JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Direct Observation of Competitive Adsorption between Methanol

and Water on TiO: An in Situ Sum-Frequency Generation Study
Chuan-yi Wang, Henning Groenzin, and Mary Jane Shultz
J. Am. Chem. Soc., 2004, 126 (26), 8094-8095+ DOI: 10.1021/ja048165| « Publication Date (Web): 15 June 2004
Downloaded from http://pubs.acs.org on March 31, 2009

(1): TiOz2 +5Torr MeCH, then
evacuated to 40 milorr

*#N\ | (2): add 12.5 torr H20 to (1)

(1)\ (3): evacuate (2) to 60 milorr

LI

SFG Intensity/a.u.

® .
2900 2950 3000 3050
Wavenumber/cm™!

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 2 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja048165l

JIAIC[S

COMMUNICATIONS

Published on Web 06/15/2004

Direct Observation of Competitive Adsorption between Methanol and Water
on TiO,: An in Situ Sum-Frequency Generation Study

Chuan-yi Wang, Henning Groenzin, and Mary Jane Shultz*
Department of Chemistry, Pearson Lab., Tufts dénsity, Medford, Massachusetts 02155

Received March 30, 2004; E-mail: Mary.Shultz@tufts.edu

Materials based on TiQare finding applications in many  or water vapor. Details of the SFG experimental setup have been
important fields such as catalysis, wetting, sensors, corrosion, previously describet?
coatings, and solar cells?* To improve the usefulness of the The strategy to get information on competitive adsorption
materials, it is essential to understand T&Drface chemistry ona  between methanol and water on the Tiirface involves in situ
molecular level. In this context, methanol and water have proven SFG measurements in the following order: (1) introduction of 5
to be effective molecular prob&§ A large body of work has been ~ Torr methanol into an evacuated SFG cell covered with, Tilh
devoted to either water or methanol adsorption on Fi® for 20 min with subsequent evacuation of the cell to 40 mTorr; (2)
However, molecular-level information on competitive adsorption introduction of 12.5 Torr water vapor; (3) evacuation of the cell to
between these two molecular probes on the ;Tédrface has 60 mTorr.
remained elusive, regardless of its practical significance. Water, a  The corresponding SFG spectra in the region of 288180 cnr*
ubiquitous substance, is generally already present in systems a@re shown in Figure 1fac). According to the basic principles of
ambient conditions studied by a methanol probe. To obtain SFG, the spectral data shown in Figure 1 are fitted to Lorentzian
information about competitive adsorption, it is necessary to distributions, and information about mode strength and peak position
differentiate trace surface adsorbents, including adsorbed water andS thus extracted.
methanol, from each other and to separate them from the molecules  With only methanol vapor in contact with the Ti@Im (Figure
in the bulk environment. This is a challenge to traditional 1&) two kinds of species, molecular methanol and methoxy that is
spectroscopic methods such as IR due to the limited surfacepmd”ce_d by dlssouat_lvg ch(_amlsorptlon of methanol, are detected
sensitivity. In this communication, we present an approach to N the TiQ surface. This is evident from the two SFG peaks located

interrogate the competitive adsorption process between water and?t 2940 and 2970 cr, respectively. The assignment of the two

methanol on TiQthrough in situ use of sum frequency generation peaks is supported by the change of SFG signals with both
(SFG), a nonlinear spectroscopic technique. temperature and pressireThe methoxy and methanol SFG

The theoretical background for SFG is well established in the signatures rem?mln%%ﬁer evacugtlotr;]correspotng;cég stubm?nolaytﬁr
literature?~11 Within the electric dipole approximation, the sum- coverage, as inierred by comparing the presen intensities wi
f . . . those at monolayérDetails of the adsorption modes and spectral
requency signal can only be generated where inversion symmetry

is broken. Inversion symmetry is necessarily broken at a surface features of methanol on TiGare reported elsewhete.

or interface. This inherent advantage renders SFG a prime candidate When a relatively Ia_rge amount of water vapor is "?"Oduced
. . . . into the system (the ratio between water and methanol is ca. 300),
to probe any surface process, including adsorption, where interfer-

ence from the bulk phase is undesiratie as seen in Figure 1b, the surface methoxy signal drops below the
) ) ; ) . SFG detection limit, but physisorbed methanol remains as evidenced
TiO fl_Ims employed in the present Wc.)rk were fabrlc_ated by by an appreciable SFG signal. In addition, a new broad peak beyond
evaporation-driven self-assembly of colloidal anatase, Ti@no- 3000 cnr corresponding to H-bonding OH groups appears. The
particles from an aqueous solution. The films are ca. 500 nm thick, disappearance of the methoxy SFG peak, in conjunction with the
as monitored by a profilometer (SLOAN DEK TAK). On a

. ) . appearance of the H-bonding OH peak, indicates that methoxy
macroscopic scale, the film surfaces are flat with a root-mean-square

; o ) species on Ti@is hydrolyzed by water additioH.
(SRFI\éI;S)_routhness 0£0.5 nm, enabling efficient collection of the Evacuating the system containing a large amount of water and
signaf

LIt o a relatively small amount of methanol causes the water SFG peak
Considering that the Ti©film is grown “bottom-up” on a 4 grop below the SFG detection limit. The methanol peak remains.
substrate, isotropic symmetry is broken at the top layer of the film. Interestingly, a substantial methoxy SFG peak reappears (Figure
Furthermore, due to the asymmetric environment, molecules 1¢) The disappearance of water, but not of methanol, indicates
adsorbed on the film surface adopt a preferred polar orientation that methanol is much more strongly adsorbed to the, Fidface
with respect to the surface normal. This preferred orientation gives than is water. The reappearance of the methoxy SFG peak suggests
rise to a characteristic SFG signal. the following: (1) Methoxy species is hydrolyzed when adding
In the reported experiments, the Ti@lm on a Cak substrate  water, and the produced methanol remains as an adsorption layer
is mounted on a vacuum cell. The substrate, which also serves asclose to the TiQ surface. If the produced methanol entered the
a window, is mounted on the glass cell with an O-ring seal. The gas phase it would vanish permanently upon evacuation. (2) Surface
TiO; film faces the inside of the cell. The visible and infrared beams dehydroxylation by methanol occurs when evacuation of the system
used to generate SFG come from the top side through the window/reduces the relative water concentration, restoring the chemisorbed
substrate and the film. Beam polarizations asg:s, pfor sum methoxy species on the TiGurface.
frequency, visible, and infrared, respectively. The cell is attached = Combining both observations, a reversible reaction model is
to a vacuum line and evacuated by a diffusion pump. After proposed (Scheme 1) to explain the methoxy SFG peak change in
evacuation the cell is filled with the desired pressure of methanol Figure 1la— 1b — 1c. Note that surface dehydroxylation by
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Figure 1. SFG spectral evolution of methanol on Ti@ith introduction of water vapor and subsequent evacuation. Note: (1) the pretreatment by UV
irradiation is conducted to clean the sample film of any potential organic contaminants; (2) experimental error i&B#thiand (3) instrumental resolution
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Scheme 1. Reversible Hydroxylation/Dehydroxylation at the TiO;
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methanol, the reverse reaction, is favored thermodynamically, but
an excess of water shifts the equilibria toward the hydrolysis of
the surface methoxy species.

The SFG observations have direct implications for understanding
the mechanism of Ti@based photocatalysis, a most promising
technology for environmental remediatibiTwo possible mecha-
nisms are proposed for the TiOphotooxidation of organic
contaminants: (1) direct oxidation by photogenerated holéand
(2) indirect oxidation via interfacialOH radicals that are products
of trapping valence holes by surface OH groups or adsorbed Water.
It is still a challenge to distinguish the two mechanisms in practice

due to the lack of suitable probe techniques. The oxidation pathway,

ratio applies to photooxidation of methanol by i aqueous
systems. If the water content is lower than the critical one, direct
oxidation of methanol by photogenerated holes occurs at the TiO
surface.

In conclusion, the competitive adsorption between water and
methanol, as well as reversible hydroxylation/dehydroxylation on
the TiG, surface, is unambiguously resolved for the first time by
an in situ SFG study.
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