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Abstract

Steam reforming is one of the most important industrial chemical processes. However,
it is usually performed in large-scale reactors and has high energy demand. Catalytic partial
oxidation of methane, on the other hand, can be carried out in compact and low capital-
cost reactors to produce syngas. Rh is generally considered the best metal catalyst for

partial oxidation.

Effusive molecular beam experiments were used to measure CHs and C:Hs
dissociative sticking coefficients, S(Ty, Ts ;3) on a Rh(111) crystal, for which the
impinging gas temperature, Tg, and surface temperature, Ts, could be independently varied,
along with the angle of incidence, 3, of the impinging gas. The 500 — 900 K temperature
range explored is relevant to heterogeneous catalytic processes such as methane partial
oxidation. A dynamically biased precursor mediated microcanonical trapping (PMMT)
model of dissociative chemisorption was used to analyze the experimental results.
Modelling indicates that unlike on the Pt (111) surface where (111) terrace site reactivity
dominates, methane reactivity on Rh (111) indicates that Rh step sites are not easily
poisoned by C accumulation and can contribute substantially to the overall methane
reactivity, especially at lower temperatures. Threshold energies for dissociative
chemisorption on the terraces and steps sites were optimally modeled as 74.3 kJ/mol and
36.7 kJ/mol. Translations parallel to the surface and rotations were treated as spectator
degrees of freedoms. The efficacy of vibrational energy to promote reactivity relative to
normal translational energy was 1nv=0.55 and one surface oscillator participated in energy

exchange within the collisionally formed precursor complexes. A two-channel Arrhenius



model restricted to only the thermal dissociative sticking coefficient measured along the
direction of surface normal, Sy(T=T=Ts), yielded apparent activation energies of 70.6 and
25.5 kJ/mol which could be attributed to terrace and step sites, respectively. Such
multidimensional reactivity studies allow for relatively facile designation of the terrace and
step activity which allows us to reconcile single crystal and Rh foil reactivity studies.
PMMT modeling of the step site reactivity on Rh(111) could be extrapolated to replicate
the thermal dissociative sticking coefficient of the “defect dominated” Rh film surfaces
measured by Ehrlich at temperatures in the 250 -350 K range where much of the elevated
kinetic isotope effect (9 to 15) could be attributed to quantum mechanical tunneling through

the reactive barrier.

In ethane dosing experiments, it is discovered that carbon migration happens at a
significant rate at 900 K and carbon segregation in each direct would interfere with sticking
coefficient measurements. C2 species might favor the formation of polymeric C or
graphene on the surface which was not observed for methane, which may further

complicate carbon behavior on Rh(111) surface.
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1 Introduction

1.1 Purpose

For a chemical reaction to happen, the reactants need a minimum energy to overcome
an energy barrier. The presence of catalyst, in most cases, can reduce this energy barrier
hence increasing the rate of chemical reactions. Catalytic process is ubiquitous in chemical
industry. Today, over 90% of all industrial chemicals are produced with the aid of
catalysts.! Catalysis can be classified into three categories: heterogeneous catalysis,
homogeneous catalysis, and enzyme catalysis. In homogeneous catalysis, reactants,
products, and catalysts are all in the same phase whereas in heterogeneous catalysis, the
catalysts (usually in solid phase) and reagents (usually in gas or liquid phase) are in the
different phases. The chemical industry has often favored heterogeneous catalysis, because
in homogeneous reactions, product separation and catalyst retention are more difficult and

expensive.

The majority of industrial processes occur over transition metal catalysts at high
temperature and pressure. Although the catalysts, reaction conditions, and products were
well studied for these processes, the detailed mechanism of individual catalytic steps is
complicated by high pressure and the different sites on the catalysts. Take for example the
industrial process of producing hydrogen, steam reforming of methane, the rate-
determining step is believed to be the activated dissociative chemisorption of methane. In
this lab, we study gas-surface reaction in ultrahigh vacuum on single crystal surfaces where
the gas molecules are well characterized, and active site presents is well controlled in the

hope to develop a predictive understanding of gas-surface reactions.



Heterogeneous catalysis plays a direct or indirect role in our lives daily, from
fertilizers to plastics to medicines. For example, about half of the population were fed by
the ammonia produced by Haber-Bosch process.” Some of the processes are in incredibly

large scale and consumes significant amount of energy.

Reaction Catalytic system
Ammonia synthesis from N, and Hy** Fe, Ru

Ammonia oxidation to NO and HNO; Pt-Rh

Reduction of NOy in exhaust Rh, vanadium oxide
Catalytic cracking of crude oil Zeolites

Oxidation of CO and hydrocarbons in car exhaust Pt, Pd

Methanation Ni

Steam reforming of methane to syngas Ni

Vinyl chloride (ethylene + Cl,) Cu (as chloride)
Reforming of naphtha to gasoline Pt, Pt-Re, Pt-Ir
Acrylonitrile from propylene and ammonia Bi-Mo, Fe-Sb (Oxides)

Table 1-1° Some common large-scale industrial processes involving heterogeneous catalysis

Take ammonia synthesis as an example, approximately 120 million tons of ammonia
are synthesized annually using the Haber-Bosch process, consuming 29 gigajoules of
energy per ton of ammonia synthesized.® While nitrogen can be obtained by separation of
air, the other ingredients for the reaction, hydrogen, has to be synthesized by other means.

Approximately half of the global hydrogen production (20 Mt) is from steam reforming of



natural gas.” This is yet another energy-heavy process, consuming 12.6 GJ per ton
hydrogen produced. Steam reforming also produces CO, along with H, to make synthesis
gas, which can subsequently be turned into large hydrocarbons such as synthetic fuels, and
olefins via the Fischer-Tropsch process. Other common product from natural gas includes
fabrics, glass, steel, and plastics. Overall, converting natural gas to other products accounts
for 2% of the total global energy consumption. All of these processes depend in part on the
interaction of small alkanes with transition metal surfaces, and the rate determining step is
the first C-H bond cleavage at the surface to form alkyl and hydrogen on the surface. Hence,
revelation of reaction kinetics and dynamics may offer an important additional control
element in the design and optimization of future green catalysts and catalytic pathways.
One of the most promising ways of improving energy efficiency in natural gas processing
is by partial oxidation of alkanes (C,H;p42 + 0, — CO + H,). Schmidt showed that
partial oxidation is possible on platinum and rhodium surfaces in metal coated ceramic
monoliths at reaction times as short as 10~ seconds.®® However, there was no single crystal
study of CH4/Rh(111) dissociative chemisorption in the literature. In this lab, using
effusive beam technique, we were able to measure the sticking coefficient of light alkanes,

providing an in-depth view of alkane activation mechanism on Rh(111) surface.
1.2 Rhodium Catalysts

Rhodium is one of the precious metals in the platinum group. It is the rarest naturally
occurring stable element in earth’s crust'®!'? (some sources list Re as rarest with Rh being
the second) and often the most expensive one (in 2022, $442k per kg'®, in comparison,
gold is $62k per kg'%). It is an exceptional catalyst for car exhaust removal and partial

oxidation of alkanes.



In 1991, 87% of the world Rh production went to three-way-catalytic (TWC)
converters in cars'>; the number remained high in 2018, at 85%!6. The advantages of three-
way-catalytic converters is that they convert three of the pollutants in car exhaust, namely
NOx, CO, and hydrocarbons, into CO», H>0, and N»; whereas the old “two-way” catalytic
converters only convert CO and hydrocarbons into CO> and H>O. Since its widespread
application in 1979, Rh has been the most important component of TWCs for numerous
reasons. It is discovered that Rh has high activity and selectivity for NO reduction to N>
and high stability in harsh environments. The uniquely high selectivity that’s different from
other noble metals may be from the ability to promote N-pairing in adsorbed NO molecules
before the N-O bond is broken. Rh catalysts need to work in an operational “window” to
convert combustion mixture stoichiometrically to benign exhaust (figure 1-1). Within the
narrow range around the stoichiometric air/fuel mixture, it is possible to simultaneously
react more than 90% of all three pollutants. If there’s excess oxygen, the system behaves

as a typical oxidation catalyst, removing all the reducing species while keeping the NO.'*
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Figure 1-1"° Operational "window" of Rh-containing TWC

Attempts to find a replacement for Rh in TWCs aiming to reduce the cost and improve
performance. The metallic active component most mentioned to replace Rh in TWCs is Pd.
Although Pd deactivates by Pb in the gasoline easily, gasoline nowadays in the US market
is essentially Pb-free. There are also attempts using Pd and rare earth metal oxides to
overcome the deficiencies of Rh catalysts (narrow operating window). Another metal that
exhibits similar behavior to that of Rh is molybdenum. With a large excess of molybdenum,
15-20 wt%, covering the entire surface of alumina support, TWC-like behavior can be
achieved. However, because that sulfur oxides in exhaust are strong poisons for
molybdenum, and that molybdenum and tungsten oxyhydroxides creates extra emissions,

Mo catalysts are not practical in use."



Other than being an important composition in catalytic converters, Rh is also a great

catalyst for partial oxidation (CPO) of alkanes.
1
CH, + 502 - CO+ 2H, AH = —-36 kJ/mol

Compared to traditional way, steam reforming, of making syngas:
CH, +H,0 —» CO+ 3H, AH =206 kJ/mol

CPO has several advantages: first, it is exothermic, so no external energy is needed once
the reaction is initiated; second, it doesn’t require large-scale plants, can be carried out at
short contact times (107 to 10" s) in small autothermal reactor configurations; third, it has
high selectivity (>90%) towards H> and CO. Supported Rh and Pt metal catalysts can

achieve optimal performance without carbon formation.!”

Industrial acetic acid production, Monsanto process, also utilizes Rh as the catalyst.
Methanol and carbon monoxide are used, through methanol carbonylation, to produce
acetic acid.

catalyst
CH;0H + CO —— CH;COOH

However, this process is a homogeneous process with Rh coordination compound as

catalyst.

Ostwald process is another heterogeneous process that uses Rh. Nitric oxide is

produced by oxidation of ammonia and is subsequently oxidized to make nitric acid.
4NH; + 0, — 4NO + 6H,0

2NO + 0, — 2NO,



3NO, + H,O0 — 2HNO; + NO
1.3 Dissociative Sticking Coefficient Studies

When a molecule hits a surface, it either bounces away or adsorb onto the surface.
The adsorption has two forms: physisorption and chemisorption. In chemisorption, a
molecule could either form chemical bond as a whole with the surface (such as CO
chemisorbs on transition metals) or it could dissociatively adsorb, forming two or more
fragments bonding to the surface. The ratio of the number of molecules that adsorb to a
surface to the total number of molecules that impinge the surface is called the sticking
coefficient; for the case of dissociative adsorption, the ratio is called the dissociative
sticking coefficient (DSC). There have been several techniques developed to measure

DSCs.
1.3.1 Thermal Bulb

The thermal bulb technique is by far the simplest technique to measure DSCs. In
thermal bulb experiments, gas is introduced into a vacuum chamber as ambient gas. When
the surface temperature is different than the chamber temperature, the ambient pressure
needs to be sufficiently high (> 3 torr) for the mean free path of the molecules to be short
enough so that the gas molecules above the crystal surface can reach thermal equilibrium
with the crystal. After a period of time, the chamber is evacuated and the absorbed species
is measured. Because the pressure is high, the impinging flux is so high that only low DSCs
(<10®) can be measured, otherwise the dosing time would be impractically short. To
circumvent this, experiments can be done with massive pumping speed in order to maintain

a short dosing time. Generally, the reactant gas was admitted into the chamber while the



crystal is cold, then the crystal is heated to the desired temperature rapidly. Once the desired

dosing time is reached, valves are open to allow gas to be removed promptly.

Even with massive pumping speed and short dosing time, the > 3 torr high pressure
requirement still limits the accuracy of the DSCs measured. An alternative way is to dilute
the reactive gas with inert reagent such as argon or nitrogen. The high pressure in the
chamber makes it possible for gas reaching equilibrium with the heated surface, the low
partial pressure of the reactive gas ensured that dosing time does not need to be

unpractically short.

However, reaching thermal equilibrium between the gas and the heated surface is
difficult and unreliable even with the two methods mentioned above. A few methods were
thus developed to prepare the gas in a valved section whose temperature can be controlled
before admitting into the main chamber to react with the surface.!82* The valved section
was either heated or cooled to the desired temperature then the gas was admitted into the
valved section and allowed to thermalize. Once the gas is fully thermalized with the valved
section, the valve is opened and allows gas to react with the substrate. The substrate and
the main chamber could also be heated or cooled to the same temperature as the valved
section to allow for measurements at equilibrium conditions. Because the whole chamber
needs to be heated or cooled, the temperature can only be within a range near room
temperature (-40 to 80 °C). High temperature experiments common in molecular beam
experiments (above 500 K) are not possible. However, this bulb technique does allow for
equilibrium measurements below room temperature, which is difficult for modern
molecular beam experiments to achieve. Using this method, Brass and Ehrlich measured

the methane dissociative sticking coefficient on an evaporated Rh thin film on Pyrex glass



vessel.!® 202! The sticking coefficients were found to be in the range of 10 — 10 in the
temperature range 80 to -40 °C. The activation energy was determined for CH4 and all its

deuterated forms, with CH4 being 20.9 kJ/mol and CD4 being 26.0 kJ/mol.
1.3.2  Supersonic Beam

Thermal bulb experiments, limited by their own design, can only provide so much
information on kinetics. Supersonic beams are directional, and provide great control over
the flux and energy distribution of the reactants. Basic non-equilibrium kinetics data,
including activation energies and preexponential factors can be measured by supersonic
beam experiments as a function of surface coverage, surface temperature, and beam energy
and direction. 22 However, connecting such non-equilibrium kinetics information to
transition state properties and thermal equilibrium rate constants can be difficult.
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Figure 1-2 Schematic representation of a typical supersonic molecular beam instrument.”’**

In a typical supersonic beam setup, high pressure gas exits through a small hole in a
heated nozzle into high vacuum, differentially pumped regions separated by skimmers and
small orifices, before reaching the UHV chamber where gas-surface reaction occurs. This
results in a highly collimated beam of molecules. Because of the substantial pressure

difference between the nozzle and the source high vacuum region, the gas undergoes a



supersonic expansion. Collisional buffeting during supersonic expansion cools the relative
translational motion amongst molecules in the beam. Translational to rotational energy
transfer is highly efficient, thus the supersonic expansion also cools the beam molecules
rotation temperature. On the other hand, translational to vibrational energy transfer is far
less efficient, particularly for small molecules with high frequency modes. Because of this,
vibrations are not cooled in a supersonic expansion for small molecules such as methane,
but for bigger alkanes, vibrational cooling can be significant. The translational energy of
molecules in a supersonic beam can be described as relatively narrow and can be tuned by
varying the nozzle temperature or by “seeding” the molecules of interest in inert carrier
gases of different mass (e.g., 1% alkane in 99% He). In summary, the supersonic molecular
beam is a well-collimated beam with a narrow translational energy distribution whose
translational temperature relative to the mean stream velocity of the beam molecules is

close to 10 K.

The most common method to study adsorption is the King and Wells method. It is
widely used to measure the sticking coefficient of species. Supersonic beams allow for
studies of sticking coefficients dependence on kinetic energy and on the angle of incidence
of the incoming molecules; it also makes possible the studies of molecular quantum state,
such as electronic, vibrational, and rotational state of the molecules. In King and Wells
method, the partial pressure of the desired gas species is monitored as a function of time
by a quadrupole mass spectrometer (QMS). There are two shutters intercepting the beam,
shutter 1 in the differential pumping stage, and shutter 2 just in front of the sample. When
the beam is turned on and shutter 1 is close, QMS measures a background pressure Py of

the studied species in the main chamber. When shutter 1 is turned down, the beam enters

10



the main chamber causing an increase in the partial pressure measured by the QMS. When
both the beam flux and the overall pumping speed are constant, the main chamber should
maintain a constant pressure P;. Shutter 2 intercepts the beam and prevents it from striking
the surface of the sample and it needs to be inert. When shutter 2 is removed from the beam
path, the beam strikes the sample surface and if adsorption happens, a drop in pressure 4P

can be measured. The relative decrease of the QMS signal is the absolute sticking

AP

coefficient: S = . The sensitivity of the methods is determined by the QMS signal to

1—Po
noise ratio and by the stability in time and intensity of the beam. Due to the limit of this,

only relatively high DSCs (>107?) can be measured with King and Wells method.

Figure 1-3 QMS signals for King and Wells method.”’ Down arrows indicate the removal of

shutter 2.

Supersonic beams provide a high-density and collision-free source of incident
reactant molecules with a well-defined and narrow range of velocities.**** Coupled with
lasers, incident reactant molecules can be state-specifically prepared and the molecules

scattered from the surface can be state resolved detected. By exciting different vibrational

11



modes then measuring the change in DSCs, it is possible to understand how vibration
affects reactivity. By comparing the difference in DSCs made by different translational and
vibrational energies, the efficacy of vibrational energy in promoting the reaction with

respect to translational energy along the surface normal could be determined.

It is worth noting that in supersonic beam studies, nonthermal high-energy molecules
only represent a small fraction of the gas molecules in typical catalytic mixtures (high-
energy tail of the Boltzmann distribution). Because of this, the results may not adequately

reflect the chemistry observed in other more typical environments.
1.3.3  Effusive Beam

Because of the complications involved with supersonic beams, effusive beams may
be used for kinetic studies to more closely simulate the conditions of typical reaction
conditions in catalysis, film deposition, and other practical applications.?> Different from
supersonic beam setup that involves multiple pumping stages, effusive beam has a
relatively simple setup. It essentially consists of a tube that’s capable of being heated to
desired temperatures with an orifice that emits gas. The diameter of the tube needs to be
smaller than the mean free path of the gas feeding into it in order to maintain a molecular
flow, considering the low pressure (0.2 torr max) in the gas line, this is easy to achieve.
Because gases are in molecular flow, there is no collision amongst the gas stream, hence
no supersonic cooling effect. This allows each degree of freedom to be thermalized to the
nozzle temperature, Tg = Trans = Tvib = Trot = Thozzle, resulting in a well-characterized beam.
King and Wells method can also be used in effusive beam experiments to measure
dissociative sticking coefficients, but typically only for DSCs greater than ~0.01.>> An

alternative approach, used by this lab, which measures the species left on the surface and

12



dosage on the surface from pumping speed, pressure, and the geometry of the chamber can

be used to determine DSCs as small as 107,

When the wall of the orifice is infinitely thin, the effusive beam emitted will have a
cosine angular flux distribution. The cosine flux angular distribution in the three-
dimensional space projects onto a two-dimensional plane, resulting in a cos*$ distribution
of flux across the surface. In this case, the translational energy along the surface normal,
E, = E,cos?¥, has a cos’9 dependence whereas the vibrational and rotational energies
remain the same. This allows for the studies of angle-resolved DSCs. This can only be
realized by measuring the species left on the surface at different locations (corresponding

to different $), which is not possible with King and Wells method.

In effusive beam studies, similar to supersonic beam, the sticking coefficient
measured when the gas molecules strike the surface directly from the doser is called direct
sticking coefficient, S(T,, Ts, 9); the special case, direct sticking coefficient along the
surface normal Sy(T, Ts), is when the gas molecules strike the surface along the surface
normal. The temperature of the doser and the crystal can be controlled independently, either
equilibrium, S(T¢=Ts) or non-equilibrium, S(Tg#Ts), DSCs can be determined. When the
gas molecules that strike the surface are not directly from the doser, such as the scattered
gas that has hit the chamber wall and thermalized to the chamber temperature, a
background sticking coefficient, Spke(Tc, Ts), can be determined. Since the molecules that
hit the surface come from different angles, background sticking coefficient is not angle
dependent. Because the chamber cannot be heated to a desired temperature precisely,
background sticking coefficient measurement is limited to when the gas temperature is the

chamber temperature, typically 297K. The thermal equilibrium DSC is available by

13



integrating the angle-resolved S(T, 9) measurements over the cosine angular distribution
of the incoming flux under thermal equilibrium conditions,

cos

S(T) = [S(T,9)=2dn

This kind of direct connection to the reactivity relevant to high pressure thermal catalysis
is missing for non-equilibrium and vibrationally ambiguous supersonic beam

experiments.
1.4 Outlook

Reaction energetics have always been a focus of catalyst design. However, we have
shown that dynamical biases in gas-surface reactivity can alter the reactivity by orders of
magnitude as compared to statistical expectations. The effects of dynamics for H> on
Cu(111)*® and for CHs on Pt(111)*’ are equivalent to changes in activation barriers by 27
kJ/mol and 13 kJ/mol at 700K, respectively. This indicates that dynamics, as well as
reaction energetics, should be crucial considerations in the design of catalysts and catalytic
processes. Surprisingly, there is little experimental information about the underlying
dynamics of reactions at surfaces that can modulate overall reaction rates. Modern
electronic structure theory methods can provide information in both the shape (early/late
position) of the transition state and the energetics of the transition state of a gas-surface
reaction. However, the shape of the TS is not typically used as a control parameter in the
search for new catalysts. We believe that improving understanding of the dynamics of gas-
surface reactions could be transformative in catalyst design by providing new “dynamical”
reaction rate control parameters based on transition state features other than the barrier

energy alone. A long-term goal of this lab is to establish more robust connection between

14



experimental dynamics, transition state properties, and quantitative models of gas-surface
reactivity. Ultimately, this would enable catalyst improvements through in silico screening
of potential catalysts by purposefully optimizing their calculated transition state features

separately, identified as controlling energetics and dynamics.

Furthermore, experimental results on single crystal surface provide useful models,
benchmarks, and ideas for catalysis and electronic structure theory communities.
Improving understanding of heterogeneous catalysis is challenging because of limited
reliable experimental or theoretical information about reactivity at specific surface sites.
DFT calculations of transition state activation energies vary substantially with choice of
different functionals. Typical accuracies claimed are only 30 kJ/mol. Moreover, DFT
calculations are often done to model individual reactive steps at single crystal surfaces, but
experimental evaluation of such DFT calculations is usually done by comparison of DFT-
informed multi-step microkinetic models to an overall thermal rate constant observed on
nanocatalysts, rather than on the single crystals originally modeled. There have been
several DFT studies® 3*#! on CH4/Rh(111) yet no direct single crystal experiments. The
work done in this thesis on activated gas-surface reactions makes direct comparison
between theory and experiments possible for structurally well-defined reactions where the
reagents can be brought together with well-defined non-equilibrium or thermal states. The
experimentally extracted d-PMMT model transition state parameters can also be used to

find correlations between DFT-calculated transition state properties.

In this thesis, an effusive molecular beam technique was used to measure light alkane
dissociative sticking coefficients, S(Tg, Ts, 9), on a Rh(111) surface. The impinging gas

temperature Tg, the surface temperature Ts, and the impinging angle § were well defined
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and independently varied. Chapter 2 discusses the instrumental setup and experimental
detail. Chapter 3 discusses methane dissociation on Rh(111). The unusually high sticking
coefficient observed at low temperature (below 500K) led to the discovery of active step
sites that remain active even when the accumulated surface carbon coverage is much higher
than the surface step density. This revealed that even on Rh(111), a nominally perfect
single crystal surface, small amounts of imperfect defect sites play a significant role in
dictating the observed reactivity. The two different reactivity domains attributed to terrace
sites at high temperatures and step sites at low temperatures helped close discrepancies
between previous methane/Rh experimental and theoretical research. Chapter 4 discusses
ethane dissociation on Rh(111). The high activation energy at high temperature (above 700
K) led to the discovery of carbon migration on Rh. The migration seems to be complicated
by the carbon bulk concentration and surface species. Improved attention to the kinetics of
cleaning and annealing processes prior to experiments and extended monitoring of carbon

coverage may be needed to better understand the ethane/Rh(111) system.
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2 Experimental Methods

2.1 Instrumental Setup

An ultra-high vacuum (UHV) chamber (figure 2-1) equipped with Auger electron
spectroscopy (AES), mass spectrometry, residual gas analysis (RGA), and an effusive
molecular beam doser was used. A detailed description of the chamber is available
elsewhere!, and only a brief overview is provided here. A metal single crystal of normally
1 cm diameter and 2 mm thickness was attached to a mount located in the main chamber
that allowed for cooling to 100K and heating to 1400K (Figure 2-4). The manipulator
attached to the main chamber allows for movements of the crystal in x, y, z directions as
well as the rotation of the crystal to various analytical positions (eg. AES, TPD) (Figure 2-
2). Reagent gases are stored and prepared using a gas manifold separated by a series of
valves from the main chamber (Figure 2-4). A twice differentially pumped quadrupole
mass spectrometer chamber allows for quantitative, line of sight mass spectrometry
experiments such as temperature programmed desorption (TPD).

Electron Energy Analyzer

Window———————_

4-Axis Manipulator—— 1\’\

Window

Infrared Lamp———/ P&

Ion Gun

/ P

Titanium Sublimation Pump Filaments—————m=—

Figure 2-1 Schematic representation of the UHV chamber, adapted from Navin.’
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e
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(@
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Figure 2-2 Schematic representation of 4-axis manipulator. Adapted from Navin.’

The main UHV chamber maintains a base pressure of 1 x 107'? torr. The pressure
within the chamber is measured using a 370 Stabil-Ion Bayard-Alpert gauge from
Granville-Phillips. UHV conditions are achieved with a number of pumps: (i) a TMH-261
Pfeiffer turbo-molecular pump (TMP) with a nominal pumping speed of 210 L/s backed
by an Edwards B2M5 mechanical pump that serves as a roughing pump on the exhaust side
of the TMP; (ii) behind a gate valve, a double ended Physical Electronics ion pump with
210 L/s pumping speed with a Physical Electronics Boostivac titanium sublimation pump

(TSP) inserted in the far end of the ion-pump.

The gas composition of the UHV chamber is measured using a Stanford Research
System RGA 200 quadrupole mass spectrometer. The RGA 200 is also capable of

measuring a single mass with respect to time which is useful for helium leak detection.
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More quantitative mass spectrometry for temperature programmed desorption (TPD) is
realized by an Extrel quadrupole mass spectrometer located within a twice differentially

pumped region, pumped by dedicated ion pumps.

Gas reagents can be admitted into the main chamber by three different dosers: a
variable leak valve from Duniway Stockrooms that controls the reagent gas pressure
precisely within the chamber without changing the manifold pressure, an Accu-Low
nitrogen calibrated leak (Model. CLO-7-3P-N2-100M-4FVCR-4MVCR-SP450, leak rate
8.15x10* L/s at 22.5°C) from Vacuum Technology Incorporated for measuring the
pumping speed, and a heated effusive molecular beam doser which emits a cosine angular

distribution of molecules for direct gas dosing.
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2.1.1 Rhodium crystal

——Tantalum Rods

Copper Support Structures Crystal

Stainless Steel Screws, Black N
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_ Sapphire Electrical
—— Isolaters
Thermocouple Wire

Copper Resistive
Heating Lead

Main Copper Block

Main Copper Support Rod

Stainless Steel
Thermocouple Mount

Thermocouple Leads Alumina Sleeves

Copper Resistive Heating Lead

Figure 2-4 Schematic representation of crystal mount from the viewpoint of the manipulator.

Adatped from Navin.’

The rhodium crystal used for this thesis has an 8mm diameter x 1.5 mm thickness
with a surface cut to within 0.1° precision of the (111) surface. The crystal was obtained
from Surface Preparation Laboratory from the Netherland with an elemental purity of
99.995%. As shown in Figure 2-1, the crystal mount is attached to the manipulator and
cryostat cold finger by a large diameter copper rod at the base. Four rectangular copper
support structures at each corner of the mount, separated from the copper bulk by insulating
sapphire pieces, are secured in place with stainless steel screws and insulating Macor
washers. Two 1 mm diameter tantalum rods are positioned in grooves on a pair of these
copper supports and run parallel to the copper rod leading to the manipulator. The Rh
crystal is spot welded to these rods for support and resistive heating. Two copper rods
connect the support structures and the tantalum rods to the manipulator and allow a voltage
for resistive heating between the tantalum rods and the crystal. Thermocouple leads are

attached to a stainless steel structure at the base of the mount, which connects to
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feedthroughs on the manipulator. Alumina sleeves insulate the thermocouple leads from
the steel structure. The thermocouple wires extend up and are spot-welded together onto

the side of the Rh crystal.

The area density of Rh(111) surface is calculated based on the atomic radius of Rh (r

=1.35 x 101 m) and the structure of fcc pack (lattice constant a=3.8034 A%).

Figure 2-5 the 111 surface of an fcc crystal. The blue atoms are in the unit cell, which has a

diamond shaped face. The length of the diamond is the diameter of Rh atom, hence the area of the

cellis d X sin60 X d = 2r x+/3r = 6.31 x 1072°m?. Thus I m’ of Rh(111) surface have

1

310 = 1.58 X 10%° unit cells, as there’s 1.58 x 10° rhodium atoms per meter squared.

2.1.2  The distance between the doser and the crystal surface

The distance between the doser and the surface is needed in determining the flux ratio
of direct flux and background flux, which is important in calculating the direct sticking
coefficient; thus, it must be measured precisely. However, since the crystal surface normal
and doser centerline are collinear and in the horizontal plane, there’s only one orientation
the distance could be measured: from the turbomolecular pump side. To measure the

distance between the surface and the doser orifice, the turbomolecular pump needs to be
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dismounted while the manipulator of the crystal and the doser are in the experimental
dosing position. A Brunson model 82852 alignment telescope is used to measure the dosing
distance. First, the crystal is placed in front of the doser in a dosing position. Second, align
the cross in the telescope’s view window with the crystal’s surface, fix the telescope as a
reference point. Then the crystal is moved away to leave room for the doser. Lastly, move
the doser by rotating its manipulator until the center of the doser align with the reference
point in the telescope’s view window. The distance moved by the doser, read by the ruler
besides the bellow, is the distance between the doser and the crystal. It was determined that
when the doser’s manipulator position is at 1.85 cm (read on the ruler by the bellow) and
the crystal’s manipulator position is at 0.4500 inches (read on the x-axis on the nob), the
distance between the orifice and the surface is 1.00 cm. The distance can be changed by
either moving the doser or the crystal. In practice, it is easier to move the doser so that the

crystal does not need to be moved back and forth for dosing and AES scan.
2.1.3  Gas preparation

Methane (PRAXAIR (ME 5.0RS), purity 99.999%) and ethane (Matheson Tri-Gas
(RES), purity 99.995%) are admitted into the chamber through a Supelpre-O
Oxygen/Moisture trap (22450-U) filter.>® The filter is capable of removing Oz, H>O, CO»,
CO, NHs, alcohols, alkanes, alkenes, amines, aromatics, diethylether, halogen, and sulfers

from He, H», N2, Ar, and CHa.

To test the effectiveness of the filter, approximately 0.1 torr of methane was released
into the gas manifold, then approximately 0.02 torr of CO was released into the manifold
and the mixture was admitted into the main chamber and analyzed in RGA. Then the

mixture of the gas was fed into the gas line through the filter, and the filtered gas was
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analyzed again in RGA. Compared to the CO/methane mixture before going through the
filter, CO level was reduced to the same level as that of pure methane, which indicated that

the filter is effective in removing CO.

Although not stated in the Supelco filter manual, experiments showed that the filter
does not absorb ethane. In an experiment, approximately 0.1 torr of ethane was released
into the gas manifold, then the valve separating the filter and the gas manifold was opened
to let ethane contact the filter. The pressure rose to a limiting value in one to two minutes
and remain constant for a couple of hours, which indicates that the filter is not absorbing
ethane from the manifold. The RGA spectra of before and after the filter were also
compared and shows no difference, indicating that the filter does not crack ethane either.
In comparison, when oxygen or CO is released in the manifold then contact the filter, the
pressure in the manifold will decrease until it reaches 0, which indicates that the filter is

effective in removing oxygen or CO.
2.2 Analytical Methods
2.2.1 Auger electron spectroscopy (AES) theory

Auger electron spectroscopy (AES) is used to analyze the elemental composition of
a surface. AES works on the basis of interaction of an electron beam with the core electrons
of an atom. When a high energy electron, typically 3000 eV in our AES measurements,
collides with an atom, a core electron can be ejected from the atom leaving an electron
vacancy. To maintain the stability of the atom, an electron from a higher energy level of
the atom relaxes to fill the vacancy. The energy released by this process transfers to another
electron in a different energy level, causing it to eject as a secondary electron, which is

known as the Auger electron. The energy of an Auger electron is element specific, and
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does not depend on the chemical environment or the energy of the electron beam. However,
some elements have similar Auger electron energies, when the energy gaps between pairs
of electron energy levels are similar. Additionally, AES can only be used to probe to a
depth of 4 — 50 A”, after that the mean free path of Auger electrons is too short to exit the

bulk and reach the electron analyzer without losing energy.

) - I ‘\\
® e
Impinging Electron
S i i I“ "‘ | 1
~\w~\‘y ‘ ‘ |
Electron Hole e e ﬂ“‘\(ﬁ‘:
Ejected Electron 4*
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Demoted Electron-. \
\ ~—Ejected Auger Electron
A | |
e

Electron Hole

Figure 2-6 Schematic representation of Auger process. Adapted from Navin’.

On rhodium, the area that is hit by the electron beam in AES gives off a blue
fluorescence, which can be used as an indication of the position of the area probed. This is

not observed from Pt surfaces.
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Figure 2-7 Fluorescence given out by the electron beam hitting the rhodium surface (the blue

spot)
2.2.2 AES analysis

The Auger electron spectra gives the rate of emitted Auger electrons as a function of
their energies in eV. Traditionally, there are two methods to analyze the spectra, by the
area under the curve of raw data and by the peak intensity and atomic sensitivity factor of

differentiated data.
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Figure 2-8 Raw (top) and differentiated (bottom) AES spectra of a clean Rh surface. The peaks at

207, 225, 259, and 305 eV are characteristic of Rh.

The first method is to use the area under the curve.® It is generally used when the

peaks are close together hence are hard to differentiate. It is also useful when the spectra’s
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signal to noise ratio is high, in which case the differentiated data reflects more of the noise
rather than the signal. For example, this method was used for carbon deposition on
platinum, the relative ratios of the elemental areas give the total carbon coverage at the

surface with respect to platinum. The procedure is described in detail by Eldridge.®

The second method is to differentiate the raw spectra first, then the height of the peak
corresponding to each element is proportional to the concentration of the element, with a
pre-determined atomic sensitivity factor.” A general expression for determining the atomic

concentration of any constituent in a sample Xa, can be written as:

Na Ia/Sa

Xa = SN, TZ1,7s,

where N; is the atom density of element i, [; is the intensity (height) of the peak, and S; is

the atomic sensitivity factor.

Element/peak energy (eV) Si

Rh/305 3.1578
C/275 0.6143
0/510 1.2571

Figure 2-9 elemental sensitivity factors for Rh, C, and O at their characteristic Auger electron

energy, primary beam energy is 3 keV.

The AugerScan software provides a function that shows the concentration of each
element on the differentiated spectra. Note that this concentration is not the coverage of
carbon on the surface, because although AES is a surface sensitive technique, it still detects

a few layers deep into the bulk. The coverage of carbon is expressed as:

Xc

9. =
©7 Xgn
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Figure 2-10 Undifferentiated AES showing Carbon peak (near 270 eV) increment. Carbon peak

overlaps with Rh secondary peak to cause it to increase too.
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Figure 2-11 Differentiated AES showing carbon peak (near 270 eV) increment. Note that
different from the undifferentiated spectra, carbon peak can be distinguished from the secondary
Rh peak.
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2.3 Crystal Preparation

From the process of refinement and cutting, common contaminations found on Rh
are C, S, B, O, Si, and Mg.? Also, after alkane dissociative sticking coefficient experiments,
some C may remain on the surface, which need to be cleaned before each next experiment.
Despite being in an UHV chamber, the crystal is still exposed to residual gas. A typical gas

composition in the chamber is acquired by the SRS RGA:

2.5e-10

2.0e-10 -

1.5e-10

1.0e-10 -

Pressure/Torr

5.0e-11 1

R 11 S, A A

0 10 20 30 40 50 60 70

Mass

Figure 2-12 RGA spectrum, chamber pressure is 2e-10 torr when taken. H is the main species in

the UHV chamber, followed by water, CO, and CO;

At our temperature of dosing (above 500K), CO does not adsorb on the surface; for
experiments done below 500K, the crystal is flashed to above 500K to desorb any CO that

might stick on the surface before running AES measurements.
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Figure 2-14 Rh surface with Ar, C, and O, raw spectrum (top) and differentiated spectrum

(bottom)
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2.3.1 Oxygen Cleaning

Oxygen cleaning is a common way for cleaning metal surfaces. It works by
converting strongly bound contaminates into products that can easily desorb from the
surface. The surface temperature needs to be greater than the molecular desorption
temperature (Ts > 300 K) and lower than the recombinative desorption (Ts < 1000 K)
temperature so that O; can dissociatively chemisorb to produce atomic O on the surface
which may react with other adsorbates. The surface temperature should also allow carbon
migration from the bulk to the surface in order to clean the subsurface carbon effectively
while preventing surface carbon going into the bulk. The temperature for carbon diffusion
into the bulk is around 1100 K. At 800 K, there is small amount of carbon migrating from
the bulk to the surface; the diffusion rate is found to reach maximum at 900 K surface
temperature. There have been several methods of cleaning Rh surfaces reported.”!> These
methods generally involve argon ion sputtering, oxygen cleaning, and annealing in either
oxygen, hydrogen, or vacuum, based on the type of experiments done and species on the
Rh surface. In our lab, the species needs to be cleaned is carbon, and the following
procedure was found to be effective in cleaning carbon on Rh(111) surface. O, is dosed
onto the surface through a multicapillary array doser at the pressure of approximately 2 x
1077 torr at 900 K crystal temperature for 15 minutes to 2 hours depending on the amount
of carbon present. During the cleaning process, RGA can stay on to monitor the CO level.
The CO level can be high initially, around 5 x107'° torr; then depends on the carbon
coverage, the CO level should gradually decrease to around 5 x107!! torr. This can be used

as an indication of the progress of cleaning.
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Although oxygen cleaning is very effective in removing carbon on the rhodium
surface, rhodium forms very stable oxides which cannot be cleaned even after prolonged
time of annealing at 1250 K (Figure 2-7). Thus, argon sputtering is needed to clean the

residual oxygen on the surface.
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Figure 2-15 Oxygen TPD on Rh(111)"°. Molecular desorption temperature is around 180 K,
recombinative desorption temperature is around 1200 K. The peak near 850 K is from the

subsurface oxygen.”
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Figure 2-16 AES of Rh after oxygen cleaning for 20 mins at 2e-7 torr at 800 K, annealing to

1250K for 5 mins. Note there is still some oxygen left on the surface

2.3.2 Argon lon Sputtering

Because oxygen on Rh is hard to remove by annealing to high temperature, argon
sputtering is needed to clean Rh surface. In argon sputtering, the argon ions with high
energy bombard the surface, causing the atoms (contamination and the substrate) on the
surface to dislodge from the surface. This leads to damage and defect sites on the surfaces.
However, this damage can be restored by annealing the crystal at high temperatures. In the
meantime, by sputtering at low temperatures without annealing, it is possible to create

defects on the surface hence changing the behavior of the surface.

For argon sputtering, the crystal is heated to 700 K, the chamber’s ion pumps are first
valved off because Ar pumping is damaging to them. And then the chamber is filled with
5 % 107 torr of Argon. The ion beam is started for argon sputtering for 10 minutes with Ar"

ions accelerated to 1 keV. The ion beam current reaching the crystal is typically 5 pA under
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these conditions as measured by a multimeter connected to the crystal bias connection.
After the sputter is done, turn off the ion beam then wait for the pressure in the chamber to
decrease to below 5 x 107 torr, then gradually heat the crystal to 1300 K for annealing.
The Oxford instruments cryostat cannot exceed 300 K, which limits how long and hot we
can heat the attached sample. Hence, the process of annealing should last about 5 minutes,
but not too long before the crystal mount is heated up and the pressure in the chamber starts
to increase. It is good practice to keep the LabVIEW program on while doing argon

sputtering to monitor the pressure change in the process.

After annealing, the crystal’s temperature is brought down to below 400K to check
for cleanliness and repeat if necessary. Dependent on the amount of contamination on the

surface, the Ar” ion sputtering time may vary.

Carbon migration into the bulk of rhodium could be observed at sufficiently high
surface temperature, typically above 900 K. A cycle of both oxygen cleaning and argon
sputtering is needed to clean both the surface and the near-surface bulk of rhodium to
ensure the carbon deposition measured is only from the dosing molecules. A detailed

discussion of this is presented in chapter 4 of this thesis.
2.4 Dissociative Sticking Coefficient Measurements

Typically, after cleaning and annealing, the chamber’s pressure is still high. Thus,
after checking the cleanliness of the surface with AES from range 70 — 600 eV, all ion
pumps and ion gauge are turned off to minimize the amount of active species formed, and
the chamber is set still for about an hour to let the residual Ar to be pumped out of the
chamber. Meanwhile the cooling stage continues to cool down from the elevated

temperature caused by annealing.
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Before the dosing starts, the surface composition is checked again by AES, this time,
in 200 — 350 eV range where the peaks of carbon and rhodium reside. This step is to ensure
that no contamination was deposited on the surface while chamber was being pumped out.
This coverage of carbon is recorded to be the initial carbon coverage. It is worth mentioning
that for clean rhodium surface, there is a small section on the differentiated AES that
overlaps with the carbon peak, however, this “carbon coverage” can be subtracted from the

apparent carbon peak to acquire the real carbon coverage increase.

To start dosing, the crystal is first brought to the heated doser’s position; then the
crystal is brought to the desired temperature for dosing. The gas manifold is then filled
with desired pressure of dosing species. Next, start recording on the LabVIEW
programmed for heated dosing that keeps track of the manifold pressure versus time that
defines the gas exposed, then open the valve that’s right behind the heated doser, then
immediately open the valves that separate the dosing line with the alkane lecture bottle line.
The first dosing time and pressure is set by trial and error. For example, first set the dosing
pressure at the baratron to be 0.05 torr, dosing for 10 minutes. If the carbon concentration
is too high (~30%), then dose again at either half the time or half the pressure. Repeat this
process until one dose accumulates around 5 — 10% of carbon concentration increase. On
the other hand, if the carbon concentration is too low after the first dose (less than 2%),
next dose would need to be increased until the carbon concentration increases by 5 — 10 %.
Once the appropriate dosage is determined for one temperature, dosing at other
temperatures can be adjusted based on the known temperature, thus saving the process of

finding the appropriate dosage. Then based on the coverage increase and corresponding
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exposure (calculated by the pumping speed and dosing geometry of the chamber), sticking

coefficient can be calculated.

In sum, the steps for the experiment are as follows. First, chamber pumping speed for
the gas in question is measured. Second, the functional relationship between the pressure
of gas line, read by an MKS Baratron, and the pressure of chamber, read by an ion gauge,
is obtained. Third, the background sticking coefficient for each surface temperature is
measured. Lastly, the direct sticking coefficient is calculated. The following sections

discuss the details of each step.
2.4.1 Chamber pumping speed

To calculate the direct dissociative sticking coefficient, the chamber pumping speed
Cc must be known accurately in order to calculate the flux ratio R. The pumping speed of
the chamber (with all ion pumps turned off) is measured with a calibrated leak of
conductance of 8.15x10°* L/s. The throughput of the leak is linear with respect to the
pressure behind the valve in the range of 0.005 — 0.100 torr. When only the leak valve and

the turbomolecular pump is open, the throughput balance gives:
0=_Cp —Cepe

where C; is the conductance of the leak valve; p; is the pressure behind the leak, which is
estimated by the baratron adjacent to the leak; p. is the pressure in the chamber; then the

practical chamber pumping speed C. could be expressed as:

_ Cipy
Pc

Ce
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For methane, the chamber pumping speed is found to be 205 L/s. Note that when
chamber pressure is too low, below 8x107 torr, corresponding to baratron pressure below
5x1073 torr, the pumping speed is not constant anymore. This should not be a problem since

all the dosing experiments were done at baratron pressure between 0.01 to 0.2 torr.

chamber pressure/torr
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Figure 2-17 Measurement of chamber pumping speed for methane. The pumping speed is 205 L/s
in experiment condition (0.01 — 0.1 torr in manifold). Note that when pressure is too low (<5x10°

3 torr in manifold or <5x10° torr in the chamber), pumping speed starts to decrease

2.4.2 Chamber pressure and gas line pressure

During a dosing experiment, all ion pumps and ion gauge are turned off to prevent
the formation of highly active radicals by collisions with the electrons or ions. However,
the chamber pressure is needed in calculating the sticking coefficient. Empirically, the
chamber pressure and the pressure in the gas line follow a quadratic equation. Thus, a
quadratic curve was required for each doser temperature to monitor the chamber pressure

during the experiment.
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Figure 2-18 pressure of Baratron and chamber v.s. time (top) and the relation curve between the
Baratron and chamber ion gauge when the pressure is at equilibrium(bottom). Every time the
reagent variable leak valve rotates (about 30°), it takes about one minute for the pressure in the
gas line (pink region in figure 3-2) to stabilize. The pressures on the Baratron and the chamber
that are relatively still (flat on the top figure) were used to calculate the working curve. The data

points on the increasing and decreasing curve fit on the same quadratic curve.
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During a dosing experiment, the pressure remains relatively still before opening the
valve. Once the valve behind the doser is opened, the pressure starts to drop. Then the
pressure started to increase when the gas line is open to the lecture bottle. The challenge
here is to maintain the pressure at the baratron, this is done by changing the variable leak
valve right after the lecture bottle. Note that extra precautions are needed for this step
because a slight rotation (about 15°) in the reagent variable leak valve would result in quite
large (about 20% when at 0.1 torr) but a slow (takes about one minute) change of the
pressure at the baratron. The pressure of the baratron cannot be changing too fast (more
than 0.001 torr per second at 0.1 torr), because the quadratic curve that relates the chamber
pressure and baratron pressure is acquired at equilibrium states. If the pressure is changing

drastically (more than 1% per second), the pressure relation would not hold true.
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Figure 2-19 Pressure relation between baratron and chamber ion gauge when pressure is
constantly changing. The top line took 3 minutes from 0.1 to 1.0 torr and the bottom line took 1
minute. Note that the pressure relation is not reproducible. The faster the pressure at Baratron is
changing, the lower the chamber pressure is, due to not having enough time for gas to enter the

chamber.
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Figure 2-20 A typical dosage pressure profile. The gas line (pink region on figure 3-2) pressure
drops when the valve (in the pink region) behind the doser opens then increase when the valves
(in the light green region) that separate the gas line (pink region) from the gas manifold (green
region) open. Then the reagent variable leak valve is adjusted to let the gas from the lecture
bottle (yellow region) into the manifold (green region) to maintain the pressure stable. As can be
seen from the left figure, the pressure only changes slightly (0.07 to 0.065) over the period of 450
s, which is much slower than 1% per second. The ion gauge in the chamber is turned off, hence

the right figure reads a constant off value.
2.4.3 Background Sticking Coefficient

The background sticking coefficients were measured in separate experiments where
the gas is leaked into the chamber at room temperature and with the crystal facing away
from the doser. When the coverage is low, Spyq(T¢, Ts) can be determined by fitting the

carbon coverage 6, with exposure,

6.0

Sbkg(TCJ Ts) = (2.1)

ankgT
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Where 7 is the number of carbon atoms in the alkane molecule, o is the areal density of the

surface studied, 7 is the dosing time, Fj,; = \/ﬁ is the background flux. In practice,
Blc

it is difficult to maintain the pressure stably, so the dosage is calculated by integrating
pressure at each second over time.
6.0 Oco Oc0+/ 2mtmkgT,

NFpkgT  p——eP 7 nforpdt 22)

4/ 27kaBTC

Sbkg (Tc: Ts) =

Where p is the chamber pressure while dosing, m is the mass of the molecule in kg, ks is

the Boltzmann constant, and 7. is the chamber temperature.

To measure the background sticking coefficients, the crystal is set to a position that
does not face the doser. Then the crystal is heated to the desired temperature to acquire the
carbon deposition at that temperature. During this process, the doser is not heated and
should remain room temperature. Dosing pressure was monitored by the LabVIEW
program and recorded every second; then the pressures were integrated over every second
to get the exposure. Then the carbon deposition is measured by AES and sticking

coefficient is calculated using the equation (2.2).
2.4.4  Directed Sticking Coefficient

During a direct dosing experiment, the carbon deposition is from two sources: direct
flux Fy;, from the doser and background flux Fp, from the scattered gas that did not react

on the first collision with the surface but rather hit the chamber walls and thermalized to

the chamber temperature before possibly hitting the surface:
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df. n
dt o

[S(Tg: Ts; ﬁ)Fdir + Sbkg(Tc' Ts)Fbkg]

(2.3)
ank
= —L[RS(Ty, Ts; 9) + Spig (T, T5)]

where 6, is the carbon coverage at time 7, S (Tg, Ts; 19) is the direct sticking coefficient at
gas (doser) temperature Ty and surface (crystal) temperature Ty with an incident angle of
U, Spig (T, Ts) is the background sticking coefficient at surface temperature T, T, is the

chamber temperature, and R is the ratio of direct flux to background flux.

_ Fdir _ Cc chosg(ﬂ)j(ﬁ)

" Fokg W mkpT,d?

R

(2.4)

where C. is the chamber pumping speed. The detail of derivation and calculation of R is

described elsewhere.’

The coverage dependence of each of the sticking coefficients are assumed to be in

the form

0c \"
Si = SiO 1- 9 (25)

C,sat
where i = dir or bkg, 8 4 1s the saturation carbon coverage, and Sjo is the initial sticking

coefficient for the clean surface. Substitute Syir,

do,
dt

C,sat

n 0 m
=_|:Sdir,0(Tg’T;)Fdir +Sbkg,0(]:"7—;)F'bkg:|(l_ P € ] (2-6)
O

where F, =RF,

bkg >
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do | 0. \ nF, 0. \ nF,
< :|:Sdi;~,0(Tg’];)+ESbkg,0(71’];)}(1_ - J —W:Sapp,o(l_ < ] i(zj)

dt C,sat O-Rh HC ,sat O-Rh

whenm=1,

S ,
QC = ec,mt [1 - Exp [_ a0 ! gd"’ j|j (28)

C,sat

where ¢, 1s the direct exposure in 111 monolayers which is given by,

. [ Fyar R [ Bt R [ par REr 29)

O gi O i T 278mk T Ori

The final direct sticking coefficient can be calculated as,
1
Sdir,O(Tg’I;) = Sapp,O _ESbkg,O(T;’T;) (210)

where Sup,0 comes from fitting the 8, (&,4;,-) experimental data, R is calculated based on the
chamber pumping speed and the dosing geometry, Spie is measured in separate ambient

dosing experiments.

The carbon coverage, for small 8, accumulation so that the argument of the exponent

in Eq(2.8) is small, is linear with exposure, such that,

S ne.,.
0. =6, [1 — Exp {—MD =S,0 " Eu (2.11)

C,sat

Substituting (2.9), eq.(2.11) can be rewritten as,
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1| 6co
S(T,. Ts) = R |nForgt Sbig (Te, Ts) (2.12)

Where Spyq(Te, Ts) is the background sticking coefficient at surface temperature 7. In

practice, it is difficult to maintain the pressure stably, so the dosage is calculated by

integrating pressure at each second over time.

1 HCO-
S(T,, T) = R N D T — Spig(Te, Ts)
2mmkgT, 2.13)
1 HCO-WZT[kaTC
= E n prdt - Sbkg (T, Ts)
0

To measure the direct sticking coefficient, the crystal’s surface faces the orifice of
the doser, and the temperature of either the doser or the crystal is varied independently to
acquire either equilibrium (Ts = Tg) or non-equilibrium (Ts # T,) sticking coefficient.
Similar procedure to that of the background is used to get the exposure and carbon
coverage. Lastly, the sticking coefficient is subtracted by the background sticking

coefficient at that surface temperature using Eq. (2.13).
2.4.5 Angle Resolved Sticking Coefficient

Varying the relative position of the crystal and the doser allows for measuring the
angle-resolved sticking coefficient S (Tg, T; 19). Since the distance d is fixed during
experiments (1.0 cm), the impinging angle & of a spot on the surface can be calculated by

tand = 2 , Where c is the displacement of a spot relative to the centerline of the doser. The

doser line is usually inline with the center of the crystal, and because the crystal is 8§ mm
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diameter, this allows for angle-resolved measurements up to +21 degrees. By measuring
the carbon coverage as a function of position across the surface using AES and knowing
how the impinging flux varies across the surface, the S (Tg, Ts; 19) can be determined.
When measurements at higher angles are needed, the crystal can be moved away from the
doser in the plane perpendicular to the beam direction, which allows a larger transverse
displacement. Because of this, two experiments are enough to acquire angle-resolved

sticking coefficients from -15 to 45 degrees. This is discussed in detail in chapter 3.
2.4.6 Calculated by Slope

For methane dissociative chemisorption, the rate of carbon deposition is!”:

g
dt

50(1— i )F (2.14)

where 6 is the coverage, 6,,,, 1s the saturation coverage of carbon, and S is the initial
sticking coefficient, F is the flux in ML/s, and the exposure is € = Ft. When 0 < 6,44,

equation (2.14) reduces to
de
ol SoF, or 8 = Sy€e

where coverage increase linearly with increasing exposure. When the coverage is in the
linear range, a simple linear regression fit can be used to determine the sticking coefficient.

Note that the unit of € is monolayer (ML) in this case. For methane on Rh(111), 1 ML is

2= "—VZ";""Bsz 3.12x10° Torr-s.
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In surface experiments,exposure is ofen reported in unit of Langmuir, L, which is
defined as 1L = 1x10°° Torr's. For convenience, the sticking coefficient in the linear range
is thus expressed as:

0_961/ ZﬂkaTC

n fOTpdt

Sbkg (Tc; Ts) =

_ Sbkg (Tc; Ts)n

g, = —9 < >
¢ o+ 2mtmkgT,

where 6 is the coverage with corresponding dosage €.

T
f pdt = Spig(Te, Ts)€prg
0

0.35

Carbon Coverage 6¢ (ML)
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Figure 2-21 Carbon coverage vs. exposure in ML, the slope of this curve is Spig

2.4.7 Calculated by Saturation Curve

When the surface’s temperature is low hence the saturation coverage of carbon is
low, it is challenging to work in the linear range of sticking coefficients. In this case, a
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coverage dependent sticking coefficient nonlinear fit could be used to determine the initial

sticking coefficient:

So€
e (=)

max

where € is the exposure, 8 is the coverage at the corresponding exposure, 8,,,, is the
apparent maximum coverage of carbon at that temperature, and Sy is the initial sticking
coefficient when the coverage is 0. This way not only could the initial sticking coefficient
be determined, but also the apparent maximum coverage of carbon at that surface

temperature.
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Figure 2-22 coverage curve fit to coverage dependent sticking coefficient of methane at 600K gas
and 600K surface. The apparent sticking coefficient is 3.43x10° and the maximum coverage of

carbon at this surface temperature is 0.131 ML.
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3 Methane Activation on Rh(111) and the Reactivity of Step

Sties

3.1 Introduction

Steam reforming is one of the most important chemical processes. Its product, syngas
(a mixture of H> and CO) is the primary feedstock to produce higher hydrocarbons and
other useful organic chemicals via Fischer-Tropsch synthesis. Ni-based catalysts are most
commonly used in industry due to its availability, although other precious transition metals
such as Rh, Ru, Pd, and Pt also display high activity towards steam reforming. However,

steam reforming is usually performed in large-scale reactors and has high energy demand.

Catalytic partial oxidation of methane, on the other hand, can be carried out in
compact and low capital-cost reactors to produce syngas. Platinum and rhodium are both
intensively studied for this process. Vlachos et al. found that for short contact time partial
oxidation of methane on Rh catalysts, different chemical reactions compete in different
reaction zones: deep combustion of methane in oxidation zone, steam reforming and water
gas shift in reforming zone where oxygen is not available."> On a woven platinum-10
percent rhodium gauze catalyst, with rapid heating, short contact time, and rapid quenching
to avoid homogeneous reactions, higher alkanes can be converted to olefins and aldehyde
with efficiency as high as 60%.> On a rhodium based honeycomb monolith reactor, it is
found that partial oxidation of methane increases with lower oxygen coverage, where
partial oxidation takes dominance hence increasing syngas selectivity.* Rhodium has been
shown to be a better catalytic material for partial oxidation of methane than platinum’

whereas platinum is favored as a catalyst for complete oxidation of methane®. In a series
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of combined experimental and theoretical studies, Schmidt et al concluded that, in short
contact time experiment where methane is directly oxidized to H> and CO, rhodium was
much better than platinum in producing more H» and less H>O, due to the higher energy

barrier towards formation of OH hence favoring H + H == H, reaction.>’

These short contact time reaction studies disclosed the competing relation of the
methane dissociation on Rh surface and the homogeneous combustion in gas phase. Hence,
understanding how methane dissociate on Rh surface has attracted a great amount of
studies since last century. Ehrlich et al conducted isotope experiments that showed that
vibration is effective in dissociation.® Later, Yates et al. conducted a direct laser excitation
study using only excited v3 and 2vs4 vibrational modes to promote reactivity, but those
attempts were unsuccessful.”!® Ehrlich et al. obtained an activation energy in the range of
21 — 26 klJ/mol by measuring thermal sticking coefficients of methane and deuterated
methanes where gas temperature and surface temperature were kept the same, from 250K

to 350K. -1

Since the new century, density functional theory (DFT) electronic structure
calculation studies have also been done to illuminate the activation mechanism of methane
on Rh. Multiple groups have used PW91 to study the activation energy of the initial C-H

bond breakage in CH4. However, the results varies even though the same set was used.

(Table 1)
Activation Energy kJ/mol Functional
Bunnik, et al. 3 70 PW91
Grootel, et al. 4 58 PWOI1
Wang, et al. '° 79.4 PWOI1
Zhu, et al. ' 58 PWOIl
Hu, et al. 7 64.6 on terraces, 30.9 on steps PBE

Table 3-1 activation energies calculated by different groups
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Another DFT calculation using PBE by Hu suggested 65kJ/mol and 31kJ/mol for
terrace and step activation energies, respectively, for CHa4 dissociation on Rh(111)."”
Unfortunately, to the author’s best knowledge, there has not been direct surface chemistry

experimental work on Rh(111) to determine the activation barrier.

Here, using effusive beam technique, we were able to measure the sticking coefficient
of methane with different gas and surface temperature, providing information on both gas
activation and surface activation. Using an Arrhenius fit, we calculated the activation
energy of methane dissociation on Rh(111) at equilibrium temperatures where gas
temperature is equal to surface temperature. Furthermore, with the ability to change the
dosing angle, we can alter the normal translational energy in dosing gas, hence allows us
to study the efficacy of translational and vibrational energy. Combined with our own

118—20

precursor-mediated microcanonical trapping (PMMT) mode , we provide an in-depth

view of methane activation mechanism on Rh(111) surface.
3.2 Experiments Detail

Experiments were performed using an ultrahigh vacuum (UHV) surface analysis
chamber equipped for Auger electron spectroscopy (AES) using a double pass cylindrical
mirror analyzer, thermal programmed desorption, residual gas analysis, and effusive
molecular beam dosing. The UHV chamber had a base pressure of 1 X 10710 torr. The 8
mm diameter Rh(111) crystal was cleaned prior to experiments by Ar" ion sputtering at Ts
at 700K and annealing to 1150K in good UHV, until no contaminants were detectable by
AES. Methane was obtained from PRAXAIR (ME 5.0RS) and had a purity of 99.999%,
and was further purified by flowing through a Supelco filter (model 2-2450-U), capable of

21

removing trace amounts of reactive impurities. The molecular beam doser and
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methodology?? for making effusive molecular beam measurements of alkane dissociative
chemisorption have been described in detail elsewhere, and only a brief synopsis follows.
Methane dissociative chemisorption was assumed to lead exclusively to desorbing H»> gas
and chemisorbed products at temperature above 500K. the effusive molecular beam doser
had a 0.0076 mm thick end-wall with a 0.5 mm diameter orifice that resulted in a calculated
molecular flux distribution in solid angle, d*N(0)/d(Q)dt, that varied as ~cos!*0, which,
when projected onto the Rh(111) surface, oriented normal to the beam’s center line, gave
an incident molecular flux, d*N(0)/d(A)dt, that varied as ~cos*?0 across the surface. The
net effusive beam flux was determined by comparison to flux from a calibrated leak. With
the effusive beam doser and surface temperatures set to certain temperatures, the cleaned
Rh(111) surface was positioned 10.0 mm in front of the effusive beam orifice before gas
dosing began. After dosing, AES was used to measure the C reaction product coverage left
behind on the surface as a function of dosage. Heated beam molecules that missed the
Rh(111) surface, raised the ambient chamber pressure and were assumed to be rapidly
thermalized to the chamber wall temperature prior to any further possible collisions with
the surface. The reactive contribution from this “cold” ambient alkane gas flux to the C

deposition on the surface was subtracted when calculating the sticking coefficient.

1| 6co

S(Tg’ TS) = R NFppegT - Sbkg(Tc: Ts) (3.1)

Where 6 = 1.58 x 10" m is the areal density of Rh(111), n is the number of carbons
in the alkane, in this case, 1 for methane, Fyxe = p/(2rmkgTc)"? is the background flux from
the thermalized gas load that strikes the surface, R is the ratio of the direct flux, Fgir, from

the effusive molecular beam that strikes the surface to the background flux, and Seke(Tc, Ts)
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is the dissociative sticking coefficient for the ambient background gas at the chamber
temperature that strikes the surface. With the beam orifice at a distance d away from the

center of the sample surface, the ratio R varies spatially across the surface as

_ Fair _ Cc szOS3(9)j(9)

B Fprg B W./mkgT.d?

(3.2)

The experiments were done at both doser and crystal temperature range from 500K
to 900K. The ion pumps and ion gauges were turned off to avoid high reactivity radicals.
The chamber pressure was then related to the doser pressure by a quadratic curve which
was measured at each different doser temperature. In practice, the dosage is calculated by
integrating pressure at each second over time due to the difficulty of keeping the dosing
pressure constant.

1 HCO-
S(Tg, Ts) = R D — Sbig (T, T)

n T
\ 2mmkgT, (3.3)
_ 1|6coy2mmkpT,

Rl nfjdp

- Sbkg (Tc: Ts)

For high surface temperatures, the final sticking coefficient is the average of several
increment dosing. For low surface temperatures, the sticking coefficient is acquired by

fitting the coverage v.s. exposure to the coverage dependent sticking coefficient.

0 = 6, (1—exp (— 9506 )) (3.4)
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To ensure the coverage was measured at where the beam centerline hit the surface, a
trial dosing was done, then measured across the crystal to find the maximum coverage spot.
The following measurements were all done at the same position. Background sticking was
measure for each surface temperature and was subtracted when calculating the sticking
coefficient. To ensure the carbon deposited on the surface is only from methane, the crystal
was put in the chamber similar to the experimental condition for several hours, and no

carbon coverage change was observed.

For sticking coefficients at different angles, the gas and surface temperature were
both kept at 700K. AES was used to measure the C coverage across the surface as a function
of distance away from where the beam centerline hit the surface. To measure the sticking
coefficient at higher angles, the crystal was shifted further away from the doser. Sticking
coefficients were calculated at the same angles for different experiments, and the absolute
values were found to be within 20% of difference. To ensure no carbon migration on the
surface, the surface was heated to 900K for 10 mins, and no change in carbon coverage

distribution was observed.
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Figure 3-1 carbon coverage increases with respect to dosage at different locations on the
surface. The coverage near the center of the beam (130.5) increases the fastest, the further away

the location is from the center, the slower the increase is.

0.35

Displacement/mm

0
o
v
<O
m]
[
4
v

0.30 ~

o=Nwh

ASS

0.25

0.20 ~

coverage

0.15 -

0.10 A

0.05 +

0.00 T T T
0.000 0.005 0.010 0.015 0.020

dosage

Figure 3-2 carbon coverage at different locations increases with dosage. The coverages at

symmetry spots increase at very similar rate.
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3.3 PMMT Model

Figure 3-3 shows a schematic overview for the PMMT models of activated
dissociative chemisorption.!” 2! 2 The precursor complexes (PC) in these models are
transient gas-surface collision complexes composed of an impinging molecule interacting
with a few local surface oscillators. PCs are assumed to have their exchangeable energy
microcanonically randomized if their energy is sufficient to gain access to the strongly
state-mixing regions of the reactive potential energy surface near the transition state, at
least a collective sense when averaged over the ensemble of collision complexes formed.>*
25 The PCs formed are transiently trapped between the transition states for the desorption
and dissociative chemisorption (reaction) and are assumed to go on to desorb or react with
Rice-Ramsperger-Kassel-Marcus (RRKM)?® microcanonical rate constants.

Wi(E™)
hp(E™)

ki(E") = (3.5)

where E* is the active exchangeable energy whose zero occurs for the reactants at
rest at infinite separation, W;(E™) is the sum of states for transition state i = D, R with
threshold energies E, = 0 and E; = Ey, p(E™) is the PC density of states, and h is the

Planck’s constant.
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Figure 3-3 Schematic describing the energetics and reaction scheme for precursor-mediated
microcanonical trapping (PMMT) models of alkane dissociative chemisorption. Upon striking the
surface, an impinging molecule interacts with a small number of local surface oscillators, s,
forming a transient precursor complex (PC) that, treated on a microcanonical basis, can go on to

react, desorb, or exchange energy with the surrounding metal atoms.

For activated dissociative chemisorption of sufficiently small molecules, ultrafast
desorption time scales at energies sufficient to react allows energy transfer between the
PCs formed and the surrounding surface to be ignored.!”2!* 2 A complication for small
molecules is they can exhibit dynamical biases away from statistical behavior, and a
dynamically biased (d-) PMMT model has been developed to treat such cases.?"?**?’ Some
PMMT model parameters typically need to be derived from experiments, but

parameterization has been minimized by using density functional theory (DFT) calculated
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transition state vibrational frequencies. For alkanes with DFT determined transition state
frequencies, d-PMMT models typically require three parameters, {Eo, s, nv}, where Eo is
the reaction threshold energy, s is the number of surface oscillators in the PC, and nyis the
efficacy of molecular vibrational energy to promote reactivity relative to translational
energy directed along the surface normal. These parameters were fixed by minimizing the
average relative discrepancy (ARD) between simulated theoretical and experimental
dissociative sticking coefficients,

|Stheory - Sexpt |

ARD = —
min (Stheory' Sexpt)

(3.6)

for the effusive molecular beam experiments performed in this article at different surface

and gas temperatures.

Once these few parameters are determined by PMMT simulations to a limited set of
experimental data, they can be used to simulate or predict reactivity under any other
arbitrary thermal or nonequilibrium experimental conditions.?!* * For all the PMMT
models of methane dissociative chemisorption considered in this article, molecular
translations parallel to the surface were treated as spectators degrees of freedom. Following

the findings for the CH4/Pt(111) system, molecular rotations were also treated as spectators.
The theoretical sticking coefficient for a particular experiment is

E*

Seneory = f S(E*)f (E)dE* (3.7)
0

where S(E”) is the microcanonical sticking coefficient,
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w_ kr(EH Wr(E™)
SED = 1) + hp (B~ WalE) + Wo(E) G:9)

and f (E™) is the probability distribution for forming PCs with exchangeable energy E*.

E* E*~Ep
FEY = | RED [ RE) Sl (B = By = E))dEdE, ()
0 0
For the specific case of Rh(111), it became apparent that the step sites and terrace
sites have different reactivities. The theoretical sticking coefficient was taken to be the sum

of sticking attributed to the two different kinds of sites as follows
E*
Stheory = f [(1 - gd)Sterrace(E*) + Hd X Ssteps(E*)]f(E*)dE* (3-10)
0
04 1s the defects coverage. In this case, the crystal was cut to 0.1° precision. The defect

coverage was estimated as 6 = arctan (0.1°) = 0.0017 ML and attributed to steps.

To account for tunneling through the barrier to dissociative chemisorption, the

RRKM rate constant for dissociative chemisorption was written in its generalized form as

WR(E) _ E _ 1 E
hp(E) fo p(e kg (E, e )de; = mfo p(e)pr(E —ey)de; (3.11)

kR(E) =

where E = E* + Zg, is the classical energy above the electronic potential energy surface
whose zero is set by the well-separated reactants at T = 0 K; e, is the translational energy
along the reaction coordinate leading to separated products; p(e;) is the tunneling
probability; and pg (E — e;) is the density of states, excluding the reaction coordinate mode,
of the reactive transition state evaluated at the energy available to populate vibrational

states of the transition state complex when tunneling occurs at e;. The barrier to
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chemisorption was approximated by a 1D Eckart potential whose height was E, = E —
(Zrs — Zge), while the curvature and exothermicity were fixed by DFT. The analytic
expression for the tunneling probability through a 1D Eckart barrier relates to e; above the
classical electronic potential evaluated for the well-separated reactants, without regard to
zero-point energies, and so the sum the states for the reactive transition state referenced to

the E* energy scale is written as

E*+ZRe

W (E*) = j p(e)pr(E" + Zno — e)de, (3.12)

0

where the argument of pg is the energy available to populate vibrational states of the
transition state complex, taking into account their vibrational zero-point energy. Tunneling
was not relevant to calculation of Wp(E™) for molecular desorption because there is no
barrier for intact molecular adsorption/desorption that rises above the E* energy floor

defined by the infinitely separated molecule and surface.
3.4 Results
3.4.1 Direct sticking coefficient

The measured direct sticking coefficient is tabulated below:

Tg| Ts— 450 500 550 600 700 800 900
300 ambient 4.7E-08  6.8E-08 8.91E-08 2.56E-07 4.34E-07 5.79E-07
450 2.47E-07
500 6.68E-07 9.18E-07 1.33E-06 1.94E-06 3.28E-06
550 1.89E-06
600 1.69E-06 2.35E-06 3.62E-06 7.14E-06 1.03E-05
700 2.67E-06 5.63E-06 1.11E-05 1.24E-05 2E-05
800 1.09E-05 2.53E-05 2.79E-05 4.6E-05 5.47E-05
900 3.02E-05 4.21E-05 7.09E-05 8.75E-05 0.000129

Table 3-2 Direct sticking coefficient, columns: surface temperature, rows: gas temperature
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Qualitatively, changing gas temperature has a bigger effect on reactivity than
changing the surface temperature. To the authors’ surprise, the slopes of the curves at each

individual gas temperature do not vary much as the theory predicted.

According to Tolman relation,
Eq(T) = < Ei(Ty) > —< Ei{(T)) > (3.13)

where < E;(T;) > is the mean energy of the transition state that reacts and < E;(T;) > is
the mean energy of all transition states. The effective activation energy of either gas or

surface, E,(T;), can be calculated from experimental measurements via,

d(In[S(THD

Ea(Ti) = —R 1
o)

(3.14)

where R is the ideal gas constant. The effective activation energies with respect to varying
surface temperatures at a fixed gas temperature ranging from 500K-900K were found to be

from 13 — 19 kJ/mol; E, at 300K ambient dosing was found to be 25 kJ/mol.
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Figure 3-4 Experimental dissociative sticking coefficient (points) and Arrhenius plots to fixed gas

temepratures with activation energy. The activation energy decreases with increasing gas
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With parameters {Eo = 62.7 kJ/mol, number of surface oscillators s = 1, and
vibrational efficacy 7y = 0.1}, the PMMT was found to fit the best, with an average relative
discrepancy (ARD) of 1.08. Although high temperatures (above 600K) fit fairly well, the
model fits poorly at lower temperatures. The experimental sticking coefficients from 500K
doser and 298K ambient gas vary relatively moderate with respect to surface temperature,

whereas the theory sees much steeper change.
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Figure 3-6 Experimental dissociative sticking coefficients (points) and PMMT calculated values
(lines) with parameters {threshold energy Ey = 0.65¢eV, surface oscillator s = 1, vibrational
efficacy n,= 0.05} for terrace sites. Effusive molecular beam experiments were directed along the

surface normal.
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3.4.2 Angle-resolved sticking coefficient

Angle-resolved sticking coefficient experiments revealed the relative importance of
normal translational energy as compared to other forms of energies in promoting reactivity,
because only normal translational energy varies with the incident angle. Although the
translational and internal energy distributions of molecules striking a surface under thermal
equilibrium conditions is independent of incident angle, the distribution of normal

translational energy varies with angle as:
P(E,,Tg) = (RTy) ?E, e En/RT9 where Ty = T cos? 9 (3.15)

Consequently, angular distribution experiments are revelatory to the relative
importance of normal translational energy in promoting reactivity. If normal translational
energy doesn’t promote reactivity, there would be no angular variation of dissociative
sticking coefficient. Whereas if normal translational energy is the dominant promoter of
reactivity, the dissociative sticking coefficient would fall rapidly due to the decreasing of

the effective temperature Ts.

The sticking coefficient from -14 to 24 degrees were measured with the center of the
crystal being 1.0 mm from the centerline of the doser; the value from 8.5 to 40 degrees
were acquired with the center of the crystal being 6.0 mm from the centerline of the doser.

The value from 8 to 24 degrees is the average of two experiments.
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angle/° S0
-14.0362  7.64E-06
-8.53077 9.93E-06
-2.86241 1.14E-05
2.862405 1.08E-05
8.530766 9.41E-06
14.03624 7.71E-06
19.29005 6.33E-06
2422775 5.72E-06
28.81079 4.77E-06
33.02387 4.23E-06
40.36454 2.88E-06

Table 3-3 sticking coefficient at T,=T,=700K with different angles
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Figure 3-7 PMMT model without defect sites (blue) v.s. experimental sticking coefficient (black

dots) at T,=T,=700K, angular distribution.

The cosine dependent was found to be cosine to the 6.0th power, which was much

14.59 28

lower than on Pt(111), cos Using the same parameters {Eo = 0.65e¢V, s =1, ny =
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0.05} for PMMT model, fitting is acceptable at small angles (high E,), discrepancy gets

bigger at large angles (low E,).

In comparison, angle-resolved sticking coefficients were acquired for 800K and
900K too. The cosine dependence decreases from 6 to around 4. At high temperature,
vibrational energy and surface energy are also high and remain the same regardless of
impinging angle; so, at higher angle, even if the translational energy is discounted greatly,
there’s still enough energy from vibration and the surface to overcome the activation barrier.

However, no distinguishing difference was observed in 800K and 900K.
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Figure 3-8 absolute angle-resolved sticking coefficient at 700K, 800K, and 900K
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3.4.3 Dual channel activation
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Figure 3-10 Extended equilibrium (T,=Tg) experiments (1000K — 450K)
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With equilibrium experiments Sy(Tg=Ts) over a wider range, we can see there could

be two Arrhenius domains with a turning point between 600K and 700K. The data fit well

E .
~ L) with the parameter

to a two channel Arrhenius form, S = Sy exp (E“'T) + Spexp ( p.

RT
{S1=1.529, E.1=70.6 kJ/mol, S,=2.69x107°, E4»=25.5 kJ/mol}, which suggests there could
be two reaction channels. If fitted to single channels over different domains, the activation
energies were Ea high=65.8 kJ/mol and Ea 1ow=32.1 kJ/mol, respectively. These activation
energies are comparable to DFT calculations by Hu!”, where Ej (emrace=64.6 kJ/mol and

Eaﬁstep=30.9 kJ/mol.

unit: kJ/mol E.r E.p AE
Two-channel Arrhenius 70.6 25.5 45.1
High T Arrhenius 65.8

Low T Arrhenius 32.1 33.7
Hu PBE DFT 64.6 309 33.7
Ehrlich Rh film expts 21

Table 3-4 activation energies for step and terrace sites.

3.5 Validation of Sticking Coefficient

3.5.1 Dosing at different distance

In order to test the reproducibility of the data acquired, a dosing experiment at
different dosing distance was done at surface temperature of 900K where it’s most likely

subject to background contamination.
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Figure 3-11 Carbon coverage increase at different dosing distances

As seen on figure 3-11, carbon coverage increases slowly when dosing at a further
distance. This is because when the surface is further away from the doser, the molecular
density of the beam hitting the surface decreases hence resulting in less molecules reacting
on the surface. Although the apparent sticking coefficient is lower for further distanced
dosing (2.55% 107 for 1.8 cm and 5.54x 10 for 1.0 cm), the flux ratio is also lower (1.47
at 1.8 cm and 4.77 at 1.0 cm), the final sticking coefficient, taking background sticking
coefficient and flux ratio in, of the two is close, with 1.0 cm dosing of 1.16x 10 and 1.8
cm dosing of 1.73x 10™*. These results are comparable to another experiment done several

months apart, where the sticking coefficient is 1.29 x 10 (dosing distance of 1.0 cm).
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3.5.2 Heating 700K carbon angular distribution to 900K

The angle-resolved sticking coefficient at 800K and 900K are both broad and have
the same cosine dependence. Aside from high vibrational energy and high surface energy,
carbon diffusion across the surface could also cause the angular distribution to broaden. To
eliminate this possibility, an angle-resolved experiment was done at 700K to acquire a
surface with a carbon deposition distribution. The surface is subsequently heated to 700K,
800K, and 900K for 10 minutes, respectively. The carbon concentrations at three spots
were measured after heating. All three spots measured showed no change after heating at
700K for 10 minutes; less than 0.4% increase even after heating at 800K for 10 minutes;
less than 0.7% increase even after heating at 900K for 10 minutes. The result showed that
there’s no carbon diffusion laterally on the Rh(111) surface, indicating that the broadening
angular distribution was from methane reacting on the impinging spot, not from carbon
migrating from an area with higher concentration to an area with low concentration. The
even carbon concentration increases across the surface after heating at temperature higher
than 800K might be from the fluctuations in AES measurements or carbon migration from

the bulk to the surface.
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and 900K heating were done sequentially, in that order.
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3.6 Terrace and Defect Channel
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Figure 3-13 Experimental dissociative sticking coefficients (points) and PMMT calculated values
(lines) with parameters {threshold energy at terrace Eoerrace = 74.3 kJ/mol, threshold energy at

step Eosiep = 36.7 kJ/mol, surface oscillator s = 1, vibrational efficacy n,= 0.55} for both terrace
and step sites. Agreement is good across all temperatures in question, even for 300K ambient

dosing.

Although the two Arrhenius simulation fit well to the equilibrium (Ts=Ty) data, it
introduced two more parameters. What is more, it does not explain the sticking coefficients
at non-equilibrium temperatures; nor does it fit the thermal sticking coefficient data done
by Ehrlich!2. Here, an PMMT model with an extra parameter, threshold energy on the step

sites, was introduced, and it fit better to the experiments. (Figure 3-13)
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Figure 3-14 PMMT model with defect sites (black) v.s. experimental sticking coefficient (blue
dots) at T,=T,=700K, angular distribution. Solid blue line is the numeric fitting to experimental

data.

Model and experiments also agree well for angular distribution. (Figure 3-14) It fits
the best when terrace threshold energy is 74.3 kJ/mol, step sites threshold energy is 36.7

kJ/mol, and vibrational efficacy is 0.55, with an ARD of 0.271.
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Figure 3-15 PMMT model showing only the defect sites reactivity.

According to PMMT modelling, defect sites play a significant role in promoting C-
H bond cleavage in methane. In fact, at lower temperatures (600K and below), defect sites
are the main reacting sites rather than terraces, which is surprising especially when how
small amount of defects counts in the whole system is considered. Similar effect was

observed for angular distribution experiments at 700K.
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Figure 3-16 PMMT simulation showing the contribution from defects and terrace respectively.

When the impinging angle of the molecules increases, the normal translational energy
is effectively discounted, similar to the effects of decreasing the temperature, whereas
vibrational energy remains unchanged. The angular distribution experiment shows that at
higher angles (lower temperatures), defect sites made up more fraction of the reactivity
observed. Reactivity on the terrace also decreases at a much faster rate when angle
increases (occos!!?9), whereas on the step sites, reactivity only decreases to occos 9,

indicating different reaction mechanism on these sites.
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Figure 3-17 Kinetic isotope effects. The PMMT simulation predicts the sticking coefficient on Rh

film experiments for both CHy and CDy closely.

One thing worth noting is that effusive beam sticking coefficient experiments Sy(T)
measured along the surface normal are not equal to thermal sticking experiments with an
ambient gas S(T). Averaging the S(3;T) measurements over the angular flux distribution
of an ambient gas hitting a surface under thermal equilibrium condition allows for

calculation of the thermal dissociative sticking coefficient S(T):

cosd
dQ

S(T) = f S(9;T) (3.16)

T

Here, PMMT simulates much wider temperature range than the experiments limits.
Although direct sticking coefficient is beyond detection limit on this Rh(111) surface,
Ehrlich!? did the thermal experiments S(T) at near room temperatures on a Rh film, where

all the surface site can be considered as 100% defect or step sites. With the same set of
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parameters extracted from the data set of this work, a PMMT model of a step reactivity
surface is able to replicate Ehrlich’s data closely, further attesting to the robustness of the
model. Furthermore, the PMMT model also replicates Ehrlich’s CDs experiments well,
which allows for an investigation of the kinetic isotope effect at relatively low temperatures.
Thermal sticking coefficient on metal terrace sites falls off so quickly with decreasing
temperature that they become impractical or impossible to measure at low Ts where
tunneling is likely important. However, the enhanced reactivity of step or defect sites on

Ehrlich’s Rh film surface allowed for reactivity measurements near room temperature.
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Figure 3-18 Kinetic isotope effects. PMMT simulation predict higher KIE at lower temperature,
which agrees with Ehrlich’s experimental data. KIE at higher temperature is predicted to be non-

significant.
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PMMT simulates kinetic isotope effects from 7 to 24 in the temperature range 350 —
250K. This is comparable to Ehrlich’s experiment value (8-15 in the temperature range 340
— 260K). The experimental kinetic isotope effect is much higher than what can be
accounted for based on the zero-point energy isotope effects alone (7 - 8), indicating that

tunneling is participating in the activation process.

PMMT indicates that at 250K, 88% of successfully reacting CH4 do so by tunneling.
This fraction is still significant at 65% for CD4. However, at temperatures more appropriate

to industrial processes near 800K, tunneling accounts for 20% of the reactive trajectories

for CHa.
3.7 Sputtered Surface

PMMT model and DFT calculation suggested that activation energy on defect sites
is different from terrace sites. PMMT model further indicates that at low temperatures,
defect sites are the main reactive sites, rather than terrace sites, even though defect sites
only count for 0.17% of the surface sites. Changing the amount of defect sites should also
change the reactivity and can be reflected in a change in sticking coefficient. Here, we
attempted to change the defect density by argon ion sputtering at 700K at 5x107 torr for
10 minutes. The sticking coefficient of the sputtered surface was three times that of the
annealed surface. More detailed experiments on a sputtered surface is discussed in the next

chapter.
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Figure 3-19 Carbon coverage with dosage of sputtered and annealed surfaces

3.8 Conclusion

The methane activation on Rh(111) study provided direct experimental dissociative
sticking coefficients on a single crystal surface which was never done before. The single
crystal surface, oriented to 0.1° with a nominal step density of 0.17%, had a reactivity
dominated by steps at temperatures below about 700 K. The experiments were found to be
optimally fit with a two channel dynamically-biased PMMT model accounting for the low
step density and with parameters (Eo terrace = 74.3 kJ/mol, Eostep = 36.7 kJ/mol, s = 1, ny=
0.55), where s=1 could be fixed in advance by the DFT calculated transition state structure,

and the reaction threshold energies are for the terrace and step defects, while the vibrational

82



efficacy value was taken as shared for both reaction sites. Unlike Pt(111), the step sites are
not readily poisoned on Rh(111) but rather contribute steadily to the reactivity even as
substantial coverages of carbon accumulate at the surface (up to 0.3 ML). The threshold
energies, especially their difference, compare well to Hu’s DFT calculation of activation
energies for the Rh(111) terrace and step sites of 64.6 kJ/mol and 30.9 kJ/mol,
respectively.!” Ehrlich’s measurements of methane thermal reactivity on “defects
dominated” deposited Rh film surfaces'> were reproduced by d-PMMT simulations
assuming film sites are 100% defects with the Rh(111) step characteristics. The high
kinetic isotope effect (9-15) observed in Ehrlich’s relatively low temperature experiments
were reproduced and the importance of tunneling was quantified with the d-PMMT model.
The finding that the vibrational efficacy extracted from our Rh(111) experiments matched
previous prediction by Scott® based on correlations to DFT calculated transition state
geometries represents progress towards the reverse process of DFT calculations predicting
parameters for d-PMMT models that can accurately predict experimental outcomes,
including ones far from equilibrium. The remarkable activity of steps in the reactivity of
CH4 on Rh(111) but not on Pt(111) helps explain why CH4 steam reforming turnover
frequencies on metal nanoparticle catalysts increases with dispersion much more rapidly

for Rh than for Pt.%°
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4 Ethane Activation on Rh(111) and Carbon Migration

4.1 Introduction

Ethane is the second most abundant component in shale gas, accounting for about
7%.12 The reactive processes involving ethane are more than that of methane, due to the
extra carbon and the C-C bond in ethane. In gas phase, the C-C bond is weaker than the C-

H bond.
C,Hg — 2CHze AH = 369.0 kJ /mol
C,Hg — CyHse + He AH = 422.6 kJ/mol?

However, it is more valuable to dehydrogenate ethane to make ethylene than to break C-C
bond to make single carbon species. Different catalysts can be selective to either C-H bond
or C-C bond hence making different products. There are various processes to utilize ethane,
such as steam cracking, steam reforming, dry reforming, partial oxidation including

oxidative dehydrogenation (ODH), and direct dehydrogenation (DDH).*
4.1.1 Steam Cracking

Steam cracking is the most prevalent process to produce ethylene with ethane as a
feedstock.> ¢ However, this process is a non-catalytic, radicals-promoted, thermal cracking

process, performed in the presence of steam at high temperature and short residence times.
C2H6 - CHZ = CHZ + HZ AH = 136.4 k]/mol

During the steam cracking operation, highly pressurized steam is used to dilute
ethane to suppress coking effects on Ni heating tubes. Because steam cracking reaction is

highly endothermic, the reaction is carried out at high temperature (700 — 950 °C) and the
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residence time ranges from a few seconds to tenths of a second. The product is a mixture
of ethane, ethene, steam, hydrogen, and other hydrocarbons. The mixture is then separated

by a series of operations. The reaction goes through a typical chain mechanism for radical

reactions:
Initiation:
CH3;CH3; — CH3e + CHje
Propagation:
CH3;CH3 + CHze — CH, + CH3CH, e
CH3;CH,+ —» CH, = CH, + He
He + CH3;CH; — CH3;CH,+ + H,

Termination:

2CH,CH,e — CH;CH,CH,CH,
CH3CH2' + He — CH3CH3

Modern olefin plants, however, still convert more than 10% of ethane into CO,. And
because of the high peak temperature of the flame in the tube furnace, significant pollutants

such as NOx are inevitably produced.’
Steam reforming of ethane (ESR) is similar to that of methane:
CH;CH3 + 2H,0 - 2CO + 5H,

ESR is not widely discussed as methane steam reforming. It is a competing reaction for

steam cracking, and the product is not as valuable as ethylene.
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4.1.2 Dry Reforming

Dry reforming, as the name suggests, is a reforming process without water; instead,

CO:z is used to produce CO and Ha (syngas)®:
CH3;CH3; + 2C0, — 4CO + 3H, AH = 429.0 kJ /mol

The attractiveness of this process is that it takes two greenhouse gases and produces syngas,
which can be used to make higher hydrocarbons via the Fischer-Tropsch process. However,
since it is also endothermic, it is only economical to couple the plant with renewable yet
unstable energy resources such as solar and wind energy.”!° The use of a catalyst is also
necessary to avoid very high temperatures and to facilitate the feasibility of the process.®
What is more, the process produces hydrogen, which reacts with CO» to produce water

through reverse water gas shift:
H, + CO, - CO+ H,0 AH = 41kJ/mol

that reduces the yield of Hz. Coking is another great challenge in ethane dry reforming. On
a Rh/ZSM-t catalyst, significant deactivation occurs within 30 minutes of reaction, at an

ethane concentration as low as 6.5%.'!
4.1.3 Direct Dehydrogenation

Direct dehydrogenation, also referred as catalytic dehydrogenation, is a process that

produces alkenes and hydrogen using a catalyst at high temperature.
C2H6 - CHZ S CHZ + HZ

There are commercially available catalysts that facilitate on-purpose production of

propylene with propane, the Olefex (UOP) and the Catofin (Lummus) technologies.'? Both
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technologies use an alumina-supported catalyst: Pt-Sn/AlO3 for Olefex and Cr203/Al,03
for Catofin. Since the reaction is endothermic and equilibrium-limited, high temperatures
and low pressures are favored. The high temperature conditions inevitably lead to coke
formation; thus a regeneration step is needed. Although the regeneration is not reversible,
the process can run continuously for several years.'? In 2014, around 5 million tons of
propylene is produced by propane dehydrogenation. Other than metal oxide-based catalysts,
nanocarbon materials that do not contain any metals are being studied with the hope to
develop robust catalysts with high coke resistance.'* Carbon-based materials have high
stability toward deactivation by carbonization. Multi-walled carbon nanotubes (MWCNT),
reduced graphene oxide (rGO), activated carbon, and nanodiamonds have been explored

and showed high activity and excellent coke resistance.

All dehydrogenation reactions are reversible and have limitations such as
thermodynamic restriction on conversion and selectivity, side reactions, strong
endothermic main reaction and necessity to supply heat at high temperature, and coke

formation and resulting catalyst deactivation.'’
4.1.4 Partial Oxidation

Partial oxidation of ethane has many products depending on the reaction environment
and catalysts used. Oxidative dehydrogenation provides an alternative to produce ethylene

from ethane.” '
C2H6 + 02 4 CHZ = CHZ + Hzo AH = _1054‘ k]/mOI

The reaction itself is exothermic; it uses oxygen, which is readily available, as a reactant;

and the side product is water, making it a good candidate for producing ethylene. On a
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platinum-tin catalyst, at least 85% selectivity to ethylene at greater than 80% conversion
can be obtained by partial oxidation of ethane by adding large amounts of H» to the reaction
mixture, at 950°C with a contact time of 10~ seconds. Undesired CO and CO; formation
also decreased from 20% without H> to 5 % when H: is added. H; is also generated in the
successive reactions, so with recycle, no addition H is needed in this process.” In a quartz
tube, a mixture of ethane and oxygen with nitrogen as carrier gas at 1 atm can react to
produce ethylene at above 930K. Ethylene yield is high with excess amount of ethane
(above 7:1 oxygen); when oxygen fraction increases in the mixture, more CO and CH4 are
produced. This provided an opportunity for oxidative pyrolysis that allows efficient
operation of smaller plants and reduced energy consumption.!® ODH has its own
drawbacks too, such as difficulty of controlling the consecutive oxidation of
alkanes/alkenes to carbon oxides, removal of reaction heat, and flammability of reaction
mixture.'® The key to these issues is the development of catalysts only activating the C-H

bond of an alkane molecule.

There has also been research on partial oxidation of ethane to oxygenates such as
acetic acid.!”?* In the 1980s, a series of Mo-V-Nb oxide catalysts were studied. Under 2
MPa and at 400 — 500°C, acetic acid was produced along with ethene, CO, and CO,!*2!.
The acetic acid selectivity is about 20% while ethylene selectivity is about 70%. With
addition of Pd to the MoVND catalysts, the acetic acid selectivity greatly increased to 80%
and CO is completely oxidized to CO».'® In liquid phase, ZSM-5 catalysts containing Fe
and Cu are effective for the partial oxidation of ethane with hydrogen peroxide giving
combined oxygenate selectivities and productivities of up to 95.2% and 65 mol kg 'h!,

respectively. The conversion of ethane to acetic acid has a 56% conversion rate and 70%
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selectivity. Ethene is also formed and can be subsequently oxidized.!” More recently, on a
Rh/HZSM-5 catalyst, ethane can be oxidized by hydrogen peroxide in aqueous solution to
form acetic acid and formic acid at a temperature < 50 °C at ethane pressure at 1.5 bar.
Single Rh atom sites, RhiOs anchored in the micropores of the HZSM-5, is considered the

active sites.*

Similar to that of methane, there has not been direct surface chemistry experimental
work on Rh(111) to determine the activation barrier of ethane. In our lab, we measured the
sticking coefficient of ethane with different gas and surface temperature, providing
information on both gas activation and surface activation. Arrhenius fit was used to find
the activation energy of ethane dissociation on Rh(111). The unusually high sticking
coefficient at high surface temperature led to the study of carbon migration on Rh surface.
However, the behavior of carbon and species formed on Rh(111) still need further

investigation.

4.2 Experimental Method

The molecular beam doser and methodology for making effusive molecular beam
measurements of alkane dissociative chemisorption is same as methane experiments for
the most part, only the difference is described here in detail. Ethane was obtained from
Matheson Tri-Gas (RES) and had a purity of 99.995%, and was further purified by flowing
through a Supelco filter (model 2-2450-U), capable of removing trace amounts of reactive

impurities. Experiments were performed using an ultrahigh vacuum (UHV) surface
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analysis chamber equipped for Auger electron spectroscopy (AES) using a double pass
cylindrical mirror analyzer, thermal programmed desorption, residual gas analysis, and

effusive molecular beam dosing. The UHV chamber had a base pressure of 1 x 10719 torr.

Due to carbon migration into the bulk as discussed in section 4.4, two methods were
used to clean the surface. The first method is by Ar" ion sputtering at Ts at 700K with 5 x
107 torr of Argon and annealing to 1300K in good UHV, until no contaminants were
detectable by AES. The second method is to oxygen cleaning at 900K, with 2 x 107 torr
of oxygen for 20 minutes; then the oxygen is pumped out until the chamber pressure is
below 107 torr; follows by Ar"ion sputtering at Ts at 700K with 5 x 107 torr of Argon for
10 minutes and annealing to 1300K in good UHV for 3 minutes, until no contaminants

were detectable by AES. The detail is discussed in chapter 2.

For high surface temperatures, the final sticking coefficient is the slope of coverage
versus exposure. For low surface temperatures, the sticking coefficient is acquired by

fitting the coverage versus exposure to the coverage dependent sticking coefficient 8 =

Omax (1 — exp (— 950 )), as discussed in chapter 2.

€
max
The preliminary results were acquired with only argon sputtering as the cleaning

method. The data excluded carbon diffusion (with oxygen cleaning and argon sputtering

as a cleaning cycle before dosing) is being obtained at the time of writing.
4.3 Preliminary Results

4.3.1 Direct sticking coefficient
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Figure 4-1 Sticking coefficient of ethane on Rh(111).

Direct sticking coefficient is shown in Figure 4-1. DSCs for every temperature are
higher than those for methane. For every gas temperature, there is an apparent increase in
sticking coefficients for surface temperatures of above 700 K. The sticking coefficients for
1000 K surface are all unusually lower than those of 900 K surface. For 900 K gas, the
sticking coefficient for 600 K surface is higher than that of 700 K surface. The Sa(Tg =
900K, Ts = 600K) and Si(T, = 900K, Ts = 700K) experiments were both repeated twice,

yet the results showed a consistency (Table 4-1).
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Surface

temp Expt 1 Expt 2
600 K 0.000658 0.000665
700 K 0.000379 0.000464

Table 4-1 Sticking coefficients at 900K gas temperature, in two experiments. The sticking

coefficients of 600 K surface are consistently higher than those of 700 K surface.

107 _
- Units : kd/mol EaT EaD
5 2 channel Arrhenius 153.2 29.7
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Figure 4-2 A dual channel Arrhenius fit to equilibrium experiments (900 K — 400 K)

Similar to methane, there are also two domains in ethane activation, one above 700
K and one below 700 K. Using Arrhenius fit S = S, exp (5—;), activation energies and pre-

exponential factors can be determined for each domain individually. A dual channel
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Arrhenius fit in the form S = Sy exp (%) + Spexp (i‘;—'TD) can also be used to find the

composite activation energies and pre-exponential factors. The parameters from Arrhenius

fits are listed in table 4-2.

Activation Pre-exponential
Surface temp
energy factor
High 153.2 1.13x10°
Composite
Low 29.7 0.0111
High temp 78.6 403
Low temp 27.4 6.91x103

Table 4-2 Arrhenius fits parameters of the dual channel fit and two individual fits. Activation

energy is in kJ/mol.

As seen in table 4-2, the activation energy of low temperature domain is 27.4 kJ/mol,
which is slightly lower than that of methane, 32.1 kJ/mol. However, for the high
temperature domain, activation energy from either the dual-channel fit or the single channel
fit is higher than that of methane (65.8 kJ/mol). The pre-exponential factors are both greater

than 1, for the dual-channel fit, in the order of 10°.

It is later discovered that, on Rh, carbon can migrate into the bulk and out of the bulk
on to the surface under certain circumstances. Moreover, there appears to be different
behaviors exhibited when dosing C1 versus C2 species on Rh(111). Indeed, different
reactive behaviors have been seen between acetylene and ethylene derived C deposited on
Pt(111).2 Hence, the preliminary sticking coefficients presented here may be subject to

some systematic error. Carbon segregation on Rh is discussed in detail in the next section.
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4.3.2 Angle-resolved sticking coefficient

The sticking coefficient from -14 to 24 degrees were measured with the center of the
crystal being 1.0 mm from the centerline of the doser. Compared to methane, DSCs are
one order of magnitude larger. However, the cosine dependence is found to be 6.5, which
is close to that of methane, 6.0. As a comparison, on Pt(111), the cosine power dependence
for methane is 12.8, ethane is 5.6.% This could be qualitatively explained by potentially
high vibrational efficacy on Rh and high degrees of freedom in ethane. From the
dynamically biased PMMT model on Rh(111) and Pt(111), the efficacies of vibrational
energy in methane activation are 0.55 and 0.4, respectively. For a more quantitative
analysis, a PMMT model from multidimensional DSCs of ethane on Rh(111) is needed
with sticking coefficients that are not affected by carbon migration, which we believe to be

the case here at Ts—=700 K.

C2Hg/Rh(111), Ts=Tg=700 K

Dissociative Stikcing Coefficient
P
(@)

® expt

cos[ ™4 ¢
4e-5 . . ' '

-10 0 10 20
Angle/°

Figure 4-3 Angle-resolved sticking coefficient of ethane on Rh(111). T, = Ty = 700K

96


https://myuva-my.sharepoint.com/personal/xw5dw_virginia_edu/Documents/Research/Dissertation/4%20Ethane.docx#_ENREF_23

4.4 Carbon segregation

The sticking coefficients for high surface temperature (above 800 K) are unusually
high for every gas temperature measured. The dual-channel Arrhenius fit yields an
activation energy of 153 kJ/mol with a pre-exponential factor of 10°. This activation energy
is comparable to that for carbon diffusion in bulk Rh, which is 135 kJ/mol.?* Subsurface
carbon is a general feature of noble metals®> and the behavior of subsurface carbon may
affect sticking coefficient measurements to a considerable extend (as shown in the
following section, DSC values can be different by two folds depending on different dosing
time) and hence not only a clean surface but also a clean subsurface is required for accurate
experiments. For argon sputtered surface, carbon migrates onto the surface at a

considerable rate at surface temperature of 900 K:

0.20

Ts = 900K

0.18 -

Carbon coverage

0.04 + T T T | T
0 500 1000 1500 2000 2500 3000

Heating time/s

Figure 4-4 Carbon migration on "cleaned" Rh surface. Chamber pressure is 910" torr.

Carbon coverage increases about 3% per 10 minutes.
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4.4.1 Carbon migration on Rh surface

Carbon diffusion coefficient D is a function of bulk temperature 72*:

_Eaifr
D = Doe kT

where Dy is the prefactor, Euy is the diffusion activation energy, & is the Boltzmann

constant. The temperature dependent diffusion coefficient is shown in Figure 4-5.

10_7»' ! ! ! ! ! ! ! ! ! ! 'A
10—12k 4

10_17» -

Diffusion Constant (cm_2s_1)

10-22| |

400 600 800 1000

Temperature (K)

Figure 4-5 Diffusion coefficient with respect to bulk temperature. The coefficient increases

exponentially with inversed temperature.

If the initial concentration in the bulk is uniform and there is no additional activation
energy to move from the surface to the bulk, then the incremental bulk concentration of

carbon at time 7 should be:

exp (= 2)
Cy(x,7) = f “IZ%
0 nDT1)2
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x is the depth into the bulk, D is diffusion coefficient at that temperature. For one monolayer
of carbon on Rh(111) surface, if all the carbon is homogeneously dissolved in 1 mm thick
of crystal, the bulk concentration is 2.21x107 (carbon atom per rhodium atom). However,
dissolving in the solid state takes a long time to reach equilibrium. Figure 4-5 shows, in 1
day, at different temperatures, with an initially clean bulk, the carbon fraction distribution
across the depth of the crystal. At 700K, most carbon would still be in the top 0.005 cm
region with the topmost concentration of 1.85x107; at 800K, most carbon would still be in
the top 0.015 c¢m region, top most concentration around 4.5x10°%; at higher temperatures,

carbon dissolves into the bulk more quickly and carbon distributes more evenly across the

bulk.
0000020 T T T T T T T T T T T T T T T T T T T T
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Figure 4-6 carbon fraction at different depth in the bulk for about 1 day.

Under the same assumptions as above, at 900K where carbon is calculated to dissolve
at a noticeable rate, it takes about 16 minutes to get 0.005 cm into the bulk, about 2.7 hours

to get 0.015 cm into the bulk, and days to get evenly distributed across the bulk. Figure 4-
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5 shows the mean distance traveled by carbon from the surface with time. At 700K, carbon

migrates very slowly; while at 1000K, carbon migrates at a considerable rate.
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Figure 4-7 Carbon fraction at different depth in the bulk at 900K.
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Figure 4-8 Mean distance traveled by carbon atoms into the bulk at different temperatures
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Figure 4-9 shows the calculated equilibrium carbon coverage on the surface at
different bulk carbon concentrations at different temperatures based on the equality of the
chemical potentials of C in the bulk and at the surface as isolated C atoms and on DFT
derived values for C atom energies.?*?” At low concentrations, carbon only shows on the
surface at low temperatures (below 500K); with increasing concentrations, carbon starts to
show on surface at elevated temperature(above 600K). Notice that 1 monolayer of carbon
on a 1 mm thick Rh(111) crystal equals to bulk concentration of 2.21x107 if disturbed
evenly across the crystal. Since carbon coverage measurements were all done at below

350K, all carbon deposited from ethane should be detectable by AES.
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Figure 4-9 Under equilibrium, at different bulk concentrations, surface carbon coverage with

respect to temperature - Rh(111)

In comparison, on Pt(111), surface carbon coverage decreases at lower temperatures
than on Rh(111) at equivalent bulk concentrations. Due to that surface carbon is less stable

relative to bulk carbon on Pt(111).
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Figure 4-10 Under equilibrium, at different bulk concentrations, surface carbon coverage with

respect to temperature - Pt(111)

It is worth noting that the carbon segregation discussed in this section is about carbon
atoms. On a Rh(111) surface, it is easy to form graphene from C> species®®, hence this may
change the equilibrium towards carbon migrating onto the surface by introducing a more

stable form of C at the surface.
4.4.2 Correction to carbon migration

Although it is ideal to get a clean surface and bulk, this is difficult to achieve. Four
cycles of oxygen cleaning at 2x107 torr at 900K for one hour followed by argon sputtering
at 5x107 torr at 700 K for 20 minutes were done in a period of three days; upon heating
the surface to 900K, there was still carbon growth on the surface. However, carbon
coverage increase seems to be at a constant rate. This provides opportunities to correct for
carbon migration to get the actual carbon deposition from gas dosing (ethane dissociative

chemisorption) rather than carbon migration from the bulk.
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In three experiments, carbon coverage increase rate was tested. The surface was
cleaned first and then dosed by ethane ambiently at 900K surface temperature. Then the
surface was heated to 900K without dosing to test the carbon growth on the surface. The
cleaning and dosing condition are tabulated in Table 4-3 and Figures 4-12 to 4-14. The
growth rate, », was determined for each experiment. The carbon deposition 8’ were
assumed to be only from two sources: ethane dissociative chemisorption, 6., and carbon

migration from the bulk, 6.

0 =0, +86,

Based on growth rate » and dosing time ¢, the carbon amount from migration from

the bulk could be determined by,

Then the actual carbon deposition from ethane can be calculated as,
6. =6"—rt

Once the carbon deposition from ethane was determined, a new sticking coefficient that

excluded migration could be calculated.

Dosing Total d951ng Cleaning method note
pressure/torr time/min
Ar" sputtered then
-6 + p
A 5x10 40 Ar” sputter only heat to 900K
B 3 5%10° 15 Oz+clean1ng and Hegt to 900K after
Ar" sputter dosing

O; cleaning and Heat to 900K after

-6
c 2x10 60 Ar* sputter dosing

Table 4-3 Three experiments done to determine carbon growth rate
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Figure 4-11 Ethane ambient dosing at 900K. When not counting carbon migration, the sticking

coefficients (slope) were not reproducible.
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Figure 4-12 Ethane dosing time and carbon coverage increase. Ethane was first ambiently dosed
on 900K surface (solid lines). Then the crystal was then heated to 900K in vacuum (dash lines).
Carbon coverage increase at a steady rate even without any ethane in the gas phase. This carbon

is assumed to be from the bulk. The slope of the dash line is the carbon growth rate, r.
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Figure 4-13 Ethane dosage and carbon coverage when carbon migration is excluded. The points
on this graph are only the carbon deposition from ethane dissociative chemisorption. The sticking

coefficients (slope) are reproducible now.

This might provide opportunity in acquiring the actual sticking coefficient when
getting a clean surface and bulk is difficult. However, the assumption here is that all the
carbon from ethane dissociative chemisorption stays on the surface at this temperature and
carbon growth rate is linear in the coverage range in question. Further studies are being

conducted at the time of writing.

To summarize, at surface temperatures above 1000 K, no C is observed on the surface
following dosing of ethane. This phenomenon is attributed to fast diffusion of C into the

Rh bulk relative to the time necessary to measure the C coverage by AES (i.e., ~ 5 mins).
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At temperatures of 800 K and below, there is no experimental evidence for either
dissolution of C into the bulk nor growth of carbon coverage coming from the bulk. Only
the intermediate temperature range of ~900 K is growth of C coverage observed after
ethane is dose. Interestingly, if the surface is cleaned and then held at 900K in the absence
of dosing ethane then there is no growth of C coverage with time. We speculate that this is
because ethane dissociative chemisorption at 900 K generates polymeric C species or
graphene species that bulk C atoms can attach to which provides a more energetically stable
final state than a surface carbon atom. At higher temperatures, C diffusion into the bulk
becomes too fast. At lower temperatures, C diffusion is too slow, as may be formation of
favorable C polymeric species on the surface, to influence the C coverage deposited by

dissociative chemisorption.

4.5 Defects Level Monitored by Change of Sticking Coefficients from Sputtering

To test if the step sites are indeed contributing to the elevated sticking coefficient at
low temperatures, dosing experiments at different step sites density can be a good
indication. Fcc crystals can be cut to different orientations to form stepped surface with
different step density. Table 4-3 listed the miller index and stepped surface designation

some common step surfaces.

miller stepped surface
index designation
(544) (S)-[9(111)x(100)]
(755) (S)-[6(111)x(100)]
(533) (S)-[4(111)x(100)]
(211) (S)-[3(111)x(100)]
(311) (S)-[2(111)x(100)]

Table 4-4 Common step surfaces and their designation
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However, due to the limitations in the lab, only a Rh(111) surface is available. Hence,
argon ion sputtering is used to create defect sites on the surface.?’*> The ion flux on the

surface can be calculated by measuring the current from the crystal to ground.

I_Q_NXe_%XNMXe_DXAXe
Tt ot t a

=FXAXe

where Q is the electric charge, ¢ is the time the crystal being hit by the ions, N is the number
of electrons, e is the elementary charge, % is the percentage of Rh atoms being hit by an
argon ion, Ngy is amount of Rh on the crystal surface, D is the ion dose, 4 is the area of the
crystal surface, and F is the ion flux. The area of the surface is approximately 7.5x10™ m?.
The relation between argon pressure in the chamber and the current is shown in figure 4-
15. At typical argon sputter pressure 5x107 torr, the ion current is 2.2 pA, then there’s

1.16% of Rh atoms being hit by an argon ion every second, equals to an ion flux of

1.83x10'7 ions/m?s.

3.5

3.0

2.5 A

2.0 A

ion current/uA

0.5 T T T
2e-5 3e-5 4e-5 5e-5 6e-5 7e-5

Pressuref/torr

Figure 4-14 Ion current with respect to chamber pressure in Ar" ion sputtering
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Theoretically, if the sputtering efficiency is 1, each ion bombardment leaves a
vacancy site on the surface, thus it should take 86 second for every Rh atom on surface to
be bombarded. However, the sputtering efficiency is not 1 since the weight of Rh (103) is
2.5 times the weight of Ar (40); also, the surface undergoes reconstruction simultaneously
during the sputtering process. This reconstruction leaves surface vacancy islands of
different sizes depending on the sputtering and/or annealing temperature. In our previous
experiments on methane sticking coefficients on Rh(111) surface, sputtering at 700K
rendered a surface with three times difference in sticking coefficients for methane. This
agrees with earlier research that sputtering at elevated temperatures only produce large

vacancies of thousands of angstrom?*3°

, where defect density is only twice as much as a
flat surface that has a miscut of 0.1° (See sample calculations next page). To create a surface
with more than 10 times higher defect density, sputtering at low temperatures is required
to create vacancy island sizes of ~250 A. On Au(111), sputtering with 500 eV Ar ion beam
at temperature range of 25 — 150 °C, vacancy island sizes are in the range of 10 — 350 A.*
The lower sized vacancy islands decrease in number and the higher sized vacancy islands
increase in number with increasing sputtering temperature. However, since sticking
coefficients get too low at low temperature, a comparison is not easily done at such
temperatures. Thus, a temperature where enough vacancies could be created while sticking
coefficient changes can be measured is needed. At 125 °C (about 400K), the majority of
the vacancy island sizes are between 100 and 200 A in diameter on Au(111), which would
likely cause a big enough change in step density. The sticking coefficient of ethane at 400K

on the flat Rh(111) is on the order of 10", which is easily measurable. Hence, 400 K surface

was chosen to compare the sticking coefficients of sputtered and annealed surface. The
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sputter time explored were 10 and 20 minutes, which are well over 1 monolayer ion

dosage.*?

Calculation of step density with different vacancy island sizes

For a sample area of 10000 x 10000 atoms with a miscut to 0.1, the step density is arctan (0.1°) =
0.0017, the number of step sites is 0.0017x10000x10000=1.7x10°

The sample area has an area of (1.35x10000)°=1.82x10° 4’
The area of a 2100 A diameter island is 7> (2100/2)°=3.46x10° A*
Hence the sample area has 1.82%10%/3.46x10°=52 such islands.

52 islands of 2100 4 diameter has a total perimeter of 52x wx2100=3.4x10° A which is equal to
3.4x10°/1.35=2.6 x10° atoms of step sites

Hence an area with vacancy island size of 2100 4 has about twice as many as step sites as a flat

surface miscut to 0.1°.
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Figure 4-15 Carbon accumulation on cleaned (circles) and sputtered (squares) surface. Hollow

points/dots show the background dosing and filled points/lines show the direct dosing.

As can be seen on figure 4-8, sputtered surface has a high sticking coefficient as well
as a higher saturation coverage. Background sticking coefficient increased nearly ten-fold,
from 1.4x10 on annealed surface to 1.3x107 on sputtered surface. Varying sputtering
time, however, does not change sticking coefficient significantly, likely because that when
sputter dosage is higher than a monolayer, surface morphology depends on the equilibrium
between the sputter rate and the temperature-dependent rate of repair of the surface by

atomic diffusion.
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4.6 Outlook

Ethane activation on Rh(111) is proven to be more complicated than the situation for
methane. Carbon segregation in each direct would interfere with sticking coefficient
measurements. C2 species might favor the formation of polymeric C or graphene on the
surface which was not observed for methane®®, which may further complicate carbon
behavior on Rh(111) surface. A more robust way to clean the Rh surface is needed and
cleanliness in the surface, the sub-surface, and the bulk needs to be checked carefully.
Other than AES, more surface sensitive techniques, such as STM for checking the
formation of graphene, XPS for checking the C-C sp? bond of graphene, and SIMS for
checking carbon concentration at different depth could provide more information on ethane

dissociative chemisorption kinetics on Rh surface.
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