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TiO, photocatalysts for hydrogen production from agueous methanol solution isthe
main subject of thiswork, Studies on two issues are reported here, including (1) the
effect of calcination atmosphere and (2) the effect of Cu metallization. TiO, catalysts
were synthesized by a sol-gel process followed by calcination at 400 “C in Ar, air, Ny,
H2 (3% in N2) and vacuum (~5 x 10 torr), respectively. Toward H, production from a
water/methanol (vol. ratio=1.4/1) solution, the catalysts exhibited activitiesin the
order, according to calcination atmosphere, of Ar > air> N, > vacuum ~ H,. The low
activity resulting from either vacuum or H, calcination was ascribed to a reduced
coverage of surface hydroxyl and high bul_ﬁ defect density, based on the x-ray
photoelectron and UV-visible sPec_troscopl c analyses, while the high activity from Ar
calcination isto enhanced visible-light excitation. For studying the effect of Cu, Cu
Partlcles have been deposited on TiO, by incipient-wetness |m|pr§1nat|on followed b%/
ow-temperature (400 “C) calci nat|0n7reduct|on, and the metallizafion process |eads to
significant, up to 10 folds, enhancement in photocatalytic activity of TiO, for H,
production from aqueous methanol solution. Spectroscopic studies indicated that the
metallic Cu particles were oxidized to have an optimum valence that can not be
achieved by thermal oxidation. Dissolution of Cuionin TiO; lattice, in contrast, led to
reduction in the activity.

1. Introduction

Photocatalytic production of hydrogen using sunlight as the ener Lrg)ut isa
valuable sustainable- energy technology. In this case, solar energy is stored by driving
chemical reactions “up-hill” toward chemicals, such as H,, of higher chemica
potentials. Due to its high stability against photocorrosion and itsS favorite el ectronic
energy band structure, TiO, has drawn tremendous attention for such applications. For
H> production from water, many studies have concluded that direct )
photo-decomposition of water into H, and O, has avery low efficiency due to rapid
reverse reaction. A much higher hydrogen ﬁroductlon rate can be obtained by addition
of the “so-called “ sacrificial reagents,” such as alcohols and other organics which are
oxidized to products that are less reactive toward hydrogen. For H, production from a
methanol (MeOH) and water solution, depending on reaction condition and whether
metal catalyst used, the reaction could proceed either stepwise, involving stable
intermediafes, such as aldehyde and acid:

MeOHq « HCHOg +H 1
N Wes Tkamoe @ Mo D
HCHOg +H:0p Mi3HCOMHg + Hag (2) AG%=47.8 KImole

HCOzH(|) hv «cata .COz(g) + Hz(g) (3) AG03: -95.8 KJmole, )
as St%ggested by Sakataet a., or in one-step on catalyst surface to give the overall
reaction:

MeOH + HyO CO +3H 1) AG°=16.1KJmole,
as sugégsted by éhg%“’ IT@I]“IS pro2 ( l)Jced in (gc))f th(es)e steps.
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The photocatalytic performance of TiO- iswell known to depend not onI%/ onits
bulk energy band structure but, to a great extent, on the surface property. The type and
density of surface state are affected by, among others, the synthesis process and the
use of ‘additional metal particles. The'interplay between processing condition and
photocatalytic activi 8/ remans Iar?ely a state-of-art and beyond prediction at this
point. Crystalline TiO; has typically been calcined and/or crystallized in oxidizing
atmospheéres, such as air and oxygen. The effect of the so-called “inert” atmospheres,
such as N,, Ar, and vacuum, has mostly been overlooked. Deposition of Pt-group
metals, including Ni, Pd and Pt, on TiO, photocatalyst has been shown to greatly
enhance the photocatal ytic production o?f H, from either pure water or
water/sacrificial reaﬁent solutions. Sakata et al. [A4] attributed the enhancement to the
catalytic effects of the metal particles on H, evolution. Millard and Bowker [B2], on
the other hand, suggested that the presence of Pd provides a reaction pathway which
involves chemisorption and dehydrogenation of MeOH on Pd to produce chémisorbed
CO and subsequent oxidation of the chemisorbed CO to CO.. . o
Cu-containing TiO, catalyst is well known for their photocatalytic activity toward
fCOz reg‘tuctl on [C1-C4] but much less known for its performance in H, production
rom water

_In this report, we summarize our research results on two issues, (1) effect of
calcination atmospheres, including Ar, air, N2, H, and vacuum (~5 x 107 torr); and (2)
the effect of Cu-metallization.

2. Experimental ) _ _ ]

~ Ti0O, powder was synthesized by a conventional sol-gel process. TiCl, was first
dissolved in an ethanol/water (volume ratio= 4:1) solution, and ammonia was then
introduced into the solution to induce condensation until pH reached 7.5. The resulted
gelatinous preci 8| tate was filtered and washed, primarily to remove CI’, and then dried
at 65 "C in air. Cdcination of xerogel was carried out in Ar, synthetic air (N/©, mol
ratio= 79:21), nitrogen, hydre%gen 3mol % in N), and vacuum _S~5x16 torr)
respectively. Calcination procedure started with purging the reactor with the selected
ﬁas (in the'case of vacuum treatment, the reactor was evacuated to ~5x10 torr) for 1

r, heated the powder at arate of 100 °C/hr to 400 °C, and held the powder at 400 °C
for 1 hr beforefmallg the powder being furnace-cooled. )

Cu was loaded by an incipient-wetness method, in which an aqueous solution
containi nc_i CuCl,-2H,0 was added to the oxide powder in an amount that was just
sufficient to wet completely the powder. The resulted powder was then dried and
calcined in synthetic air (N2/O, mol ratio= 79:21) to make the catalyst. The powders
were calcined by following the standard calcination procedure, The catal glst powders
were stored as calcined, and they were further reduced at 400 "C by H, (3 mol % in
N%for 3 hrs prior to characteriZation works, including the spectroscopic and kinetic
analyses.

yKinetic experiments were carried out by using a vertical tubular batch reactor
made of quartz. During atypical run, the enfire reactor was enclosed inside a UV-light
house (Rayonet photochemical reactor, RPR-lOO?, and the reactor was half-filled with
awater/MeOH (H,O/MeOH val. ratio= 1.4:1) solution, in which the oxide particles
in an amount of 1.%5 g/liter, were constantly dispersed by amagnetic stirrer. The light
house was equipped with 16 UV-light (maximum intensity at 300 nm) tubes, each
having a power of 12 W. The unfilled space above the solution was evacuated at the
begl nning of reaction, and H, concentration was determined intermittently b
extracti ngra small volume of the gas-phase product for gas chromatograp %XGC)
anaysis. The accumulative H; production data were then calculated from the
concCentration data, assuming Ideal-gas behavior.

3. Results and Discussion

3.1 Effect of calcination atmosphere _ _

. AsshowninFig. 1, upon UV irradiation, H, was produced with steadlé%/
increasing concentration with time until it saturated at a steady level. In abaich
reactor, such as the one currently employed, a steady state represents equilibrium. The
H, and vacuum calcined catalyst was found to exhibit the worst performance, while
the air- and N,-calcined cata|¥55 showed another level of performance. The
Ar-calcined catalyst, on the other hand, gave overall the best performance in terms of
both the maximum rate and equilibrium production level. It is also superior to the
commercia P25 catalyst. _

Figure 2 shows the diffuse reflectance UV-VIS spectra. The absorption edge
energy Is determined by Tauc plot &(Gh\lz. vs hv, where a is the absorbance] for
semiconductors with the direction transition. Except for the vacuum-calcined catalyst,
which appears black, all the catalysts show a sharp UV absorption near 3.25 eV,
consistent with the theoretical band gap energy of anatase TiO». Significant
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differences, however, exist in absorption within the visible-light range next to the
absorption edge. The Ar, air and N, samples showed visible-light abSorption
correlated consistently with their activities, showing increasing actlwt}r/)wnh
increasing absorption. On the other hand, the vacuum and H, samples both showed
stronger visible-light absorptions but yet lower activities than the rest catalysts.

) PS studies Indicated mainl %/ two types of surface properties. The Ar- and
air-calcined catalysts showed higher Ti and O binding energies than the other catalysts
(Fig. 3). The binding energies of Ti (459.7 + 0.2 eV for Ti ZPs,) for the Ar and air
samples aretypical of Ti" . A red shift by ~2.2 eV observed on the other samples
indicates the presence of Ti"” therein, For the O (1s) XPS peak, the differences
indicate the air- and Ar calcined catalysts have a higher surface coverage of hydroxyl
group than the other catalysts. ) ) , )

For a semiconductor-photocatal yzed reaction, the reaction rate is basically
determined by how fast the charged particles, including the valence-band hole’and
conduction-band electron, are generated and the how efficiently they are transferred to
the reactants at surface before %/ recombine. Two _(()]Ppos te effects related to

hotocatalysis could result from defects which provide energy states in the band gap.

n the one hand, they could enable excitation with photon energy lower than the band
%ap energy and henceé facilitates excitation to form the charged particles. On the other,

would also act as scattering centers to slow down the transport of charged

particles to surface where reaction takes place. As aresult, an optimum density, as
well as an optimum property, of the structure defect is expected for good
photocatalysis performance. This may explain the observation that there apgears to be
an optimum visible-light absorption level for maximum reaction rate (Fig. 2). For the
Ar, air and N, samples, the photocatal ytic activity was found to increase wit
increasing the absorption. This may suggest that the defect density is low enough that
the excitation effect is predominant. In contrast, the excitation effect might be
severely offset by the scattering effect in the cases of the vacuum and H; samples,
which showed very strong visible-light absorptions but yet a?oor_performance.

Another strong clue to the cause of the reactivity variation is provided by the
XPS data, which showed difference in the surface hydroxyl coverage. It has been
shown that >TiOH, the so-called surface “titanol” group, is an important trapping
center for the valence-band hole and hence the principal oxidizing sitein the
photoactivated TiO,, Reduced hydroxyl coverage would thus impair the activity of the
catalyst. This might also contribute, in part, to the poor performance exhibited by the
vacuum- and Hx-calcined samples. An intermediate level of visible-light absorption
level combined with high surface hydroxyl coverage render the Ar —calcined catalyst
the highest phOtOC&IdY?I C activity.
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Figure 1. H, generation curves.
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Figure 2. Diffuse reflectance spectra of TiO, .
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Figure 3. XPS spectra of TiO, catalysts.

3.2 The effect of Cu metallization ) ]
~ Theblank TiO; catalyst (Cu loading = 0 wt%) appeared yellowish. With )
increasing Cu deposition up to 1.9 wt% of Cu, the catalysts turned increasing reddish,
but XRD did not detect reflection of Cu. The grain size'of TiO,, being insensitive to
the Cu content, was sllghtle increased to ~ 10.0 nm, presumabﬁy caused by additional
reduction heat treatment. The BET surface areais 110 m_/lg. .
UV-VIS spectroscoglc analysis (FI% 4) of the blank TiO, showed amajor
UV -absorption near 350 nm wavelength and a minor one near 450 nm. Thé latter is
consistent with its yellowish appearance. Determined by Tauc @I ot the mgjor_
absorption edge energy is close to the theoretical value(3.20 € 8 of anatase TiO,.
Deposition of Cu caused a reduction in mgjor edge energy to 3.09 eV and adramatic
increase in visible-light absorption. The absorption extends up to 700 nmin
wavelength, which iS also consistent with their reddish appearance, and the
absorbance increased with increasing Cu content. XPS of the Cu-deposited catalysts
detected only Cu, Ti, O, and C. The detected Cu (2p3/2) binding energy (930.5 €V
Fig. 5) isassigned to be metallic Cu. Quantitative analysis considering only the first
three elements gave almost the same ( +2% variation) Cu content as the loaded value,
suggesti gg that Cu was indeed largely deposited on TiO, surface, rather than
embedded within TiO, matrix. _ ) )
Figure 6 summarizes the Ho-generation curves for catalysts of different Cu loading.
For comparison, data from a commercia TiO, (P25, Degussa) was also shown g‘FI .
6). The fitted dP/dt[},, Peq data are summarized in Fig. 7. They were found to folTow
the same trend against Cuiqoadlng, showing amaximum at 1.2 wt% of Cu. The
maximum production rate at the optimum Cu content is 10 times that of the blank
TiO, and 4.5 times that of P25. S ) ) _

_ Theoccurrence of an optimum metal loading isindicative of interfacial active
sites at and/or near the peripheries of the Cu particles. The total peripheral length
increases with increasing Cu particle number and size until reactive domains begin to
overlap. Further increase in Cu loading would only lead to reduction of the peripheral
Ienggh and hence the reactivity. It was al so noticed that the catalysts, which appeared
reddish at the beginning of the reaction, turned greenish after reaction, suggeﬁtlngb
oxidation of Cu. Thiswas confirmed by XPS (Fig. 5), which showed an increase by 1
eVvVinCu é2p3/2) binding energy to ~931.5 eV. Theresult indicated that it is an
oxidized Cu species that'is active. Two types of oxidized Cu-TiO, catalysts (t1.2 wit%
of Cu) were thus prepared for comparison. The first one was qu:ﬁzed, after the
thermal reduction procedure, by prolonged (5 days) exposure in air at room
temperature, while the second one was heated in‘air at 400 °C for 1 hr. The former
appeared dark brownish, while the latter dark green. Both catalysts did show
significant hotocatéaéytlc activities (Fig. 8) but were inferior to the fre.shlg( reduced.

alyst. XPS showed that Cu in these fwo catalysts exhibited higher binding energies,
hence hi /%her_val_ ences than that oxidized in situ'during the reaction. In particular, the
Cu (2g3_ ) binding ene_r%y é9312.3 eV) for the catalyst oxidized at room temperature
(Fig. 5) is‘consistent with Cu™~in Cu,O, and therefore the Cu in the reaction-oxidized
catalyst has an average valence between 0 and +1. o

-inally, it is pointed out that kinetic study on catalyst prepared by mixing the Cu

and Ti sources, namely CuCl, and TiCly, at the very be%nnl ng of the synthesis
process has a so indicated that Cu-doping within the TiO, lattice has anegative effect
on the overall catalytic activity.
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Figur4. Diffuse reflectance spectra of Cu-TiO, catalysts.
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Figure 5. Cu XPS spectra of the Cu-TiO, catalysts
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Figure 6. H, generation curves for the Cu-TiO.,.
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Figure 7. Effect of Cu loading on H, production rate and equilibrium production.
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Figure 8. Effect of Cu oxidation on H, production. Key: (1) oxidation in situ by reaction; (2) thermal
oxidation at 400 °C in air for 1 hr; (3) thermal oxidation in air at room temperature for 120 hr. Cu
loading is the same (1.2 wt %).

5. References

1..T. Kawai and T. Sakata, J.C.S. Chem. Comm. (1980) 694.

2. T. Sakata, T. Kawai, and K. Hashimoto, Chem. Phys. Lett. 88, 50 (1982).

B1. J. Chen, D. F. Ollis, W. H. Rulkens, and H. Bruning, Wat Res. 33, 669 (1999).
B2. L.Millard and M. Bowker, J. Photochem. Photobiol. A 148, 91 (2002).



