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TiO2 nanotubes promoted with Pt metal were prepared and tested to be the photocatalytic dehydrogenation catalyst in neat

ethanol for producing H2 gas ðC2H5OH ! C3CHOþH2Þ. It was found that the ability to produce H2, the liquid phase product

distribution and the catalyst stability of these promoted nano catalysts all depended on the Pt loading and catalyst preparation

procedure. These Pt/TiO2 catalysts with TiO2 nanotubes washed with diluted H2SO4 solution produced 1, 2-diethoxy ethane

(acetal) as the major liquid phase product, while over those washed with diluted HCl solution or H2O, acetaldehyde was the major

liquid phase product.
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1. Introduction

Recently, there has been a huge interest in the
development of the nanotechnology and its applications
in heterogeneous catalysis [1,2]. Although from the early
stage of the development of heterogeneous catalysis,
many heterogeneous catalytic processes utilize particles
in nanometer-size range as catalysts, in which small
metal particles supported on a porous support were used
to catalyze various reactions such as hydrogenation
(Ni), catalytic reforming (Pt), epoxidation (Ag), and
selective oxidation (Ag). At the time (to just a few years
ago), high dispersion instead of nanometer-size was used
to describe the state of the metal particles. Nonetheless,
the robust research progress made by the nanotechnol-
ogy is extremely beneficial for both understanding and
improving the catalyst performance at the molecular
scale. At the same time, it also provides us with great
opportunities for discovering new catalysts. For exam-
ple, Au has traditionally been regarded as an inert
metal, on which the adsorption of the reactive molecules
such as H2 and O2 can hardly occur and the catalytic
hydrogenation and oxidation reactions are unable to
proceed. Interestingly, nanometer-size Au particles dis-
persed on an anatase TiO2 displayed exceptional activity
toward CO oxidation even at ambient temperature [3]
and at very low pressure (6.7 � 10�5 Pa) [4]. In addition,
there was a recent report that Pt nanowire (2.5 nm in
diameter and 50–300 nm in length) prepared by photo-
reduction of H2PtCl6 supported on FSM-16 showed a

much higher catalytic activity than Pt particles (2.5 nm
in diameter) supported on the same FSM-16 prepared
by H2 reduction at 673 K in water-gas shift reaction.
This Pt nanowire also exhibited unique properties in CO
chemisorption and magnetism due to its morphology in
the mesoporous channel of FSM-16 [5].

Recently, our laboratory was able to prepare grams-
quantity of highly pure TiO2 nanotubes per synthesis run
with a simple chemical processing method utilizing TiO2

powder in a hot concentrated NaOH solution [6]. SEM
reveals that these TiO2 nanotubes have an outer diameter
distribution between 10 and 100 nm and an average tube
length of > 10 lm. Low temperature adsorption of N2

indicates that these nanotubes have an inner free diameter
of 30–40 nm, a BET surface area of 250–300 m2/g and a
total pore volume of 0.88 mL/g. Furthermore, XRD data
suggest that these TiO2 nanotubes may consist of small
anatase phase grains. It is quite exciting that this material
has a high surface area and a large one-dimensional
mesopore/macropore. These properties make them a
suitable candidate to be utilized as a catalyst or catalyst
support for the liquid phase reactions.

In order to develop a green production technology
for generating H2 gas, photodehydrogenation of neat
ethanol at ambient temperature and pressure (equation
(1)) over Pt/TiO2 catalyst seems to be an ideal system
[7–18]. Such catalyst system harvests UV-ray in the solar
energy and transforms it into chemical energy at
ambient temperature and pressure. Furthermore, it
utilizes a non-toxic and renewable raw material such
as ethanol, and produces H2 fuel and acetaldehyde as
the reaction products. Hydrogen gas produces generous
amount of energy and non-polluting H2O after
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combustion, and eliminates the production of green
house gas, CO2. Acetaldehyde is a useful intermediate
for manufacturing numerous chemical products. From
the point of view of practicing the green chemistry, the
reaction is truly 100% atom economy.

C2H5OH ! CH3CHOþH2 ð1Þ
In this paper, we have explored the possibility to develop a
photocatalyst based on our newly synthesized TiO2

nanomaterial. Our preliminary data show that these
Pt-promotedTiO2 nanotubeswere indeed able to produce
H2 gas, but both Pt loading and the catalyst preparation
procedure have a significant effect on the activity, product
distribution and life of such photocatalyst.

2. Experimental

1.0 g of anatase TiO2 powder (Aldrich) was mixed
with 300 mL of 10 M NaOH solution in a perfluoroalk-
oxy container and stirred for 7 days at 383 K. The
resulting paste was filtered, washed with deionized
water, neutralized with 0.1 M HCl or 0.05 M H2SO4

solution. These washed samples were filtered and dried
at 383 K for 24 h, and sieved with 40 mesh screen to
obtain TiO2 nanotube samples. To induce the acidity in
these TiO2 nanotubes, the samples washed with 0.05 M
H2SO4 was calcined at 573 K in air for 3 h at a heating
rate of 1 K/min. To prepare Pt/TiO2 nanotube catalyst,
TiO2 nanotube sample was placed in 500 mL 1:1 volume
ratio of aqueous methanol containing calculated
amount of H2PtCl6. Such suspension solution was
purged with argon gas for 30 min and irradiated with
365 nm UV-ray (UVP) for 24 h (photodeposition
method). After irradiation, the suspension solution
was filtered to obtain a sample with dark-gray color.
This dark-gray sample was washed several times with
deionized water until no Cl� was detected with 0.1 M
AgNO3 solution and dried at 383 K to obtain Pt/TiO2

nanotube catalyst.
SEM images of the nanotubes were obtained with a

Hitachi S-2460N scanning electron microscope. The Pt
and Naþ content in TiO2 nanotubes were estimated by
the ICP-AES on the digested samples. BET surface areas
were obtained with an ASAP 2010 surface area and
porosimetry analyzer. UV-visible absorption spectra of
Pt/TiO2 catalysts were obtained for the dry pressed disk
samples using UV-visible spectrometer (HP-8453)
between 200 and 900 nm. TPD/NH3 experiments were
performed with on a Autochem 2910 automated catalyst
characterization system (Micromeritics) interfaced with
qudrapole mass spectrometer (Proleb, Thermo Onix).
XRD spetra were obtained with Shimadzu Lab-X XRD-
6000 using Fe Ka as the X-ray source (k = 1.93604A).

Temperature programmed desorption (TPD) experi-
ments using ammonia as adsorbate and a qudrapole
mass spectrometer as the detector were performed on

the catalysts to compare their acidity. Before introduc-
ing NH3, 50 mg of catalyst was dried at 573 K for 3 h in
air flowing at a rate of 30 mL min�1. The adsorption
step was conducted at 100 �C using a flowing NH3 of
30 mL min�1 for 30 min. After adsorption, the gas flow
was switched to 30 mL min�1 of He for 30 min to flush
out the excess NH3. The reactor temperature then was
raised to 800 �C at a rate of 10 �C min�1 in a flowing He
of 30 mL min�1.

A quartz vessel sealed with a rubber septum served as
the photocatalytic reactor to examine the production of
H2 gas. Catalyst (40 mg) and ethanol (4.0 mL) are
placed in the reactor and the suspension is purged with
argon gas in an ice bath to prevent the evaporization of
ethanol. The reactor was irradiated with two 15 W low-
pressure mercury lamps (UVP, 365 nm) at room
temperature and under argon atmosphere with magnetic
stirring. After UV irradiation, 50 lL of gaseous prod-
ucts was collected and analyzed using a GC equipped
with a TCD for gas analysis. The liquid phase suspen-
sion was centrifuged and a portion of the liquid was
sampled and analyzed with another GC equipped with a
FID for liquid product distribution.

3. Results and discussion

Figure 1 is the SEM image of the anatase TiO2

powder starting material, which is composed of small
particles with quite uniform diameter around 250 nm
and a BET surface area around 10 m2/g. Figure 2 shows
the SEM image of TiO2 nanotubes prepared after
treating the anatase powder for 7 days in 10 M NaOH
at 383 K. The long and tubular shape morphology of the
nanotube is clearly visible in the figure, and more
important, there is no TiO2 particles (starting material)
can be found. From our experience, as long as the
reaction time in NaOH solution is sufficient all the TiO2

Figure 1. SEM image of anatase TiO2 powder.
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particles will ultimately be transformed into nanotubes,
and the reaction product mixture will contain only pure
TiO2 nanotubes without visible particular starting
material under SEM. Furthermore, it seems that if
enough NaOH solution is made available to treat TiO2

powder, there will be no limit on the amount of TiO2
nanotubes we can be prepared per synthesis run.
Considering the high purity and easy availability as
well as the superior structural properties mentioned
above, this newly synthesized TiO2 nanomaterial seems
to be an excellent candidate to be utilized as a
heterogeneous catalyst or as a catalyst support.

We had tested this TiO2 nanotube as a heterogeneous
photocatalyst for the dehydrogenation of ethanol to
generate H2 gas. The preliminary results indicated that
this material was indeed able to produce H2 gas from
neat ethanol when irradiating with 365 nm UV light at
ambient temperature under argon atmosphere. How-
ever, like other TiO2 material it also needs to be
promoted with Pt metal to enhance its photocatalytic

activity for producing H2 gas. As shown in figure 3, bare
TiO2 nanotubes, both washed with deionized H2O or
H2SO4 solution during preparation, produced almost no
H2. On the other hand, they started to produce a fair
amount of H2 gas (85 lmol at the 5th hour of reaction)
once photodeposited with 1 wt% of Pt. Furthermore,
higher Pt loading resulted in a more stable catalyst and
produced more H2 over tIlis Pt/TiO2 nanotube catalyst.
The data in figure 4 indicated that only catalyst with
1 wt % Pt loading was able to maintain the same H2

production rate at the 5th hour of the reaction and
produced more H2 than the low Pt loading catalysts.
The data implied that higher Pt loading is beneficial for
both the catalyst activity and catalyst life, The UV-
visible absorption spectra of Pt-promoted TiO2 nano-
tube catalysts prepared by different methods (catalyst
A–C; see below for the difference in these catalysts) were
depicted in figure 5, which clearly indicated that these
nanotube catalysts did absorb light in the UV region.

Figure 2. SEM image of TiO2 nanotubes.

Figure 3. The hydrogen yields of different TiO2 nanotubes dried at

383 K (j–H2SO4 washed and 1% Pt loading; d–H2O washed;

m��H_{2}SO_{4}washedÞ:

Figure 4. Hydrogen yields for TiO2 nanotubes (H2SO4 washed and

573 K calcined) with different Pt loadings.

Figure 5. UV-visible spectra of 1% Pt/TiO2 nanotube for

catalyst A–C.
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Many researchers had reported the beneficial effect
of low-level Pt loading on H2 production from alcohol.
Pichat reported that higher initial H2 production rates
from primary alcohols over Pt/P-25 were for Pt
content of 0.1–1 wt%, while catalysts with higher Pt
contents (1–10 wt%) decreased the activity [19].
Teratani studied the photocatalytic dehydrogenation
of aqueous 2-propanol over TiO2 and a series of
metal/TiO2 powder [14]. He found that the order of
the activity was the following: Pt/TiO2 > Rh/TiO2 >
Pd/TiO2 > Ru/TiO2 > Ir/TiO2 > TiO2. For Pt/TiO2,
the initial reaction rate was proportional to Pt loading
up to 0.5% and leveled off at higher loadings.
Interestingly, the activities of all meta1/TiO2 catalysts
were enhanced upon heat treatment in air but the
activity sequence was not altered.

Similarly, Ohtani observed that the H2 production
rate of photocatalytic dehydrogenation of 2-propanol
in deaerated aqueous suspension of Degussa P-25
TiO2, which is negligibly slow without Pt loading,
increased drastically with the loading up to 0.3 wt%
and slightly reduced with a further increase in Pt
loading [20]. These researchers all agreed that the
function of Pt was to attract the electrons generated by
UV irradiation and prevented the recombination of the
hole-electron pair in order to enhance the photocata-
lytic production of H2.

In addition to Pt loading, we found that catalyst
preparation procedure would influence significantly the
H2 production rate and the liquid phase product distri-
bution. Figure 6 depicted the distribution of major
reaction products over 1% Pt/TiO2 nanotube (catalyst
A). The order of preparation steps used to prepare this
catalyst was washing nanotubes with 0.05 M H2SO4

(and dried at 383 K), calcination at 573 K and photode-
postion of 1% Pt. In addition to H2, acetaldehyde and
1, l-diethoxyethane (acetal) were found in the liquid
phase. Other minor products observed were CO2

(<0.1 lmol), methane (<0.2 lmol) and acetic acid

(trace), which were not depicted in Figure 5. We ratio-
nalized such product distribution by equations (1–3).

CH3CHOþ 2C2H5OH ! CH3CHðOC2H5Þ2 þH2O

ð2Þ

CH3CHO ! CH3OOH ! CH4 þ CO2 ð3Þ

Acetal was derived from the primary reaction prod-
uct, acetaldehyde, by acid-catalyzed reaction (equation
(2)) and acetic acid by further oxidation (equation (3)).
We had shown that by impregnating TiO2 nanotubes
with H2SO4 solution followed by calcining at 573 K,
these nanotubes would acquire some acidity and cata-
lyzed the formation of acetal [6,21,22]. The decompo-
sition of acetic acid into methane and CO2 as reported
by Bard et al. were thermodynamically favorable
(DG0 = �55:8 kJ/mol) [23]. It should be noted that
although acetal was formed over catalyst A, acetalde-
hyde was still the major liquid phase product during this
reaction period.

It was surprising to discover that another l% Pt/TiO2

nanotube catalyst prepared by a different order (labeled
as catalyst B) displayed an unexpected catalytic behav-
ior. This catalyst was prepared by H2SO4 wash (and
dried at 383 K), photodeposition of Pt, and calcination
at 573 K. The product distribution of catalyst B was
depicted in figure 7, in which significantly more H2

gas was produced at the 5th hour of reaction than
catalyst A (170 versus 107 lmol with catalyst A) and
acetal became the dominant product in liquid phase (120
versus 50 lmol with catalyst A) over this catalyst. The
effect of reversing the order of photodeposition of Pt
and calcination steps was dramatic. Moreover, another
catalyst labeled as catalyst C, prepared by washing the
nanotubes with 0.10 M HCl, calcination at 573 K and
photodeposition of Pt, produced 150 lmol of H2 at the
5th hour of reaction. The ability of catalyst C to produce
H2 is significantly higher than catalyst A but lower than

Figure 6. The product distribution over 1% Pt/TiO2 nanotube

(catalyst A) (j – aldehyde; d – acetal; – aldehyde + acetal; H – H2).
Figure 7. The product distribution over l% Pt/TiO2 nanotube

(catalyst B) (j – aldehyde;d – acetal;m – aldehyde + acetal; H – H2).
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catalyst B. Interestingly, this catalyst C produced very
small amount of acetal (see figure 8). It is obvious that
washing TiO2 nanotubes with different type of acidic
solutions would affect the H2 gas production rate and
the production distribution of these Pt/TiO2 nanotube
catalysts.

We had measured the acid strength of these catalysts
with TPD/MASS bymonitoring them/e=16 of theNH3

molecules as depicted in figure 9. The peak at m/e = 17
was not used because there was additional peak intensity
contribution from the water molecules. As can be seen
from figure 9, there is no significant difference in the
strength of the acid sites among catalyst A–C but the
order of the total number of the acid sites per unit catalyst
weight measured by TPD/NH3 was B>A >C. The total
number of the acid sites in catalyst A–Cwere 112, 123 and
88 lmol g�1, respectively. The higher concentration of the
acid sites might assist in the formation of more acetal and
in generating more H2 gas by adapting a less energy-

demanding reaction path (equation (4)). As water was
produced in equation (4), this reaction path should be
thermodynamically more favorabe.

3C2H5OH ! CH3CHðOC2H5Þ2 þH2 þH2O ð4Þ
The effect of the calcination on the Pt metal dispersion
and the crystallinity of TiO2 should always not be
neglected. Both effects resulted in better H2 production
activity. Calcination prior to reducing Pt ions to enhance
H2 production rate had been observed by Teratani and
Bamwenda for Pt/TiO2 catalysts prepared by photode-
position method [12,14] and in these cases, improving the
metal dispersion should be the reason for the better
activities. Calcination at 573 K also could improve the
crystallinity of TiO2 nanotubes. Figure 10 displayed the
XRD spectra of the TiO2 nanotubes (H2SO4 rinse) at
different calcination temperatures. It clearly showed that
at the low calcination temperatures of 383–473 K the
crystallinity of the nanotubes was low as indicated by the
appearance of the broad XRD diffraction peaks and
only the (101) and (200) crystal planes of the anatase
phase were present. The crystallinity of the catalyst
continued to improve as the calcination temperature was
increased to 573 K as (004) crystal plane started to
develop. This was consistent with the data in Figures 3
and 4. In the fonner, 1%Pt/TiO2 nanotubes were dried at
383 K produced 85 lmol of H2 at the 5th hour and in the
latter, the same catalyst calcined at 573 K produced
107 lmol of H2 gas.

In summary, these activity and selectivity data
strongly suggested that the photocatalytic behavior of
these TiO2 nanotube catalysts was greatly influenced by
the preparation procedure and special cautions needed
to be taken during the preparation of these nanotubular
shape catalyst. We will continue to examine this Pt/TiO2

photocatalyst in order to improve its performance and
learn more about the structure-activity relationship
from this new material.

Figure 8. The product distribution over l% Pt/TiO2 nanotube

(catalyst C) (j – aldehyde; � – acetal; m – aldehyde + acetal; H–H2).

Figure 9. TPD/Mass spectra of catalyst A–C monitoring m/e = 16 of

NH3:

Figure 10. XRD spectra of TiO2 nanotubes calcined at different

temperatures (A) 383 K, (B) 473 K, (C) 573 K, (D) 673 K, (E) 773 K.
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