JIAIC[S

COMMUNICATIONS

Published on Web 11/30/2006

Sum Frequency Generation Imaging Microscopy of CO on Platinum
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Heterogeneous catalytic reactions of small molecules have beenintensity and plotting as a function of the infrared frequency using
widely investigated throughout the years including the adsorption Origin software®
and reaction of carbon monoxide (CO) on metal surfécegh as Although the spatial resolution of this microscope<i¢0 um,
single and polycrystalline platinuf® Most techniques used in  the SFG images are spectrally analyzed by dividing the image into
surface investigations measure an average response over the prob80 x 50 um? grids, extracting the spectrum (Figure 1F) and
area and assume that it is representative of the whole sample.normalizing to the highest intensity peak. This process helps to
However, even well-prepared metal surfaces contain defects fromeliminate the variation of the Gaussian laser profile across the
the angstroms (&) to micrometergng) size range, and this often  surface. Spectra were fitted using a Lorentzian line shape function
leads to misinterpretation of the data analysiBo probe local for analysis of peak amplitude, frequency, width, and phase %hift.
heterogeneity, we use sum frequency generation vibrational spec-These values at each region are then mapped back onto the surface
troscopy as an imaging technique to investigate the distribution of and presented in Figure 2.
CO adsorption on the platinum surface versus the average response The platinum surface was prepared by using a standard method
to determine the degree of heterogeneity. By only obtaining the of successive polishing down to 0.08n alumina-water slurry
surface averaged spectra, the results lead to an incomplete or eveliAl,03) to produce a surface with a mirror finish and flame-
erroneous understanding of the surface. annealing in a hydrogen gas {Ht air flame® The sample was
Several methods have been developed that are capable of imagingransferred to a vacuum-tight SFG cell, evacuated 0105 Torr
monolayers on surfaces with varying degrees of spatial, temporal, and backfilled with CO (g) to a pressure just over 1 atmfter
and chemical resolutiohOf note in these respects are PEEM (photo preparation, the sample was aligned in the microscope.
electron emission microscopy), micro-NEXAFS (near edge X-ray  Figure 1 presents the images taken using SFGIM at selected
absorption fine structure), AFM/STM, and miscellaneous micro- vibrational frequencies. From the spectra, only top-site CO is
electron and X-ray techniqués?hotoelectron spectroscopy (PES) observed consistent with the previous average studies of CO on
is a very sensitive surface technique that has been used for manypolycrystalline platinum surfacés.4 However, SFG images reveal
decades in the surface science community. Recently, PES has beethat some local spectra of CO on Pt are quite different from the
used in the imaging mode of the PEEM techni@iowever, these  average spectrum (Figure 1) and leads to the conclusion of a
techniques must also be performed in high vacuum systems.  heterogeneous surface. Bright and dark regions are observed on
One of the breakthroughs in surface vibrational spectroscopy is the images as the IR frequency changes, and this is the basis for
sum frequency generation spectroscopy (SFG) which has excellentcontrast in the images. The bright regions are due to enhanced SFG
chemical selectivity and interfacial specificity even at ambient intensity (peak) with one vibrational resonance, and the dark regions
temperature and pressure and on a variety of interfaces. are approximately zero intensity. Six SFG spectra are extracted from
SFG is a second-order nonlinear process where a signal isthe region indicated by the bar in Figure 1. The peak assignments
generated from molecules in a noncentrosymmetric environment. of |ow and high CO vibrational frequencies are at 2062 and 2083

This process is described by the second-order suscepfibility cmL, respectively. A variation in peak position is observed from
different regions in the images.
@—,4,0 — (2) g + z Chemical maps of the CO distribution on the surface as well as
LT AR TANR wR — 0, +ir a histogram of peak positions are presented in Figure 2. The maps

illustrate the spatial distribution of the low-frequency and high-

The sum frequency generation imaging microscopy (SFGIM) frequency species over the image area. The histogram demonstrates
technique provides images of the surface where the contrast is basethe variety of CO peaks present as well as the clustering of values
on the inherent vibrational spectrum of the adsorbed moleéules. near 2062 and 2083 crh Without prior knowledge of two distinct

For this experiment, a home-built SFG imaging microscope is types of CO on the surface, the average SFG spectra could either
used to obtain both the vibrational spectrum (average) and imagesbe fitted with one or two Lorentzian peaks having equally gB&d
of the monolayer at the same time. The instrument involves the values (only a 0.007 difference). Fitting with two peaks is, however,
spatial and temporal overlap of a fixed 1064 nm beam and a tunablethe more physically correct choice.
IR beam that generates the SFG beam at a specific angle and On the basis of these results and those of previous studies, the
wavelength. The generated SFG signal is imaged onto a CCD vibrational spectroscopy of CO is uniquely sensitive to its chemical
camer#. SFG imaging experiments were performed in pp polariza- and physical environme#t.In Figure 1, the SFG vibrational spectra
tion for input light fields. Images and spectra were obtained by were fitted for two peaks between 2000 and 2100 tnThe
continuously scanning the infrared frequency at a set scan rate andrequency of the CO vibration is influenced by several factors and
averaging the SFG signal ava 5 cnt! interval. Image acquisition these include the following: (1) surface coverage of CO df Pt
was 5000 shots/image from 2002150 cnt?. Local spectra were  attributed to (2) dipole dipole couplingt”18(3) different coordina-
obtained by averaging a 50 50 um? area of the whole image for  tion sites (kinks, steps, and terrac&s)? (4) electronic effect, (5)
every 5 cntl. Vibrational spectra are acquired by extracting the metal properties bonding, 6) electric fields (vibrational Stark shift
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Figure 1. (A—E) A false-color, unprocessed SFG image of CO on platinum
at R0 = 1 atm. Images are taken with pp polarization. (F) Spectra are

extracted from the images obtained at each wavenumber interval. The bar

adsorbed CO are usually explained by dipedgpole coupling in

the CO adlaye?! Similarly, co-adsorption of carbon or oxygen also
affects the SFG spectrum through electronic effects, which are
observed as a change in the phasey@gf (Figure 2C) from the
metal??-24

The presence of carbon and oxygen coadsorbed with high-
pressure CO on the surface of platinum is consistent with previous
results?® Adsorbed carbon and oxygen change the SFG spectrum
by changing the phase of the metal response and also by reducing
the CO coverage, which influences thgs by a dipole coupling
mechanisn#?

The results presented here demonstrate the importance of
considering that defects and inhomogeneities exist on the surface,
which influence the interpretation of SFG data and images.
Consequently, by only considering the average signal, many local
features of the surface are overlooked and, thus, lead to an
inaccurate understanding of the system. The ability to visualize the
surface enhances our understanding of surface chemistry.
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Figure 2. SFG image maps of the spatial distribution of CO on a Pt surface
(zoom-in on top half of image): (A) the low-frequency peak centered at
2062 cnt! and (B) the high-frequency peak centered at 2083 'c(see
Figure 1 for SFG spectra); (C) phasg) (nap ofyng; (D) histogram of the
number of occurrences of a CO peak at a specific wavenumber.
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