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1. INTRODUCTION

Heterogeneous supported catalysts are complex materials
with their activity and selectivity determined by a number of
parameters such as composition, shape and size of crystallites,
nature of the support, and in general by surface properties, which
often change in response to the reaction environment.1,2 Model
catalysts allow study of these parameters by introducing the
complexity of real catalytic materials in a controlled way.3�8

Nanofabrication techniques can, in principle, be used to prepare
catalysts with a precise control over structure and composition,
and are thus potentially useful in catalysis research. One of the
early attempts in this direction was made in our laboratory about
15 years ago. A regular array of Pt particles on a flat silica support
was prepared using optical lithography, and its activity for
butadiene hydrogenation reactions was studied.9,10 While not
explicitly stated in these papers, the concept of controlling the
surface electron density on Pt particles by a bias voltage, as in a
catalytic diode, a term introduced more recently by Somorjai and
co-workers,11,12 was explored and reported in a related patent.13

Unfortunately, the microfabrication techniques available to us at
that time were not suitable for fabricating nanostructures, and no
special effect of a bias external voltage was detected. In recent
years, Somorjai and co-workers have explored several modern
nanolithography techniques to fabricate similar structures
at the nanoscale14 and prepared a catalytic nanodiode.11,12

Following early reports from Nienhaus and co-workers,15,16

they used the catalytic diode to measure continuously gener-
ated hot-electrons as a result of the energy released from the
catalytic oxidation of CO.

The aim of our work is to prepare new versions of these
nanocatalysts for studying electronic effects associated with
metal�support junctions. Electronic effects have been known
in catalysts for over 50 years, since the work of Schwab17,18

and Solymosi,19 and are often invoked to explain catalytic
effects involving electron transfer between support and the
metal catalyst. Early explanations of these effects were based
on bulk junction diagrams which predicted that such transfer
would occur between a semiconductor support and a metal
surface. These effects are sometimes referred as electronic
effects due to strong metal support interactions.20,21 No direct
verification that controlling such electron transfer can modify
a metal�adsorbate bond has been obtained since these con-
cepts were proposed, although many indirect measurements
have been conducted for metal catalyst on reducible oxide
supports, implying that such effects exist.22�30 Early theore-
tical works on electron transfer from a support to a metal were
inconclusive,31 and the subject has been a matter of intense
debate in the literature.32,33

In recent years, electronic effects have been examined in
molecular adsorbates, metal ad-atoms or small clusters on
ultrathin well-ordered oxide films deposited on a single-crystal
metal substrate.34�38 Initial model predictions were later used to
rationalize experimentally observed adatom ordering, cluster
arrangements, and changes in reactivity on ultrathin oxides.39�42

Tunable catalysts with properties changing as a function of oxide
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ABSTRACT:We study CO adsorption on amultilayer catalytic
diode in which electron transfer at the metal�semiconductor
(Pt/TiO2) junction is controlled by an applied external voltage.
The multilayer diode structure enhances infrared absorption
signals from CO molecules adsorbed on the small area Pt
surface. We find that the diode behaves like a Schottky junction
and that changes in electron transfer at the junction are directly
correlated with reversible shifts in the vibrational frequency of
adsorbed CO. Infrared polarization and incidence angle depen-
dent studies show that the magnitude of vibrational frequency
shift varies with orientation of the molecules being probed and increases with proximity to the Pt/TiO2 interface. The results
demonstrate the ability to control the metal�adsorbate bond through external electronic modifications of a metal�support
junction. The catalytic diode can potentially provide control of the surface chemical bond by an external voltage, providing a new
approach for investigations in heterogeneous catalysis, sensors, and plasmonic devices.
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thickness have been proposed based on these results.43 In these
systems, electron transfer occurs by direct tunneling from metal
substrate to adatom through an insulating oxide34 or metal
substrate induced modification of electron exchange between
molecular adsorbate and immediate one or two layers of oxide
surface atoms,36 as well as structural effect of the relaxation of
ultrathin films.8

In contrast to the results on ultrathin oxides, in more con-
ventional metal catalysts on reducible oxides, electron trans-
fer can occur between the metal particle and the bulk of the
adjacent oxide support. A simple calculation based on energy
band diagrams44,45 of such systems predicts that the charge
depletion region can extend at least up to several nanometers
into a semiconductor oxide, such as titania. The results reported
here relate to the latter phenomena and are relevant to
industrial catalysts in which reaction rates are affected by the
nature of the support. The study of electronic effects in
metal�oxide systems has been limited by the lack of experi-
mental capability to directly induce and observe the effect of
electron transfer on adsorbates without modifying the struc-
ture and composition of the supported catalysts. In this work,
we demonstrate such effects in a catalytic diode that intro-
duces an external bias voltage as a new variable to induce
electron transfer in much the same way as it is used in
electronic devices.

We performed a density functional theory (DFT) study of
CO adsorption on a Pt(111) surface subjected to modification
of surface electronic states by an external electric field. The
results and analyses showed shifting of the vibrational fre-
quency of CO, known as the vibrational Stark effect,46 and
corresponding field induced changes in its equilibrium ad-
sorption geometry and adsorbate electron densities.47 While
infrared frequency shifts of adsorbates on metal surfaces
doped with alkali ions are well-known48,49 in these systems,
such electronic effects cannot be decoupled from local changes
in surface concentrations induced by the alkali ions. Frequency
shifts due to electric field have been observed on electrochemical
electrode surfaces46,50 and single crystal surfaces with external
field imposed under ultrahigh vacuum (UHV),51 but not on
metal�support junction of supported catalysts in the presence of
adsorbates. Themain limitation on supported catalysts is the lack
of electrical continuity among the metal crystallites dispersed on
the support that does not allow controlling electric fields at the
metal�support junctions. A catalytic diode provides the con-
tinuity in the junction that can be connected to an external
voltage. For detection of such effects near these metal�support

junctions however, a technique capable of sensing infrared
absorption signals from CO adsorbed on small-area Pt films
and nanostructures was needed. This was achieved by developing
a new multilayer enhanced infrared reflection absorption spec-
troscopy (MEIRAS) technique in our laboratory.52,53 The multi-
layer structure was realized by adding a bottom reflecting gold
film below themetal�semiconductor junction formed by the top
catalytic metal thin film and the intermediate oxide (TiO2) film.
We found that metal�oxide�metal multilayer structures intro-
duced in the catalytic diode create optical interference effects that
significantly enhance the FTIR sensitivity at the optimum
oxide layer thickness. This enhancement allows atmospheric-
pressure CO adsorption studies without the need of special
instrumentation such as polarization-modulation infrared reflec-
tion absorption spectroscopy (PM-IRAS)54,55 and sum fre-
quency generation spectroscopy (SFG).56 A MEIRAS study on
nanofabricated Pt nanowire catalysts on TiO2 support showed a
significant gradual shift toward lower wavenumbers, in the peak
position of adsorbed CO, with decrease in nanowire width, due
to an increase in Pt/TiO2 exposed interfaces per unit Pt area.

52,53

We performed further theoretical analysis of the interference
effects to fully understand the sensitivity enhancement
mechanism, and interpret the spectra obtained using this
new technique.57 The analysis showed that at small inci-
dence angles the sensitivity to vibrational modes with dipole
projections tangential to the surface is significantly greater
than the sensitivity to projections normal to the surface. The
relative sensitivity between tangential and normal modes can
however be tuned by changing incidence angle of the parallel
polarized radiation. This property can be used to probe
the orientation of molecules by varying the angle of inci-
dence of a polarized infrared beam incident on the catalytic
diode as experimentally demonstrated for the first time in
this work.

In this work, using the MEIRAS technique, we study the
effect of applying an external voltage to a catalytic diode on
the CO molecules adsorbed near the Pt/TiO2 junctions.
The voltage induced electronic modification leads to a rever-
sible shift in the vibrational frequency of CO, demonstrating
directly for the first time the effect of controlling electron
transfer at metal�support junction on an adsorbed molecule.
Fitting of spectral band areas to band center shifts and
incidence angle dependent MEIRAS experiments show that,
unlike uniform single crystal surfaces, the effect of electron
transfer is dependent on the local geometry of the diode and
the orientation of adsorbates being probed.

Figure 1. (a) Schematic of a catalytic diode with Pt/TiO2/Au multilayer structure. (b) SEM image showing the rough Pt thin film of a
catalytic diode.
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2. EXPERIMENTAL METHODS

Catalytic diodes prepared for this study consist of a Pt/TiO2 junction
with an active area of 9 mm2 connected to a bottom and a top gold
electrode (Figure 1a). Each layer of the diode was patterned using
optical lithography and the metal films were deposited using electron
beam evaporation followed by a liftoff process. These processes were
carried out in a particle free class-100 clean-room environment to
minimize the defects such as pin-holes in the deposited layers. First, a
bottom gold electrode layer with Ti/Pt/Au film of 10 nm/15 nm/40 nm
thicknesses was deposited on a silicon (100) wafer with a 100 nm
insulating thermal oxide. A 250 nmTi filmwas deposited covering half of
the bottom gold electrode followed by thermal oxidation in dry air at
525 �C for 24 h. The oxidation process yielded about 550 nm thick TiO2

film. Next, a 50 nm SiO2 layer covering the whole wafer was deposited
using plasma enhanced chemical vapor deposition (PECVD). This
insulating SiO2 layer was removed from the active area of the diode
and the bottom gold pad by etching in a 10% buffered hydrofluoric (HF)
solution for 10 s. After etching, an ultrathin SiO2 layer of approximately
4 nm thickness, as estimated from PECVD deposition time, was
redeposited on the active area. This was followed by deposition of a
5 nm Pt film and the top gold electrode consisting of a 10 nm/90 nm
thick Pt/Au film. The 5 nm Pt film made a rectifying junction with the
TiO2 and the ultrathin SiO2 acted as a tunnel barrier that improved the
rectifying behavior of the Schottky junction and slightly modified the
junction barrier height.58

The bottom reflecting gold electrode, the TiO2 film, and the top Pt
film were designed to form an optimum multilayer structure. The
thickness of TiO2 (tTiO2

) is approximately a quarter of the wavelength
of infrared (λIR) corresponding to C�O stretching vibrational mode
(2100 cm�1) divided by the refractive index of TiO2 (nTiO2

):

tTiO2 ∼
λIR

4� nTiO2

ð1Þ

This quarter-wavematching created optimum interference conditions
for the MEIRAS study of CO adsorption on a Pt surface.52,57 The
thermal oxidation of vapor-deposited Ti led to a rough TiO2 film. As a
result, the 5-nm Pt film deposited on the top of TiO2, although
electrically continuous, had a discontinuous, cracked surface (Figure 1b)
with exposed Pt/TiO2 interfaces available for CO adsorption. Thus, the
multilayer structure involving a thin Pt film itself constituted a diode
without the need of nanostructures or nanowires with exposed edges as
originally designed.
MEIRAS experiments were performed using a Bruker Equinox 55

spectrometer and an optical assembly to reflect the infrared beam from
the catalytic diode sample (Harrick, Praying Mantis). In experiments
with constant angle of incidence, an angle of about 20� from the surface
normal was used for measurement of the wavelength dependent
reflectance of the sample and the CO adsorption MEIRAS experiments
on catalytic diodes. The catalytic diode sample was placed in an in situ
stainless steel infrared reaction cell (Harrick, HVC-DRP4) modified, as
described elsewhere,52,53 for performing MEIRAS measurements and
introducing electrical contacts to bias the sample. The gas flow rates and
temperature were controlled by mass flow and temperature controllers,
respectively. The temperatures reported here are measured by a
thermocouple touching the sample stage slightly away from sample
surface and were higher than actual sample surface temperatures. A
source-measure unit (Keithley 2400) was used for applying an external
voltage and measuring the current through the device. After placing the
sample in the reaction cell, a background infrared measurement was
taken at 75 �Cwith helium flowing in the cell. The Pt surface of the diode
was reduced in 5%CO in helium for 30min at 175 �C, then cooled down
to 75 �C. MEIRAS measurements were taken with and without an
external bias voltage, after allowing the sample to equilibrate at 75 �C for

30 min with 1% CO (corresponding to ∼8 Torr CO partial pressure)
continuously flowing in the reaction chamber during the experiment.
This process kept the Pt surface completely saturated with adsorbed CO
molecules. The spectra were collected using a DTGS detector by taking
128 scans with a resolution of 8 cm�1, which took about 4 min for each
measurement. In addition, in selected experiments, measurements were
conducted by introducing a ZnSe wire-grid polarizer (New Era En-
terprises) in the path of the incident infrared beam, along with the use of
a variable angle reflection accessory (Seagull, Harrick Scientific). These
measurements were performed using a MCT detector at a resolution of
4 cm�1 in about 2 min for 256 scans.

3. RESULTS AND DISCUSSION

3.1. Optical and Electrical Characterization of Multilayer
Catalytic Diode. Figure 2 shows reflectance of the multilayer
catalytic diode sample relative to a 100 nm reflecting gold film
used as a reference. Unlike the reflecting metal film, which has a
reflectance close to 1 for all mid-infrared wavelengths, the
reflectance of multilayer structure is strongly dependent on
wavelength. The sample has minimum reflectance near the
wavenumber of the absorption band of C�O stretching mode
vibrations as the TiO2 layer was designed to match the quarter-
wave condition described by eq 1. This optical behavior of the
multilayer structure is in agreement with previous work per-
formed in our laboratory for MEIRAS using Pt/SiO2/Au multi-
layer catalysts.52 Decreased reflectance of the sample along with
increased surface intensity of the incident radiation, due to
favorable optical interference, leads to overall signal enhance-
ment as well as sensitivity to vibrational modes with projections
tangential to the multilayer surface.57 To test the effect of
external voltage applied to the catalytic diode on optical proper-
ties of multilayer structure without any CO molecules adsorbed,
we measure the wavelength dependent reflectance with external
voltages varying up to (2 V. The reflectance of the sample
remains identical to the 0 V reflectance shown in Figure 2 (see
Supporting Information), which confirms that the external
voltage induced shifts in vibrational frequency of CO adsorbed
on the catalytic diode during the experiment is not an artifact of
changes in the optical response of the multilayer structure. The
Pt/TiO2metal-semiconductor Schottky junction is characterized
by measuring the current density (J = current/diode active area)
versus voltage (J�V) of the catalytic diode. A rectifying J�V
behavior confirmed a Schottky junction with barrier height of
about 1.2 V. Similar J�V measurements performed on test
devices without a Pt/TiO2 active area, having a continuous layer

Figure 2. Reflectance of the Pt/TiO2/Au multilayer structure of the
catalytic diode sample as a function of the incident infrared wavenumber.
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of insulating SiO2 between Pt and TiO2, shows an insulating
behavior (see Supporting Information). This comparison con-
firmed that the electron transport channel in the working
catalytic diode is through the Pt/TiO2 junction in the active
area of the device.
3.2. Effect of Bias Induced Electron Transfer. Figure 3a

shows the MEIRAS spectrum of CO adsorbed on the catalytic
diode sample with and without external voltage. The spectra are
shown as a normalized change in the reflectance of the sample
due to infrared absorption by the adsorbed CO as a function of
wavenumber:

ΔR
R

¼ R� R0

R0
ð2Þ

Where, R0 and R are the reflectance of bare substrate and
reflectance after adsorption of CO, respectively. An infrared
absorption spectrum generally appears as negative peaks when
reflectance units are used. The catalytic diode samples used in
this work, however, show inverted peaks that are positive in
reflectance spectra, due to optical effects analyzed in previous
work in our laboratory57 as well as observed elsewhere.59,60 The
inverted peak shape was retained on this sample as the peak
decreased in size during slow desorption of adsorbed CO and no
positive and negative, derivative-like peaks were observed. This
showed that the inverted peak shape occurring due to multilayer
structure of the sample does not change with surface CO
coverage.
When an external bias of 2 V is applied to the diode, the CO

absorption band reversibly shifts to higher wavenumbers. This
shift due to biasing is shown in Figure 3b as the difference spectra
relative to the spectrum on the unbiased sample, defined as,

ΔR
R

� �
V

� ΔR
R

� �
V ¼0

ð3Þ

The difference spectrum appears as a positive peak (Area 1 in
Figure 3) at the new shifted wavenumber and a negative peak
(Area 2) at the original wavenumber, indicating the direction of
C�O vibrational frequency shift with external voltage. The
crossing point of the original 0 VMEIRAS band and the shifted
band appears as zero crossing point between negative and

positive peaks of the difference spectra. The position of positive
and negative peaks differs by 12�16 cm�1 in the measured
spectra. The magnitude of the shift increases gradually with bias
voltage, as shown by the increase in the areas under of the
difference spectra. On reverse biasing, that is, when a negative
voltage is applied to the diode, the vibrational frequency shifts
to lower wavenumbers (red shift). On forward biasing, the shift
is toward higher wavenumbers (blue shift) and the magnitude
of the difference spectrum area is larger than that at the same
voltage applied in reverse bias. The band shift is reversible,
returning to initial position on removing the external bias. The
0 V band shape and position remained unchanged before,
during, and after the experiment, confirming that the CO
coverage does not change during the experiment.
Figure 4 shows the electric current density (J) through the

device and the fractional difference spectrum areas measured
on a CO-covered Pt surface versus applied voltages ranging
from�2 to 2 V. The reported current densities are the average
of the measurements over 4 min durations collected in real time
during the measurement of MEIRAS spectra in the presence of
external bias voltage. The current density is very small for
reverse bias and small forward bias, but shows a steep rise
beyond 1 V and reaches 3 A m�2 at 2 V. This rectifying J�V

Figure 3. (a) Comparison of fullMEIRAS vibrational spectra of CO adsorbed on the Pt surface of the catalytic diode with no biasing and an external bias
of 2 V. (b)Difference spectra showing the shifts in CO vibrational modes as a result of applied bias voltage. The shift inMEIRAS peak position results in a
positive (Area 1) and a negative (Area 2) peak in the difference between the biased and unbiased spectra.

Figure 4. Measured in situ J�V behavior of a catalytic diode and
fractional area of the difference spectra (Fdiff) versus external bias
voltage.
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behavior confirms a metal�semiconductor Schottky junction
at the Pt/TiO2 interface of catalytic diode. The magnitude of
shift in CO vibrational frequency as a function of external
voltage can be quantified in terms of the fractional difference
spectra area, Fdiff, defined as the area under the difference
spectrum Adiff as a fraction of the total MEIRAS peak area Atotal

at no external bias:

Fdiff ¼ Adiff

Atotal
ð4Þ

The difference spectrum area Adiff is calculated here as the
average of the areas under positive and negative peak seen in
Figure 3b. The positive value of Fdiff on forward biasing corre-
sponds to a peak shift to higher wavenumbers, whereas negative
peak areas on reverse biasing imply a shift to lower wavenumbers
with respect to the 0 VMEIRAS peak. Themagnitudes of Fdiff are
larger for forward bias, reaching 15% at +2 V compared to 4%
at �2 V. This difference in magnitude of shifts for forward and
reverse bias can be explained in terms of the electronic properties
of Pt/TiO2 junctions.
A Pt/TiO2 Schottky junction is formed by transfer of

electrons from TiO2 to Pt due to difference in electronic
energy levels in the two materials. This electron transfer leads
to the formation of a positively charged depletion region
(space charge region) inside the TiO2 and a negative electric
field on the Pt surface, which should be experienced by the
adsorbates that are close to the junction. Figure 5 shows
typical schematic band diagrams of metal�semiconductor
interfaces including the effect of the applied voltage (Va) in
shifting the relative Fermi levels of the metal (Efm) and
semiconductor (Efs), as well as the spreading or narrowing of
the space charge region in the semiconductor with a corre-
sponding transfer of electrons to or from the metal at the
junction. Within the full depletion approximation, the
change in this interfacial electric field E at an ideal planar
Schottky junction with an external applied voltage Va is
given by:44

Ex¼ 0 ¼ qNdxd
εs

ð5Þ

where, x is the distance away from the Pt/TiO2 interface into
the TiO2 region as shown in Figure 5, q is the electronic
charge,Nd is the carrier density in TiO2, εs is the permittivity
of TiO2, and xd is the width of the depletion region which
changes with applied voltage as:

xd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εs
qNd

ðϕi � VaÞ
s

ð6Þ

Where, ϕi is the built-in potential of Pt/TiO2 junction and Va

is the applied external voltage.
Figure 6a shows this trend of change in the junction electric

field with external voltage for a built-in potential of 1.2 V. The
change in electric field is higher under forward bias, which causes
a larger change in difference spectrum area observed in Figure 4.
Figure 6b shows the measured difference spectrum area as a
function of the electric field estimated from Figure 6a and
indicates that the trends for forward and reverse bias are similar.
There was no direct correlation between the difference spectrum
area and the current through the junction (Figure 4), confirming
that it is the electric field due to charge accumulation at the
junction and not the current flow that causes the peak shift. A
further confirmation was obtained by conducting these experi-
ments on samples that did not show a rectifying (J�V) behavior.
No shift in peak position was observed on these samples, even at
large applied voltages.
A red shift in C�O stretching frequency under reverse bias

due to a more negative junction electric field indicates weakening
of C�O bonds and implies a stronger Pt�C bond in the
adsorbed molecule. Thus, biasing can in principle be used to
modify the chemisorbed state of molecules on supported cata-
lysts in a catalytic diode. The effect is opposite for forward biasing
that caused a blue shift in C�O stretching frequency. The trends
are consistent with DFT calculations of CO on Pt(111) surfaces
under uniform electric field which predict a red shift on applying
a negative field and vise versa.47 The DFT based analyses also
showed that a red shift in vibrational frequency corresponds to
increased electron density in the 2π* states of CO molecules,
consistent with the mechanism of electron transport in the
catalytic diode. These calculations predicted a shift of 45 cm�1

in the presence of a 1 V/Å external electric field. The actual
magnitude of electric field built-up at the exposed Pt/TiO2

junctions in the present study is unknown, but the magnitude
of shifts is smaller than the DFT predictions at 1 V/Å. The
magnitude of shift in the peak with applied voltage will depend
on several factors, including Pt film continuity, exposed Pt/TiO2

interface available for CO adsorption, the role of SiO2 tunneling
barrier, and the charge carrier density in TiO2, which determines
the junction electric field strength. A detailed study of these
parameters and MEIRAS experiments involving different inci-
dence angles and polarized radiation can lead to improved
understanding of the extent to which an interfacial electric field
affects the adsorbates in supported catalysts. The morphology of
a cracked Pt film represents interconnected particles with lesser
fraction of exposed interfaces than well-separated supported
metal particles, but gives the unique advantage of using an
external voltage to induce electron transfer. The effect of these
geometric parameters can in principle be explored by nanolitho-
graphic patterning of Pt film, which can provide control over the
fraction of interfaces.
3.3. Analysis of Nonuniformity of Vibrational Frequency

Shifts. Unlike a flat single crystal surface subjected to a uniform

Figure 5. Band diagrams showing the effect of external voltage on a
Pt/TiO2 Schottky junction.
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electric field (i.e., the vibrational the Stark effect), the CO
molecules adsorbed on a catalytic diode are expected to experi-
ence a nonuniform frequency shift depending on the proximity
to the Pt/TiO2 interface as schematically illustrated in Figure 7.
To estimate the extent of nonuniformity in the shift, we estimate
the band center shifts and difference spectrum areas for an ideal
uniform shift, and compare it with the experimental difference
spectrum areas. If the entire ensemble of COmolecules compris-
ing theMEIRAS band experienced a uniform shift of 2δ, the band
center will shift with virtually no change in its shape. In this case,
the crossing point of the original and shifted bands (Figure 3a)
will be δ away from original band center. Thus, the position of
zero-crossing point of the difference spectra (Figure 3b) ob-
tained at different voltages can be used to approximately estimate
the band center shift 2δ. This average shift in band center, shown
in Figure 8, has a form similar to the change in fractional
difference spectrum area Fdiff (Figure 4) with the forward bias
shift being larger than the reverse bias shift. The fractional
difference spectrum area Fdiff

L , of a uniformly shifting Lorentzian
band can then be calculated as a function of the band center shift
2δ using the following relation (see Supporting Information for
derivation):

FLdiff ¼
AL
diff

A
¼ 2 tan�1 2δ

w

� �
ð7Þ

where, Adiff
L , A, and w are the difference spectrum area, full peak

area, and width of a band of the form of a Lorentzian function,
respectively. If the entire ensemble of COmolecules experienced

a uniform shift of 2δ, the difference peak area will change as
Fdiff
L described by eq 7. However, the measured Fdiff values on

the catalytic diode are smaller than this estimated value, and the
fraction of CO molecules being probed, that exhibit an average
shift of 2δ, can be estimated as the ratio of Fdiff and Fdiff

L shown in
Table 1. Although not intended to be a quantitative measure of
CO populations, this analysis shows that the entire ensemble of
CO molecules detected by MEIRAS does not exhibit a uniform
shift and the fraction of molecules exhibiting an average shift
gradually increases with the magnitude of external voltage. Thus,
the observed changes in difference spectrum areas are due to a
combination of two factors: increasing magnitude of the fre-
quency shift and increasing fraction of molecules exhibiting
a shift.
According to previous theoretical analysis of the optical

response of the multilayer structure, at small incidence angles
with respect to the surface normal, the sensitivity to tangential
vibrational modes is significantly larger than the sensitivity
to surface normal modes.57 This means that oblique and horizon-
tally oriented CO molecules are selectively sensed over the
normally oriented adsorbed molecules. Thus, a significant frac-
tion of the MEIRAS band at small incidence angles used in this
work would likely consist of signal from COmolecules adsorbed
on the edges of Pt islands and cracks in the rough Pt film
(Figure 7). The contribution to normal mode (corresponding to
a larger fraction of CO molecules on top of the Pt film) should

Figure 6. (a) Trends in electric field (in arbitrary units) at the Pt/TiO2 interface estimated from an ideal Schottky junction model [eq 4]. (b) Relation
between the measured difference spectrum peak area and the junction electric field from (a).

Figure 7. Schematic representation of local geometry and charge
distribution of catalytic diode near the Pt/TiO2 interfaces exposed to
CO molecules.

Figure 8. Average band center shifts of MEIRAS spectrum of CO as a
function of external voltage.
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increase with increasing incidence angle of a parallel polarized
infrared beam. To investigate the possible effect of orientation of
CO molecules being probed, on the magnitude of the frequency
shift observed, we performed bias voltage experiments on a
catalytic diode as a function of infrared polarization and inci-
dence angle. These experiments were performed by inserting a
wire-grid polarizer in the path of the incident infrared beam along
with using the variable angle reflection accessory. Incidence
angles of 10� and 50� are used with perpendicular (s) and parallel
(p) polarizations as shown in Table 2. We calculated the
fractional difference spectrum area at a bias voltage of �2 V,
for each of the four cases shown in a single experiment with the
same ensemble of adsorbed COmolecules. At normal incidence,
the s and p polarizations are identical with only a tangential
component. Increasing the incidence angle gradually increases
the surface normal component of the p-polarized radiation,
whereas the s-polarized radiation remains tangential to the
surface. In the first three cases considered in Table 2, where
only the vibrational modes tangential to the surface are being
probed, the magnitude of frequency shift remains about the
same. On increasing this normal component, however, the
magnitude of fractional difference spectrum area decreases as
observed in the case of p-polarized IR radiation at 50�
incidence. This analysis indicates that CO molecules oriented
tangential to the surface, likely to be adsorbed on the cracks in Pt
film in close proximity to Pt/TiO2 interface, as expected, are
more strongly affected by the electron transfer at the interface.
This is perhaps one of the first infrared investigations of the effect
of molecular orientations on supported catalyst systems since no
one, except our group, has used the MEIRAS technique which

allows tuning of selectivity to different orientations. These effects are
less strongly pronounced in the present versions of our catalytic diode
due to surface roughness, but are expected to be more significant in
supported model catalysts with a well-defined structure.
The controlled electron transfer from the support to the metal

and to adsorbed CO observed here opens the field for the
potential manipulation of molecule�surface interactions in
catalytic junctions via bias voltages, a hitherto unexplored area
of catalysis. Because the system can respond instantly to the
external voltage, changing the voltage at frequencies close to the
timescales of surface reactions can potentially lead to interesting
dynamic phenomena related to surface reactivity. Such transient
tuning is not possible in supported ultrathin oxide films or by
addition of alkali promoters. The approach presented here can
also be used to estimate interfacial electric fields in metal�
semiconductor and other diode junctions using the vibrational
signature of probe molecules. Thus, the results have potential
applications in the areas of sensors, solar, and other electronic
devices based on diode junctions. Furthermore, the MEIRAS
technique can be used to sense the orientation of adsorbed
molecules by changing incidence angle and polarization, as
experimentally demonstrated here for the first time. This opens
a new area of inquiry into the relation between the surface
structure and orientation of molecules adsorbed, regardless of
the application of bias voltage.

4. CONCLUSION

The MEIRAS technique combined with a catalytic diode is
used to study the Schwab electronic effect of electron transfer
using bias voltage as a new variable and without modifying the

Table 1. Estimation of the Fraction of MEIRAS Band Exhibiting a Shift Equal to the Average Band Center Shift

voltage (V)

average shift in band

center (2δ) (cm�1)

fractional difference spectrum

area of Lorentzian peak (Fdiff
L )

measured fractional difference

spectrum area (Fdiff)

fraction of band exhibiting the

average shift (Fdiff/Fdiff
L )

�2 �1.2 �0.044 �0.043 0.96

�1.2 �1.1 �0.040 �0.035 0.86

�0.4 �1.1 �0.040 �0.017 0.43

0.4 1.9 0.070 0.032 0.46

1.2 4.9 0.176 0.115 0.65

2 7 0.243 0.155 0.64

Table 2. Effect of Infrared Polarization and Incidence Angle on Magnitude of Bias Induced Frequency Shifts in the Catalytic
Diode (Black Arrows and Circles Represent Infrared Polarization)



16466 dx.doi.org/10.1021/ja2020789 |J. Am. Chem. Soc. 2011, 133, 16459–16467

Journal of the American Chemical Society ARTICLE

geometric structure of the catalyst. We provide the first direct
demonstration of modification of chemisorption on a supported
catalyst by inducing electron transfer through voltage biasing of a
metal�support junction. CO is used as a probe molecule on a Pt
surface, and the effect of electron transfer in a multilayer catalytic
diode is observed as a shift in C�O stretching frequency. The
effect of electron transfer is not uniform for all adsorbed
molecules and depends on local geometry of catalytic diode near
the metal�support interfaces and proximity of adsorbates to
these interfaces. The new approach to heterogeneous catalysis
developed in this work can potentially provide control of the
surface chemical bond by an external voltage, thus, making it an
important probe for study of electronic effects that can help the
rational design of catalysts. We believe that the catalytic diode is
an embryonic concept for the development of selective gas
sensing and plasmonic devices, and can be of significant interest
to scientists involved in studies of the electronic structure of
materials interacting with their environment.
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