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Abstract

Charge transfer and Support Effects in Heterogeneous Catalysis
by
Antoine Hervier
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Gabor A. Somorijai, Chair

The kinetic, electronic and spectroscopic properties of two-dimensional oxide-supported
catalysts were investigated in order to understand the role of charge transfer in catalysis.

Pt/TiO, nanodiodes were fabricated and used as catalysts for hydrogen oxidation. During
the reaction, the current through the diode, as well as its |-V curve, were monitored, while gas
chromatography was used to measure the reaction rate. The current and the turnover rate
were found to have the same temperature dependence, indicating that hydrogen oxidation
leads to the non-adiabatic excitation of electrons in Pt. A fraction of these electrons have
enough energy to ballistically transport through Pt and overcome the Schottky barrier at the
interface with TiO,. The yield for this phenomenon is on the order of 10™ electrons per product
molecule formed, similar to what has been observed for CO oxidation and for the adsorption of
many different molecules.

The same Pt/TiO, system was used to compare currents in hydrogen oxidation and
deuterium oxidation. The current through the diode under deuterium oxidation was found to
be greater than under hydrogen oxidation by a factor of three. Weighted by the difference in
turnover frequencies for the two isotopes, this would imply a chemicurrent yield 5 times
greater for D, compared to H,, contrary to what is expected given the higher mass of D,.
Reversible changes in the rectification factor of the diode are observed when switching
between D, and H,. These changes are a likely cause for the differences in current between the
two isotopes.

In the nanodiode experiments, surface chemistry leads to charge flow, suggesting the
possibility of creating charge flow to tune surface chemistry. This was done first by exposing a
Pt/Si diode to visible light while using it as a catalyst for H, oxidation. Absorption of the light in
the Si, combined with the band bending at the interface, gives rise to a steady-state flow of hot
holes to the surface. This leads to a decrease in turnover on the surface, an effect which is
enhanced when a reverse bias is applied to the diode.



Similar experiments were carried out for CO oxidation. On Pt/Si diodes, the reaction rate
was found to increase when a forward bias was applied. When the diode was exposed to visible
light and a reverse bias was applied, the rate was instead decreased. This implies that a flow of
negative charges to the surface increases turnover, while positive charges decrease it.

Charge flow in an oxide supported metal catalyst can be modified even without designing
the catalyst as a solid state electronic device. This was done by doping stoichiometric and non-
stoichiometric TiO, films with F, and using the resulting oxides as supports for Pt films. In the
case of stoichiometric TiO,, F was found to act as an n-type dopant, creating a population of
filled electronic states just below the conduction band, and dramatically increasing the
conductivity of the oxide film. The electrons in those states can transfer to surface O, activating
it for reaction with CO, and leading to increased turnover for CO oxidation. This reinforces the
hypothesis that CO oxidation is activated by a flow of negative charges to the surface.

The same set of catalysts was used for methanol oxidation. The electronic properties of the
TiO, films again correlated with the turnover rates, but also with selectivity. With stoichiometric
TiO, as the support, F-doping caused an increase in selectivity toward the formation of partial
oxidation products, formaldehyde and methyl formate, versus the total oxidation product, CO,.
With non-stoichiometric TiO,, F-doping had the reverse effect.

Ambient Pressure X-Ray Photoelectron Spectroscopy was used to investigate this F-doping
effect in reaction conditions. In O, alone, and in CO oxidation conditions, the O1s spectrum
showed a high binding energy peak that correlated in intensity with the activity of the different
films: for stoichiometric films, the peak decreased in intensity with F-doping, while for non-
stoichiometric films, the opposite was observed. No such changes were visible in the Cls
spectrum, confirming the role of O activation in the reaction.

This thesis adds to the body of knowledge on the importance of charge transfer at the
metal-oxide interface in shaping the reactivity of heterogeneous catalysts, and provides
examples of how this can be the basis for new methods to tune reactivity.
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Introduction

The science of heterogeneous catalysis has already led to several dramatic, transformative
discoveries. The world’s population, for example, would likely be half what it is today were it
not for the synthesis of ammonia, developed by Haber and Bosch.' Another famous example is
the catalytic converter which led to a 60% drop in carbon monoxide levels between 1990 and
2005.> More broadly, as many as 90% of all chemicals produced rely on heterogeneous
catalysts, as does all of our fuel derived from crude oil.> This success, and the economic
development it has allowed, come with a price however, in the form of an energy crisis and
increasing atmospheric levels of greenhouse gases.

Catalysis will be critical in finding solutions to these problems, whether by providing fuels
from biomass, or through the development of fuel cells or batteries to replace the traditional
combustion engine, or by finding energy efficient ways to split carbon dioxide (CO,) and water.

These breakthroughs can only be achieved by first understanding the mechanisms behind
catalytic reactions. Industrially, catalysis is still very much an empirical undertaking.® A more
fundamental approach is needed, one that will eventually lead to the rational design of
catalysts.

This requires the study of charge dynamics, which are central to surface chemistry.
Although heterogeneous catalysis begins and ends with neutral atoms and molecules, most
reactions are governed by charge transfers involving adsorbates, catalysts and their support.
Furthermore, understanding these charge transfers allows us to work at the interface with the
field of semiconductor electronics, fabricating catalysts that are also diodes, transistors, or
photovoltaic devices.

Such catalysts can be used in two ways: first, if chemical reactions lead to charge flow, then
the device could be used to measure, or even harvest the resulting electrical current. This is
covered in chapters 2 through 4. Second, if charge flow plays a role in a reaction mechanism,
then modifying the conditions for charge flow, by applying a field or a current to the device, or
by doping it to modify its electronic structure, can lead to changes in reactivity. This is covered
in chapters 5 through 11.

Chapters 3 and 4 fall into the first category, describing hydrogen oxidation on catalytic
nanodiodes. These diodes consist of a metal film, a few nanometers in thickness, deposited
onto a semiconductor. Both the metal and the semiconductor are connected to an external
circuit. The Fermi level mismatch between the two materials gives rise to transient charge
transfer from one to the other, resulting in the formation of an energy barrier at the interface.
This barrier serves as high-pass energy filter for the electrons in the metal, and is the basis for
showing that hydrogen oxidation turnover on a platinum / titanium dioxide (Pt/TiO,) catalyst



results in the non-adiabatic excitation of electrons within the metal. As the reaction proceeds
on the surface, chemical energy is converted into an electrical current in proportion with
turnover.

Chapters 5 through 11 fall into the second category. In chapter 5, a photocurrent is
generated by shining light on a platinum / silicon (Pt/Si) photodiode. When this is done in
hydrogen oxidation reaction conditions, we show that turnover is reduced. This effect is due to
a steady state flow of hot holes to the surface resulting from electron-hole pair generation in
the Si. The magnitude of this effect can be enhanced by applying a reverse bias to the Pt/Si
diode.

In chapter 6, Pt/Si nanodiodes are used as catalysts for carbon monoxide (CO) oxidation. We
show that turnover for the reaction can be increased by applying a reverse bias to the diode,
which corresponds to the formation of a negative charge on the platinum film. Turnover can
also be decreased by exposing the diode to visible light under reverse bias, which leads to a
flow of positive charge from the semiconductor to the platinum.

In chapters 8 through 11, we describe a novel method for doping TiO, with fluorine (F),
which modifies the electronic structure of the semiconductor. We show how this opens up
new, electronically activated reaction pathways for CO oxidation on stoichiometric TiO,,
increasing turnover frequency. Kinetic and electronic measurements indicate that electronic
activation of surface O is responsible for this change in activity. On methanol oxidation, which is
a multi-path reaction, this also affects selectivity, favoring the formation of partially oxidized
products, formaldehyde and methyl formate, over CO,, the totally oxidized product.

Chapter 11 shows in situ XPS data which confirms the role of surface oxygen in the change
in reactivity for CO oxidation.
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Chapter 1

Experimental Considerations

The bulk of this work was achieved by carrying out gas phase reactions on two dimensional
catalysts, in three similar batch reactors, and measuring the reaction kinetics by gas
chromatography. The reactors were used in batch mode because the surface area of two
dimensional catalysts is too small to achieve measurable conversion rates in flow reactors. The
catalysts were two dimensional because this allows for better control of catalyst design: it
makes it possible to give the catalyst a Schottky diode structure, or to easily anneal or dope the
oxide support before adding the metal catalyst.

1. Batch reactor

All three reactors share the same basic design, shown in Figure 1: a chamber of volume
roughly 1 L is equipped with a manifold for introducing gases, and connected to a
turbomolecular pump backed by a mechanical pump to evacuate the chamber down to a
pressure of 5 x 10° Torr. In the center of the chamber sits a ceramic heater (HTR1001 -
Momentive), connected to a temperature controller (built around a Watlow series 96
controller) outside the chamber by a feedthrough that also serves as a cooling line. Flowing
water through these lines ensures that the heater leads stay close to room temperature, to
prevent them from contributing to the catalysis.

A metal bellows pump (Senior Flexonics) recirculates the gases through a line to an injection
valve to the gas chromatograph (5890 — Hewlett-Packard). Periodically, the valve allows a
pressurized helium gas line to force an aliquot of the chamber gas into the GC column, where
the different components of the mixture are separated, before going through a thermal
conductivity detector or a flame ionization detector. The column is chosen so as to obtain good
separation and low retention times for the different reactants and products involved in the
reaction.

The reactions are run at temperatures low enough that conversion of the reactants stays
below 10 % over several hours. This ensures that the catalyst is subjected to the same pressure
conditions throughout the experiment, so that a steady-state measurement can be made.

The batch reactors are also equipped with two electrical feedthroughs. Gold wires, which
are catalytically inert, are used to connect the terminals of diodes inside the chamber to the
feedthroughs. The wires are pressed down on the diode using custom-made MACOR parts. This
makes it possible to measure current or to apply a bias to the catalyst in reaction conditions.
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Figure 1 — Schematic of the batch reactors

2. Thin film fabrication

The catalysts are fabricated by depositing thin films of oxides and metals onto polished
(100) silicon wafers. Two deposition techniques are used: electron beam evaporation and
sputtering.

2.1. Electron beam evaporation

The silicon substrate is suspended from the top of a vacuum chamber with base pressure 4
x 10° Torr. The electron beam evaporator (eVap Mighty Source — MDC) consists of a crucible
that can hold liners filled with target metals. A filament is built into the crucible assembly but
electrically insulated from it. High voltage feedthroughs connect a power supply to the
filament, so that a bias of 4.5 kV can be applied between the filament and chamber ground.
Current is run through the filament, which heats up and emits electrons. The high voltage bias,
along with a magnetic field created by magnets lining the crucible assembly, steer the electrons
towards the target metal, causing intense local heating. With enough emission current, vapor is
generated by the target and a film begins to grow on the substrate.

Deposition in an electron beam evaporator is directional: by placing the substrate behind a
mask, the film can be patterned onto the silicon.



2.2, Sputtering

Sputtering also takes place with the substrate suspended over a metal target inside a
vacuum chamber, with base pressure 7 x 10° Torr (Auto 306 DC and RF Sputter Coater —
Edwards). Once at vacuum, a mass flow controller is opened to flow in 2-20 sccm of Argon and /
or some other gas. An RF or DC current can be applied to strike a plasma inside the chamber.
This generates ions which are accelerated towards the target, ejecting atoms into the gas phase
as they impinge on the surface. As these atoms coat the surface of the substrate, a film grows.

This technique is also directional.
2.3. Quartz Crystal Microbalance (QCM)

For both of these deposition techniques, thickness is monitored during the deposition using
a quartz crystal microbalance (SQM160 — MDC). This consists of a thin quartz crystal disc
covered on both sides with gold electrodes. An AC current is applied to the crystal, causing it to
oscillate due to its piezoelectric properties. Periodically, this current is stopped, letting the
crystal oscillation dissipate, which in turn generates a damping current. The speed at which this
damping occurs is closely related to the weight of the crystal. If a material with a known density
is deposited onto the QCM, the deposition rate and the amount of material deposited can be
measured. This makes it possible to deposit a film of a known thickness.

3. Rapid thermal annealing

When using electron beam evaporation and sputtering, films are grown a few atoms at a
time. Since no heat is provided during the deposition, the resulting material is highly
amorphous. To improve the crystallinity of the oxides, they were annealed at high
temperatures (623 — 773 K) in a Rapid Thermal Annealer (Heatpulse 210T RTA — AG associates).
Rapid, controlled heating is achieved using an array of halogen lamps. By annealing in different
gas environments, it is possible to vary the degree of oxidation of the film.

This process is not possible with metal films, since they usually have a higher surface energy
than oxides, and tend to agglomerate into large particles when heated past 200-300°C.

4. Scanning Electron Microscope

At thicknesses below 20 nm, metal films are rarely continuous, and instead form islands.
The morphology of the films is of crucial importance, since it determines the active area
exposed to the gas phase, as well as the number of sites located at the interface between the
metal and the support. Under the high temperatures and strongly reducing or oxidizing
conditions of catalytic reactions, this morphology can change, and with it the activity and
selectivity.

Film morphology was observed by SEM (Ultra 55 — Zeiss). The sample is placed in a vacuum
chamber with base pressure 107 Torr, connected by an aperture to a separate, differentially
pumped chamber with bas pressure 10™° Torr, containing an electron gun. The electron beam is
accelerated to several keV, and can be focused down to the nanometer scale using electron



optics. The beam is raster scanned across the sample, and as the high energy electrons
thermalize, secondary electrons are emitted and collected, producing an image with resolution
1-2 nm.

5. Plasma-Thermal Parallel Plate Plasma Etcher

Some of the oxides were fluorine-doped after annealing. This was achieved by exposing
them to a nitrogen plasma with traces of SFs. The plasma is produced inside a vacuum chamber
with a base pressure of 3 mTorr (PK-12 RIE — Plasma Therm). A mass flow controller introduces
gas into the chamber at 5 — 100 sccm, and a radiofrequency (RF) power supply generates a field
that partially ionizes the gas, leading to ion bombardment of the substrate.

This can be used to either etch samples, or to implant ions into the material, in this case,
fluorine.

6. Semiconductor curve tracer

A Schottky diode is characterized mainly by its intensity vs. voltage (I-V) curve, which is
obtained by applying a voltage across the terminals of the diode and measuring the resulting
current. I-V curves for the diodes studied here were measured using the Keithley 2400
Sourcemeter.

7. X-Ray Photoelectron Spectroscopy (XPS)

In XPS, the sample to be characterized is exposed to monochromated X-Ray radiation from
a Mg or Al source with energy on the order of 1 keV (5400 ESCA XPS — Physical Electronics). This
ionizes core electrons in the sample, some of which are ejected in the direction of a
hemispherical mass analyzer. There, an electric field is used to curve their trajectories so that
only electrons with a specific kinetic energy reach the detector. Since the photon energy is
known, the energies of the ionized core levels can be calculated. These energies are element
specific, and are shifted by the electron’s chemical environment, providing some information
about what elements are present on the surface, and what they are bound to.

The ionized electrons have an energy on the order of 100 — 1000 eV, giving them a mean
free path in the metal of a few nanometers at most. This means that only electrons from the
first few layers of the sample have a chance of reaching the detector, making this technique
surface specific.



Chapter 2

An Introduction to Hot Electron Chemistry

1. The Born-Oppenheimer approximation

The study of chemical dynamics often relies on the Born-Oppenheimer approximation. The
approximation relies on the fact that electrons move on a much shorter time scale than nuclei,
because of the considerable difference in mass.! As the nuclei positions change, the electrons
have ample time to sample the space available to them and find the energy minimum,
preventing nuclear motion from causing electronic excitations.” This makes it considerably
easier to describe the potential energy landscape of polyatomic systems: each electronic level
has its own distinct potential surface, with the nuclear coordinates as the only variables. A
system that behaves this way is described as adiabatic.

This situation does not always hold. Along a given reaction coordinate, two potential energy
surfaces, corresponding to two different electronic states A and B, may cross, as shown in figure
1. At the crossing point, an electronic transition requires no change in energy. The
superposition of both states A and B implies a non-zero probability that the transition will
occur.

Let us assume we start in the lower energy state A at an infinite distance, and decrease the
reaction coordinate. At short distances, state B is lower in energy. In the adiabatic situation, the
motion along the reaction coordinate is slow enough that the system will transition to B, the
lower energy state, when it reaches the crossing point: crossing is “avoided”, and the Born-
Oppenheimer approximation holds. This is no longer true if the nuclei move too fast for the
electrons to respond. Landau, Zener, Stlickelberg and Majorana all independently derived the
expression for the probability p;, of transitioning at the cross-over region in the case of the
one-dimensional system:*>”’

AV 2

hv|s, — sgl

Pz = exp(— )

where v is the velocity along the reaction coordinate at the crossing point, s, and sg are the
slopes of the potential energy curves for A and B at the crossing point, and V,z is half the
difference in energy between the two curves at the crossing point. In the adiabatic
approximation, v approaches 0, and the transition probability approaches 1.

The transition may also occur with some delay, after the system has gone beyond the cross-
over region (see figure 1). The system would then be in an excited electronic state, and if
relaxation were to occur, an amount of energy AE would have to be dissipated.



Reaction coordinate

Figure 1 — One-dimensional potential energy curves for a system that can exist in two electronic
states A and B. If the system starts in state A and moves toward the left, the system approaches
a crossing point, where the system has some probability of existing in either state A or B. In the
Born-Oppenheimer case, the motion along the nuclear coordinates is slow enough that the
electron has enough time to transition to state B (dashed line), which is the lower energy state
past the crossing point; crossing is “avoided”. In a non-adiabatic situation, nuclear motion is fast
enough that the system is still in state A past the crossing point, and no longer in the electronic
ground state. If relaxation occurs then, an amount of energy AE is released by the system.

If Ais a solid surface and B a molecule imping on it, creation of an electron-hole pair within
the solid is one possible channel for dissipating this excess energy. A non-adiabatic process is
especially likely for an atom or molecule reacting with a solid surface. The energy levels of the
solid form a continuous band, as shown in Figure 2, which implies a continuum of crossing
points. In the region where the energy of the impinging molecule overlaps with one of these
bands, the V,5 term in Pz approaches zero, and the probability of transition approaches 1.

2. Experimental evidence of non-adiabatic phenomena

The energy dissipation after the reaction event can be used to show that a non-adiabatic
mechanism has taken place. Kasemo observed photon emission upon adsorption of O, on Al
and Mg, with a probability on the order of 107 and an intensity proportional to the rate of
adsorption.® Bottcher et al. showed that oxidation of Cs by O, led to the ejection of an electron
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Figure 2 — One dimensional potential energy curve for a molecule approaching a metal surface.
Physisorption and chemisorption imply the existence of an energy minimum close to the surface.
As the energy of the adsorbing molecule’s lowest unoccupied orbital drops below the Fermi level
of the metal, an electron transfer may occur, along with the release of energy AE, which may
lead to the excitation of another electron within the metal.

from the surface by an Auger process.’ Cesium lends itself particularly well to demonstrating
this effect, since its low work function allows electron with even modest excitation energies to
be ejected.

Showing that nuclear motion couples to electronic excitation is more difficult if the
excitation is too small to cause emission. Relaxation of these hot electrons happens on the
femtosecond to picosecond timescale, and their mean free path is on the order of 10 nm.*° This
implies two detection strategies: the first is to obtain sufficient time resolution to observe these
excitations. The second consists of instead reducing the size of the setup to below the mean
free path.

2.1. High Time-Resolution Experiments

Morin et al. measured the vibrational lifetime of CO molecules adsorbed on a Cu(100)
surface and found it to be 2.0 + 1.0 ps, in agreement with theory.***? For CO on NaCl(100),
Chang et al. had found a lifetime of 4.3 ms, over 9 orders of magnitude greater.'® The lifetime is
comparably long for a CO molecule in the gas phase.* This enormous difference is explained by
the possibility on Cu for the vibrational motion of the CO molecule to couple to electronic



excitations. In the gas phase, or on an insulating surface like NaCl with a large bandgap, there
are no states for CO to couple with, and the CO molecule is left to stretch and compress on
average 10° times before finally relaxing.

Electronic coupling of surface electrons to adsorbate vibrations holds great promise for
catalysis, since it offers a key parameter to tune in the rational design of catalysts. This is made
clear by Bonn et al, in a study of CO oxidation on Ru(0001).**

If CO and O are co-adsorbed on a Ru(0001) single crystal and the crystal is heated, CO and O
desorb before any CO, is produced. Instead of conventional heating, the authors used an
infrared femtosecond laser to increase the surface temperature. Two pulses were fired at the
surface, separated by a variable delay on the picosecond scale. The laser pulses initially raise
the electronic temperature, up to several thousand Kelvins, since the heat capacity of electrons
is quite low, while the lattice temperature remains almost unaffected. The electrons eventually
equilibrate with the phonons in the lattice, with a characteristic time of 300 fs, and after several
picoseconds, the surface is at thermal equilibrium. Figure 3 shows the electronic and lattice
temperatures, calculated based on a previously published model.*>*®
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Figure 3 — A. Calculated electron and phonon temperatures (dashed lines) of Rh metal after
excitation by a femtosecond laser pulse, along with calculated reaction rates for CO oxidation
and CO desorption. B. Schematic mechanism for desorption of CO, and CO. The activation
energy for desorption is much lower than for oxygen activation for CO oxidation, and no CO; is
formed from heating. The laser pulse makes it possible to activate the oxygen while the lattice
temperature is low enough to prevent CO desorption, and CO, is formed. Reproduced from **

A single laser pulse produces no CO,. Two laser pulses separated by more than 10 ps are
also unable to lead to turnover, since in that time the lattice has equilibrated with the electrons
(see Figure 3). But if the second laser pulse occurs before this equilibration takes place, CO, is
observed desorbing from the surface. With a short delay, the surface electrons reach a
temperature high enough that a previously inaccessible, non-thermal reaction pathway is
opened.

DFT calculations show an anti-bonding orbital for O adsorbed on Ru, 1.7 eV above the Fermi
level. The electronic heating caused by the laser pulse creates a population of electrons at that

10



energy in the metal surface, which may populate the anti-bonding orbital, activating the O
atom for reaction with CO.

2.2. The nanodiode

A non-adiabatic event on a surface produces an electron that is out of thermal equilibrium
with the other metal electrons. If this hot electron has an energy greater than the work
function of the metal, it can be ejected into the vacuum and detected. At lower energies, the
electron stays confined within the metal, and quickly thermalizes. A hot electron detector must
therefore be able to do two things: its size must be small enough that hot electrons are
collected before they thermalize; and it must be able to distinguish high energy electrons
excited by the non-adiabatic event from other electrons in the crystal.

A thin film Schottky diode fulfills these requirements. A Schottky diode is a type of metal-
semiconductor contact. When two different solids are brought into contact, electrons in the
higher chemical potential solid tend to flow into the solid with the lower chemical potential,
until the potentials equilibrate. A negative charge forms where the electrons have migrated,
and a positive charge forms where the nuclei were left behind.

This gives rise to an electric field in the semiconductor that can be represented by a bending
of the energy bands. If electrons are the majority carrier in the semiconductor (an n-type
semiconductor), and if the metal’s chemical potential was higher than that of the metal, the
bands bend downward, leaving no barrier to electron flow. This is referred to as an Ohmic
contact, since current through this interface is proportional to voltage as shown in Figure 4.

E '

Conduction

Fermi

Figure 4 — Energy diagram and I-V curve of an Ohmic contact

If the semiconductor’s chemical potential was higher, the bands now bend upwards,
forming at the interface a barrier to electron flow from the metal to the semiconductor,
referred to as a Schottky barrier, ¢g. The barrier height, as well as other properties of the diode,
can be obtained by measuring its current through the diode as a function of voltage. The
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resulting graph is known as the I-V curve, shown in figure 5 for a Schottky diode. A diode that
acts as a Schottky contact for electrons is Ohmic for holes, and vice versa.

E

Conduction

Fermi

E

Valence

Figure 5 — Energy diagram and I-V curve of a Schottky contact

A non-adiabatic reaction event on a metal surface may generate hot electrons in the metal.
If the electron’s mean free path is greater than the thickness of the metal film, the electron
may reach the Schottky barrier and transfer to the semiconductor, if it has a high enough
energy. Finally, if the metal and semiconductor are connected into a closed circuit, this flow of
electrons can be collected as a current.

Nienhaus et al. were the first to successfully measure such a current on a nanodiode.'” Their
devices consisted of Ag and Cu thin films deposited onto n- and p-doped Si wafers, with ohmic
contacts on both sides of the wafer. When these diodes were exposed to a beam of H atoms, a
current on the order of 0.01-1 nA was observed. This chemicurrent decayed exponentially to a
steady-state value, in agreement with the kinetics of impinging particles competing for surface
sites. Chemicurrent also showed an exponential decrease with film thickness, as predicted for
hot charge carriers thermalizing in a solid. The chemicurrent yield, which is defined as the
number of hot electrons collected for each adsorption event, was compared for atomic
deuterium and hydrogen adsorption on Ag/n-Si. Deuterium produced 6 times less current than
hydrogen, in agreement with a first-principles model of chemicurrent from hydrogen and
deuterium on Cu.™®

The same scheme was used for different types of diode and adsorbates: H on Ag/n-Si and
Fe/n-Si, O, on Ag/n—Si,19 NO and O, on Ag/n—Si,20 or Mg on Mg/p-Si. 1 The chemicurrent yields
vary from 10° to 5x1073, depending on the diode and the adsorbate. The yield was found to
closely correlate with the adsorption energy of many different species on Ag/n-Si, as did the
chemicurrent kinetics.?
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2.3. The catalytic nanodiode

In the previous experiments, chemicurrent was generated solely from adsorption events.
However, nothing prevents any reaction occurring on a surface from behaving non-adiabatically
and generating hot charge carriers. This includes desorption, as well as any step of a catalytic
reaction that involves the motion of adsorbate nuclei and releases an amount of energy greater
than the Schottky barrier used, if hot charge carriers are to be collected.

In an adsorption experiment, atoms or molecules impinge on the surface, adsorb or not,
and desorb once the energy available from the thermal bath is high enough. Since the species
desorbing is the same as the one that adsorbed, there is no net change in energy, and therefore
no driving force to the process. This limits the amount of generated chemicurrent.

If instead the surface is the stage for an exothermic catalytic reaction, preferably that
produces a species that quickly desorbs, the exothermicity will drive the reaction forward if the
temperature is high enough for the molecules to overcome the activation barriers of the
reaction. This would produce larger currents through the device.

This was done in our group for two reactions, CO oxidation and H, oxidation. For CO
oxidation, Pt/TiO,, Pd/TiO, and Pt/GaN diodes were used.”>* The device architectures are
shown in figure 6, along with the detection scheme for the Pt/TiO, diode. The H, oxidation
experiment is described in Chapter 3.2

(a) Schottky
Titanium | Electrode |,
Ohmic oxide ¥ / Silicon
Electrode / nitride

Silicon oxide ballistic

Silicon

(b)

Ohmic
Ele;trode

Oxide Schottky

i Al /Ti
barr!er y Electrode miatal

catalyst n-type Ey
(< 10nm) TiO,

™

Gallium nitride

Figure 6 — (a) and (b) Schematic cross sections of a Pt/TiO2 diode and a Pt/GaN diode,
respectively. (c) Detection scheme for a hot electron collecting nanodiode. Reproduced from %>
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The principle of the experiment is the same as for the experiments described in the
previous section, but the currents measured are considerably greater, on the order of 10-100
nA. This is not due to higher efficiency: the number of hot electrons collected per reaction
event varies from 10™ to 10 on the catalytic nanodiodes, values comparable to those found by
Nienhaus. This comes as no surprise, since the mechanism for generating chemicurrent is
essentially the same. The increase in current is instead due to the higher turnover, which itself
is the result of the higher temperature and the exothermic nature of the reaction.

3. Future possibilities

Catalytic nanodiodes can be thought of as a novel type of fuel cell, converting chemical
energy into electricity. Without a dramatic enhancement in yield, however, their use as such
remains limited. Their excellent sensitivity to chemistry suggests their use as sensors.
Semiconductor electronic devices have long been used as gas detectors. In a typical
configuration, a semiconductor is exposed to a gas. As gas molecules adsorb onto the
semiconductor, a change in its conductivity occurs, which can be transduced into a measure of
gas concentration in the air.”’

A nanodiode could be made to work in a similar fashion, but is sensitive to turnover events
in addition to gas concentration. A well-designed, stable nanodiode, calibrated for a particular
reaction, would allow us to quantify the turnover reaction with a much higher time resolution
than a gas chromatograph, for example.

The other, more exciting possibility is to operate in the opposite configuration. A bias
applied to the diode results in either a charge flow to the surface or the presence of an electric
field at the interface, which may influence the reactivity. The study by Bonn et al, discussed in
section 2.1., of hot electron induced CO oxidation on Ru(0001), suggests as much.

Another study, by Maksymovych et al. leads to the same conclusions.”® The authors
prepared a surface of dimethyldisulfide (CH3SSCHs) molecules adsorbed on Au(111) and
Au(100). Injecting hot electrons into the gold surface using the tip of a scanning tunneling
microscope caused neighboring CH3SSCH3; molecules to split their S-S bond, and form a new one
with their nearest neighbor. This led to conformation changes along chains up to 15 molecules
in length.

Rather than induce charge flow to the surface, Mikheeva studied the effect of electric fields
on reactivity.”’ The author designed reactors where the catalyst is placed in between
macroscopic electrodes. Very high voltages, on the order of 10® V.m™ were applied, but with
only small effects on surface chemistry. The use of large scale electrodes limits the magnitude
of the field felt by molecules. Even at 10® V.m™, the voltage change over 1 nmis only 0.1 V.

While these experimental schemes are much too elaborate to have practical applications,
they show that surface chemistry can be controlled to some extent by changing the electronic
environment of adsorbates, and there are examples of this with nano-scaled electronic devices.
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Wolf et al measured the vibrational frequency of CO adsorbed on a Pt/TiO, nanodiode using
FTIR. They showed that when applying a bias to the diode, the vibrational frequency of the CO
bond varies, in one direction or the other depending on the direction of bias. The change is
reversible, and varies depending on where the adsorbates are located relative to the metal
oxide interface. This is evidence that charge transfer occurs between a catalyst and its
adsorbate, and that this charge transfer can be controlled to affect chemistry by changing bond
strength.

Zhang et al. fabricated a field effect transistor with a SnO, nanowire acting as the gate
oxide.®® By varying the gate bias, the conductivity of the nanowire changes along with its
electron density. The conductivity of the nanowire is also affected by adsorption of gas onto its
surface, and measurements made while exposing the nanowire to different gas conditions
seem to indicate that the rates of adsorption, desorption and CO oxidation could be changed by
varying the gate bias.

The active area of a device built around a single nanowire is much too small to measure
turnover rates. A nanodiode is two- rather than one-dimensional, and allows us to externally
control turnover frequency using bias, as shown in Chapters 5 and 6.
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Chapter 3

Hydrogen Oxidation-Driven Hot Electron Flow Detected by
Catalytic Nanodiodes

Hydrogen oxidation on platinum is shown to be a surface catalytic chemical reaction that
generates a steady state flux of hot (> 1 eV above the Fermi level) conduction electrons. These
hot electrons are detected as a steady-state chemicurrent across Pt/TiO, Schottky diodes
whose Pt su