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ABSTRACT: Platinized TiO, photocatalysts of different compositions of Pt’ and
PtO, were prepared by modifying the synthesis procedures. The physicochemical
properties of the composite materials were characterized by X-ray photoelectron
spectroscopy and high-resolution transmission electron microscopy. Energy
dispersive X-ray spectroscopy measurements confirmed the presence of Pt species G
existing as PtO, and/or mixtures of Pt’ and PtO,. The composite material, Pt— ' :
TiO,—2%H, contained a high amount of metallic Pt° and PtO, in close proximity [
with TiO, that promoted an enhanced photocatalytic hydrogen evolution activity | .
under simulated solar light irradiation. Although Pt—TiO,—2%C and Pt—TiO,—2%T .
consisted of similar compositions of PtO,, these oxidized platinum species seem to -
appear further apart from TiO, in Pt—TiO,—2%C than Pt—TiO,—2%T. This caused ' A
dramatic variation in their optical behaviors such as strong fluorescence quenching == ' ‘

and lower photocatalytic hydrogen evolution activity in the former photocatalyst. A
photocatalyst prepared by the conventional photodeposition method was also prepared, characterized, and its photocatalytic
activity assessed. This work provides an opportunity to understand the role of PtO, for photocatalytic production of hydrogen
from platinized TiO, composites and the importance of heterojunctions in such photocatalysts for solar energy conversion.

Phatoatatyst

1. INTRODUCTION

Recent research in sustainable energy is focused on the
preparation of environmentally benign next generation fuel
applications, and hydrogen has emerged as a viable candidate.
Hydrogen shows promise as a clean fuel and also as a prevalent

electrons and holes.* These charge carriers can recombine, get
trapped in some metastable surface states, or react with suitable
electron donors or acceptors. In the latter process, the charge
recombination is minimized, and subsequent photocatalytic
reactions occur. Therefore, electron trapping is a critical factor

element in organic compounds, as it is useful for CO,
conversion to fuels."”

Photocatalytic water splitting is a sustainable approach for
the production of hydrogen. However, harvesting of solar
energy especially visible light radiation is still challenging, and
the limitations associated with this process require improved
methods and advanced technologies. Fujishima et al. pioneered
reports of the photoelectrochemical production of hydrogen
from water on TiO, electrodes.> However, titania is limited in
application within the UV region due to the wide band gap.
Besides this, the fast electron—hole recombination in TiO, is an
additional drawback that retards the photocatalytic efliciency.
The photoexcitation of TiO, requires light with energy greater
than or equal to that of its band gap for the generation of
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for improving the photocatalytic performance of TiO, or its
composite derivatives.

It is well documented that the incorporation of a noble metal
such as platinum onto the TiO, matrix results in photocatalysts
that exhibit enhanced activities for various photochemical
571 The presence of Pt species, especially Pt on
TiO,, can retard electron—hole recombination by serving as an
electron sink by trapping the photogenerated electrons, and
subsequently facilitating the interfacial electron transfer to other
electron acceptors.”’18

reactions.
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Although it is known that Pt species can exist as Pt°, Pt**, and
Pt*" or a mixture of these species under various preparative
conditions,""**'®2° there is limited literature that is related to
the role of oxidized Pt, especially PtO, in photocatalytic
reactions. Platinized TiO, has been explored for several organic
degradation studies in which the role of the oxidation state of
Pt has been investigated.u_24 However, such studies have not
been explored for solar hydrogen production in detail and are
missing in the literature.

Existing reports detailing the use of platinized TiO,
nanoparticles for photocatalytic hydrogen production especially
by water splitting have only focused on factors such as the
influence of sacrificial agents,'® fate of photogenerated
electrons,® the effects of duration of the reaction,* the type
of noble metal,”® the role of the metal loading,>”*® particle
sizes,”” dispersion,® and the effect of pH conditions®" on the
amount of hydrogen evolved. In this respect, detailed studies
related to surface composition of Pt or the interaction of these
species with TiO, still need to be discerned.

Thus, this Article attempts to provide new insight into the
efficacy of Pt—TiO, materials based on the following facts: (i) a
simple method for improving the photocatalytic activity of
TiO, is presented, (ii) a detailed characterization to understand
the surface composition of the metal—oxide materials has been
carried out, (iii) knowledge about the controlled synthesis of
various Pt species supported on TiO,, their physicochemical
effects, and structure—activity relationships is presented, and
(iv) knowledge about the role of the heterojunctions between
TiO,, Pt, and oxidized Pt species in solar hydrogen production
is provided; that is, physical insight into the factors affecting the
photocatalytic production of hydrogen is presented.

Here, we utilize XPS analysis to clarify the individual role of
PtO, and explore the influence of the mixture of Pt” and PtO,
species present in the Pt—TiO, composite materials synthe-
sized by facile cost efficient sol—gel methods. The effect of such
methods for tuning the composition of Pt species, fabricating
heterojunctions between Pt species and TiO,, and their overall
influence on solar simulated photocatalytic hydrogen evolution
reactions are discussed in detail. Four synthesis methods were
utilized for the preparation of Pt—TiO, composite materials
with different composition of PtO, species, and systematically
characterized by powder X-ray diffraction (XRD), high-
resolution transmission electron microscopy (HRTEM),
energy-dispersive X-ray spectroscopy (EDX), EDX mapping,
X-ray photoelectron spectroscopy (XPS), electron paramag-
netic resonance (EPR), photoluminescence (PL), Raman
spectral studies, UV—visible diffuse reflectance spectroscopy
(DRS), and N, physisorption studies.

2. EXPERIMENTAL SECTION

2.1. Materials. Commercially available titanium isoprop-
oxide (Ti(*OPr),, Acros, 98%), methanol (Acros, 99.9% HPLC
grade), anhydrous ethanol (Pharmco-AAPER, ACS/USP
grade), tetraoctylammonium bromide (TOABr, Alfa Aesar,
98%), hydrogen hexachloroplatinate(IV) hydrate (Acros, ACS
grade), potassium tetrachloroplatinate(II) (Pressure Chemical),
sodium borohydride (Acros, 98%), 4-dimethyl-aminopydridine
(Acros, 99%), cetyltrimethylammonium bromide (CTAB,
Acros, ACS grade), toluene (Acros, ACS grade), and
concentrated nitric acid (Acros, ACS grade) were used as
received. Deionized water with resistivity >18 M€ cm was used
throughout the experiments.

2.2. Synthesis of Pt-TiO,. 2.2.1. Preparation of Pt—
TiO,—2%H. 0.30 mL of 0.2 M hydrogen hexachloroplatinate
(IV) hydrate solution was dissolved in 18 mL of ethanol under
vigorous stirring in a Teflon liner. The hydrolysis process was
initiated by the addition of 1 mL of H,O and catalyzed by the
addition of 100 L of concentrated HNOj. 2.2 mL of Ti(*OPr),
was added dropwise, and the suspensions were left to stir for 3
h to enhance homogeneity and gelation. The resultant gels
were subjected to hydrothermal (H) treatment in a
Thermolyne autoclave reactor furnace and heated at a
temperature of 120 °C for 14 h, filtered, and dried overnight
at 70 °C.

2.2.2. Preparation of Pt—TiO,—2%l. 0.5 g of TiO, prepared
by hydrothermal method** was added to 5—10 mL of ethanol
in a Nalgene beaker and stirred for 10 min. 0.34 mL of 0.2 M
hydrogen hexachloroplatinate(IV) hydrate corresponding to 2
wt % Pt was added by impregnation (I). Stirring was continued
under gentle heating (40—50 °C) for about an hour, and the
suspension was left to dry overnight in an oven prior to
reduction under H, flow. The experiment was repeated by
changing the concentration of hydrogen hexachloroplatinate-
(IV) hydrate to obtain 0.5 and 1 wt %Pt and labeled as Pt—
TiO,—0.5%I and Pt—TiO,—1%]I, respectively.

2.2.3. Preparation of Pt—TiO,—2%T. The Pt precursor Pt—
TOABr was prepared by a templated (T) phase transfer
method reported earlier.>>** In a typical synthesis, an
appropriate amount of Pt—TOABr corresponding to 2 wt %
Pt was dissolved in 18 mL of ethanol under vigorous stirring in
Teflon liner. The hydrolysis process was initiated by the
addition of 1.65 mL of H,O followed by the addition of 100 uL
of concentrated HNOj for catalyzing the reaction. 2.2 mL of
Ti(*OPr), was added dropwise, and the suspension was left to
stir for 3 h to enhance the homogeneity and gelation. The
resultant gel was subjected to hydrothermal treatment in a
Thermolyne autoclave reactor furnace and heated at 120 °C for
14 h, followed by cooling, filtering, and drying overnight at 70
°C.

2.2.4. Preparation of Pt—TiO,—2%C. A precursor Pt-
complex solution was prepared by a modified near mono-
disperse core-like (C) method adopted from previous
literature.*® 4 mL of 50 mM CTAB solution was added to a
50 mL round-bottom flask and stirred at 300 rpm. 5.5 mL of
11.5 mM K,PtCl, was added dropwise at room temperature to
obtain a pale orange brown solution. Stirring was continued at
70 °C until a pale solution was obtained. 0.5 mL of 6 mM r-
ascorbic acid was then added to reduce the Pt species and
obtain a black solution of Pt—CTAB complex. After being
stirred for 6 h, 5.8 mL of the complex solution was added
dropwise on 0.3 g of TiO, prepared previously.”> The powder
obtained was dried overnight at 70 °C, ground well, and
calcined in air at 500 °C to remove CTAB.

The powders obtained by the four synthesis methods were
ground well and subjected to reduction at 450 °C under H,
flow for 6 h at a heating rate of 3 °C/min.

2.2.5. Preparation of Pt—TiO,—2%PD. The Pt—TiO,—2%
PD sample was prepared via photodeposition method in the
presence of methanol under the irradiation of UV light in
accordance with literature reports.>® 150 mg of TiO, was added
into a $ mL quartz cell. An appropriate amount of Pt source
(H,PtCly) that is equivalent to the 2 wt % of weighed TiO, was
suspended in 3 mL of HPLC grade methanol. After the Pt
source was completely dissolved in methanol, the clear solution
was poured into the quartz cell and the cell was sealed to be
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Figure 1. XRD patterns of the Pt—TiO, composite materials. (A) Bare TiO, is also shown for comparison and (B) XRD patterns of the Pt—TiO,—I
prepared with various composition of Pt loading. The “*” denotes the diffraction peaks due to Pt species.

airtight. The mixed suspension was stirred vigorously to ensure
that the TiO, and Pt source were mixed well. Later, the quartz
cell was purged with argon gas for 30 min to remove air. After
degassing, the quartz cell was placed in front of the UV light
source for 1 h to photodeposit Pt onto TiO,. The light source
was a 300 W Xe lamp equipped with an optical cutoff filter (1 >
280 nm). The reaction proceeded under vigorous stirring using
a magnetic stirring rod coated with polytetrafluoroethylene
(PTFE).

2.3. Characterization. The XRD measurement was
performed at room temperature using a Rigaku Ultima IV X-
ray diffractometer with Cu K, radiation. The diffractometer was
operated at 40 kV and 44 mA, scanned with a step size of 0.02°
and a count time of 1°/min in the range of 26 from 10° to 80°.
The crystallite sizes of TiO, in Pt-TiO, were determined by
selecting the anatase peaks at 25.3°, 48.1°, and 62.8° using
PDXL software (version 1.8.1) provided by Rigaku.

The textural properties, such as surface areas, pore size
distributions of TiO,, and Pt-TiO, materials were analyzed by
using N, physisorption using a NOVA 2200¢ (Quantachrome
Instruments) surface area and pore size analyzer. After the
materials were dried overnight at 70 °C and degassed
extensively at 100 °C prior to the adsorption measurements,
the N, isotherms were obtained at —196 °C. The surface areas
of the synthesized materials were calculated by using the
Brunauer—Emmett—Teller (BET) equation within a relative
pressure (P/P,) range of 0.05—0.30. The pore volume was
determined from the amount of N, adsorbed at the highest
relative pressure of P/P, =~ 0.99. The pore diameter and pore
size distribution plots were defined by applying the Barrett—
Joyner—Halenda (BJH) model to the desorption isotherm.

The X-ray photoelectron spectroscopic (XPS) measurement
was carried out using a custom-designed Kratos Axis Ultra
instrument in a surface analysis chamber with monochromatic
radiation at 1486.6 eV from an aluminum K, source using a 500
mm Rowland circle silicon single crystal monochromator. The
X-ray gun was operated with a current at 15 mA and at an
accelerating voltage of 15 kV. Low energy electrons were used
for the charge compensation to neutralize the samples. The
samples were transferred to the indium foil and mounted on
the copper stub. High-resolution spectra were acquired in the
region of interest using 20—40 eV energy windows, pass energy
of 20 eV, step size of 0.1 eV, and dwell time of 1000 ms. The
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absolute energy scale was calibrated to the Cu 2p,,; peak
binding energy of 932.6 eV using an etched copper plate. All
spectra were calibrated using Cls peak at 284.6 eV, and a
Tougaard-type background was subtracted from each spectrum.

Prior to TEM and HRTEM analysis, the samples were
dispersed in ethanol, and the suspensions were sonicated for an
hour. For each material, one drop of suspension was placed on
a copper grid coated with carbon film, and allowed to dry
overnight. The TEM images were recorded on a Tecnai G*
instrument operating at 120 kV. The HRTEM measurements
were carried out using JEOL JEM-2100 LaBg transmission
electron microscope, equipped with the high-resolution style
objective-lens pole piece to achieve a point resolution as small
as 0.23 nm. The instrument was operated at a high tension of
up to 200 kV, corresponding to an electron wavelength of 2.5
pm. Image acquisition was performed with a Gatan Orius
bottom-mount, 14-bit, 11-megapixel CCD camera. An Oxford
Inca energy-dispersive silicon-drift X-ray (EDX) spectrometer
was provided for compositional analysis and mapping at high
count rates.

Raman spectra were collected using a Horiba Jobin Yvon
Labram Aramis Raman spectrometer with a He—Ne laser (532
nm) as the light source. The unfiltered beam of scattered laser
radiation was focused onto the samples through a microscope
objective (X50) for an acquisition time of S s and repetition of
10X. The radiation was dispersed by an 1800 line/mm grating
onto a CCD detector, and at a laser power output of 0.83 mW.

The UV—vis diffuse reflectance spectra (DRS) were collected
by a Cary 100 Bio UV-—visible spectrophotometer with a
praying mantis diffuse reflection accessory (Harrick Scientific).

The X-band continuous wave electron paramagnetic
resonance (EPR) experiments were conducted on a Bruker
Elexsys ES80 spectrometer equipped with Oxford CF935
helium flow cryostat with ITC-5025 temperature controller.
Samples dispersed in 1:1 glycerol/H,O were purged with argon
and illuminated at 77 K, and EPR spectra were recorded at 5 K
immediately after illumination. A 300 W Xe UV lamp (ILC)
equipped with IR filter was used as the light source. The g
factors were calibrated for homogeneity and accuracy by
comparison to a coal standard, g = 2.00285 =+ 0.0000S.

Photoluminescence (PL) measurements were carried out on
a Horiba Jobin Yvon-Fluoromax4. The excitation wavelength
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Figure 2. (A) N, sorption isotherms and (B) pore size distributions of the Pt—TiO, materials. Bare TiO, is also shown for comparison.

used was 385 nm, and the emission spectra were monitored in
the 400—500 nm range.

2.4. Photocatalytic Water Splitting. Photocatalytic
hydrogen evolution reactions were carried out in a quartz
reactor as described previously by us.*>***” Typically, a known
amount of the photocatalyst was suspended in a solution of
H,O (1 g/L) and methanol (molar ratio of [H,0]/[CH;O0H]
= 8). The suspension was degassed for 30 min with high-purity
argon prior to irradiation. The samples were continuously
stirred throughout the course of the experiment. A 300 W
xenon lamp (Oriel light source) provided simulated solar
radiation through a 1.5 air mass (A.M.) filter. The amount of
H, produced was measured by gas chromatography (SRI 8610
C) equipped with a molecular sieve column and a TCD
detector, and by using a calibration curve prepared previously.
We have detected formaldehyde in our experiments but have
not quantified it because it is not the focus of this work.

3. RESULTS AND DISCUSSION

3.1. Powder X-ray Diffraction Studies. The X-ray
powder diffraction patterns of Pt—TiO, composites prepared
under various methods are shown in Figure 1A. All of the
samples exhibited diffraction peaks due to dg;, dios daoor dios)
dy11, and d,, at 26 values of 25.3°, 37.8°, 48.1°, 53.9°, 55.1°,
and 62.8° of the anatase crystal phase, respectively. The
addition of Pt species to TiO, results in Pt—TiO,—2%T and
Pt—TiO,—2%C materials whose diffraction patterns are similar
to that of TiO, where the anatase phase is predominant. The
peak corresponding to Pt species is not observed probably due
to small size and high dispersion of Pt in these composite
materials. The samples Pt—TiO,—2%H and Pt—TiO,—2%I
exhibit peaks at 260 = 41° and 46° that correspond to the
presence of Pt° species.*

The calculated crystallite sizes of TiO, in Pt—TiO, were
found to be comparable and approximately 7 + 1,10 + 1, 12 +
2, 14 + 2, and 12 + 2 nm for Pt—TiO,—2%H, Pt—TiO,—2%T,
Pt—TiO,—2%C, Pt—TiO,—2%]I, and pure TiO,, respectively.
The sample Pt—TiO,—2%PD showed peaks due to the anatase
phase similar to the other four samples. The crystallite size of
titania in this material was estimated to be 12 + 2 nm.
However, peaks due to Pt species could not be seen in this
sample either due to their small size and good dispersion as in
the cases of the samples Pt—TiO,—2%T and Pt—TiO,—2%C.

To understand the role of PtO, on TiO, and optimize the
physical properties related to PtO, loading, two additional
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photocatalysts were prepared using the impregnation method.
The powder XRD patterns of Pt—TiO,—I prepared with 0.5, 1,
and 2 wt % of Pt are shown in Figure 1B. The materials
exhibited diffraction peaks due to dyg;, dig4 daoos d10s) 9211, and
dyo4 at 20 values of 25.3°, 37.8°, 48.1°, 53.9°, 55.1°, and 62.8°
due to the anatase crystal phase. The 0.5 wt % Pt sample shows
peaks only due to the anatase phase of titania. A further
increment in loading to 1 and 2 wt % results in materials that
exhibit peaks at 20 = 41° and 46°. These additional peaks
correspond to Pt’.

3.2. N, Isotherms and Pore Size Distributions. The N,
isotherms of the Pt—TiO, composites and the bare TiO, are
examined as shown in Figure 2A to understand the textural
properties of Pt—TiO, composite materials.

The materials exhibit type IV isotherms of mesoporous
materials according to I[UPAC classification.® The initial part
of the isotherm is due to monolayer adsorption at low values of
relative pressures (P/P,), followed by multilayer adsorption and
capillary condensation. All of the materials exhibit H3 type
hysteresis loops that do not level off at relative pressures close
to the saturation vapor pressure, suggesting that the materials
are composed of loose assemblies of irregular shaped plate-like
particles forming slit-like pores of broad pore size distribu-
tion.> The amount of adsorbate appears to vary due to the
differences in porosities, and a resultant difference in surface
area is obtained.

The specific surface area calculated from the BET adsorption
isotherm for TiO, is 65 m® g '. The method used to
incorporate Pt with the support appears to influence the
resultant surface areas achieved. A 2 wt % loading of platinum
results in an increase in the surface area to 74, 89, 167 m* g~*
from the core-like (C), templated (T), and hydrothermal (H)
methods, respectively. The material prepared by the impreg-
nation (I) method appears to maintain a surface area
comparable to that of TiO, at ca. 62 m* g~'. For the high
surface area material, Pt—TiO,—2%H, Pt precursor was added
to the reaction mixtures prior to hydrothermal treatment, which
minimizes agglomeration of particles and facilitates their access
to the pores of the mesostructure as reported previously.>* This
change is supported by the slightly lower crystallite size (7 + 1
nm) of TiO, as determined by XRD. Hence, this material
shows higher surface area (167 m*/g) as compared to the other
Pt—TiO, composite materials and exhibits unique pore size
characteristics with ordered set of mesopores centered at 49 A
as shown in Figure 2B, which is much smaller than the 76 A

dx.doi.org/10.1021/jp405727k | J. Phys. Chem. C 2013, 117, 16850—16862
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Table 1. Textural Properties of Pt—TiO, Composite Materials

materials Sper” (m? g7')  pore volume (cm® g™') PD? (A)
TiO, 65 023 76
Pt—TiO,—2%H 167 0.26 49
Pt—TiO,—2%C 74 0.24 77
Pt—TiO,—2%T 89 0.26 79
Pt—TiO,—2%I 62 0.24 127
Pt—TiO,—1%I 71 0.26 127
Pt—TiO,—0.5%I 80 0.28 124

TiO, size (1 nm)  band gap® (eV) H,? (mmol g AQY® (%)

12 3.2 1.4 1.1
7 33 6.3 S

12 32 1.3 1.1
10 32 3.7 3

14 34 54 4.4
13 3.4 5.8 4.7
12 32 7.5 6.1

“Surface area determined by applying Brunauer—Emmett—Teller (BET) equation to a relative pressure (P/P,) range of 0.05—0.35 of the adsorption
isotherm. “Pore diameter is calculated from the Barrett—Joyner—Halenda (BJH) equation using the desorption isotherm. “Band gap energies
estimated from Tauc plots. ¥Values depict photocatalytic efficiencies after 4 h under simulated solar light irradiation conditions. “Apparent quantum
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Figure 3. XPS for Pt 4f spectral regions in (A) Pt—TiO,—2%H, (B) Pt—TiO,—2%T, (C) Pt—TiO,—2%I, and (D) Pt—TiO,—2%C.

observed for TiO,. Pt—TiO,—2%T, Pt—TiO,—2%C, and Pt—
TiO,—2%I exhibit pores centered at 77, 97, and 127 A,
respectively. The textural properties, including specific surface
area, pore volumes, and BJH pore diameters obtained for the
Pt—TiO, materials studied in this work, are summarized in
Table 1.

To understand the variation in textural properties due to
PtO, on TiO,, we carried out the N, isotherm analysis of Pt—
TiO,—I with 0.5, 1, and 2 wt % of Pt loading. The isotherms of
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the materials exhibited type IV with H3 type hysteresis loops
and are displayed in Figure S1 of the Supporting Information.

The sample Pt—TiO,—2%PD also exhibited type IV
isotherm with H3 hysteresis loops. It had a surface area of 60
m?/g, pore volume of 0.12 cm®/g, and pore diameter centered
at 57 A.

3.3. XPS Studies. Quantitative XPS studies were carried out
to determine the oxidation state of surface platinum species and
elucidate the influence on hydrogen evolution rates. The survey

dx.doi.org/10.1021/jp405727k | J. Phys. Chem. C 2013, 117, 16850—16862
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scans (not shown) indicate the presence of Pt, O, and Ti and
adventitious carbon. In addition, TGA results (not shown)
suggest the absence of residual organics or surfactants. Figure
3A—D shows the XPS spectra of Pt—TiO,—2%H, Pt—TiO,—
2%T, Pt—=TiO,—2%I, and Pt TiO,—2%C in the Pt 4f region,
respectively. It has been reported that Pt° exhibits Pt 4f,,, and
Pt 4f;;, bands in the ranges of 70.2—71.0 and 73.6—74.0 eV,
respectively.”' Similarly, Pt*" has been reported to exhibit Pt
4f,,, and Pt 4f;,, bands in the regions of ca. 74.6—75.8 and
76.5—78.2 eV, respectively.'>*® Accordingly, the 4f,/, binding
energies of Pt and PtO, were constrained at 70.4 + 0.1 and 74.8
+ 0.1 eV, respectively. All of the peaks used for quantification
were Gaussian/Lorentzian shape GL (30:70) curves with
equivalent eV at the full-width-half-maximum (fwhm). From
XPS analysis, we can deduce that the synthetic methods of
choice influence the resultant oxidation state of Pt. The
materials prepared by the hydrothermal treatment and
impregnation methods display peaks that correspond to Pt°
and Pt*" (PtO,) as seen by the profiles of Pt—TiO,—2%H and
Pt—TiO,—2%], respectively. However, in Pt—TiO,—2%C and
Pt—TiO,—2%T, the only peak present is that associated with
Pt* probably as a result of the complete oxidation of Pt species
in these materials. Even though both of these composites
consist of similar amount of Pt species (100% PtO,), the
interaction of TiO, with PtO, may be different as evidenced
later in this Article. More details of the distribution of Pt
species in these materials are shown in Table 2.

Table 2. XPS Spectral Regions for Pt Species Present in Pt—
TiO, Composite Materials

Pt (eV) PtO, (eV)
Pt Pt Pt Pt Pt° PtO, Pto&/

materials af, A, AL, 4, wt% o wt % Pt

Pt—TiO,— 70.4 73.7 74.9 78.2 37.3 62.7 1.7
2%H

Pt—TiO,— 748 781 100 )
2%C

Pt—TiO,— 749 782 100 )
2%T

Pt—TiO,— 70.5 73.8 74.8 78.1 10.7 89.3 83
2%I1

Pt—TiO,— 70.4 73.7 74.8 78.1 11.1 88.9 8.0
1%I1

Pt—TiO,— 70.3 73.6 74.7 78.0 7.6 92.4 12.2
0.5%1

Pt—TiO,— 70.4 73.7 74.8 78.1 50.5 49.5 0.98
2%PD

The Ti and O regions for all of the composite materials were
found to be similar, and the high-resolution XPS spectrum of
the Ti 2p regions of a representative sample, Pt—TiO,—2%H, is
shown in Figure 4A. Two intense peaks at 458.7 and 464.5 eV
that correspond to the Ti 2p;/, and Ti 2p,,, binding energy
regions were observed. They indicate the presence of Ti*" ions
in TiO,. Furthermore, Figure 4B displays spectra corresponding
to the O 1s region that reveal the presence of two peaks due to
Ti—O bond (529.5 eV) and O—H bond (531.4 eV),
respectively.

The XPS study of Pt—TiO,—2%PD indicates the presence of
both Pt and PtO, at similar binding energies to the rest of the
four materials in this study. Bands (4f;/, and 4f;,,) at 70.4 and
73.7 €V due to Pt’, and at 74.8 and 78.1 eV due to Pt* (4f,,
and 4f;),), have been observed in this sample. The wt % of Pt’

and PtO, is estimated to be 50.5% and 49.5%, respectively, as
indicated in Table 2.

3.4. Microscopic Studies. XPS provides valuable informa-
tion regarding oxidation state of the Pt species; however, it is
limited as a surface technique and is deficient in providing
characteristics pertaining to the location and structural
properties of the bulk of the composite materials. Moreover,
the location of the catalytically active sites is very important for
understanding the photocatalytic activity. Therefore, we carried
out a detailed morphological study of these composites.

Because the XPS studies suggested the presence of only PtO,
species in Pt—TiO,—2%T and Pt—TiO,—2%C composites,
TEM images were taken at high and low resolution, and the
corresponding EDX spectra were compared. Besides these
measurements, the EDX elemental mapping was also recorded
from selected sample areas for confirming the distribution of Tij,
O, and Pt species in the composite materials. Figure Sa shows
the HRTEM image of Pt—TiO,—2%T, which indicates that
TiO, nanoparticles are in close contact with PtO, and viable for
the formation of a heterojunction. The anatase TiO, phase with
d spacing of 3.54 A due to (101) and PtO, phase with d spacing
of 2.79 A due to (110) spacing is also shown in Figure Sa.
However, it is difficult to unambiguously discern the Pt species
through the low-resolution TEM image of this material (Figure
Sb). Figure Sc displays the EDX spectrum that confirms the
presence of Pt species in this sample as indicated by a small
peak around 2 KeV. In addition, the presence of Ti and O is
also confirmed. The elemental mapping corresponding to O,
Ti, and Pt measured from the selected sample area (Figure 5d)
is shown in Figure Se—g, respectively. From the elemental
mapping, it is clear that Pt species are within proximity in the
selected area as indicated by the similar EDX mapping image of
Ti and O. This argument is supported by the HRTEM image
shown in Figure Sa.

Similarly, Figure 6 indicates the high- and low-resolution
TEM images and the corresponding EDX spectrum for the Pt—
TiO,—2%C composite. Besides these measurements, the
elemental mappings are also recorded from selected sample
areas for confirming the distribution of Ti, O, and Pt species in
the composite materials. Figure 6a and b shows the high- and
low-resolution TEM image of Pt—TiO,—2%C, respectively.
The HRTEM indicates that TiO, nanoparticles appear distant
from PtO,. The anatase TiO, phase with d spacing of 3.54 A
due to (101) and PtO, phase with d spacing of 2.79 A due to
(110) is also shown in Figure 6a. However, it is difficult to
discern the Pt species in the low-resolution TEM image of this
material (Figure 6b). Even though the EDX spectrum of Pt—
TiO,—2%C shown in Figure 6¢ is almost identical to that of
Pt—TiO,—2%T, the EDX elemental mapping (Figure 6d—f)
indicates that the distribution of the PtO, species is entirely
different from that in Pt—TiO,—2%T. The regions are loosely
occupied and show apparent voids, which indicates lower
interaction between elements in this composite material.

The high- and low-resolution TEM image and the
corresponding EDX of other Pt—TiO, composite materials
are also shown in the Supporting Information (Figures S3 and
S4). From the HRTEM image of Pt—TiO,—2%H, we can
observe the anatase TiO, phase with d spacing of 3.54 A due to
(101), Pt phase with d spacing of 2.32 A due to (111), and the
PtO, phase with d spacing of 2.79 A due to (110) are in close
contact with each other. Hence, we can conclude that there is
direct attachment of Pt and PtO, species to the TiO, surface in
this material. The density of Pt species in the selected region is
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Figure 4. XPS spectral regions for (A) Ti 2p and (B) O 1s in Pt—TiO,—2%H.

Figure 5. (2) High- and (b) low-resolution TEM images of Pt—TiO,—
2%T. (c) EDX spectrum and corresponding EDX elemental mappings
from (d) selected area for (e) O, (f) Ti, and (g) Pt regions.

somewhat similar to that of the Ti and O regions, and indicates
the close interaction of these elements in the composite
material.

The Pt—TiO,—2%I also shows the close interaction of Pt and
PtO, species with TiO, in the composite material. Similarly, the
small amount of Pt is difficult to discern in the low-resolution
TEM. However, from the HRTEM image, we can observe the
TiO, anatase phase with d spacing of 3.54 A due to (101) and
the PtO, phase with d spacing of 2.79 A due to (110). Thus,
the EDX and HRTEM measurements are useful for supporting
the presence of Pt in these composite materials. All of the
materials prepared by the four different synthetic methods, and
the control prepared by the photodeposition method, show
anatase TiO, with an average crystallite size of 10 + 2 nm as
shown in Figures S, 6, S3, S4, and SS, respectively. This is
within range and consistent with the crystallite sizes estimated
in the powder XRD analysis.

The TEM and EDX image of the photocatalyst, Pt—TiO,—
2%PD, is shown in Figure S5. The presence of multiple

10 nm

Figure 6. (2) High- and (b) low-resolution TEM images of Pt—TiO,—
2%C. (c) EDX spectrum and corresponding EDX elemental mappings
from (d) selected area for (e) O, (f) Ti, and (g) Pt regions.

heterojunctions between Pt and TiO, and PtO, and TiO, can
be visualized in Figure SS(a) and (b).

3.5. Raman Spectroscopic Studies. The XRD studies
indicate anatase as the predominant crystal phase for all of the
Pt—TiO, composite materials prepared. We utilized Raman
spectroscopy as a more sensitive technique to confirm the
presence of these phases in bare TiO, and Pt—TiO, composite
materials as shown in Figure 7A. The bare TiO, shows bands at
141 cm—_ll (E), 193 cm™ (Eg),_ 393 cm™ (B,y), S13.em™ (A,,),
519 cm™" (By,), and 636 cm™' (E,) attributed to the anatase
phase.***"** After the formation of Pt—TiO,, all of the Pt—
TiO, composites show Raman features of anatase phase TiO,
only, and this supports the XRD results. The absence of peaks
due to Pt species may be due to their very small size and high
dispersion in the composites. The slight red shift in vibrational
features and reduction in intensities of the anatase TiO, peaks
in Pt—TiO, composite may be due to the presence of various
Pt species.

To understand the role of pure PtO, on TiO, and optimize
the physical properties, the Raman spectra of a representative
PtO,-containing composite, Pt—TiO,—I prepared by the
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Figure 7. Raman spectra of (A) Pt—TiO, composite materials prepared by H, T, C methods and (B) Pt—TiO,—I with different Pt loading. The

spectrum for bare TiO, is shown for comparison.
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Figure 8. (A) DRS and (B) Tauc plots for Pt—TiO, composite materials prepared by H, T, C methods. (C) DRS and (D) Tauc plots for Pt—TiO,—

I with various Pt loading. The bare TiO, is also shown for comparison.

impregnation method with different Pt loading, are also shown
in Figure 7B. The spectra also show anatase as the predominant
crystal phase.

3.6. UV—Vis DRS Studies. UV—visible DRS measurements
were carried out to investigate the effect of Pt incorporation on
the optical properties of TiO,, and the spectra are shown in
Figure 8A. The absorption spectrum of TiO, exhibits a peak
below 400 nm, which is typically attributed to the electronic
transitions from the valence band to the conduction band of
TiO,. The bandgaps of all of the materials prepared in this

16857

study are similar with bandgap values of nearly 3.2 eV. The
absorption onset was calculated by using a Tauc plot that is a
Kubelka—Munk modified function, [K*E]'/? against the
photon energy, E, measured in eV (Figure 8B). The band
gap energy (E,) was estimated by extrapolating the linear
portion of the spectra to [K*E]'/? = 0. The band gap of TiO, is
estimated to be 3.2 eV, and a slight blue shift in absorption to
the UV region with band gaps between 3.3—3.4 eV is observed
for Pt—TiO,—2%H and Pt—TiO,—2%Il. The absorption
properties of Pt—TiO,—2%T and Pt—TiO,—2%C are identical,
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and their band gap energies are similar to that of TiO,. To
investigate the influence of PtO, alone on the optical properties
of Pt—TiO,, Pt—TiO,—I was synthesized with different Pt
loadings by using the impregnation method, and the DRS are
shown in Figure 8C. The corresponding Kubelka—Munk plot is
also shown in Figure 8D. The band gap energies calculated for
Pt—TiO,—2%], Pt—TiO,—1%I, and Pt—TiO,—0.5%I are 3.4,
3.4, and 3.2 eV, respectively. The bandgap of Pt—TiO,—2%PD
was estimated to be 3.3 eV.

3.7. Solar Simulated Photocatalytic Hydrogen Evolu-
tion. The influence of Pt species in the Pt—TiO, composite
materials was evaluated by conducting solar hydrogen evolution
experiments under simulated light irradiation, and the results
are plotted in Figure 9. The apparent quantum yields (AQY)

8

[ —— PiTiO 2%H
74 ——Pt-TiO,2%1

1 ——PtTi0,2%T
—— PLTIO -29C
| ——Tio,

Amount of H, (mmole g‘l)

Time (h)

Figure 9. Photocatalytic hydrogen evolution from Pt—TiO, oxide
materials; bare TiO, is also shown for comparison.

calculated for the Pt—TiO, materials prepared in this study by
the hydrothermal, templated, core-like, and impregnation
methods are shown in Table 1. The hydrothermally prepared
Pt—TiO,—2%H exhibited the highest hydrogen evolution rate
of 6.3 mmol g™" after 4 h of irradiation. The enhancement may
be credited to high surface area (167 m?*/g), small crystallite
size (7 nm), and the presence of high wt % of Pt (37.6 wt %).
As discussed later in the section related to EPR and PL studies,
the critical parameter seems to be the large amounts of Pt° that
minimizes electron—hole recombination to a significant extent
than Pt—TiO,—2%I, Pt—TiO,—2%T, and Pt—TiO,—2%C. Pt—
Ti0,—2%I, Pt—TiO,—2%T, Pt—TiO,—2%C, and TiO, dem-
onstrate hydrogen evolution rates of 5.4, 3.7, 1.3, and 1.4 mmol
g~!, respectively, after 4 h of irradiation.

It has been reported that the modification of TiO, surface
with Pt enhanced the photocatalytic efficiency of TiO,.****
This may arise from the formation of a heterojunction
(Schottky barrier) between TiO, and Pt species, leading to
accelerated migration of photogenerated electrons to the noble
metal particles.**® Subsequently, this would decrease the
electron—hole recombination and improve the photocatalytic
activity.46

In this study, HTREM studies and the high density of
elements shown in the EDX mappings indicate that the Pt
species and TiO, are in intimate contact more favorably in the
Pt—TiO,—2%H and Pt—TiO,—2%I, thus facilitating the
formation of the heterojunctions. However, there is a difference
in performance between both photocatalysts, and it may be

attributed to differences in the amount of Pt (wt %) in these
photocatalysts. Pt—TiO,—2%H exhibits a higher hydrogen
evolution rate of 6.3 mmol g™" after 4 h of irradiation than Pt—
TiO,—2%I due to the higher wt % of Pt° of 37.6 wt % as
compared to 15.5%. It is believed that the Pt° is more efficient
to accept photogenerated electrons than their oxidized
platinum counterparts, and thus the activity of Pt—TiO,—2%
H is higher than that of Pt—TiO,—2%L

Even though the XPS of Pt—TiO0,—2%T and the Pt—TiO,—
2%C suggests 100 wt % PtO, in both materials, Pt—Ti0,—2%T
exhibits a higher evolution rate of 3.7 mmol g~' than the 1.3
mmol g~ evolved by Pt—TiO,—2%C. HRTEM and EDX
mapping studies indicate that the interactions between PtO,
and TiO, are different in these two materials and may be the
resultant cause of the varied hydrogen evolution rates. The
PtO, and TiO, in Pt—TiO,—2%T are in close enough contact
for the viability of heterojunction formation. Because PtO, is a
p-type semiconductor with a narrow band gap as compared to
TiO,* we can argue that once the composite material is
formed, the electrons that are generated by simulated solar light
illumination can migrate from TiO, to PtO, due to their band
edge difference in conduction band, thus prolonging the
lifetime of hole—electron pairs in TiO, as reported previously.**
Thus, PtO, can act as electron trap and increase the activity by
reducing the electron—hole recombination. However, in Pt—
TiO,—2%C, the PtO, and TiO, are rather distant from each
other, which reduce the chance for heterojunction formation
between the metal and semiconductor species. This further
lowers the ability for PtO, to accept the photogenerated
electrons from TiO, in this composite. Hence, the photo-
catalytic hydrogen evolution activity of Pt—TiO,—2%C is
comparable to that of pure TiO, (1.4 mmol g *).

Not surprisingly, the control sample Pt—TiO,—2%PD
evolved 16.8 mmol g~' of hydrogen. The high activity of this
sample is attributed to the relative high amount of Pt° (50.5 wt
%) that is present in this sample, and Figure SS suggests the
presence of multiple heterojunctions in this sample. This
suggests that the photodeposition method is an effective
method to prepare relatively high amounts of Pt° and that the
reduction time and temperatures used in this study to prepare
the photocatalysts Pt—TiO,—2%H and Pt—TiO,—2%I need to
be further optimized to obtain greater amounts of Pt’. This is
beyond the scope of this work, because the focus of this work
was to highlight the differences in the amount and/or oxidation
state of Pt obtained through several synthetic approaches and
its influence in solar hydrogen production.

We can infer from these studies that the presence of Pt° or
PtO, or both species can act as effective hole—electron
separators and improve the photocatalytic hydrogen evolution.
The hole—electron separation is more effective with a high
amount of reduced Pt species (Pt’). The pure TiO, material
shows low activity, which is associated with rapid electron—hole
recombination due to the lack of suitable electron trap species.

In addition, the crystallite size of TiO, in Pt—TiO,—2%H is
the smallest (ca. 7 nm) in comparison to the other three
photocatalysts, Pt—TiO,—2%]I, Pt—TiO,—2%T, and Pt—TiO,—
2%C, which all have crystallite sizes in the range of 10—14. It
has been reported that lower crystallite and particle sizes lead to
greater photocatalytic activity due to minimized bulk
recombination of charge carriers. However, if the crystallite
(particle) sizes decrease too much, surface recombination
predominates and the activity decreases. For example, it has
been found that ca. 7 nm particle size of titania is optimal for
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highest photocatalytic activity for the gas-phase photooxidation
of tricholoroethylene, and our studies too suggest the same.**
Thus, the higher activity of Pt—TiO,—2%H could also be high
due to this factor.*” The crystallite size of TiO, in Pt—TiO,—
2%PD is 12 + 2 nm.

The particles sizes of the Pt species could also affect the
photocatalytic activities. Our HRTEM results indicate the
particle sizes of Pt to be around 7 nm in both Pt—TiO,—2%H
and Pt—TiO,—2%lI, respectively. The particle size of Pt in Pt—
Ti0,—2%PD was found to be in a fairly broad range of 6—12
nm.

The particle sizes of PtO, were estimated to be ~7, ~7-10,
~6, and ~7 nm in Pt—TiO,—2%H, Pt—TiO,—2%I, Pt—TiO,—
2%T, and Pt—TiO,—2%C, respectively. Thus, it seems that the
particles sizes of Pt and/or PtO, do not vary much, and this can
be discounted as a factor affecting the photocatalytic activity.

To understand the role of PtO, further, the solar simulated
photocatalytic hydrogen evolution from Pt—TiO,—0.5%I, Pt—
TiO0,—1%], Pt—TiO,—2%I is also plotted in Figure SS of the
Supporting Information. The respective hydrogen evolution
rates were 7.5, 5.8, and 5.4 mmol g_l, which suggests that a low
loading of 0.5% is optimum for attaining a PtO,/Pt’ ratio at
which the well-dispersed Pt species can form effective
heterojunctions that facilitate electron migration, minimize
charge recombination, and subsequently enhance photo-
catalytic hydrogen evolution. The absence of peaks due to
Pt® species in the XRD of Pt—TiO,—0.5%I alludes to more
effective dispersion of Pt species as compared to the other two
higher loaded composites prepared by the impregnation
method. Hence, Pt—Ti0,—0.5%I shows slightly higher activity
as compared to Pt—TiO,—1%I and Pt—TiO,—2%L

3.8. Electron Paramagnetic Resonance (EPR) Studies.
It is well documented that the magnitude of temperature
treatment may have an influence on the formation and location
of defect sites either on the surface or in the lattice of TiO,
powders.>® In addition, calcinations under reducing environ-
ment, that is, under H, flow both in the presence and in the
absence of chloroplatinic acid, may result in the formation of
structural defects such as oxygen vacancies in the titania.*' It
has been demonstrated previously that nonstoichiometry and
the presence of partially reduced Ti both account for the
photocatalysis in the presence of visible light.>*~>> Thus, we
employed EPR spectroscopy to investigate the activity of the
platinized TiO, samples under these conditions, through which
the formation of photogenerated charge carriers was confirmed.
The samples were dispersed in glycerol/water (1:1) solvent,
bubbled with nitrogen, and illuminated for 10 min at 77 K
using Xe lamp with 400 nm cut off filter. The EPR spectra were
recorded at S K in dark immediately after illumination. Figure
10 presents the EPR spectra normalized to the sharp signal of
organic radical from glycerol observed with g = 2.004 to
compare relative trends. EPR spectra confirmed the formation
of Ti*" at g = 1.982 that is attributed to localized electrons on
the bulk of anatase phase of titania.>"*® The trend for the
intensity of the signal decreases in the order of Pt—TiO,—2%H
> Pt—=Ti0,—2%I > Pt—Ti0,—2%T > Pt—TiO,~2%C, which is
in very good agreement with the efficiency of hydrogen
production. This can be explained not only by the different
structure of platinized TiO,, but by suppressed charge-carrier
recombination and/or by the visible light photosensitization of
possible platinum clusters, metallic Pt’, and/or PtO,*” that have
been clearly identified by XPS and HRTEM in this study.
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—— PETIO,2%l
— PETIO-2%T
—— PL-TiO,-2%C

(T ot
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Figure 10. Normalized EPR spectra of Pt—TiO,—2%H, TiO,—2%]I,
Pt—TiO,—2%T, and Pt—Ti0O,—2%C, recorded in the dark at 5 K, after
illumination at 77 K.

The EPR results indicate that the intensity of the signal due
to Ti®* is in the order Pt—Ti0,—2%H > Pt—Ti0,—2%I > Pt—
TiO,—2%T > Pt—TiO,—2%C. The photocatalytic activity is
also in the same order. While comparing the EPR signals due to
Ti*, one can notice that the intensity of this signal is
substantially higher in Pt—TiO,—2%H in comparison to the
other three samples. This can be attributed to the highest
amount of Pt° in this sample that acts as an effective electron
sink, minimizes electron—hole recombination, and stabilizes
Ti*" ions to a greater extent. Hence, the presence of high
amounts of Pt’ (37.6 wt %) in Pt—TiO,—2%H leads to larger
amounts of Pt—TiO, heterojunctions, which in turn leads to
greater activity. Pt—TiO,—2%I shows the second highest
intensity due to Ti**. The XPS, HRTEM, and EDS results
that are shown in Figure S4 indicate that this sample has 15.5
wt % Pt, and, in addition, close interaction of Pt and PtO, is
indicated. The samples Pt—TiO,—2%T and Pt—TiO,—2%C
have only PtO,, and, as discussed previously, these two samples
are less effective in trapping electrons and stabilizing Ti** ions
and hence the ESR intensities of these two samples are
relatively lower. Among these two samples, the activity of Pt—
TiO,—2%T is higher than that of Pt—TiO,—2%C primarily due
to the enhanced formation of heterojunctions in the former as
compared to the later as evidence from the HRTEM and EDS
studies and discussed previously. However, because the
electron trapping nature of PtO, is much lower than that of
Pt, the EPR studies indicate that the signals due to Ti%* ions are
lower and follow the same trend as the photocatalytic activities
of these two samples.

Among all of the samples, Pt—TiO,—2%H has the highest
specific surface area as indicated in Table 1. In general, the
higher is the specific surface area, the greater number of active
sites per gram of samples and the specific surface area could
also be a factor. However, as the EPR results indicate, the signal
due to Ti** is much higher in this sample as compared to the
other three samples with 2 wt % loadings of Pt species. This
suggests that the electron trapping ability of Pt° due to the
formation heterojunctions is the overriding factor and the
surface area is not a significant factor.

The electronic properties due to different loadings of Pt and
PtO, in the photocatalysts prepared by impregnation were also
investigated, and the results are displayed in Figure S7 of the
Supporting Information. Similar EPR features were observed
for the photocatalysts prepared by the various aforementioned
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methods. The strongest signal due to Ti** was observed for the
low loaded Pt—TiO,—0.5%], followed by Pt—TiO,—1%I and
Pt—TiO,—2%I. These observations are also consistent with
photocatalytic efficiency results, thus emphasizing the necessity
of an optimal loading of Pt species for enhanced rates of
hydrogen evolution.

It is observed that the photocatalytic activity of Pt—TiO,—
0.5%I is the highest in this work among all of the samples
prepared by thermal reduction. As the Pt loading is increased,
other roles of Pt as a light shielder, pore blocker, recombination
center for electrons and holes, and catalyst for recombining
hydrogen and oxygen need to be considered. The light
shielding effect, which is a combination of two factors due to
absorption and scattering, may also play an important role. This
can be understood by looking at Figure 8C and D. Among the I
series of samples, one can notice that the absorbance of Pt—
Ti0,—0.5%I in the 380—400 nm is slightly higher than that of
the other two samples, Pt—TiO,—1%I and Pt—TiO,—2%L
Hence, as the Pt loading increases, these particles shield part of
the incident light, and this may be one factor that is responsible
for the enhanced activity of Pt—TiO,—0.5%I. The pore
blocking effect can be discounted because we do not see any
correlation between the photocatalytic activity and the pore size
of titania. The most important factor is the role of Pt in
minimizing electron—hole recombination. This can be inferred
from Figure S7 that shows the normalized EPR spectra in the I
series of samples. It is clear that the EPR signal due to Ti*" is
higher in Pt—TiO,—0.5%I in comparison to Pt—TiO,—1%I and
Pt—TiO,—2%I. This clearly indicates that the Pt particles in
Pt—TiO,—0.5%] minimize charge-carrier recombination to a
greater extent than Pt—TiO,—1%I and Pt—TiO,—2%I. As the
Pt amounts increase, one notices a decrease in the signal due to
T, suggesting enhanced electron—hole recombination due to
the enhanced negative charge on titania that offsets the charge
separation efficacy effects of Pt. This is also consistent with the
photoluminescence results as indicated in Figure S6. One
notices an increase in the PL intensity as the loading of Pt is
increased, suggesting enhanced electron—hole recombination.
In addition, Pt is also known to act a recombination center for
hydrogen and oxygen, and this could be another reason for the
decrease in activity as the loadings are increased.

3.9. Photoluminescence (PL) Emission Studies. The PL
emission spectrum is used to evaluate the efficiency of charge
carrier trapping, migration, transfer, and separation to under-
stand the fate of photogenerated electrons and holes in
photocatalytic reactions. The emission spectra of Pt—TiO,
composite materials along with bare TiO, are shown in Figure
11.The samples were excited at 385 nm, and the emission
spectra were monitored in the 400—500 nm range, which is the
typical emission range for TiO,. All of the materials show
comparable peak positions with variation in intensities. The
emission band observed near 425 nm is attributed to the
exciton-trapped shallow surface states.>®>” The bands at 450
and 468 nm are attributed to band edge free excitons.®”®" The
bands at 482 and 493 nm are due to the bound excitons.®'
From the spectra, it is clear that the PL intensity of TiO, is
reduced after the formation of Pt—TiO, composite materials.
The PL intensities of Pt—TiO,—2%H and Pt—TiO,—2%I are
lower as compared to Pt—TiO,—2%T and Pt—TiO,—2%C. The
Pt—TiO,—2%H shows the lowest PL intensity among the series
studied, thus indicating relatively lower recombination rate of
electrons and holes under identical experimental conditions.

—=—TiO,
o9x1 0" 4 —A— Pt—TiOz-Z%C
8x10° —+— Pt-Ti0,-2%T
-~ —#— Pt-TiO,-2%l
3 7x10° :
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Figure 11. Photoluminescence emission spectra of Pt—TiO,
composite materials; the bare TiO, is also shown for comparison.

The excited electrons can migrate to Pt” and/or PtO, from
the conduction band of TiO, and retard the direct
recombination of electrons and holes, thereby increasing the
photocatalytic efficiency of Pt—TiO,—2%H. Thus, the PL
studies are consistent with the hydrogen evolution results.

Moreover, from HRTEM analysis, the Pt and PtO, are
densely occupied on the TiO, surface and are in close contact
with each other in Pt—TiO,—2%H as compared to other
materials. The composite Pt—TiO,—2%I consists of a lower
amount of Pt’ as compared to Pt—TiO,—2%H, and the Pt’ and
PtO, are existent in slightly lower density than in Pt—TiO,—2%
H on the TiO, surface. Therefore, Pt—TiO,—2%I shows
slightly higher recombination rate of the charge -carriers,
increased luminescence, and slightly lower photocatalytic
activity. Because of the presence of heterojunction within
these materials, Pt” or PtO, can effectively trap electrons.*’
Thus, the modification of TiO, with PtO, in Pt—TiO,—2%T
lowers the electron—hole recombination as compared to TiO,,
thereby exhibiting improved activity. From HRTEM and EDX
elemental mapping, we observed that PtO, species present in
Pt—TiO,—2%C is more distant from TiO, as compared to that
in Pt—TiO,—2%T. Thus, PtO, is ineffective in trapping
electrons in Pt—TiO,—2%C, and, as a result, the activity of
this material is reduced due to high electron—hole recombina-
tion as compared to that in Pt—TiO,—2%T. It is clear that close
contact between TiO, and Pt/PtO, is a major factor that
contributes to the photocatalytic activity of the composite
materials.

4. CONCLUSIONS

We prepared highly active Pt—TiO, composite photocatalyst
materials by treating TiO, with platinum precursor using four
different methods: hydrothermal, template, core-like, and
impregnation. The Pt species in the resultant materials consist
of different composition of reduced Pt’ and PtO,. Among the
materials synthesized, the Pt—TiO,—2%H prepared by hydro-
thermal treatment had the highest surface area, high Pt” wt %,
and the presence of Pt—TiO, and PtO,—TiO, heterojunctions
were discerned from TEM studies. The photocatalyst exhibits a
photocatalytic hydrogen evolution rate of 6.3 mmol g™" catalyst
after 4 h of solar simulated irradiation, whereas Pt—TiO,—2%lI,
Pt—Ti0,—2%T, and Pt—TiO,—2%C exhibit 5.4, 3.7, and 1.3
mmol g~ under identical experimental conditions. These
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results indicate that the presence of Pt or PtO, in close contact
with TiO, allows for more efficient electron propagation and
facilitates minimization of electron—hole recombination, thus
improving photocatalytic hydrogen evolution under simulated
solar light irradiation. This work provides useful information
regarding the influences of PtO,—TiO, heterojunctions in solar
simulated hydrogen production. It also provides scientific
insight about preferential synthetic protocol for platinization of
TiO,, the effect of the heterojunction interaction of PtO, and
Pt° with TiO,, EDX mapping, HRTEM, EPR, and PL studies
for the characterization of such photocatalytically active noble
metal—semiconductor oxide materials.
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