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Time-resolved IR spectroscopy was used to detect the photocatalytic reaction of methanol for H2 production
on Pt/TiO2 catalysts. There exists an optimal amount of Pt loading in the Pt/TiO2 catalysts for the
reaction of the photogenerated long-lived electrons. For a given amount of Pt loading, the reaction rate of
the long-lived electrons on Pt/TiO2 catalysts varies greatly with the different reduction temperature of the
catalysts. The possible reason is that the Pt particles occupy the surface active sites for methanol adsorption
on Pt/TiO2 catalysts reduced at high temperature. This phenomenon is not observed obviously on Pt/TiO2
catalysts reduced at low temperature. The decay rate of the long-lived electrons evaluated by time-resolved
IR method qualitatively correlates well with the activity of H2 production under steady-state irradiation
conditions.
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cently, Yamakata et al. utilized a home-made midIR absorption spectroscopy with nanosecond to second
time resolution to study the photocatalytic reaction of
methanol on Pt/TiO2 and observed that the amount of
long-lived electrons in platinized TiO2 increases significantly after 50 ns [17,18]. They proposed that adsorbed
methoxy groups captured the holes within 50 ns, which
has been demonstrated by a recent femtosecond timeresolved UV-Visible spectroscopy study, in which the
authors directly observed that most of the holes were
captured by adsorbed methanol within 1 ns [19]. We
previously reported that the long-lived electrons in this
reaction system are important for H2 generation and
the electron decays on millisecond to second time scale
in Pt/TiO2 corresponds to the electron consumption
for H2 evolution [20]. It was also found that, for the
Pt/TiO2 catalysts reduced in H2 at 400 ◦ C, there existed an optimal amount of Pt loading for the reaction
rate of the long-lived electrons [20].
In this work, time-resolved IR spectroscopy was used
to study the kinetics of the long-lived electrons in the
photoreaction of methanol on Pt/TiO2 catalysts for H2
generation. The effects of Pt loading amount and reducing temperature of Pt/TiO2 catalysts on the reaction rate of the long-lived electrons were studied in detail. The correlation between the kinetics of the longlived electrons and the activity of H2 production under
steady-state UV irradiation conditions was also investigated to further understand the mechanisms of this
photocatalytic reaction.

I. INTRODUCTION

The photocatalysis on TiO2 has attracted considerable attentions because of the excellent properties of
TiO2 and TiO2 based photocatalysts in degradation of
environmental pollutants [1,2], H2 generation from water or organic compounds [3-5], solar-to-electric energy
conversion [6,7], and so on. To understand the mechanisms of these photoassisted or photocatalytic processes, photocatalytic production of H2 from methanol
is one of the most suitable model reactions because this
photocatalytic reaction proceeds with high efficiency
and methanol is a simple and important organic compound with one reactive functional group. In addition,
this reaction is carried out under anaerobic conditions,
which avoids considering the function of O2 . If the
mechanisms of this fundamental photocatalytic reaction are not well understood, it may be difficult to make
clear the mechanisms of more complex systems.
Time-resolved absorption spectroscopy has been developed to study kinetics of the photogenerated charge
carriers in semiconductor catalysts [8-11]. It was found
that the absorption in mid-IR region is due to the
free and/or trapped electrons [12-16]. Because there
is no interference of the holes in mid-IR region, and
the shape of the mid-IR absorption spectra is not sensitive to surrounding conditions, time-resolved mid-IR
absorption spectroscopy is potentially a powerful tool
to accurately trace the kinetics of the electrons. Re-

II. EXPERIMENTS
A. Sample preparation and characterization
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Pt loaded TiO2 catalysts, Pt/TiO2 , were prepared
by impregnation method. The commercially available
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FIG. 1 Transmission electron micrographs of the Pt/TiO2 catalysts. (a) Pt/TiO2 -200 (1.0 wt%); (b) Pt/TiO2 -400
(1.0 wt%).

TiO2 , generally known as Degussa P25 (20% rutile, 80%
anatase), was used as the support. Briefly, 1 g P25 was
dispersed into 30 mL H2 PtCl6 aqueous solution at a
given concentration and stirred for 6 h. After evaporation to dryness at 373 K, the obtained dry powder was
then reduced with H2 at 200 or 400 ◦ C for 2 h. The final
products are designated as Pt/TiO2 -T (n wt%), where
T represents the reducing temperature and n represents
the value of weight percentage of Pt.
The transmission electron micrographs (TEM) were
obtained with Tecnai G2 F30 microscope. In the measurements, the samples were suspended in ethanol and
mounted on a plastic film supported on a Cu grid. The
energy dispersion X-ray (EDX) analysis was also carried
out accompanying with the TEM studies.
B. Time-resolved IR measurement

The transient IR absorption signals were recorded on
a Nicolet 870 FTIR spectrometer and the detail experimental methods were reported elsewhere [20]. Briefly,
the Pt/TiO2 sample was pressed into a self-supporting
wafer (about 20 mg) and put into a quartz IR cell with
BaF2 windows. The IR cell was connected to the vacuum system. Before each run of the experiment, the
sample in the cell was heated to 573 K under vacuum
(0.13 Pa) for 1 h. After the heating, when the sample was cooled to room temperature under the protection of N2 atmosphere, the IR cell with the sample was evacuated and the methanol vapor was then
introduced. The transient IR absorption spectra were
measured by step-scan measurement mode. The laser
at 355 nm with 10 ns pulse width from third harmonic
generation of a Q-switched Nd: YAG laser (Labeit Beijing) was used as the excitation source. To observe
the slow decaying signals ranging from millisecond to
second, the stepping mirror was stopped to one fixed
position and the 20 MHz DC output of the MCT amplified by AC-coupled SR560 preamplifier (1 MHz-0.03
Hz) was used to measure the transient signals (∆I 0 (t)).
DOI:10.1088/1674-0068/20/04/483-488

The laser induced transient signals were accumulated
and averaged in the external oscilloscope (Tektronix,
TDS5104). From the knowledge of circuit analysis, the
recorded transient signals (∆I 0 (t)) is the convolution of
∆I(t0 ) and g(t):
Z ∞
∆I 0 (t) =
∆I(t0 )g(t − t0 )dt0
−∞

where g(t) represents the unit-impulse response of
the whole electronic systems and ∆I(t) represents the
undistorted curve. g(t) was determined experimentally.
Through the deconvolution, the true transient curve
∆I(t) was obtained. Before measuring the transient
signals, the DC output of MCT modulated by a handmade chopper was used to measure the intensity of the
whole IR light in 1000-4000 cm−1 (I) and the average
transient absorbance changes were calculated as
½ ·
¸¾
1
∆I(t)
∆A(t) = −lg
I+
I
g
where g is the gain of the AC-coupled preamplifier.
C. Photocatalytic activity

The photocatalytic H2 production under steady state
irradiation conditions was investigated in a pyrex reaction cell connected to a closed gas circulation and evacuation system [21]. The light source was a 300 W Xe
lamp with a water-cooled quartz jacket. 0.3 g catalyst was suspended in an aqueous solution containing
160 mL H2 O and 40 mL CH3 OH. Before the experiment, the reaction mixture was deaerated thoroughly.
The evolved H2 was measured by online gas chromatography.
III. RESULTS AND DISCUSSION

The particle sizes of Pt on the catalysts were studied by TEM measurements. Figure 1 shows the transmission electron micrographs of Pt/TiO2 -200 (1.0 wt%)
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and Pt/TiO2 -400 (1.0 wt%) catalysts. It can be seen
that the surface of the TiO2 particles is very clean and
no Pt particles can be seen clearly. The results indicate
that the particle sizes of Pt are too small to be seen
(usually smaller than 1 nm) from transmission electron
micrographs. The EDX analysis was carried out at several different places (50 nm×50 nm) on the catalysts.
The results (not shown) indicate that the distribution
of Pt on the prepared catalysts is very uniform.
Figure 2 shows the three-dimensional time-resolved
IR absorption spectra of Pt/TiO2 -200 (0.2 wt%) in vacuum recorded by step scan measurement mode after
laser excitation. A broad UV-induced IR absorption appears and the absorption monotonously increases in intensity with lower wavenumbers. The broad and structureless IR absorption is assigned to intraband transitions of CB electrons or excitation of shallowly trapped
electrons to the CB [12-16,22,23]. The broad IR absorption spectrum obeys the equation:

of platinum. The pressure of methanol was fixed to
2.7 kPa. In our previous paper [20], it was reported that
the electron decays on millisecond to second time scale
in Pt/TiO2 are mainly due to the electron consuming
reaction for H2 generation:
1
e− +H+ −→H·(a)−→ H2
(1)
2
This reaction is catalyzed by Pt particles. The shape of
the decay curves is insensitive to the UV pulse energy in
the range of 2-6 mJ, which suggests that the decays of
the long-lived electrons apparently obey the exponential
decay kinetics. The decay curves can be fitted well by
the two-exponential formula:
µ
¶
µ
¶
x
x
y = A1 exp −
+ A2 exp −
τ1
τ2

∆Absorbance = Ae
v −p
where ve is the wavenumber, A is a constant, and p is
the scattering constant [12-16]. Fitting the spectrum
data into above relation, p was determined as about
1.7, close to the ideal value of 1.5 when the absorption
of the photons is associated with scattering of the acoustic phonons. Zhao et al. reported that free conductionband electrons are tightly coupled with the acoustic lattice phonons to conserve the momentum during the intraband transitions [16]. So it is deduced that the electrons giving above broad IR absorption are mainly the
free CB electrons. The photogenerated electrons mainly
decay on microsecond time scale as shown in Fig.2.
When the sample exposed to methanol was measured,
the shape of the absorption spectra does not change
but the intensity of the absorbance strongly increases
(not shown). The photogenerated electrons in Pt/TiO2
decay extremely slowly in the presence of methanol.
Figure 3 shows the normalized IR absorption decay
curves of Pt/TiO2 -200 with different loading amount

485

The single-exponential or multi-exponential decay kinetics was successfully used to analyze some charge recombination processes that are quite different from the
slow decay process of the long-lived electrons observed
in our experiments [13,24,25]. Because not all the electrons are consumed in the interval of laser pulses (10 s)
and a small amount of electrons might be accumulated
in the catalysts, the curves are fitted by the adjusted
formula,
µ
¶
µ
¶
x
x
y = A1 exp −
+ A2 exp −
τ1
τ2
µ
¶
µ
¶
10
10
− A1 exp −
− A2 exp −
τ1
τ2
The lifetime and relative amplitudes from the nonlinear least-squares fits are listed in Table I. Figure 4
shows the dependence of the simulated rate constants
of the fast component on the Pt loading amount. It
can be seen that there exists an optimal amount of Pt
loading for reaction (1) and the maximum rate was obtained with 0.1 wt%Pt loaded TiO2 . With further increase of Pt loading amount, the rate declines. These
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FIG. 2 Time-resolved IR absorption spectrum of Pt/TiO2 200 (0.2 wt%) in vacuum recorded by step scan measurement
mode. 3 Hz, 8 mJ/pulse 355 nm laser was used to excite the
sample.
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FIG. 3 Normalized transient profiles of average IR absorption of Pt/TiO2 -200 samples excited by 355 nm laser pulse
of 10 ns duration. The decay curves were recorded at RT
by accumulating 50 traces repeated at 0.1 Hz when the pretreated samples were exposed to ∼2.7 kPa CH3 OH.
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TABLE I The lifetime and relative amplitudes from two
exponential fits of the decay curves
Sample
A1 /%
Pt/TiO2 -200 (0.02 wt%)
19
Pt/TiO2 -200 (0.1 wt%)
51
Pt/TiO2 -200 (0.2 wt%)
39
Pt/TiO2 -200 (0.5 wt%)
56
Pt/TiO2 -200 (1.0 wt%)
46

τ1 /s
0.39
0.042
0.057
0.29
0.26

A2 /%
81
49
61
44
54

τ2 /s
6.57
0.35
0.51
2.30
1.83

FIG. 5 Normalized transient profiles of average IR absorption of Pt/TiO2 (0.1 wt%) samples excited by 355 nm laser
pulse of 10 ns duration. The decay curves were recorded at
RT by accumulating 50 traces repeated at 0.1 Hz when the
pretreated samples were exposed to ∼2.7 kPa CH3 OH.

FIG. 4 Dependence of the simulated rate constants of the
fast component on Pt loading amount for Pt/TiO2 -200 catalysts.

results indicate that a small amount of Pt loading is
effective enough to catalyze reaction (1). Further increasing Pt loading amount increases the reactive sites
for reaction (1), but both of the concentration of the
electrons trapped by each Pt particle and the probability of the protons that can arrive at one Pt particle
decrease. It is a possible reason to explain why the rate
of reaction (1) decreases with excessively increasing Pt
loading amount.
The regularities for Pt/TiO2 samples reduced in H2
at 200 ◦ C shown in Fig.4 are similar to the previously
published results for Pt/TiO2 catalysts reduced in H2
at 400 ◦ C [20], but it is worthy to note that the decay kinetics of the long-lived electrons in the Pt/TiO2 200 samples is different from that in Pt/TiO2 -400 sample. Figure 5 shows the normalized transient profiles of
average IR absorption of Pt/TiO2 -200 (0.1 wt%) and
Pt/TiO2 -400 (0.1 wt%) samples excited by 355 nm laser
pulse of 10 ns duration. Figure 6 shows the normalized
transient profiles of average IR absorption of Pt/TiO2 200 (1.0 wt%) and Pt/TiO2 -400 (1.0 wt%) samples excited by 355 nm laser pulse of 10 ns duration. Above results indicate that the long-lived electrons in Pt/TiO2 200 (0.1-1.0 wt%) catalysts decay faster than those in
Pt/TiO2 -400 (0.1-1.0 wt%) catalysts when the Pt loading amount is the same. Figure 7 shows the FTIR spectra taken after the adsorption of CH3 OH on Pt/TiO2 200 catalysts and then evacuation at room temperature.
The spectra of the catalysts recorded in vacuum are
DOI:10.1088/1674-0068/20/04/483-488

FIG. 6 Normalized transient profiles of average IR absorption of Pt/TiO2 (1.0 wt%) samples excited by 355 nm laser
pulse of 10 ns duration. The decay curves were recorded at
RT by accumulating 50 traces repeated at 0.1 Hz when the
pretreated samples were exposed to ∼2.7 kPa CH3 OH.

subtracted. It is observed that undissociated adsorbate
CH3 OH and dissociated adsorbate CH3 O are formed
on the catalyst surface, with the characteristic frequencies of symmetric and antisymmetric CH3 stretching at
2843 and 2944 cm−1 for CH3 OH, 2818 and 2923 cm−1
for CH3 O [26,27]. As shown in Fig.7, the IR absorbance
of CH3 OH and CH3 O on Pt/TiO2 -200 catalysts almost
do not decrease with increasing Pt loading amount, but
when Pt/TiO2 -400 catalysts were measured, the capacity of methanol adsorption decreases strongly with the
increase of the Pt loading [20].
Scheme 1 shows the proposed model representing the
different interactions between the metal and the supporter in Pt/TiO2 catalysts reduced in H2 at 200 and
400 ◦ C. It has been reported that the strong metalsupport interaction (SMSI) effect occurs when the noble metal loaded TiO2 catalysts are reduced in H2 at
high temperature (usually >300 ◦ C) [28]. The strong
c
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TABLE II The activity of H2 production on Pt/TiO2 photocatalysts
Sample
Pt/TiO2 -200 (0.1
Pt/TiO2 -400 (0.1
Pt/TiO2 -200 (1.0
Pt/TiO2 -400 (1.0

FIG. 7 FTIR spectra of adsorbed CH3 OH on Pt/TiO2 -200
samples at RT. The subtracted spectra of the catalysts exposed to about 267 Pa CH3 OH vapor followed by evacuation
for 15 min are shown.

wt%)
wt%)
wt%)
wt%)

H2 evolution rate/(µmol/h)
1590
1423
1273
990

alytic reaction of methanol for H2 production. Though
the photooxidation reaction of adsorbed methanol with
the photogenerated holes proceeds ultrafast on picosecond time scale [19], the slow photoreduction reaction
also directly influences the whole photocatalytic redox
reaction. If the photogenerated electrons can’t be consumed soon through reaction (1), the electrons will
be accumulated in the catalyst and the whole photocatalytic redox reaction can’t proceed well. On the
contrary, if the electrons quickly take part in reaction (1), the whole photocatalytic reaction can proceed
smoothly. Hence, the rate constant of reaction (1) that
can be evaluated by time-resolved IR measurements is
one of the considerable aspects in designing a photocatalyst with high activity for this photocatalytic reaction.
On the basis of the results reported in this article, it
is initially deduced that a Pt/TiO2 catalyst (the supporter is the same) with suitable Pt loading amount and
more surface active sites may have high activity for this
photocatalytic reaction.

Scheme 1: The proposed model representing the
different metal-support interactions in Pt/TiO2 .
IV. CONCLUSION

interaction of Pt-Ti3+ [29] leads to the decrease of Ti3+
sites (oxygen vacancy sites) for methanol adsorption.
So, the number of the active sites for methanol dissociation decreases effectively with increasing Pt loading
for the Pt/TiO2 catalysts reduced in H2 at 400 ◦ C. For
the Pt/TiO2 catalysts reduced in H2 at 200 ◦ C, the effects of SMSI almost do not occur [28] and the active
sites for methanol adsorption do not decrease obviously
with increasing Pt loading. Because the synergetic effect between the Pt and the surface active sites on TiO2
is important for the H2 generation reaction (reaction
(1)) and the number of the released H+ correlates with
the surface active sites on TiO2 [20], the apparent rate
constant of reaction (1) decreases more strongly with
increasing Pt loading for Pt/TiO2 -400 catalysts than
for Pt/TiO2 -200 catalysts.
Table II shows the activity of H2 production on
Pt/TiO2 catalysts measured under steady-state irradiation conditions. It can be seen that the decay rate of
the long-lived electrons obtained from time-resolved IR
measurements qualitatively correlates well with the activity of H2 production under steady-state irradiation
conditions. These results indicate that the slow kinetics
of the long-lived electrons is important for the photocatDOI:10.1088/1674-0068/20/04/483-488

Time-resolved IR spectroscopy was successfully used
to detect the electron consuming reaction for H2 generation on Pt/TiO2 catalyst in the presence of methanol.
There existed an optimal amount of Pt loading for the
decays of the long-lived electrons in Pt/TiO2 -200 catalysts and the maximum decay rate was obtained for
Pt/TiO2 catalysts with 0.1 wt%Pt loading. The longlived electrons in Pt/TiO2 -200 (0.1-1.0 wt%) catalysts
decay faster than those in Pt/TiO2 -400 (0.1-1.0 wt%)
catalysts when the Pt loading amount is the same. The
decay rate of the long-lived electrons obtained from
time-resolved IR measurements is one of the important
parameters that determine the activity of H2 production under steady-state irradiation conditions.
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