in NB concentration in the absence of
any photocatalyst was also observed, possibly due to a direct
photodegradation in this system. A similar slow degradation of
pollutants in the absence of catalysts was also observed by
others.39 Moreover, TOC removal efficiency was used to
evaluate the mineralization of the NB in the photocatalytic
oxidation with different photocatalysts. The TOC removal
efficiency of Pt/TiO2 reached 55% after 1 h of irradiation,
higher than that (46%) for TiO2. The results indicate that Pt/
TiO2 possesses a higher mineralizing ability, mainly due to the
promotion in separation of electrons and holes by loading Pt
nanoparticles.
The photoconversion efficiency (εeff) reflects the average

value of quantum efficiency (QE) at different wavelengths,52,67

QE of semiconductors, which measures the absolute yield
within a material from exciton creation to photon emission, and
is inherently tied to the photonic and optoelectronic properties.
The εeff in the presence of an externally applied potential (Eapp)
can be expressed as follows46,52

ε = − | |⊖j E E I( )/eff p rev app 0 (3)

where jp is the photocurrent density (μA/cm2), E⊖rev is the
thermodynamic standard state reversible potential when the
reaction occurs, I0 is the intensity (power density, mW/cm2),
and the |Eapp| is the absolute value of the applied potential.
Here, the water splitting reaction (E⊖rev = 1.23 V) was used to
measure the εeff of the photocatalysts under UV or visible light
irradiation.
To further investigate the photoresponse, the photocurrent

over time was measured under UV (2.6 mW/cm2) and visible
light (160 mW/cm2) illumination (Figure 7) with a light on/off
circle of 100 s and an Eapp of 0.3 V (vs SHE). Thus, the ratio of
εeff,Pt/TiO2

/εeff,TiO2
under UV light was about 1.3, and the ratio of

εeff,Pt/TiO2,UV/εeff,Pt/TiO2,vis was approaching 600. The details for
photoconversion efficiency ratio calculations are provided as
follows.
The ratio of εeff,Pt/TiO2

/εeff,TiO2
with the same intensity of

incident light could be expressed as

ε
ε

=
j

j
eff,Pt/TiO

eff,TiO

p,Pt/TiO

p,TiO

2

2

2

2 (4)

The value of jp,Pt/TiO2
under UV light is (0.0657 ± 0.0063)

μA/cm2, and the jp,TiO2
is (0.0521 ± 0.0027) μA/cm2 (Figure

7a). Thus, the value of εeff,Pt/TiO2
/εeff,TiO2

is 1.3 with the incident
light intensity of 2.6 mW/cm2.
The ratio of εeff,Pt/TiO2,UV/εeff,Pt/TiO2,vis with different intensities

of incident light can be expressed as

ε
ε

=
·

·

j I

j I
eff,Pt/TiO ,UV

eff,Pt/TiO ,vis

p,Pt/TiO ,UV 0,vis

p,Pt/TiO ,vis 0,UV

2

2

2

2 (5)

The value of jp,Pt/TiO2
under visible light (160 mW/cm2) is

(0.0068 ± 0.0002) μA/cm2. Thus, the value of εeff,Pt/TiO2,UV/

εeff,Pt/TiO2,vis is calculated to be 591.
These results confirm that the decreased PL intensity of Pt/

TiO2, and the metallic units might enhance the photocatalytic
efficiency by promoting charge separation at the metal−
semiconductor interfaces.13 The Pt particles, because of their
better electron affinity than TiO2, could serve as an electron
sink to reserve the photogenerated electrons from TiO2, and
hence prevent the electron−hole recombination, and finally
promote the photocatalytic efficiency.

Photocatalytic NB Conversion Mechanisms on Differ-
ent Crystal Surfaces of Pt/TiO2. To better understand the

Table 1. Kinetic Constants and Regression Coefficients of
Photocatalytic NB Degradation under Visible and UV Light
Illumination

slope kinetic con-
stant (min−1) statistics

light source photocatalyst value standard error R2

vis Pt/TiO2 −0.015 0.00095 0.976
UV TiO2 −0.018 0.00025 0.999

Pt/TiO2 −0.037 0.00203 0.983
UV Pt/TiO2(101) −0.019 0.00045 0.997

Figure 7. Photocurrent responses of the as-prepared bare-TiO2/FTO
and Pt/TiO2/FTO electrode under UV (I0,UV = 2.6 mW/cm2) (a) and
vis (I0,vis = 160 mW/cm2) (b) irradiation in 0.1 M Na2SO4 solution
recorded at an applied potential (Eapp) of 0.3 V (versus SHE); the light
on/off cycle is 100 s.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b06161
ACS Appl. Mater. Interfaces 2015, 7, 20349−20359

20355

http://dx.doi.org/10.1021/acsami.5b06161


mechanism of NB phototcatalytic conversion on the Pt/TiO2,
the intermediate products were analyzed by LC/MS (Figure 8).
After 1 h of illumination, the concentration of NB decreased by
90%, but only nitrophenol intermediates were detected by LC/
MS, indicating that the degradation proceeded via •OH
oxidation. •OH could be generated from the hydroxyl groups
in aqueous solution at the positive holes (hVB

+) formed on the
valence band (VB). According to the previous studies,68 the
intermediates of NB degradation in the reduction pathway
included nitrosobenzene (NSB) and hydroxylaminobenzene
(HAB), and the product was aniline. Moreover, the photo-
catalytic oxidation of NB degradation was mainly through
generating •OH radicals.68 Furthermore, the (001) facets of
anatase TiO2 are the photooxidative sites, whereas the (101)
facets are the reductive sites in photocatalytic reactions.69 The
reduction and oxidation reactions are spatially separated on
different facets of TiO2. This indicates that the NB degradation
might proceed through a photooxidation pathway on the (001)
surface of Pt/TiO2, which is in agreement with the theoretical
prediction in our previous work.49

To validate the above results, the photocatalytic degradation
of NB on the Pt/TiO2(101) was investigated. Pt/TiO2(101)
was synthesized by photoreduction, in which Pt nanoparticles
(1 wt %) were selectively deposited on the (101) surface of
TiO2 catalysts (Figure 6c). The total Pt content loaded on the
(001) and (101) surfaces was 11.77 μg/mL, whereas the Pt
content of the Pt/TiO2(101) was 11.97 μg/mL, which was
almost the same as the Pt content value in the sample Pt/TiO2.

Thus, the influence of the Pt loading amount on the
photocatalytic performance could be neglected. Figure 6d
illustrates the NB photodegradation process over time on the
Pt/TiO2(101), which also follows the first-order kinetics. Table
1 shows the detailed statistical results of the photocatalytic
kinetic data of the Pt/TiO2(101). Thus, the apparent NB
degradation rate constant (k) could be obtained. The
kPt/TiO2(101) was only half of the kPt/TiO2

(Figure 6a) in absolute
value under UV light radiation. In addition, the overall NB
removal efficiency on the Pt/TiO2(101) within 1 h of UV
irradiation was of almost the same level with that on TiO2, and
lower than that on the Pt/TiO2. Therefore, the Pt cluster only
deposited on the (101) surface had no significant effect on the
improvement of NB photodegradation. This further suggests
that the NB photodegradation is favored in the direction of the
oxidation pathway on the Pt cluster-loaded (001) surface of
anatase TiO2.

■ CONCLUSIONS

In this work, a simple and green strategy for the synthesis of
high (001) facet exposed anatase TiO2 nanocrystals with an
interspersed polyhedron morphology is developed, and Pt
nanoparticles uniformly dispersed on both of the (001) and
(101) facets are successfully prepared by using a chemical
reduction deposition approach. In this way, the efficient
photocatalytic degradation of the model pollutant, NB, could
be achieved by taking advantage of the crystal surface of Pt/

Figure 8. LC/MS chromatograms of the photocatalytic degradation intermediates of NB on Pt/TiO2: (a) UV spectra, (b) LC, (c) MS of
intermediate product 1 at 9.524 min, and (d) MS of intermediate product 2 at 10.965 min. [M − H]− = 138; the intermediate products may be o-
nitrophenol, m-nitrophenol, and p-nitrophenol. The substance at 3.208 min is an impurity. LC/MS conditions: column, Zic-HILIC (150 mm × 2.0
mm i.d.); flow rate, 0.2 mL/min; mobile phase, methanol/0.05% formic acid = 50/50; temperature, 30 °C; injection, 1.0 μL; and detection, MS-ESI -
m/z (10−300).
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TiO2 with a high photocatalytic activity. Uniformly loading Pt
nanoparticles on the crystal surfaces substantially enhances the
NB photodegradation efficiency, but the Pt nanoparticles
deposited on the (101) surface only have no contribution to
the improved NB photodegradation. The NB degradation on
Pt/TiO2 proceeds via photocatalytic oxidation on the (001)
surface through generating •OH radicals. The (001) surface
loaded with Pt nanoparticles has a considerable contribution to
the enhanced NB degradation. Thus, exposing a large ratio of
the (001) surface in the synthesis of Pt/TiO2 could improve
the photocatalytic NB degradation efficiency. Our work
provides new insights into designing contaminant-targeted
noble-metal-loaded photocatalysts with an appropriate crystal
surface and might deliver useful information for guiding
synthetic strategies in other noble-metal nanoparticles and
bimetallic nanostructures deposited on semiconductor supports
for various catalytic applications.
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