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Chemistry

Heterogeneous catalysts consisting of transition metal nanoparticles anchored to oxide
and carbon support materials are ubiquitous in chemical production and pollution control.
Despite their importance, the fundamental principles which control the performance and stability
of these materials are still poorly understood. This dissertation provides insights into these
fundamental principles through an investigation of the energetics of adsorption and adhesion of
metals onto the surfaces of oxide and carbon supports, as well as studies on how the solvent
environment can affect the final catalyst performance.

Understanding the bonding energetics of transition metal atoms and nanoparticles to

well-defined support surfaces helps to elucidate the effect of the support material on catalyst



performance by providing important properties that correlate with performance, including the
chemical potential of the metal versus particle size and metal monomer’s adsorption energy. The
most suitable method for measuring these energies is metal vapor single-crystal adsorption
calorimetry. Using these techniques, we studied a variety of metals and support surfaces.

The first of these experiments investigated the structure, energetics, and charge transfer
of Ni supported on CeO»(111) using a combination of experimental methods and theoretical
calculations. This study showed that Ni preferentially binds to the oxygen atoms in the CeO.«
support and thus can be stabilized at edge-site defects on the surface. Furthermore, this binding
to oxygen atoms is associated with oxidation of the deposited Ni atoms.

The adsorption and adhesion of Ag to rutile TiO2 was studied using the same
experimental techniques. This study began with an investigation of the TiO2 surface structure
using low-energy electron diffraction which allowed us to determine that our TiO2 growth
procedures resulted in TiO2(100) films on Mo(110). Measurements of the heats of adsorption and
particle size showed that at 300 K, particles bind to defect sites on the surface while particles
deposited at 100 K are not able to diffuse to these more energetically favorable sites. This study
concluded with the determination of the Ag/TiO2(100) adhesion energy which qualitatively
confirmed a trend of decreasing adhesion energies with the enthalpy of oxide reduction.

The use of carbon materials as a support for metal nanoparticles has become increasingly
common, especially for use in electrocatalysis. Despite their importance, metals on these carbon
supports are much less studied than on oxide supports. The first calorimetrically measured heats
of adsorption of metal atoms onto graphene are reported here. The chemical potential of silver
atoms in Ag nanoparticles on graphene follows the same equation as developed for metal

chemical potential versus size as on oxide supports, which depends on metal / support adhesion



energy. A large adhesion energy and weak monomer bonding for silver onto graphene was
found, suggesting that carbon-based supports can provide excellent catalyst thermal stability.
The adsorption and adhesion of nickel atoms and nanoparticles on this same support material
was also studied. It was found that these particles grow with a unique growth morphology. These
studies will form the basis of future research on trends of the adsorption and adhesion of metals
onto carbon-based materials.

The adhesion energies of liquid solvents onto well-defined single crystal materials were
also measured here. Catalysis in liquid solvents has become more important with the
development of powerful electrocatalysts and fuel cells, however it is not well known how the
solvent affects the binding of small molecules to the surface. It has been shown that these solvent
adhesion energies can be used with a simple bond-additivity model to predict the adsorption
energies of small molecules onto single crystalline surfaces in a solvent. These adhesion energies
provide researchers with a way to determine how the choice of solvent affects the stability of

small, adsorbed molecules and thus the reactivity of catalysts in different solvents.
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Figure 2.1. A schematic of the calorimeter, which uses an e-beam evaporator and a chopper to
create a pulsed atomic beam of gaseous metal atoms (copper colored in the figure) which
impinges upon the surface of a single crystalline sample. The transient heat input due to
the adsorption of each gas pulse is detected by a flexible pyroelectric PVDF ribbon that is
gently pressed against the back of the single crystal. As shown, this ribbon is mounted in
the shape of an arch on the “cal head,” which can be translated to bring the ribbon into
contact with the single crystal, or removed for crystal cleaning and surface analysis. The
single crystal is mounted to a platen, which sits on a fork on a thermal reservoir during
calorimetry but is moved for surface analysis. Also illustrated are the components for the
real-time flux and relative reflectivity measurements. Not to scale. ...........ccccceervrennne 14

Figure 2.2. (a) Plot of the flux from the electron beam evaporator running at constant emission
current vs. time at both the sample position QCM and the off-axis monitor QCM.
Measured flux data are plotted as points, while the calculated flux at the sample position
is plotted as a continuous red line. Also plotted is the ratio between the two fluxes, which
is fit to the linear dashed line as a function of time. The flux ratio is used to calculate the
flux at the sample position based on the flux at the monitor QCM. (b) Similar data for a
control run where the flux was collected with a QCM located at the sample position
throughout the entire experiment. This shows that the changing flux ratio is well
approximated as changing linearly with time. The dashed line showing the best linear fit
to the flux ratio is essentially hidden within the scatter of the data. .............c.ccccceveeiennn 15

Figure 3.1. Integrated Ni (closed symbols) and Ce (open symbols) LEIS signal intensities
(normalized to thick multilayer Ni and clean CeO».«(111), respectively) as a function of
Ni coverage after deposition onto (a) CeO1.95(111) (red diamonds) and CeO1.8(111)
(green triangles) at 300 K and (b) CeO1.95(111) at 300 K (red diamonds) and 100 K (blue
triangles). The black dashed lines correspond to the normalized LEIS signal that would
be observed if Ni grew in a layer-by-layer fashion, while the colored solid lines
correspond to Ni growing as flat disks with a fixed aspect ratio (0.25 on CeO1.95 and 0.20
on CeO1 ) and fixed particle densities of 3.6 x 10*2 particles/cm? (red), 4.5 x 102

particles/cm? (green), and 1.3 x 10% particles/cm? (blue). This model is only reasonable
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when less than ~35% of the surface is covered since particles will soon start to overlap
with each other at higher coverage. The colored dashed lines after that are only a guide to
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Figure 3.2. Differential heat of Ni atom adsorption on CeO1.95(111) at 300 K (red diamonds),
Ce018(111) at 300 K (green triangles), and CeO195(111) at 100 K (blue triangles) as a
function of Ni coverage. 1 ML is defined as 7.89 x 10'8/m?, which is the areal density of
coordinatively unsaturated O atoms on the ideal bulk-terminated CeO2(111) surface. ... 44
Figure 3.3. (a) Differential heat of Ni adsorption on CeO,(111) at 300 and 100 K as a function
of Ni average particle (flat-disk) diameter to which Ni atoms add. (b) Chemical potential
of Ni atoms in Ni particles versus the average Ni particle diameter on CeO,.x(111) at 300
and 100 K. Red diamonds, green triangles, and blue triangles correspond to CeO1 g5 at
300 K, CeO1s at 300 K, and CeO1.95 at 100 K, respectively. ........cccccorvriinincinnninine 45
Figure 3.4. Percentage of Ce3+ (with the rest, as Ce4+) in the XPS probe depth versus Ni
coverage based on line shape fitting of the XPS Ce 3d peak measured during Ni
deposition on Ce01.95(111) at 300 K (red), Ce01.8(111) at 300 K (green), and
Ce01.95(111) at 100 K (BIUE). ....vevveeeeeeereeeeeeeeeeseeesee st esee s 46
Figure 3.5(a) Average number of electrons donated to ceria per Ni atom and the corresponding
fraction of total Ni that is oxidized (assuming it is Ni?*) plotted as a function of Ni
coverage. (b) Variation of the Ni 2ps2 XPS binding energy as a function of Ni coverage
on CeO2(111) at 300 K, as reported in the Supporting Information of ref %, ................ 47
Figure 3.6 Average number of electrons donated to ceria per Ni atom and the corresponding
fraction of total Ni that is oxidized (assuming it is Ni?*) from Figure 3.5a replotted as a
function of number of Ni atoms per particle...........ccoooviveiiciicicccce e 48
Figure 3.7. Models of Nin/CeO2(111) (n=1-7,9, 13, 19, 24, 26, 29, and 32). Surface/subsurface
oxygen atoms in the outermost O—Ce—O trilayer are depicted in red/green, Ce** in white,
and Ce%* in gray. Values of the integral heat of adsorption of Nin species are listed below
each structure in kJ/mol per Ni atom (relative to Ni gas). Optimized Ni—Ni bond lengths
in pm for Ni2, Nis, and Nis.2D are indicated in 0range. .........cccceverierieenenie e 49
Figure 3.8. (a) Calculated heat of adsorption of a single Ni atom on the CeO2(111) surface and
Ce0,«(111) with different concentrations of subsurface oxygen vacancies (@ovac = 1/4,

1/2, and 3/4; see text). Also shown are the results for one and two layers of Ce2Oz on
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Ce02(111) and a slab of pure Ce203(0001) plotted at @ovac, step = 1, 2, and 3, respectively.
The Ni oxidation state is color coded as shown (0 < 6 < 1), and the adsorption site
corresponds to the most stable one. Note that the slab model and method used in these
calculations slightly differ from those used to obtain the values reported in Figure 3.7
(see text), explaining the difference of 11 kJ/mol in the heat of adsorption of a single Ni
atom on the CeO(111) surface. (b) Calculated heat of adsorption of Ni monomer at a <
110>-type step as a function of the step-edge O vacancy fraction (®@ovacstep = 0, 1/3, 2/3,
and 1). The red dotted line corresponds to the heat of adsorption of one Ni atom on the
stoichiometric terrace (374 kJ/ mol, Figure 3.7). Atomic structures of the (c)
stoichiometric <110>-type steps with (d) one and (¢) three Ni atoms and of the (f—h)
reduced steps with one Ni atom. Values of the heat of adsorption of Ni species are listed
below each structure in kJ/mol per Ni atom (relative to Niz as).......cccccovvririncienennnn 50
Figure 3.9. Integral heat of adsorption as a function of the number of Ni atoms in the Nin
aggregates. Experimental data for adsorption at 100 K (where terrace sites are
predominantly populated) (red squares) and calculated DFT data (blue filled and empty
circles). For n > 19, the Nin aggregates in DFT correspond to continuous Ni stripes or
wires (blue empty circles). The DFT points were shifted by 88 kJ/mol to smaller values
(SEE TEXL). ..ttt eee ettt ettt ettt ettt et e et et et e e be et e a e e te e e e ra e re e aenreers 51
Figure 3.10. (a) Calculated number of electrons donated per Ni atom as a function of the number
of Ni atoms in the nanoparticle. (b) DFT data from part (a) replotted over a larger range
for comparison with the experimental data from Figure 3.6. .........ccccccovevvievieiciiecnenns 52
Figure 3.11. Number of electrons donated per Ni atom versus total Ni coverage as calculated by
DFT for CeO2(111) and as measured for CeO1.95(111) at 100 and 300 K. The numbers of
atoms in the nanoparticles are also indicated for the points closest to 1.3 ML. The curve
FIt IS JUSE tO QUITE the BYE. ....eeeeecee et 53
Figure 4.1. LEED patterns for the reference Pt(111) surface and the TiO> film grown on
Mo(110), at 90 eV and 65 eV, respectively. The (0,0) spot in the middle of the screen is
hidden by the sample holder in all cases. The first-order LEED spot locations of the
starting Mo(110) surface are shown as red dots on the film’s patterns. (These were
measured at 70 eV and adjusted outward by a factor of 70/65 to correct to an energy of 65
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Figure 4.2. (a) Simulated rutile TiO2(100) LEED with three rotational orientations and lattice
parameters of a = 0.475 nm and b = 0.304 nm. The three orientations are distinguished
with three different colors (red, yellow, and blue). (b) Simulated rutile TiO2(100) LEED
overlaid onto the TiO2 LEED pattern observed at 65 €V. ........ccooveiiiieiieeneniie e 77

Figure 4.3. Integrated Ag (circles) and Ti (triangles) LEIS signal intensities (normalized to thick
multilayer Ag and clean TiO-, respectively) as a function of Ag coverage after deposition
of Ag onto TiO2(100) at 300 K (red symbols) and 100 K (blue symbols). The black
dashed lines correspond to the normalized LEIS signal that would be observed if Ag grew
in a layer-by-layer mode. The colored solid lines correspond to Ag growing as 3D
hemispherical caps with a fixed particle density of 8.0 x 10 particles/m? (red) and 2.5 x
107 PArticles/M? (DIUE). ......vucevveceeiceceeieeee ettt 78

Figure 4.4. Differential heat of Ag atom adsorption on TiO2(100) at 300 K (red circles) and 100
K (blue circles) as a function of Ag coverage. The inset shows more details at the low-
coverage 1egion (0—1.0 ML). ...cooiiiiiiiie e 79

Figure 4.5. Differential heat of Ag adsorption on TiO2(100) at 300 and 100 K as a function of the
average effective Ag particle diameter to which the Ag atoms add upon adsorption. The
inset shows the geometry of the un-reconstructed TiO2(100) surface. Red: O; gray: Ti.. 80

Figure 4.6. Thermodynamic cycle that connects adsorption and adhesion energies for metal
adsorption on an oxide surface. It includes three steps: (1) The gaseous metal atoms form
hemispherical nanoparticles in vacuum. (2) The hemispherical nanoparticles are attached
onto the oxide surface. (3) The gaseous metal atoms adsorb on the oxide surface and form
hemispherical metal nanoparticles, which equals the sum of steps 1 and 2. .................... 81

Figure 4.7. Chemical potential of Ag atoms in nanoparticles vs the effective particle diameter on
TiO2(100) at 300 K and 100 K. The black solid curve is the fitting line of eq 4.4 with Eagn
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Figure 4.8. Variation in the Ag 3ds» XPS binding energies as a function of Ag coverage on rutile
Ti02(100) at 300 (red) and 100 K (BIUE). ....ocvveieeieiieie e 83

Figure 5.1. Sticking probability of Ag gas atoms onto graphene/Ni(111) as a function of Ag
coverage at 300 K (red, filled points) and 100 K (blue, open points). The absolute
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Figure 5.2. Integrated Ag LEIS signal normalized to a thick multilayer Ag film as a function of
the Ag coverage after deposition onto graphene/Ni(111) at 300 K (red, filled points) and
100 K (blue, open points). The black dashed line corresponds to the LEIS signal that
would be observed for a layer-by-layer growth mode for Ag atoms packing with the same
areal density as Ni(111). The solid lines correspond to the Ag growing as hemispherical
particles with a particle density of 4.4 x 10 particles/m? at 300 K (red) and 1.1 x
10%° particles/m? at 100 K (blue). The dotted lines above the Ag coverages that give a
normalized Ag LEIS signal of 0.33 are only a guide to the eye, since the model should
not be applied at those higher COVErages. ........coiiiieieeieiie e 105
Figure 5.3. Differential heat of adsorption of Ag atoms onto graphene/Ni(111) as a function of
Ag coverage at 300 K (red, filled points) and 100 K (blue, open points). The inset shows
the low-coverage regime (until 0.25 ML) on an expanded scale...........ccccovvrvnrernenne. 106
Figure 5.4. Differential heat of Ag adsorption on graphene/Ni(111) at 300 K (red, filled points)
and 100 K (blue, open points) as a function of the effective Ag particle diameter, to
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Figure 5.5. Chemical potential of Ag atoms in nanoparticles on graphene/Ni(111) vs the effective
particle diameter at 300 K (red, filled points) and 100 K (blue, open points). The black
solid line shows the hemispherical cap approximation (eq 5.2) with Eagn = 1.80 J/m?. The
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and 100 K (blue, open points). The black dashed line corresponds to the signal that would



be observed if Ni grew in a layer-by-layer fashion on this substrate. The colored red line
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colored blue line corresponds to a model with Ni growing as 3D hemispherical caps with
a particle density of 2.23 x 10%° particles/m2. The dotted line above a normalized Ni
LEIS signal of 0.33 is only a guide to the eye since the model should not be applied at
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thickness. The colored red line shows an average thickness of 1.5 nm and the colored
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corresponds to the surface atom density of Pt(111) (1.51 x 10'® molecules/cm?). The first
layer saturates at a coverage of 1/2 ML. The shaded area is the quantity
[Qadsorption — N*AHsub,s]/A used to estimate [Qadsorption — N* AHvap,s]/A when applying eq 7.6
to estimate the adNeSION ENEIGY. ....cc.oiiiiiriii e 152
Figure 7.4. Adhesion energies for each liquid solvent on clean Pt(111) and Ni(111) surfaces
determined using eq 7.6 together with low-temperature calorimetric heats of adsorption.
See Table 7.1 for teMPEratures USE. .......c.ooveieiiieiieieieee e 153
Figure 8.1. Desorption energies for decane (green), octane (blue), and hexane (orange) adsorbed
on a single-layer film of graphene (single-layer C(0001)) on Pt(111)). The absolute
coverage of 1 ML here is defined as 1 ML = 1.51 x 10*® molecules/m?, which is
equivalent to the atomic density of the underlying Pt(111) surface. The inversion method
(solid lines) shows the effect of defects on the energy of desorption. The dashed lines
show the defect-free desorption energy, assumed to be coverage-independent in the first
layer and equal to the result from the inversion analysis at completion of 50% of the first
molecular layer and equal to the multilayer desorption energy from Table 8.1 after
completion OF the FIrSt IAYET. .......coiiiiiieee e 167
Figure 8.2. Calculated adhesion energies of three n-alkanes (n-hexane, n-octane, and n-decane)
to MgO(100) (blue), C(0001)/Pt(111) (red), and Pt(111) (black) using the Redhead
415710 To o RS SSSRS 168
Figure 8.3. Activation energies for desorption versus coverage for various cyclic hydrocarbons
on rutile-TiO2(110), as determined by inversion analysis of TPD data (assuming
prefactors corresponding to nonrotating adsorbates, freely moving along the Tisc rows),
from ref 3%, The absolute coverage of 1 ML here is defined as 1 ML = 5.2 x
10* molecules/m?, which is the number of 5-fold coordinated Ti sites on the TiO(110)
surface. The contribution from stronger binding defects in the low coverage regime (6 <
0.1 ML) has been removed by extrapolating the higher coverage desorption energies to
the value in the zero-coverage limit for Tis. terraces reported in Table 8.2 of ref 3%°. ... 169
Figure 8.4. Adhesion energies of benzene and alkyl-substituted benzene derivatives onto the
rutile-TiO2(110) surface, per unit TiO surface area, determined by applying eq 8.2 to the
TPD desorption energies versus coverage in Figure 8.3, taken from ref3%° ... 170

Xii



Xiii



List of Tables

Table 7.1. Adhesion Energies of Solvent Films to Single-Crystal Metal Surfaces?................... 149

Table 8.1. Experimental TPD Results for n-alkanes on MgO(100), C(0001)/Pt(111), and Pt(111)
at conditions where they form nearly close-packed 2D islands with a nearly coverage-
independent desorption energy (from refs 3483503502 s 166

Table 8.2. Adhesion energies (Eadn) Of liquid solvent films to single crystal surfaces at 298 K
estimated via (8.2), and quantities used in that equation, including the experimental
measurement temperature of calorimetry or first-layer Desorption in TPD (T), measured
difference between the integrated heat of adsorption and the heat of sublimation per unit
area ([Qads — nAHsun]/A), and the surface energy of the liquid solvent at 298 K (ysqig)),
taken from the literature (685%34717,25,26) .....covoveeeeieececeeeeeeeee e, 171

Xiv



Acknowledgements

Funding for this work was provided by the Department of Energy, Office of Basic
Energy Sciences, Chemical Sciences Division Grant Number #DEFG02-96ER14630 and the
National Science Foundation under Grant Number #CHE-1665077.

While the short section for acknowledgements allowed to me in this dissertation is
certainly not enough to extend my gratitude to all the wonderful people who have helped me,
encouraged me, and been there for me in the last years of my life while | have been pursuing a
PhD, I will try my best to extend my gratitude to some specific people. If I have forgotten to
mention anyone important, please accept my sincere apologies here as it was not due to malice,
but due to the lack of space provided.

First and foremost, | would like to thank my family and friends who have supported me
throughout this lengthy and often strenuous process. My parents, Eric and Caroline, have
encouraged me and provided all types of much needed support throughout my studies. My
brothers, Ben and Kyle, have always been there for me as well. While there are too many to
name individually, my friends have helped to bring me joy throughout this process and get me
through the most difficult periods of my doctoral studies.

Next, | would like to sincerely thank my advisor, Professor Charles T. Campbell. It is
safe to say that without Professor Campbell’s support and guidance, my academic journey would
not have been nearly as successful. As an advisor, Professor Campbell was the ideal blend of
challenging when | needed a push forward and hands-off to allow me to time to recharge and
think critically through scientific problems on my own. Professor Campbell’s unbelievable depth

of knowledge was a constant inspiration and helped me to find solutions to problems that |

XV



initially believed to be dead ends. I am incredibly thankful to have had the pleasure of working
so closely with you Charlie.

I would also like to sincerely thank each member of the Campbell group past and present
for their hard work in setting up such a successful research program. I’d like to extend my utmost
gratitude to Dr. Zhongtian Mao for being such an incredibly intelligent and patient mentor while
he taught me more details about my instrument that I ever thought possible. To Griffin Ruehl and
Elizabeth Harman; thank you for all the fantastic conversations and for making my time in the
lab so great. Thank you to Dr. Kun Zhao and Nida Janulaitis for their incredibly hard work in the
lab, coaxing useful data out of our often-difficult instrument. | am certain that they will continue
the great work of Cal3 after my departure and wish them both the absolute best with their future
endeavors. Thank you to my undergraduate research assistants, especially Jackson Mayo,
Ziareena Almualem, and Sharon Lin for helping me with taking data on Cal3 and for their
patience as | sometimes struggled to teach them difficult concepts.

I would finally like to specifically thank the many members of the Chemistry and
Chemical Engineering departments who made my time in graduate school such a great
experience. In particular, I’d like to thank the personnel of the UW Chemistry Electronics Shop,
especially Bill Beaty, for helping to fix the seemingly constant instrumental issues that appeared
during my doctoral studies. Cal3 surely would not have been nearly as productive without Bill’s

dedicated help.

XVi



Chapter Contributions

The experimental methods described in Chapter 2 are the culmination of work from
major developments in single crystal adsorption calorimetry by Professor Charles Campbell as
well as the work of many previous students in the Campbell group. While I did my best to
describe our experimental methods in my own words, my descriptions are likely very similar to
those given in past Cal3 papers, especially Review of Scientific Instruments, 84(12), 123901
(2013). I’d like to thank Professor Campbell and all those previous students for developing such
a sophisticated instrument to give me a platform to perform the research described in the rest of
this dissertation.

Chapter 3 was my first major experimental project on Cal3 and was supervised by my
friend and mentor on Cal3, Dr. Zhongtian Mao. Along with Professor Campbell, Dr. Mao
designed the experiments described in that work while my main role in that work was assisting in
all experiments and data workup and having many conversations to make sure Dr. Mao’s ideas
were sound (they almost always were).

Chapter 4 was my second major experimental project on Cal3 and in that work | started
to play a much more major role in the data collection and analysis. While Dr. Mao was still the
supervisory lead for that project, at this stage we were able to split the workload evenly between
our schedules (I worked mornings and he worked nights) to keep Cal3 as productive as possible.
In addition, | created some of the published figures and wrote some sections of the published
paper.

Chapter 5 was the first experimental project on Cal3 in which | was the project leader.

While I had major help with developing graphene / Ni(111) growth procedures from Professor

Xvii



Campbell and Dr. Mao, most of the experiments described in that chapter as well as most of the
writing in that chapter represent my work alone.

Chapter 6 was another major experimental project in which | was the project leader.
However, this work would not have been possible without the tireless help of Cal3’s postdoctoral
student, Dr. Kun Zhao. Many experiments described in that chapter as well as many parts of the
writing represent the collaborative work between Dr. Zhao and myself.

Chapters 7 and 8 represent a collaborative effort of Professor Campbell and me. The
central idea to study the adhesion energies of solvents to model the adsorption of solvents came
from work by Professor Nirala Singh and Professor Campbell (ACS Catalysis, 9(9), 8116-8127.).
The work described in Chapter 7 extended that idea to all the solvent systems studied by Cal2.
After Professor Campbell shared the idea with me, | went through all the previous data,
calculated adhesion energies, and together we wrote that paper. The work described in Chapter 8
was much more independent, however it would not have been at all possible without many

important conversations and corrections made by Professor Campbell.

XViil



Chapter 1. Introduction

Chemical catalysis is vital to humanity. Life as we know it could not exist without
catalysts like enzymes inside cells that facilitate biological chemistry. Despite their importance,
catalysts were relatively unknown until the 18" and 19" centuries, and it was many more years
until chemists began to understand their function. Tremendous progress in catalysis was made in
the 20™ century and many Nobel prizes were awarded to chemists for the discovery of new
catalysts and for elucidating their mechanisms. Today, the vast majority of industrial chemistry
requires the use of man-made catalysts in chemical reactors.'~> It would be impossible to feed the
world or to enjoy the luxuries of modern life without these man-made catalysts. In addition to
their role in the production of chemicals, man-made catalysts are also crucial for their role in
reducing pollution. For instance, urban air pollution was so bad in Los Angeles until the
invention of the catalytic converter that wearing gas masks was not uncommon.® Undoubtably,
catalysts are central to the function of modern society.

The most common type of man-made catalyst is the heterogeneous catalyst.>? These
catalysts typically consist of small metal nanoparticles supported on a high surface area oxide or
carbon material. By adsorbing molecules from a fluid phase onto the solid surface, a chemical
reaction can take a different pathway which can dramatically improve reaction rates and
selectivity to the desired products. It is well-known that the catalyst performance can be
significantly altered by using different materials for the metal nanoparticles and the support and
by using differently sized nanoparticles.>’~'? These can be tuned to achieve solid catalysts with
high activity and selectivity that are able to continuously cycle through the new reaction.

Eventually, the catalyst material begins to deactivate through carbon (coke) formation or some



other poison blocking the active material, or by sintering of the particles which decreases the
active surface area of the catalyst.*>-16

In addition to their importance as heterogeneous catalysts, late transition metal
nanoparticles and films on oxide and carbon materials form the basis of many other modern
technologies including microelectronics,’~?° advanced sensors,?*2° and fuel cells.?¢?° In all
these technologies, the morphology of the metal and the interaction of the metal with the support
material’s surface play a critical role in the device performance. Despite the importance of these
properties, there is a lack of fundamental understanding of the physiochemical interactions
between the metal and the support material. As such, there is a tremendous motivation to study
the binding strength of metal atoms, nanoparticles, and films to oxide and carbon materials.

Traditional methods for measuring the bonding strength of adsorbed atoms and molecules
to solid surfaces include temperature-programmed desorption (TPD) and the analysis of
equilibrium adsorption isotherms. However, analysis of the results of both these methods
requires the adsorption / desorption process to be reversible.%® In order to desorb a metal
anchored to a support, very high temperatures are needed which can cause restructuring of the
metal phase, sintering of the metal nanoparticles (i.e., forming fewer, larger particles), and
diffusion of the metal into the bulk support material.®® These are all non-reversible processes
occurring before desorption, so measurements by TPD or adsorption isotherms lose valuable
bonding information about the original metal structure of interest. As such, these two methods
are only suitable for measuring metal — support bonding in very rare cases.

A method to circumvent the limitations inherent to TPD and adsorption isotherm
measurements is to directly measure the heats of adsorption calorimetrically. The first

instruments capable of measuring calorimetric heats of adsorption to a single crystal surface



were developed in Cambridge, England by the group of Sir David King.3! Their method involved
dosing small amounts of the adsorbate from a molecular beam onto a single crystal sample and
measuring the miniscule temperature rise caused by adsorption using an infrared pyrometer. This
first single crystal adsorption calorimeter (SCAC) represented tremendous progress in measuring
irreversible heats of adsorption, however the technique was still limited by the use of an optical
pyrometer heat detector which required incredibly thin single crystal samples (~0.2 um).3%3t A
dramatic improvement to the technique was developed by the Campbell group which replaced
the pyrometer with a pyroelectric ribbon heat detector instead.>%3? This new heat detector
maintains sensitivity with samples thicker than 1 pm which allowed for a wider variety of
samples, higher temperature annealing for a range of sample preparations, as well as sensitivity
at very low temperatures.3>3 Further improvements were made to this design which allowed for
the direct measurement of heats of adsorption of metal nanoparticles supported on single crystal
oxide and carbon materials.®* This newest design is described in detail in Chapter 2 of this
dissertation and the measurements taken with this instrument represent the focus of this
dissertation, as described in detail in later chapters.

The calorimetrically measured heats of adsorption of metal vapor as it adds to
nanoparticles on a support can be used to extract other important thermodynamic quantities
including the chemical potential of atoms in the particles as well as the adhesion energy of the
particles to the support.®>-2 The chemical potential of metal atoms in supported nanoparticles
was recently shown to be a good descriptor of both the activity and stability of catalyst
materials.3>-3 Small metal nanoparticles with a high chemical potential bind small molecules
more strongly but are more susceptible to deactivation via sintering. A stronger binding of the

particle to the support (or high adhesion energy) stabilizes the particles and reduces their



chemical potential. Thus, changing the support material and particle size can be used to tailor the
activity and stability of these supported particles.

Chapter 3 of this thesis describes a series of experiments studying the adsorption and
adhesion of nickel vapor onto cerium oxide (CeO- or ceria). Nickel supported on ceria is an
important catalyst material with a wide range of current and potential applications.* In
addition, previous work from our group has shown that the adhesion energies of metals on oxides
follow a predictable trend, with more oxophilic metals adhering more strongly to the oxide.3>
Since CeO2(111) is one of the best-studied oxide surfaces by our group, we wanted to investigate
whether the trends in adhesion energies extend to more oxophilic metals such as nickel.

While the work studying the adsorption and adhesion of nickel proved that these
predictive trends extend to more oxophilic metals, 364647 there were still open questions regarding
how the adhesion energies of a given metal vary as a function of the oxide support material.
Previous work from our group hinted at the fact that the adhesion energy of a given metal may
decrease with the enthalpy of oxide reduction,®>=" however there were not enough oxides with
carefully measured adhesion energies to construct a predictive trend. The work described in
Chapter 4 studying the adsorption and adhesion of silver on titanium oxide (TiO; or titania)
attempted to provide more insight into this problem. In addition, Ag nanoparticles supported on
TiO2 films and powders are promising materials for novel catalysts and photocatalysts.*®->2
Reported here are measurements of the heats of adsorption of Ag vapor onto the clean TiO2(100)
surface. To the best of our knowledge, these are the first direct measurements of the heats of
adsorption of any metal onto any single crystalline surface of TiO».

While the work described in Chapters 3 and 4 add to the growing body of knowledge of

the adsorption and adhesion of metal particles to single crystal oxide supports, very little is



known about the strength of metal adsorption onto carbon supports. Carbon supports are
commonly used in catalysts due to their low cost, many possible carbon structures, as well as the
conductivity of carbon materials.>*8 This latter property makes carbon supports especially
promising as a support in electrocatalysis which show tremendous promise in clean energy
applications.>*%%% Motivated by these facts, we performed a study of the heats of adsorption of
metals on graphene supported on Ni(111). Chapters 5 and 6 of this dissertation describe a series
of experiments on the adsorption, adhesion, and morphology of silver and nickel nanoparticles
on this technologically important material. We expect that these measurements will provide
experimental comparisons for theoretical calculations of bond strengths for silver and nickel on
graphene and graphite. In addition, we hope our measurements provide a starting point for
identifying new trends in adsorption and adhesion energies of late transition metals on carbon
surfaces like those developed by our group for oxide surfaces.

In gas-phase catalysis, the properties of the metal atoms as well as the support material
play a vital role in the catalyst performance as described above. In liquid-phase catalysis and
electrocatalysis, the effect of the solvent has an equally powerful effect on the catalyst
performance.>®-%% It is well known from experiments and theory that solvent effects can
dramatically influence the adsorption energies of small molecules dissolved in the solvent.+¢
Many excellent studies have been done on solvent effects using density functional theory (DFT)
calculations to model implicit dielectric solvents or explicitly including solvent molecules in the
calculations.®>-%” However it is still not clear exactly how the solvent changes the adsorption
energies from the more studied gas-phase adsorption energies.

A recent experimental study on the adsorption of phenol in water by Campbell and Singh

proposed that a simple bond-additivity model could be used to estimate the heats of adsorption of



small molecules in a liquid solvent.%* This model used a thermodynamic cycle that showed the
adsorption energy of a molecule onto a catalyst surface in a solvent could be related to the
adsorption energy of that molecule in the gas-phase modified by the surface energy of the
solvent, the solvation energy of the molecule in that solvent, and the adhesion energy of the
solvent to the catalyst surface. The surface energies and solvation energies are straightforward to
obtain through experimental measurements,5+%8-"* while the adhesion energy of solvents to well-
defined surfaces is much less studied. Motivated by this fact and equipped with methods our
group has developed for measuring adhesion energies of metals to supports, we set about to
determine the adhesion energies of many solvents to well-defined surfaces. Chapters 7 and 8 of
this dissertation describe work done in determining the adhesion energies of 23 different solvent
/ surface adhesion energies using previously published heat of adsorption versus coverage data
from SCAC and TPD. We hope that these important measurements help to elucidate the role the
solvent plays in modifying the adsorption energies of small molecules dissolved in those
solvents.

While the topics described in this dissertation may at first glance seem somewhat
disparate and disconnected, they all represent work done with the larger goal of describing how
catalyst performance depends on the catalyst structure and reactive environment. A better
understanding of how these factors influence the catalyst operation will lead to more logical
design of novel catalysts. These improved catalysts will help to synthesize chemicals with a
smaller energy cost and a smaller toll on the environment which has become increasingly

important in the 21 century.



Chapter 2. Experimental Methods

All experimental measurements reported here were carried out in a custom-built ultrahigh
vacuum (UHV) chamber colloquially known as Cal3. This instrument and the corresponding
experimental methods have been described in detail previously.3*"27 This chapter will serve as a
brief introduction to the UHV chamber instrumentation as well as provide details on the sample
growth and characterization procedures of importance to the subsequent chapters in this

dissertation.
2.1 Instrumentation

The sample preparation, characterization, and experiments described in this work were all
carried out in a sophisticated UHV instrument with a base pressure of ~2 x 102 torr. This
apparatus consists of three connected UHV chambers separated by gate valves to isolate the
sensitive analysis instrumentation from the sample preparation conditions and metal evaporation
source. The sample can be moved between the UHV chambers using a manipulator which can be
cooled with liquid nitrogen and can monitor the sample temperature using a thermocouple. The
preparation chamber is designed to clean and prepare the experimental samples and is equipped
with a sample heater, pyrometer, ion gun, quadrupole mass spectrometer (QMS), and multiple
gas dosers. The analysis chamber is designed to perform sensitive experiments on the prepared
samples and is equipped with the single crystal adsorption calorimetry (SCAC) apparatus and
low-energy electron diffraction (LEED) as well as spectroscopic methods including Auger
spectroscopy (AES), x-ray photoelectron spectroscopy (XPS), and low-energy ion scattering

spectroscopy (LEIS) which all use a PHI 10-360 precision hemispherical energy analyzer. The



metal evaporation chamber consists of an electron beam evaporator along with a quartz crystal

microbalance (QCM) for measuring the metal atom flux.
2.2 Sample Preparation and Characterization

The systems investigated in this work consist of ultrathin oxide and carbon films grown
directly on thin 1-2 um single crystal metal samples. The ultrathin film growth and
characterization procedures for each thin film studied (CeO2.x(111), TiO2(100), and C(0001))
will be described below as well as briefly in the corresponding chapters of this dissertation. The
single crystal metal samples were provided by the Thin Film Laboratory at Aarhus University in
Denmark. The new single crystal samples were cleaned using a combination of 1 kV Ar* ion
sputtering and annealing in UHV or Oz to remove residual salts, carbon, and oxygen from the
samples. The samples were cleaned using the aforementioned methods until a clean spectrum
was observed in XPS and the single crystal gave a sharp LEED pattern. More detailed cleaning
procedures for each metal can be found reported in the literature.”

Ce02.x(111) thin films were grown on Pt(111) single crystals using growth procedures
described previously in the literature.” The Pt(111) sample was held at 873 K for 20 minutes
while exposed to a flux of cerium atoms in an environment of 1 x 10 torr O,. After exposure to
cerium, the sample was further annealed for 5 minutes at the same temperature and in the same
O2 environment to ensure an ordered thin film with minimal oxygen vacancies. XPS and LEED
observations after growth show that this growth procedure resulted in ~4 nm films of
Ce01.95(111) which are sufficiently thick to give bulk-like behavior for metal adsorption
experiments.” In order to obtain reduced CeOa-x(111) thin films, the sample was grown using a
similar procedure as above, however the O, pressure was reduced to 1 x 107 torr and the post-

growth annealing procedure was changed to heat the sample for ~1 minute in UHV. This modified



procedure gave thin films of the same thickness as the oxidized ceria but with a stoichiometry of
Ce015(111) based on fitting the Ce 3d peak line shape in the XPS spectra.”™

Ti02(100) thin films were grown on Mo(110) single crystal samples using a procedure
described in the literature.”®’” This method involved exposing the Mo(110) sample heated to ~625 K
to a flux of titanium atoms while in a background of ~2 x 107 torr O, for 20 minutes. The sample
was then post-annealed at 800 K for an additional 10 minutes in the same oxygen environment
but without additional exposure to the titanium flux. This procedure resulted in TiO thin films
with a thickness between 2-3 nm measured by the attenuation of the Mo 3ds/2 peak in the XPS
spectrum. The Ti 2ps/2 peak indicated that the thin films were nearly fully oxidized with only
minimal oxygen vacancies created using these growth procedures. The TiO> thin films were
further characterized using LEED and were determined to be rutile TiO2(100) thin films with
three distinct domains rotated at ~120° with respect to each other. Further details on this LEED
structural characterization can be found in section 4.3.1 and the references therein.

The graphene (C(0001)) films were grown on Ni(111) single crystals using a direct
growth method described in detail in the literature.”®8 In this method, the clean Ni(111) was
first annealed at 873 K in vacuum for 5 minutes before the sample was exposed to 1 x 10 torr
ethylene (C2Ha) for 30 minutes while the sample was held at 873 K. No post-growth annealing
was performed for graphene on Ni(111) since high temperatures after growth can lead to the
dissolution of the graphene into the Ni(111) sample.”®8! After growth, the presence of graphene
was determined by the C-KVV peak in AES which has distinctive line shapes for graphitic and
carbidic carbons. The graphene films were further characterized using 1 kV He™ LEIS which
showed >95% attenuation of the nickel LEIS peak compared to the clean Ni(111) sample after

growth of a complete film of graphene. No carbon LEIS peak was observed in the He* LEIS



spectra due to a previously reported nearly complete ion-neutralization for low energy He* ions

interacting with graphitic carbon.8284

2.3  Metal Adsorption Calorimetry

While a complete description of the metal adsorption calorimetry setup can be found in
the literature,®* a brief description of the experiments will be provided here as well. After growth
and characterization of the studied oxide or carbon film, the sample was transferred to the
calorimetry position where the sample sits on a thermal reservoir with the single crystal surface
normal pointed directly at the metal source. The geometry of the calorimetry setup can be seen
more clearly in Figure 2.1. The thermal reservoir can be cooled using N2 gas precooled with
liquid nitrogen to control the sample temperature down to a minimum of ~100 K. The metal
evaporator can generate a stable flux of gaseous metal atoms monitored by a QCM and
collimated through a series of apertures until the flux reaches the sample. Based on the geometry
of the aperture system, the resulting metal atom beam reaching the sample has a circular umbra
of 4.00 mm and a penumbra of 4.52 mm resulting in an effective beam diameter of 4.26 mm. The
metal beam is chopped using into pulses with a 100 ms duration and a 2 second period using a
stepper motor immediately before the aperture system.

The heat released in each pulse is measured directly using a polyvinylidene fluoride
(PVDF) ribbon placed in gentle thermal and mechanical contact with the back of the sample. The
signal response of the PVDF heat detector is initially calibrated using pulses of a HeNe laser
with a known wavelength (633 nm) and power and with spot dimensions and pulse durations
identical to the metal beam spot used during calorimetry. Since the flux of metal atoms originates
from a high temperature metal evaporator, it is necessary to measure and subtract out the

contribution from optical radiation from the total measured heat signal. The signal due to
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radiation is measured by placing a transparent barium fluoride (BaF2) window directly in the
path of the metal beam which allows a known fraction of optical radiation (~90%) to pass
through, but blocks metal atoms from reaching the sample surface. The transmittance of the BaF»
window is measured before and after each calorimetry run by measuring the signal of the HeNe
laser pulses through the window and comparing the signal to the pulses without the window in
the path. The fraction of the measured signal with and without the window in the path gives the
transmission coefficient assuming the transmission is the same for the HeNe laser and the
infrared radiation from the hot metal source. Finally, the heat associated with pulses of metal
atoms is measured by firing pulses of metal atoms at the sample and measuring the signal
response of the PVDF heat detector. After subtracting the contribution due to radiation, we
correct the measured heat for the difference in the internal energy between a flux of high
temperature metal atoms (~2000 K) and a Boltzmann distribution at the sample temperature (100
K or 300 K) so that the reported heats of adsorption are equal to the negative of the standard
enthalpy of adsorption at the sample temperature.

To obtain the desired heat of adsorption per mole of metal adsorbed on the surface, it is
also necessary to measure the metal atom flux and the sticking probability of the metal onto the
studied surface. The metal atom flux is measured before and after calorimetry at the sample
position using an on-axis quartz crystal microbalance (QCM) that can be translated into the same
position as the sample surface. During the on-axis flux measurements and during calorimetry, the
flux is also measured continuously using an off-axis QCM in the metal evaporator. The fluxes
measured on-axis before and after calorimetry are then used to scale the flux of the off-axis
QCM so that we can accurately estimate the flux at the sample position continuously during the

calorimetry measurement. This scaling procedure assumes that the ratio of the on-axis and off-
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axis fluxes varies linearly with time as has been demonstrated previously and can be seen clearly
in Figure 2.2.

The sticking probability during the calorimetry experiments is measured simultaneously
with the heats of adsorption using a modified version of the King and Wells method described in
the literature.85% A quadrupole mass spectrometer (QMS) is situated near the calorimetry
position at the magic angle of 35° to minimize the deviations in the signal due to changes in the
angular distribution of the atoms leaving the sample surface. During calorimetry, the QMS then
measures a fraction of the metal atoms that do not stick to the sample surface and thus do not
contribute to the measured heat of adsorption. A zero-sticking reference is measured after each
calorimetry experiment by translating a heated tungsten or tantalum flag to the sample position
and measuring the QMS signal associated with pulses in which no metal atoms stick. The ratio of
the non-sticking measurement and the zero-sticking measurement (scaled by the respective
fluxes) then determines the fraction of atoms that do not stick to the surface during calorimetry
which can easily be converted to the fraction of atoms that do stick during the experiment (since
the fraction of atoms that stick plus the fraction of atoms that do not stick equals 100%).
Combining the measured heats of adsorption, the measured flux during calorimetry, and the
measured sticking probability we can finally determine the heat of adsorption as a function of the
cumulative metal coverage. The absolute metal coverage is defined differently for each surface

investigated and these definitions can be found in the respective chapters of this dissertation.
2.4 Low Energy lon Scattering Growth Morphology

The growth morphologies of the deposited metals were determined using He* low-energy
ion scattering (LEIS) measurements with a scattering angle of 135° and an incident ion energy of

1 keV. In these growth mode experiments, the metal was dosed onto the thin film surface in
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discrete amounts while the flux in each dose was measured with a QCM. After depositing a
known amount of metal in each dose, a He™ LEIS spectrum was taken of both the deposited
metal and the thin film substrate. After taking LEIS spectra up to a high coverage (>3 ML), a
large amount of metal was deposited on the substrate (>10 nm) and a LEIS spectrum was taken
of this thick overlayer to serve as a reference of complete coverage of the metal. The deposited
metal LEIS signal was normalized by the thick layer and the substrate LEIS signal was
normalized by the clean substrate before any metal was deposited. These normalized LEIS
signals then directly give the fraction of the substrate surface covered by metal particles. We then
determined the average thickness of the metal particles by dividing the average metal film
thickness from QCM measurements by the fraction of the surface covered with particles from
LEIS measurements. This average particle thickness as a function of coverage was then fit with
an appropriate model (usually a hemispherical cap model) to determine the particle density as

well as the average particle diameter as a function of coverage.
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Figure 2.1. A schematic of the calorimeter, which uses a

beam evaporator

n e-beam evaporator and a chopper to

create a pulsed atomic beam of gaseous metal atoms (copper colored in the figure) which

impinges upon the surface of a single crystalline sample.

The transient heat input due to the

adsorption of each gas pulse is detected by a flexible pyroelectric PVDF ribbon that is gently

pressed against the back of the single crystal. As shown,

this ribbon is mounted in the shape of

an arch on the “cal head,” which can be translated to bring the ribbon into contact with the single

crystal, or removed for crystal cleaning and surface analysis. The single crystal is mounted to a

platen, which sits on a fork on a thermal reservoir during calorimetry but is moved for surface

analysis. Also illustrated are the components for the real-

measurements. Not to scale.
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Figure 2.2. (a) Plot of the flux (in angstroms per second) from the electron beam evaporator
running at constant emission current vs. time at both the sample position QCM and the off-axis
monitor QCM. Measured flux data are plotted as points, while the calculated flux at the sample
position is plotted as a continuous red line. Also plotted is the ratio between the two fluxes,
which is fit to the linear dashed line as a function of time. The flux ratio is used to calculate the
flux at the sample position based on the flux at the monitor QCM. (b) Similar data for a control
run where the flux was collected with a QCM located at the sample position throughout the
entire experiment. This shows that the changing flux ratio is well approximated as changing
linearly with time. The dashed line showing the best linear fit to the flux ratio is essentially

hidden within the scatter of the data.
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Chapter 3. Ni Nanoparticles on CeO2(111): Energetics, Electron
Transfer, and Structure by Ni Adsorption Calorimetry, Spectroscopies,

and Density Functional Theory

This chapter has been published as:
Mao, Z., Lustemberg, P. G., Rumptz, J. R., Ganduglia-Pirovano, M. V., & Campbell, C. T.

(2020). ACS Catalysis, 10(9), 5101-5114.

Chapter Abstract

The morphology, interfacial bonding energetics, and charge transfer of Ni clusters and
nanoparticles on slightly reduced CeO,«(111) surfaces at 100—300 K have been studied using
single-crystal adsorption calorimetry (SCAC), low-energy ion scattering spectroscopy (LEIS),
X-ray photoelectron spectroscopy (XPS), low-energy electron diffraction (LEED), and density
functional theory (DFT). The initial heat of adsorption of Ni vapor decreased with the extent of
pre-reduction (x) of CeO».x(111), showing that stoichiometric ceria adsorbs Ni more strongly
than oxygen vacancies. On CeO1.95(111) at 300 K, the heat dropped quickly with coverage in the
first 0.1 ML, attributed to nucleation of Ni clusters on stoichiometric steps, followed by the Ni
particles spreading onto less favorable terrace sites. At 100 K, the clusters nucleate on terraces
due to slower diffusion. Adsorbed Ni monomers are in the +2 oxidation state, and they bind
more strongly by ~45 kJ/mol to step sites than terraces. The measured heat of adsorption versus
average particle size on terraces agrees well with DFT calculations. The Ce 3d XPS line shape
showed an increase in Ce®*/Ce** ratio with Ni coverage, providing the number of electrons

donated to ceria per Ni atom. The charge transferred per Ni is initially large but strongly
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decreases with increasing cluster size for both experiments and DFT, and it shows large
differences between clusters at steps versus terraces. This charge is localized on the interfacial Ni
and Ce atoms in their atomic layers closest to the interface. This knowledge is crucial to
understanding the nature of the active sites on the surface of Ni/CeO; catalysts, for which
metal—oxide interactions play a very important role in the activation of O—H and C—H bonds.
The changes in these interactions with Ni particle size (metal loading) and the extent of reduction
of ceria help to explain how previously reported catalytic activity and selectivity change with
these same structural details.

3.1 Introduction

Nickel supported on CeO: is an important catalyst material with promise in a wide
variety of applications,3®40-90-9541-4587-89 narhaps most importantly in the direct conversion of
methane to methanol.*® Ceria is a widely used support material for late-transition-metal

catalysts®6-98

and is well known to enhance the stability of supported metals to resist deactivation
by sintering.%:°7:99-192 The (111) face of CeOy is the most studied and well understood among the
low-index faces of ceria in terms of the structure and reactivity. Thus, the interaction of Ni with
the CeO2(111) surface is of fundamental interest in catalysis. Recent works have shown that
Ni—ceria interactions are crucial to achieving high catalytic performance.**58%92 |n particular, it
has been found that oxidized Ni species (Ni?*) at the Ni—ceria interface that result from the
transfer of two 4s electrons from Ni to the empty 4f band of ceria, generating two Ce®* ions,
activate O—H and C—H bonds at room temperature. Moreover, the metal loading has a drastic
effect on the catalytic properties. For example, as the coverage of Ni increases and 3D

nanoparticles form, the dissociation of O—H bonds is hindered on the Ni atoms that are not in

direct contact with the ceria support,®® and the ability of the system to dissociate methane is also
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hindered due to the formation of NiCx on the surface.** Because the strong electronic
perturbations in chemisorbed Ni species on ceria, which produce dramatic changes in their
chemical properties, are extremely sensitive to the coverage of Ni on the ceria substrate, it is
crucial to understand how the structure, heat of adsorption, and amount of Ni — ceria charge
transfer changes with Ni coverage.

Here, we study the morphology and interfacial energetics of vapor-deposited Ni on
slightly reduced CeO2(111) surfaces using metal vapor adsorption calorimetry, surface analysis
techniques, and density functional theory. The results reveal that Ni grows as 3D particles and
clarify electronic details of the Ni—CeOy interactions. The results show that the heat of Ni
adsorption and the number of electrons donated to ceria per Ni atom change strongly as the size
of the Ni clusters grows and with the extent of reduction of the ceria support and that the Ni
clusters bind more weakly to the (111) terrace sites than to step edges.

These results help explain the unique properties of ceria as a support for Ni nanoparticle

catalysts.

3.2 Methods

3.2.1 Experimental Methods

A description of the single crystal adsorption calorimetry apparatus and experimental
procedures are presented in detail in Chapter 2. They are described briefly again here to allow
the reader to understand this chapter without the need to reference back to Chapter 2.

The apparatus and methods for SCAC, XPS, LEIS and LEED were described in detail
previously. 3475103104 The Ce0,(111) thin films (x = 0.05 and 0.2) were grown on a clean
Pt(111) single-crystal surface up to a thickness of 4 nm using the same methods as described

previously, which had shown to produce ordered (111) terraces with ~5% step sites.”® They are
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thick enough to give a bulk-like behavior based on the adsorption energy of Ag vapor. ”® A sharp
(V2 x \2) LEED pattern was observed for the as-grown CeO,.(111) films, indicating that the
surface was well ordered and the epitaxial relationship with the underlying Pt was in agreement
with prior reports.!® The Ce oxidation states were characterized with XPS based on line shape
fitting of the Ce 3d peaks as described previously.”

Metal vapor adsorption calorimetry was performed as described previously.®* In brief, a
pyroelectric polyvinylidene fluoride (PVDF) ribbon is pressed against the backside of a 1 um-
thick Pt(111) single-crystal sample as the heat detector. During SCAC, a well-defined 4.26 mm-
diameter beam of Ni atoms is generated from an e-beam evaporator, collimated through a series
of apertures, chopped into 100 ms pulses with a period of 2 s, and finally dosed onto the sample.
The heat release during the adsorption of Ni atoms is detected using the PVDF ribbon. For each
calorimetry run, the heat detector response is calibrated by pulses from a HeNe laser with known
energy. To subtract the signal from thermal radiation, the sample is blocked by a BaF, window
that only allows a known fraction of radiation to penetrate. The signal associated with the
radiation is corrected with the BaF» transmission and subtracted from the total heat signal to
leave only the part that is due to Ni vapor adsorption. As we always do in SCAC,* this heat is
corrected for the difference in the metal vapor’s internal energy (2RT in a directed beam)
between the metal vapor source temperature (~2000 K) and the surface temperature (100 or 300
K) so that the heats reported below are equal to the negative of the standard enthalpy of Ni
adsorption at the surface temperature.

The flux of Ni atoms is measured with an on-axis quartz crystal microbalance (QCM) and
an off-axis QCM. The off- axis QCM facing directly to the e-beam evaporator monitors the flux

throughout the whole experiment. The on-axis QCM is placed at the sample position only before
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and after adsorption calorimetry. The beginning and ending fluxes measured by the on-axis
QCM are used to scale the off-axis QCM fluxes so that it provides the Ni flux at the sample
position for all times during the calorimetry.* The sticking probability of each pulse is measured
simultaneously with its heat using a modified King and Well’s method.3* Combining the flux and
the sticking probability, we calculate the amount of Ni atoms that sticks to the sample in each
pulse. The differential heat of adsorption versus the cumulative coverage of Ni is thus available.
The Ni coverages are reported here in monolayers (ML), where 1 ML is defined as 7.89 x 10
atoms per cm?, which is the areal density of coordinatively unsaturated O atoms on the ideal
bulk-terminated CeO2(111) surface.

The growth morphology of adsorbed Ni on CeO»«(111) was determined using He" low-
energy ion scattering (LEIS) with an incident angle of 45° from normal and a scattering angle of
135°. The normalized LEIS signals give the fraction of surface area that is covered by Ni

nanoparticles.’
3.2.2 Computational Methods
All electronic structure calculations were carried out using the spin-polarized DFT

approach as implemented in the Vienna ab initio simulation package (VASP) {vasp site,

http://www.vasp.at; version vasp.5.3.5}.16197 Ce (4f, 5s, 5p, 5d, 6s), O (2s, 2p), and Ni (3p, 3d,

4s) electrons were explicitly treated as valence states within the projector augmented wave
(PAW) method®® with a plane-wave cutoff energy of 415 eV, whereas the remaining electrons
were considered as part of the atomic core. Total energies and forces were calculated with a
precision of 1078 eV and 1072 eV/A for electronic and force convergence, respectively, within the
DFT+U approach by Dudarev et al.1% (Uert = U — J = 4.5 eV for the Ce 4f electrons) with the

generalized gradient approximation (GGA) proposed by Perdew, Burke, and Ernzerhof (PBE).*°
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We note that questions regarding the best value for the U parameter are still under debate,'+-113
Nonetheless, most DFT+U studies of reduced ceria-based systems agree that U values in the
range of 4.5—6.0 eV with GGA are suitable for the description of the localization of charge
driving the Ce** — Ce®" reduction. However, one should bear in mind that there is in general no
unique U that gives a reasonable account of all systems’ properties.'*11® Long-range dispersion

corrections were also considered, employing the so-called DFT-D3 approach. 17118

3.3 Results

3.3.1 Ni Sticking Probability on CeO,.4(111)

The sticking probability was measured using the signal for non-sticking Ni gas atoms in
each pulse detected with the transient QMS signal for Ni gas and normalized to the signal for the
reference zero-sticking pulse from a hot W flag, where no permanent sticking occurs. For all
three systems we studied (CeO1.95(111) at 300 K, CeO15(111) at 300 K, CeO1.05(111) at 100 K),

the sticking probability started at ~97% and increased to unity within the first 0.5 ML.
3.3.2 Ni Growth Morphology on CeO,.4(111)

Gaseous Ni was deposited onto CeO,x(111) films at 300 and 100 K in discrete amounts.
The Ni and Ce signals in He™ LEIS were monitored after each such Ni dose. The integrated Ni
signals were normalized to the signal from a thick Ni overlayer (>10 nm average thickness). The
Ce signals were normalized to those for a clean CeO».x(111) surface taken at the beginning of
each experiment. The normalized Ni LEIS signal gives the fraction of surface covered and
shadowed by Ni nanoparticles, and the normalized Ce signals give the fraction of the surface that
is not masked by Ni. The normalized Ni and Ce LEIS signal data are plotted versus Ni coverage
in Figure 3.1 and compared with two typical growth models. The straight dashed lines

correspond to the normalized LEIS signal that would be expected if Ni grew in a layer-by-layer
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mode. They do not fit well with the measured LEIS data. The solid curved lines correspond to
the three-dimensional (3D) growth mode assuming that Ni grows as 3D particles with the shape
of flat disks with a constant aspect ratio (height/diameter) of 0.25 on CeO1.95(111) and 0.20 on
CeO15(111), as suggested by STM studies.!® In the flat-disk model, we assume that the Ni
particles all have this same shape at all coverages and the same size at any given coverage and
the particle number density n does not change with metal coverage (i.e., the saturation number
density of nuclei is reached by the first dose, as is generally the case for such systems*?). This
model is applied only up to the coverage where ~35% of the surface is covered by particles since
particles overlap with each other at a higher area fraction. A previous work showed that, if the
particles grow as hemispherical caps, the total surface area masked by particles in the LEIS
signals for the incident and detection angles used here is 1.207 times the metal/support interfacial
area due to a shadowing effect.”? This ratio, calculated in the same way, is changed to 1.318 for
Ce01.95(111) and 1.255 for CeO1.8(111) based on their flat-disk aspect ratios (height/diameter =
0.25 and 0.20, respectively). With these assumptions, the particle number density n is the only
fitting parameter in the equation, and it is determined from the best fitting line in Figure 3.1.
Following this approach, the flat-disk model gives a good fit to the LEIS data, as shown in
Figure 3.1, and the best-fit particle number densities on CeO,«(111) at 300 and 100 K are
shown. The extent of reduction of ceria has only a minor effect on the Ni particle density. At 300
K, it was 3.6 x 102 particles/cm? on CeO1.5(111) and 4.5 x 10*2 particles/cm? on CeO15(111). A
similar small increase in the particle density with extent of reduction was reported based on STM
images.'*® Comparing the growth of Ni on CeO1.¢s5(111) at 300 and 100 K, a huge temperature
effect was observed. The Ni particle density on CeO1.95(111) was 1.3 x 10™ particles/cm? at 100

K, about 4-fold higher than that at 300 K.

22



3.3.3 Heat of Adsorption of Ni on CeO,4(111)

The heats of adsorption of Ni gas atoms on CeO»(111) for x = 0.05 and 0.2 at 300 K and
for x = 0.05 at 100 K are plotted in Figure 3.2 as a function of Ni coverage. At 300 K on
Ce01.95(111), Ni has an initial heat of adsorption of 345 kJ/ mol, and it decreases rapidly to 323
kJ/mol by 0.2 ML. The heat then increases, slowly approaching the sublimation heat of bulk Ni
at 430 kJ/mol by 9 ML. This type of reverse in slope with coverage has been seen before and
attributed to the adsorption of metal adatoms to stronger-binding defects (step edges) at the
lowest coverage that become saturated as coverage increases.” Thus, an initial heat of 345
kJ/mol on CeO1.95(111) is attributed to Ni adsorption at step edges. The minimum heat occurs at
0.1-0.2 ML Ni, which is consistent with a step-site density of ~5% of the total sites, given that
some Ni atoms will bind to other Ni atoms in clusters rather than directly at step sites as the step
sites approach saturation by Ni atoms. On CeO1g(111), where the degree of reduction is larger
and there are many more O vacancies, the initial heat at 300 K is 65 kJ/mol lower than that on
Ce01.95(111) (280 vs 345 kJ/mol), and the heat remains lower up to ~0.2 ML. This clearly shows
that Ni atoms do not prefer oxygen vacancies on CeO2(111), the opposite as we observed for Ag
and Au adsorption”1% but the same as that for Cu.” This is consistent with the fact that Cu and
Ni are much more oxophilic than Ag and Au, so they prefer to bind to the surface O atoms. The
stronger binding of Au and Ag atoms to oxygen vacancies than to stoichiometric terrace sites
was also predicted by DFT calculations'?-126 and confirmed experimentally'?~23 in previous
literature, though the decoration of oxygen vacancies by Au atoms has been challenged by recent
STM experiments. %6 On CeO1.5(111), there is no minimum in the heat of Ni adsorption versus
coverage of the type seen on CeO1.95(111) here. We attribute this to the preferential loss of the

step-edge oxygen atoms (by far, the least stable type of lattice O'%) upon reduction so that the
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step edges on CeO1g(111) no longer have enough O atoms to make more stable sites for Ni than
stoichiometric terrace sites.

At 100 K, the heat of Ni adsorption on CeO1.95(111) is initially 45 kJ/mol lower than that
at 300 K and remains lower until 2 ML. There is also no minimum in heat versus coverage of the
type seen at 300 K. We attribute this to the lack of mobility of the metal adatoms at 100 K so that
they cannot diffuse to the stronger-binding step sites as they do at 300 K and thus remain on
terrace sites and nucleate particles there instead.

Dividing the Ni particle number density from the flat-disk model fit in Figure 3.1
(particles/cm?) by the Ni coverage (atoms/cm?) gives the average number of Ni atoms per
particle at each coverage. Assuming that these particles have the same density as bulk Ni(s) gives
the volume per particle. Combining this volume with the disk shape (aspect ratio stated above)
also gives the average Ni particle (flat disk) diameter at each coverage. Using this approach, the
heat-versus-coverage data in Figure 3.2 have been replotted as Ni heat of adsorption versus the
average Ni particle (flat-disk) diameter, as shown in Figure 3.3a.

Figure 3.3a shows the heat of Ni adsorption versus particle diameter on CeO1.95(111) at
300 and 100 K and Ce0O1.8(111) at 300 K. At 300 K, the heat of Ni adsorption on Ni
nanoparticles smaller than 1.5 nm in diameter supported on CeO1.95(111) is higher than that on
Ni nanoparticles supported on CeO1.8(111), indicating that Ni does not bind more strongly to
oxygen vacancies on this surface. Above 1.5 nm diameter, the extent of reduction of CeO,.x does
not show a significant influence on the heat of Ni adsorption onto Ni nanoparticles. The plot for
Ce0O1.95(111) at 100 K stops at 1.5 nm diameter because the fractional surface area masked by Ni
nanoparticles reaches ~35% here, and the flat-disk model used to fit the LEIS data is no longer

appropriate at higher coverages. The heat of Ni adsorption on CeO1.95(111) at 100 K for a given
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particle diameter below 1.3 nm is lower than the value for CeO1.95(111) at 300 K. At 0.6 nm
diameter, the difference is ~40 kJ/mol. We attribute this difference to the nucleation of Ni
particles at step edges, where they bind more strongly than on CeO2(111) terraces (by ~40 kJ per
mole of Ni atoms at the smallest sizes measured). Due to the much slower diffusion of Ni atoms
at 100 K, they are not able to nucleate particles at step edges, but at 300 K, they can. When the
particle diameter exceeds ~1.3—1.5 nm, the heats of Ni adsorption under all three conditions
(i.e., CeO195(111) at 300 K, CeO18(111) at 300 K, CeO1.95(111) at 100 K) only show small
differences between each other. Apparently, the new Ni atoms, which add to particles larger than
~1.4 nm, predominantly bind to sites that are far enough from step edges and that they feel little
effect of the step sites. Because of the much larger particle number density at 100 K than at 300
K, this particle size (>1.4 nm) is not reached until a 4-fold higher coverage at 100 K. This size
difference explains why the heats of adsorption in Figure 3.2 at 100 K remain below those at 300
K until very high coverage.

As reported previously,® we can convert the differential heats of Ni adsorption measured
here to the chemical potential of Ni atoms by assuming that the entropic contribution to the free
energy is negligible compared to the huge enthalpic differences measured here. The difference
between the chemical potential of Ni atoms in nanoparticles with a given diameter D and the
chemical potential of Ni atoms in bulk Ni metal (set as the zero reference of chemical potential)
is equal to the sublimation heat of bulk Ni minus the heat of Ni adsorption onto Ni nanoparticles
with diameter D.%® The data in Figure 3.3a have been replotted in Figure 3.3b as the chemical
potential of Ni atoms in Ni nanoparticles versus the average particle diameter. As seen, the
chemical potential generally decreases with increasing particle size, as has been reported for

many related systems, and is largely related to the increasing number of metal-metal bonds per
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atom with increasing size.>®7>193104 The chemical potential initially increases with increasing
particle size for CeO1.95(111) at 300 K due to the initial population of more stable sites at step
edges, which saturate quickly as coverage increases.

It appears from Figure 3.3 that Ni particles do not nucleate at step edges on the
Ce01.8(111) surface even at 300 K or that step edges do not bind Ni significantly more strongly
than terraces on this heavily reduced ceria surface, especially since O vacancies prefer to form at

step edges, as noted above.
3.3.4 Charge Transfer from Ni to CeO,.x(111) during Deposition

The change of the Ce oxidation state in the CeO,.x(111) surface during Ni deposition was
monitored by the change in the Ce 3d XPS peak line shape. The percentage of Ce3* in the Ce 3d
XPS probe depth (~1 nm) was determined from line shape fitting of the XPS Ce 3d peak as
described previously.® 132 The Ce3* percentage is plotted with respect to Ni coverage in Figure
3.4. The Ce®" percentage increases rapidly with the Ni coverage up to 2 ML for CeO1.5(111) at
300 and 100 K. Above 2 ML, the Ce®" percentage does not change much with the Ni coverage,
remaining very near the high-coverage (10 ML) limits of 22% at 300 K and 19% at 100 K. For
Ce0135(111), the Ce®" percentage also increases in the first 2 ML but only from 41 to 46% and
again stays fairly constant with coverage above 2 ML.

To quantify the extent of charge transfer per Ni atom to the film, we assume that the Ce
atoms in the CeO,(111) film are reduced by the electrons donated from the Ni atoms by the
percentage plotted in Figure 3.4 but only down to the XPS probe depth of 1.0 nm, with no
reduction below that. (Using the TPP-2M equation®*? to calculate, the electron inelastic mean
free path in CeO> for Ce 3d XPS peak is 1.24 nm. Since the XPS data was taken with the energy

analyzer at 45° to the normal angle of the sample, 70% of the XPS signal of the Ce 3d peak
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comes from the first 1.0 nm-thick layer of ceria in the sample.) Using the number of Ce atoms
per unit area in this probe depth (2.5 x 10%° Ce atoms per cm?), the data point in Figure 3.4 at
each Ni coverage can then be converted to the average number of electrons donated per Ni atom,
as done previously for Cu on this same surface.” If we further assume that Ni can only be in the
form of neutral Ni or Ni?*, this average number of electrons donated per Ni atom can be
converted to the fraction of total Ni that is oxidized to Ni%*. Figure 3.5a shows the resulting
number of electrons donated per Ni atom and the fraction of Ni?*, calculated based on the data in
Figure 3.4, plotted versus Ni coverage. These both decrease rapidly with coverage and are much
smaller values on more reduced ceria.

We observed that the Ni 2ps2 XPS peak’s binding energy (BE) at low Ni coverages had
large contributions in the region expected for Ni?*. This was studied in more detail by Carrasco
et al.,®® as shown in Figure 3.5b, where their Ni 2ps» BE values for Ni on CeO2(111) at 300 K
are plotted as a function of Ni coverage. For a coverage of 0.15 ML of Ni, they reported a shift
of ~2 eV with respect to the reported value for metallic Ni, which indicates the formation of
Ni2* .13 Zhou and Zhou'® also observed with XPS that when ~0.5 ML Ni (which is ~1.2 ML in
the definition of this paper) is deposited onto the fully oxidized CeO>(111) at 300 K, about 25%
of the total Ni is oxidized to Ni?*.

For the convenience of comparison to DFT calculations, the number of electrons donated
per Ni atom and the fraction of Ni?* are also replotted as a function of the average number of Ni
atoms per Ni nanoparticle in Figure 3.6. Here, one clearly sees that the fraction of Ni?* is larger
for a given particle size when grown at 300 K (where they nucleate at steps and have a higher
heat of adsorption) than at 100 K where they nucleate at terraces and are less stable. Thus, step

edges seem to be important in making the Ni2* species stable. Alternatively, the temperature
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could have a direct effect in which the process to make Ni?* might have some activation barrier

that is not reached at 100 K.
3.3.5 DFT Models

The Nin/CeO2(111) (n=1-7,9, 13, 19, 24, 26, 29, and 32) surfaces were modeled with
DFT by supercells with (3 x 3) surface periodicity (see Figure 3.7) with the calculated ceria bulk
equilibrium lattice constant (CeO,: 5.485 A, DFT+U). A CeO; slab of six atomics layers, i.e.,
two O—Ce—O trilayers, separated by at least a 13 A-thick vacuum layer, was used as model of the
ceria support. Monkhorst— Pack*3® grids with (2 x 2 x 1) k-point sampling were used. All atoms
in the three bottom atomic layers were fixed at their optimized bulk-truncated positions during
geometry optimization, whereas the rest of the atoms were allowed to fully relax. The structures
of the ceria-supported Niz, Niz, Nis.flat, and Nis.pyr aggregates (Figure 3.7) correspond to the
ones previously reported,*+4>87.9 for which the locations of the Ce3* ions resulting from the
metal—support interaction were optimized. For the other Ni aggregates considered, some
different adsorption sites were explored, but different Ce3* configurations were not. Note that for
Nin (n > 19), the (3 x 3) surface unit cell is not large enough to isolate the Nin aggregates, and the
models correspond to continuous rows of supported Ni atoms, i.e., infinitely long 1D islands
(i.e., stripes or wires) of Ni that are several Ni atoms wide. Selected calculations were performed
for some Nin/CeO2(111) systems with (4 x 4), (2 x 2), and (1 x 1) surface periodicity and (1 x 1
x 1), (3 x 3 x1),and (6 x 6 x 1) k-point sampling, respectively, in order to evaluate possible
variations in the number of electrons transferred from the Nin aggregates to the ceria support as a
function of Ni loading.

Reduced extended CeO,-,(111) surfaces were modeled with different concentrations of

oxygen vacancies (@ovac = 1/4, 1/2, and 3/4; ®ovac = NV/N, where Nv and N are the number of
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surface plus subsurface vacancies in the reduced overlayer and the total number of oxygen atoms
in a single non-reduced oxygen atomic layer of the same cell, respectively) using a slab of nine
atomic layers with (2 x 2) periodicity, as employed in a previous work.* Furthermore, one and
two layers of Ce2O3 on CeO2(111) and the fully reduced (A-type) Ce203(0001) surface (CezOs:
ao/Co = 3.92/6.18 A and internal parameters uce/uo = 0.2471/0.6448, ferromagnetic state, and
DFT+U) were also modeled; only the interaction of Ni1 species on the reduced supports was
considered, and this was done without accounting for long-range dispersion corrections.

The oxidation state of a given Ce ion (Ce** or Ce3*) was determined by considering its
local magnetic moment (the difference between up and down spins on the ion), which can be
estimated by integrating the site- and angular momentum- projected spin-resolved density of
states over spheres with radii chosen as the Wigner—Seitz radii of the PAW potentials. The
magnetic moments of the Ce** (4f%) and Ce3* (4f%) ions are 0 and ~1 ps, respectively, because
the occupations of the Ce f states are 0 and ~1, respectively. As for the oxidation state of the Ni
atoms in the supported clusters, using the Bader analysis method,**” we obtained that only those
Ni atoms in direct bonds to the ceria support are partially oxidized, and thus, the average
oxidation state of these atoms is calculated as the total number of electrons transferred to the
ceria support divided by the number of Ni atoms with direct bonds to the support (Figure 3.7).

The integral heat of adsorption of Ni gas atoms forming Nin clusters on the CeO2(111)
support was calculated at 0 K as Eags = —1/n [E(Nin/CeO2) — E(CeO2) — n x E(Niatom)], Where
E(Nin/CeO2) and E(CeOy) are the total energies of the Nin/CeO2(111) and CeO>(111) surfaces
and E(Niatom) is that of a gas-phase Ni° atom in the d®s! configuration, calculated with a (12 x 11
x 16) A3 periodic cell and the I'-point. The lattice parameter of bulk fcc Ni was optimized (Nipuik:

3.48 A, DFT+D3) using a Monkhorst—Pack grid with (15 x 15 x 15) k-point sampling of the
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Brillouin zone, and the heat (enthalpy) of sublimation of bulk Ni (bulk cohesive energy) was
calculated to be AHSS y; = 518 kd/mol. These are in good agreement with prior results.138:13
We modeled stoichiometric <110>-type steps by adding a continuous stripe (or wire) of
CeO that was three atomic layers thick and covered three-fifths of the surface on top of a six
layer-thick (5 x 3) CeO»(111) slab (like described above) and (1 x 2 x 1) k-point sampling. This
is similar to the methods that have been used previously to model steps of CeO>(111) using
DFT.131140 Reduced <110>-type steps with varying fractions of missing step-edge oxygen atoms
(®ovac,step = 1/3, 2/3, and 1) were also modeled. This added “CeO2 wire” had stoichiometric
CeyO1sg per (5 x 3) unit cell when not reduced, decreasing to CeqOs1s for the most fully reduced
step edge. The adsorption of Ni1 species on these stoichiometric and reduced step edges was
studied. The locations of the Ce3* ions, resulting from the removal of the step-edge oxygen
atoms and from the Ni-ceria interactions, were not optimized in detail when modeling step sites.

3.3.6 Ni Monomers at CeO,(111) and CeO,«(111) Terraces : DFT Results

On Ce0O2(111), an isolated Niz species was found to adsorb on a hollow site coordinated
to three surface oxygen atoms with Eags = 374 kJ/mol, in line with previous studies (Figure
3.7).%487 As a result of strong metal—support interactions between Niz and CeOz, two electrons
from Ni are transferred to the support, generating two Ce>* ions, and the Ni atom becomes
oxidized to Ni%* (d®). This is qualitatively consistent with the experimental observations in
Figure 3.5, although the extent of charge transfer is not as large experimentally. This is probably
related to the fact that the experimental surface is not stoichiometric CeO> but instead is already
partially reduced to CeO1.¢5, and the extent of charge transfer decreases with the degree of

reduction (see above). For Cu adsorption on CeO,(111), we also found that such small amounts
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of pre-reduction (2.5%) greatly decreased the extent of charge transfer at the lowest Cu
coverages compared to stoichiometric CeO,.”

Figure 3.8a shows the calculated heat of adsorption of a nickel atom on reduced
Ce0«(111) surfaces. The two excess electrons resulting from the creation of a (neutral) oxygen
vacancy have been reported to be localized at cation sites in the outermost plane of cations but
not adjacent to the vacancies, driving the Ce** — Ce** reduction; the energetically most stable
near-surface oxygen vacancy structures for a broad range of vacancy concentrations all have
their vacancies at subsurface oxygen sites.!*-144 As the degree of near-surface reduction
increases, the adsorption energy of the Ni atom decreases, and at the same time, Ni adatoms
recover their metallic character (Ni** — Nii* — Ni®). In other words, as the concentration of
Ce®" ions increases, it gradually becomes more and more difficult for Ni to transfer electrons to
the already reduced support, as observed experimentally (Figure 3.6). The results in Figure 3.8
also help explain the experimental observations that the binding of Ni at low coverage is stronger
on a ceria surface, which is less reduced (cf. Figure 3.2and Figure 3.3a). This suggests that the
ability of ceria to stabilize oxidized nickel species (Ni?*) on the CeO> surface by re-localizing

electrons on localized f-states (Ce®*) is a key factor in determining the Ni heat of adsorption.
3.3.7 Ni Monomers at CeO,(111) and CeO,x(111) Step Sites: DFT Results

Comparison of the heats of adsorption of Ni monomers on the flat stoichiometric
Ce02(111) terraces (374 kJ/mol, Figure 3.7) and at stoichiometric <110> step edges (Figure
3.8c) shows that the step edge binds Ni1 more strongly by 95 kJ/mol (Figure 3.8d). In both sites,
Ni binds as Nii?*. These calculations thus predict that decoration of the stoichiometric step with
Ni species will occur before adsorption on the terraces. The heat of adsorption of three Niy

species (Figure 3.8e), which corresponds to the maximum possible coverage of monodispersed
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Niy species at the step edge, is almost the same as single Niy, still also more strongly bound by
~90 kJ/mol per Ni atom to the step edge than isolated Niz species on the flat terrace. (While the
structure shown has two Ni'* atoms and one Ni?*, a similar structure with all three of these Ni
atoms as Ni2* has the same energy, within error bars.) This is consistent with the observed
minimum in the heat of Ni adsorption versus coverage on the CeO1.95(111) surface at 300 K
(Figure 3.2), which we attributed to the existence of stronger-binding defect (step-edge) sites that
are occupied first, i.e., at low Ni coverage.

However, on the more reduced CeO1g(111) surface, no minimum in the calorimetric heat
of Ni adsorption versus coverage has been observed, and the measured heat is always lower than
that on the nearly stoichiometric surface (Figure 3.3a). This is consistent with the calculated heat
of adsorption of Ni at the step as a function of the step-edge oxygen vacancy fraction (®ovacstep,
Figure 3.8b), which shows that as the number of available step-edge oxygen atoms decreases,
step sites eventually become less stable than terrace sites when all the step-edge oxygen atoms
are removed.

We also calculated the average step-edge oxygen vacancy formation energy as a function
of the step-edge O vacancy fraction (@ovacstep) @and found that oxygen atoms at the step are
always easier to remove than those at the terrace. The average defect formation energies were
169, 207, and 219 kJ/mol for @ovacstep = 1/3, 2/3, and 1, respectively, and 265 kJ/mol at a terrace
site, calculated using the model in Figure 3.8c without optimizing the location of the excess
charge. This validates our claim above (based on prior literature) that the O vacancies are mainly
at the step edges, which also suggests that on the more reduced Ce0O1.5(111) surface studied

experimentally here, there may be no O atoms on the step edges.
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3.3.8 Ni Clusters on Stoichiometric CeO,(111) Terraces: Heat of Adsorption and

Charge Transfer by DFT

The formation of Ni, dimeric structures was considered, as studied in a previous work.%*
In the case of two Ni atoms at neighboring hollow sites separated by 3.56 A (Figure 3.7), each Ni
atom transfers two electrons to the ceria support, generating four Ce®" ions and two Ni?* species.
The adsorption energy of such a Ni pair is Eags = 355 kJ/mol (per Ni atom, relative to Ni gas).
Therefore, bringing two Ni?* species closer but without forming a Ni—Ni bond destabilizes the
system by 38 kd/mol [2 x Eags(Ni2) — 2 x Eads(Ni1)], which implies a repulsive interaction of 38
kJ/mol between the positively charged Ni?* atoms at this separation. We addressed whether a Ni
dimeric structure forming a Ni—Ni bond (Ni2.b) is energetically preferred over two well-
separated Nii?* species by adsorbing such a Ni2.b species which have an optimized Ni—Ni bond
length of 2.20 A (cf. Figure 3.7). This results in one Ce®* jon and thus two partially oxidized
Ni%%* atoms. The adsorption energy of the Niz.b dimer is only Eags = 329 kd/mol, i.e., the system
is 90 kJ/mol less stable than two isolated Ni:?* species. Even though the Ni atoms in the Niz.b
dimer have a low charge, it is still too high to allow intrinsic Ni—Ni bonding that exceeds the
Ni%>*—Ni%5* charge repulsion. This repulsive interaction of the two ceria-supported Ni®5* species
of 90 kJ/mol for the Ni2.b/CeO>(111) system (cf. Figure 3.7) is 68 kJ/mol lower than the simple
Coulomb repulsion of two +0.5 point charges at the same separation (2.20 A) in vacuum (158
kJ/mol). The difference reflects some type of attractive bonding between the two Ni cations that
partially overcomes the Coulomb repulsion.

In the case of a Nis cluster, the Ni atoms form a flat triangle with three nearly equal
Ni—Ni bonds of length 2.31-2.32 A (Figure 3.7), two Ce*" ions are formed, and therefore each of

the three Ni atoms has a charge of +0.67. The adsorption energy of the Niz trimer is Eadgs = 382
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kJ/mol; hence, compared to three isolated Nii?* species, the Nis cluster is 24 kJ/mol more stable
(or 8 kJ/mol per Ni atom).

As for Nig, both three-dimensional clusters with a pyramidal shape (Nis.3D) and bi-
dimensional flat rhombohedral-shaped (Nis.2D) clusters were considered, as studied
previously.®” The stability of these clusters is comparable, namely, Eags = 389 and 386 kJ/mol for
Nis.3D and Nis.2D, respectively (Figure 3.7). These Nis species also reduce the ceria support
upon adsorption with the formation of two Ce3+ ions. In the Nis.3D case, these two electrons are
transferred from the three Ni atoms, forming the pyramid base, which are partially oxidized (3 x
Ni%¢6*); whereas, the top Ni atom remains as Ni°. In Nia.flat, all four Ni atoms in direct contact
with the support are oxidized (4 x Ni®®*). As with the Ni atoms in the Nis cluster, those in the
Niz clusters do not repel each other. For instance, the Nis.2D structure (4 x Ni®*) is more stable
by 228 kJ/mol [4 X Eags(Nis.2D) — 4 x Eags(Ni2.b)] than two isolated Niz.b dimers (2 x Ni%**
each). Even if the Ni atoms in the Nis.2D and Niz.b structures have a similar charge (+0.5), the
larger number of Ni—Ni bonds in the Nia.flat cluster, with one bond length of 2.26 A and four
average bond lengths of 2.31 A, is what optimally stabilizes the structure.

As the number of Ni atoms in the nanoparticles increases beyond three, the formation of
3D structures is preferred over flat ones (cf. Figure 3.7), in agreement with the experimental
observation that Ni grows as 3D particles. For instance, the energy gained by adding one Ni atom
to the flat Nis.2D cluster [5 X Eadgs(Nis) — 4 x Eags(Nis.2D)] is larger by 10 kJ/mol if a Nis.3D
structure is formed (436 kJ/mol) (Figure 3.7) as compared to a 2D Nis aggregate (426 kJ/mol).
The configuration of the Nis, Nig, and Niz nanoparticles corresponds to 3D structures with four,
five, and six Ni atoms, respectively, in contact with the ceria support, with 2 x Ce®* ions for the

Nis and Nis structures and 3 x Ce®" ions for the Ni7 one. As for the case of Nia, electrons are
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transferred only from the Ni atoms in direct contact with atoms of the ceria support, and these are
partially oxidized (4 x Ni®>*, 5 x Ni®**, and 6 x Ni®°* for the Nis, Nig, and Ni7 nanoparticles,
respectively); whereas, the Ni atoms on the top (not in direct contact to the ceria) remain as Ni°.
Also, for the Nig (3 x Ce®*"), Niz (5 x Ce*"), and Nig (5 x Ce®*") aggregates, only the six, nine,
and fifteen Ni atoms, respectively, in direct contact with the oxide support are partially oxidized
(6 x Ni®%* 9 x Ni®®* and 5 x Ni%3**, respectively); whereas, the Ni atoms on the top of
oxidized nickel retain their metallic character (Ni°). Finally, the continuous stripes of Ni that we
considered (i.e., Ni2s, Nizs, Ni2g, and Nisz) donate four electrons for Ni24 and Nis2 and five
electrons for Nizs and Nigg to the support (5 x Ce3*). In the Niz4, Nizs, Ni2g, and Nis; stripes, also
only the atoms in direct contact with the ceria support are partially oxidized (cf. Figure 3.7).

In summary, the DFT results produce firm computational evidence that for low Ni
loadings on the CeO2(111) surface, for which a large dispersion of small Ni nanoparticles is
observed,*>!3 the ceria support induces strong electronic perturbations in chemisorbed Ni
species that are directly at the Ni—ceria interface, whereas there is a rapid weakening of the
Ni—ceria interactions with increasing Ni loading, for which 3D nanoparticles form, 313

3.4 Discussion

Figure 3.9 compares the calculated integral heat of adsorption for the thermodynamically

stable Nin/CeO2(111) systems with those obtained experimentally (cf. Figure 3.2), where the

calculated points have been shifted by —88 kJ/mol [AHS (5 18 %) —AHZ?P (430 %)]

sub,Ni
This correction corresponds to the 88 kJ/mol difference between the calculated bulk cohesive
energy (sublimation energy) of bulk Ni(solid) with the PBE exchange—correlation functional

with long-range dispersion corrections (DFT-D3), as compared to the experimental value.
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The experimentally determined heats of adsorption are larger than the DFT ones for one
and three atom clusters by 15 and 10 kJ/mol, respectively, after this 88 kJ/mol correction in
Figure 3.9. This may be due to the fact that the cluster sizes could have been underestimated in
the first two pulses in the heat measurements of Figure 3.2, Figure 3.3, and Figure 3.9. Although
the LEIS measurements of Figure 3.1 are consistent with a constant number density of Ni
clusters independent of coverage, those measurements did not extend down to such low
coverages as the heat measurements, so it is possible that in the first two heat points, the Ni
clusters had not yet reached their saturation density, as we assumed here in estimating cluster
sizes. For a higher Ni loading, the DFT heats plotted in Figure 3.9 are larger than the
experimental ones. This is actually to be expected based on the wire-like nature of the Ni
aggregates modeled by DFT, which have more Ni—Ni bonds per Ni atom than in the
corresponding isolated clusters studied experimentally.

The comparison and the discussion above reveal that, due to the strong Ni—ceria support
interaction and its large charge transfer, at least three Ni atoms are required to make Ni clusters
stable. Only then can the intrinsic Ni—Ni bond energies help win out over repulsive interactions
between partially charged Ni atoms at the Ni—ceria interface.

Figure 3.10b shows the number of electrons transferred per Ni atom versus cluster size as
calculated by DFT. The extent of charge transfer per Ni atom clearly decreases rapidly with
cluster size, but for a given size, we found it to be generally independent of the size of the unit
cell, as discussed below. Figure 3.10b compares this number of electrons transferred per Ni atom
versus particle size as calculated with the experimental results reported in Figure 3.5a and Figure

3.6.
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As seen in Figure 3.10b, the charge transferred per Ni atom decreases strongly with
particle size in all three curves. However, it decreases much more rapidly in the DFT
calculations than in the closest corresponding experiment (i.e., CeO1.95(111) at 100 K, where the
particles are at terrace sites like in the DFT). The transferred charge in the experiments also
decreases with size much more rapidly at 100 K than at 300 K so that the charge transferred per
Ni atom on CeO1.95(111) is 3- to 4-fold larger for the same particle size at 300 K than at 100 K.
This may be related to the fact that the clusters are at step edges at 300 K but on terraces at 100
K, although this is surprising since the 2.5% O vacancies in this CeO1.95(111) surface concentrate
at step edges and O vacancies clearly decrease the extent of charge transfer (see above).
However, step edges may have other electronic or structural characteristics that enhance charge
transfer in spite of these extra O vacancies. For example, charge-transfer-induced lattice strain is
probably relieved more easily near the steps. (Earlier DFT calculations have shown that such a
charge transferred to CeO2(111) and the corresponding conversion of Ce** to Ce®* lead to lattice
expansion parallel to the surface.*®) Given that the DFT calculations are at 0 K, the three curves
in Figure 3.10b separate by temperature, with greater charge transfer at higher temperature.
Temperature seems unlikely to be the intrinsic reason for this since the only reasonable
explanation would be some activation energy associated with charge transfer of a type that we
have never seen reported.

For the same particle size in Figure 3.10b, the total Ni coverages are quite different for
the three curves for CeO>(111) and CeO1.95(111) since the Ni clusters are much closer together in
the DFT models than in the experiments at 100 K and they are closer together in the experiments
at 100 K than at 300 K. It is possible that there are strong dipole—dipole repulsions between

clusters since the clusters carry so much charge and have their counter charge in the outermost
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ceria plane at the metal—ceria interface according to the DFT results. These repulsions get
stronger as the distance between parallel dipoles decreases and are therefore well known to lead
to depolarization of adsorbate—substrate bonds as their coverage increases.'*® Therefore, these
different coverages would affect charge transfer in the way seen here: higher coverages lead to
less charge transfer for the same cluster size. The data for these curves in Figure 3.10b are
replotted versus coverage in Figure 3.11. When plotted in this way, all three data sets converge
into a single curve, which lends support to the proposal that the differences in Figure 3.10b are
largely associated with this effect of coverage (cluster separation) on dipole—dipole repulsions
between clusters. We tested this effect directly with DFT by changing the unit cell size for the
same cluster size and shape. For one Ni atom with (4 x 4), (3 x 3), and (2 x 2) periodicity, DFT
shows that two electrons are transferred to the ceria support (Ni%*); whereas, for the (1 x 1) unit
cell, only two-thirds of the electron is transferred (Ni%%¢*). However, for both the Nis and Nis.3D
clusters with (3 x 3) and (2 x 2) periodicity, two electrons are transferred independent of the size
of the unit cell (3 x Ni®®"). This can be seen as the pairs of DFT points in Figure 3.11 with
nearly the same charge transfer but quite different coverages (cf. Nis.3D and Ni13 with about 0.4
electrons donated per Ni atom but corresponding to 0.56 and 1.45 ML, respectively). This gives
rise to the greatest deviations from the single curve fit through these data in Figure 3.11. Since
these DFT calculations do not show a direct effect of coverage on charge transfer, we cannot be
sure that the nice correlation with coverage in Figure 3.11 that seems to bring all three data sets
into pretty close agreement is really due to the direct effect of coverage (i.e., cluster separation).
It may be that the largest unit cell size in the DFT calculations is still not large enough to see this
effect since the cluster density used in the DFT models is much higher than that in the

experiments. An alternative explanation is that the charge transfer in the 300 K experiments is
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greater for the same cluster size than that in the 100 K experiments due to the fact that the
clusters are at step edges at 300 K but on terraces at 100 K (see above).

The experimental charge transfer at 300 K in Figure 3.11 is quite large. For example, for
particles with 278 atoms, approximately one-third electron is transferred per Ni atom so that the
particle has a charge of +93. Since the aspect ratio of the particle is 0.25, about one-third of the
Ni atoms are on the interface. Therefore, the measured total charge transfer will be realized if
each Ni atom at the Ni—CeO: interface transfers one electron to ceria. Apparently, there is not
too much Coulombic repulsion because of attractions to the negative charge on ceria (i.e., Ce®*
ions) at the interface, as indicated by the DFT calculations. The high strength of this interfacial
bonding decreases the chemical potential of the Ni atoms in a way that can be directly related to
the superior sinter resistance of these materials via well-known rate equations.!>*3

The results above clearly show that the electronic character of the Ni atoms changes with
Ni particle thickness and size, with the location of the Ni atoms within the 3D particles (i.e.,
whether in the interfacial layer or in layers further away from the CeO, support), and with the
extent of reduction of the CeO> support. We next show how these changes can be related to some
of the unique catalytic properties of Ni/CeO, materials that have been reported and how these
vary with the structural properties of these materials at the atomic scale.

First, let us consider highly dispersed Ni on CeO. with few oxygen vacancies, where all
the Ni atoms are either isolated monomers or small 2D clusters. We show above that these Ni
atoms are highly cationic. It has been recently shown*3#48%92 that well-dispersed, small Ni
nanoparticles on a non-reduced ceria support, with all the Ni atoms being interfacial, promote the
activation of both O—H and C—H bonds at room temperature with lower activation barriers than

for extended metallic Ni surfaces. Most importantly, this type of material can perform direct

39



catalytic conversion of methane to methanol at a low temperature (450 K), using a mixture of
oxygen and water as the oxidant, with ~30% selectivity.* This we attribute to the highly
cationic character of the surface Ni atoms. These same types of structural features were also
reported to be most active for catalyzing the water-gas shift (WGS) reaction (CO + H.O — CO>
+ Hy), where higher Ni loadings (larger Ni particles) had shown to be less active.3%8°

For larger Ni nanoparticles, we find that neutral Ni atoms are above the oxidized
interfacial Ni atoms and thus are exposed to gas-phase reactants. The calculated O—H bond
cleavage activation energy at these neutral Ni atoms is higher than that at the Ni monomers and
few-atom Ni clusters discussed above and not very different from that on Ni(111).2° Hence, the
Ni atoms at the rim of these larger nanoparticles are the only effective sites for O—H bond
cleavage. These larger particles with both neutral Ni atoms and cationic Ni at the particle
perimeters appear to be the most active for converting CO + H,0 into methane.* In fact, the
selectivity of Ni/CeO2(111) model catalysts was reported to depend strongly on Ni loading.
Specifically, low-loaded systems catalyze the production of CO2 +H,, whereas high-loaded
systems catalyze the production of CHs. The Ni loading also has a strong effect on the rate at
which the system exposed to CH4 deactivates: during dry reforming of methane on high-loaded
systems, coke forms and deactivates the catalyst.**

The nature of the ceria support is also important. As discussed above, the binding of Ni
nanoparticles on CeO> surfaces becomes increasingly weak as the degree of reduction of the
ceria surface increases; the amount of charge transferred from Ni to CeO> for the same small Ni
particle size also decreases strongly with the extent of reduction. Therefore, if operating
conditions are changed for low-loaded Ni/CeO: catalysts in such a way that CeO2 gets more

reduced, this will markedly reduce the charge on the Ni atoms. This is the case during methane
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dry reforming with CO; over low-loaded Ni/CeO catalysts at 650 K.**4492 The C—H cleavage
barrier remains low even though, as we show above, the charge transfer from Ni to ceria is
decreased due to ceria reduction, but now the C—O bond cleavage barrier in CO> also becomes
low* due to the presence of surface oxygen vacancies.

3.5 Conclusions

Ni atoms adsorb on slightly reduced ceria CeO»..(111) and form three-dimensional nanoparticles
at 300 and 100 K, which increase in size with increasing Ni loading. The extent of reduction of
ceria has a minor effect on the Ni particle number density at 300 K, while decreasing the
temperature from 300 to 100 K results in 4-fold higher Ni particle number density on
Ce01.95(111). The heat of Ni adsorption onto CeO1.95(111) at 300 K starts from 345 kJ/mol
(attributed to step edges), decreases within the first 0.2 ML to 323 kJ/mol (as step edge sites
saturate), and increases afterward (due to growing particle size) until the bulk heat of Ni
sublimation is reached by 9 ML. On CeO1.8(111) at 300 K, this initial drop in heat of adsorption
was not observed, attributed to weaker Ni binding to step edges when full of O vacancies. The
heat of adsorption is generally lower on the more reduced ceria surface (by up to 65 kJ/mol
initially at 300 K), again suggesting that the oxophilic Ni atoms do not prefer O vacancies. DFT
calculations support this. On CeO1.95(111) at 100 K, Ni atoms adsorb mainly on terraces due to
slow Ni adatom diffusion with an initial heat of adsorption that is 45 kJ/mol lower than that at
300 K, where Ni atoms mainly adsorb on step edges. This highlights Ni’s strong preference for
step edges over terraces. Upon adsorption, Ni atoms donate electrons to the support to generate
Ce®". DFT calculations show that this charge is localized on the interfacial Ni and Ce atoms in
their atomic layers closest to the interface. As the coverage and particle size grow, the average

number of electrons donated per Ni atom decreases in both experiments and DFT calculations.
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For the same size, Ni particles exhibit less charge transfer to CeO1.95(111) at 100 K (when on
terraces) than at 300 K (when at step edges). The charge transfer from Ni particles is much less
on CeO18(111) compared to CeO1.95(111) at both temperatures.

Ni/CeO- interactions that produce strong electronic perturbations in the Ni nanoparticles
result in important changes in their chemical and catalytic properties, as discussed for the
examples of both O—H and C—H bond cleavage. Manipulating these interactions by, for example,
controlling the degree of reduction of the support, as well as particle size and metal loading, can
lead to improved catalytic activity and/ or selectivity. Our findings help explain some of the
outstanding catalytic properties of Ni/CeO2 materials and how they depend upon their atomic-
level structural details. This may aid in the rational design of catalysts that involve O— H and

C—H bond dissociation.
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Figure 3.1. Integrated Ni (closed symbols) and Ce (open symbols) LEIS signal intensities

(normalized to thick multilayer Ni and clean CeO».«(111), respectively) as a function of Ni

coverage after deposition onto (a) CeO1.95(111) (red diamonds) and CeO1.8(111) (green triangles)

at 300 K and (b) CeO1.95(111) at 300 K (red diamonds) and 100 K (blue triangles). The black

dashed lines correspond to the normalized LEIS signal that would be observed if Ni grew in a

layer-by-layer fashion, while the colored solid lines correspond to Ni growing as flat disks with a

fixed aspect ratio (0.25 on CeO1.95 and 0.20 on CeO15) and fixed particle densities of 3.6 x 10'?

particles/cm? (red), 4.5 x 10*2 particles/cm? (green), and 1.3 x 10*2 particles/cm? (blue). This

model is only reasonable when less than ~35% of the surface is covered since particles will soon

start to overlap with each other at higher coverage. The colored dashed lines after that are only a

guide to the eye.
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Figure 3.2. Differential heat of Ni atom adsorption on CeO1.¢5(111) at 300 K (red diamonds),
Ce01.8(111) at 300 K (green triangles), and CeO1.95(111) at 100 K (blue triangles) as a function
of Ni coverage. 1 ML is defined as 7.89 x 10%/m?, which is the areal density of coordinatively

unsaturated O atoms on the ideal bulk-terminated CeO>(111) surface.
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Figure 3.3. (a) Differential heat of Ni adsorption on CeO.4(111) at 300 and 100 K as a function
of Ni average particle (flat-disk) diameter to which Ni atoms add. (b) Chemical potential of Ni
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Figure 3.4. Percentage of Ce3+ (with the rest, as Ce4+) in the XPS probe depth versus Ni
coverage based on line shape fitting of the XPS Ce 3d peak measured during Ni deposition on

Ce01.95(111) at 300 K (red), Ce01.8(111) at 300 K (green), and Ce01.95(111) at 100 K (blue).
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Figure 3.5(a) Average number of electrons donated to ceria per Ni atom and the corresponding
fraction of total Ni that is oxidized (assuming it is Ni?*) plotted as a function of Ni coverage. (b)
Variation of the Ni 2p3;> XPS binding energy as a function of Ni coverage on CeO2(111) at 300

K, as reported in the Supporting Information of ref &°.
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heat of adsorption of a single Ni atom on the CeO2(111) surface. (b) Calculated heat of
adsorption of Ni monomer at a < 110>-type step as a function of the step-edge O vacancy
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steps with one Ni atom. Values of the heat of adsorption of Ni species are listed below each

structure in kJ/mol per Ni atom (relative to Niz gas).
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Chapter 4. Energetics of Ag Adsorption on and Adhesion to Rutile

Ti02(100) Studied by Microcalorimetry

This chapter has been published as:
Mao, Z., Rumptz, J. R., & Campbell, C. T. (2021). The Journal of Physical Chemistry C, 125(5),

3036-3046.

Chapter Abstract

The adsorption and adhesion energies of vapor-deposited Ag on rutile TiO2(100) films
have been measured using single-crystal adsorption calorimetry and He* low-energy ion
scattering spectroscopy. Ag grows as three-dimensional nanoparticles at 300 and 100 K. The
saturation particle density is 8 x 10%° particles/m? at 300 K and 2.5 x 10*’ particles/m? at 100 K.
The differential heat of adsorption starts low, increases with Ag coverage, and finally approaches
the sublimation enthalpy of Ag at both 300 and 100 K. At 300 K, the differential heat of
adsorption starts from 208 kJ/mol and rises rapidly to 265 kJ/mol by 1 ML. At 100 K, Ag grows
nanoparticles with smaller particle size on the terraces, while at 300 K, the Ag nanoparticles
have bigger particle size and grow on step edges with stronger binding strength to the
nanoparticles. Thus, the heat of Ag adsorption at 100 K starts at 141 kJ/mol (near the monomer
size limit on terrace sites) and remains lower than that at 300 K until 1.5 ML. The adhesion
energy of Ag(solid) to rutile TiO2(100) is found to be large (~2.44 J/m?), supporting a trend of

decreasing adhesion energy with the enthalpy of oxide reduction.
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4.1 Introduction

Late transition metal nanoparticles supported on materials with high surface areas are
widely used as heterogeneous catalysts and electrocatalysts in energy, chemical, and environ-
mental technologies. In a catalyzed reaction, the binding energies of the intermediates and the
activation energies of the elementary steps vary with the properties of the metal nanoparticles on
which the reaction takes place, which can significantly alter the activity and/or selectivity.%4
The properties of the metal nanoparticles depend not only on the metal element but also on the
support material to which the nanoparticles are attached. For such materials, the thermodynamic
stability of the metal atoms in the metal nanoparticles (i.e., their energy or chemical potential)
has been shown to be a descriptor that relates to their catalytic performance (activity and thermal
stability).®3548 For a given particle size below 6 nm, the greater the bond strength (adhesion
energy) between the metal nanoparticle and the support, the lower the metal chemical potential .
Changing the strength of the metal— support interactions allows tuning the metal chemical
potential and the electronic and structural properties of the supported metal nanoparticles,
providing ample opportunities to improve catalysts.*3929149.150 Although the supported metal
nanoparticles can be highly active for catalyzing reactions, they often deactivate via sintering.>-
16 Strong interfacial bonding between the metal nanoparticles (or isolated metal adatoms) and the
support surface can stabilize the metal nanoparticles (i.e., lower the metal atoms’ chemical
potential), providing sinter resistance and improved long-term stability in catalytic
activity 3899151153 Thys, the interaction strengths between the metal atoms or metal nanoparticles
and the support materials play a key role in the performance of the catalysts. Understanding the
nature and the strength of the interfacial bonding (adhesion energy) is crucial in catalyst design

from both basic and applied point of view. Here, we report the Ag chemical potential versus size
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and the adhesion energy of Ag nanoparticles on the rutile TiO2(100) surface as measured by Ag
vapor adsorption calorimetry.

In our previous studies, the bonding strengths (adhesion energies, in J/m?) between metal
nanoparticles and different support materials were measured for numerous systems consisting of
late transition metals on clean, single-crystalline oxide surfaces.®3"81%% Based on results on
MgO(100) and CeO1.95(111) surfaces, a trend was discovered whereby for a given oxide surface,
the adhesion energies of different metals correlate linearly with the metal’s oxophilicity.®” This
trend has shown its predictive power for Ni onto MgO(100).%6 However, it remains unclear how
the adhesion energy correlates with the properties of the different oxide surfaces. Thus, the
adhesion energies of metals on additional oxide surfaces are needed to unravel the correlation
between adhesion energies and oxide surface properties. Here, we report the adhesion energy of
Ag to rutile TiO2(100) and compare it to that of other oxides. Because of the quantitative
correlation of adhesion energy with metal oxophilicity,®’ this result for Ag allows one to estimate
adhesion energies of other late transition metals to rutile TiO2(100).

Titania is an important support material in catalysis research and applications.>>-162
Rutile TiO> surfaces are some of the most thoroughly studied of all oxide single-crystalline
surfaces with respect to the structure and gas adsorption properties!®>163-16% and with respect to
metal vapor adsorption and nanoparticle nucleation/growth.”*%-73 However, to the best of our
knowledge, the adhesion energy has only been measured for one such metal-on-TiO, system: Au
on rutile TiO2(110).17417 These measurements were done using the nanoparticle shape. No one
has measured the heat of adsorption of Ag (or any other transition metal) on any ordered single-
crystal surface of TiO, although the heat of Ag adsorption was recently measured versus

coverage on 5 nm- diameter anatase TiO, powder.*’® Thus, we have chosen rutile TiO2(100) for
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this study. To the best of our knowledge, this (100) face is the only one that has been prepared in
the thin film-on-metal form required for metal vapor adsorption calorimetry.

In this paper, we investigate the bonding energetics of Ag atoms and Ag nanoparticles
onto rutile TiO2(100) thin films by depositing gaseous Ag atoms to the TiO2(100) film in discrete
amounts. Using single-crystal adsorption calorimetry (SCAC), the heat released upon Ag
adsorption on TiO2(100) is measured directly, which reflects the binding strength between the
Ag nanoparticles and the TiO2(100) film. The growth morphology of the Ag nanoparticles on
TiO2(100) is determined with He* low-energy ion scattering (LEIS). Combining the heat data
from SCAC and the morphology information from LEIS, the adhesion energy of Ag onto
TiO2(100) is calculated with two methods.

Nanoparticles of Ag supported on TiO> are a promising material for photocatalysis and
heterogeneous catalysis.*®>2 TiO, is most widely used as photocatalysts for water splitting,
pollutant degradation, and antibacterial applications.*®517"-181 However, practical application is
hindered by low quantum yields.5*5%1" Decorating TiO, with noble metal nanoparticles such as
Ag facilitates separation of electron—hole pairs and promotes photocatalytic activity. 490182183
Supported Ag nanoparticles are also investigated extensively because of their use as
heterogeneous catalysts for important industrial reactions such as ethylene oxidation to
epoxide.'®18 The catalytic activity and selectivity of supported Ag nanoparticles depend
strongly on the size, the shape, and the support of the Ag nanoparticles.*®>8 Therefore, the
growth of Ag nanoparticles supported on oxide surfaces and the interaction between Ag and the
oxide are of interest both from a fundamental point of view and with regard to applications.

The growth of small Ag clusters and nanoparticles on TiO2 has been studied previously

with both experimental and theoretical approaches. Among all the facets of the three common

57



phases of TiO: (rutile, anatase, and brookite), rutile TiO2(110) has attracted the most attention.
Theoretical study using density functional theory (DFT) gives that Ag single atoms bind the
bridging oxygen sites of rutile TiO2(110) strongly with an adsorption energy of 2.07 eV, while
the adsorption energy is 1.74 eV on the less-favored oxygen-top sites.'® DFT calculations also
report the adsorption energy of small Ag clusters on rutile TiO2(110) and Ag single atoms on
other facets of Ti0,.189-1%1 Measurements in ultra-high vacuum (UHV) systems suggest that Ag
particles grow in a three- dimensional (3D) fashion with the shape close to hemispherical caps on
rutile TiO2(110).1%21% At low coverage, the Ag particles preferentially nucleate along the step
edge of rutile TiO2(110), and the majority of the nucleation occurs in the first 0.05 ML of metal

deposition.%
4.2  Experimental Methods

A description of the single crystal adsorption calorimetry apparatus and experimental
procedures are presented in detail in Chapter 2. They are described briefly again here to allow
the reader to understand this chapter without the need to reference back to Chapter 2.

The TiO2 thin films were grown on a 1 pm-thick Mo(110) single crystal using a recipe
first presented by Guo et al.”® This method involves exposing the Mo(110) sample held at 625 K
to a flux of titanium generated by the resistive heating of a titanium-coated filament in a
background of 2 x 1077 torr of oxygen gas and post-annealing to 800 K in the same O
background. The TiOz thin films prepared for all experiments were estimated to have a thickness
greater than 2 nm (but <3 nm) from the attenuation of the Mo 3ds/, peak in XPS and the inelastic
mean free path of electrons originating from this level. In addition, the Ti 2ps» XPS peak shape
indicated an oxidized TiO: film with a small fraction of O vacancies for all samples used in

experiments.
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The SCAC experiments were performed as described previously.* The Ag metal beam is
generated by evaporating Ag pellets in an e-beam evaporator. The Ag vapor is then collimated
through a series of 4.26 mm-diameter apertures and dosed onto the TiO> film in 100 ms pulses
with a period of 2 s. The flux of the Ag beam is measured with two quartz crystal microbalances
(QCMs). An off-axis QCM facing directly the e- beam evaporator monitors the flux throughout
the experiment. Before and after each calorimetry run, an on-axis QCM is placed at the sample
position to measure the initial and final fluxes. The initial and final fluxes measured at the
sample position are used to scale the fluxes measured by the off-axis QCM so that it provides Ag
fluxes for all times at the sample position. Upon Ag adsorption, the heat released is detected
using a pyroelectric polyvinylidene fluoride (PVDF) ribbon that is pushed against the backside
of the 1 pm-thick Mo(110) single crystal. The response of the PVDF ribbon as a heat detector is
calibrated with a HeNe laser with known energy for each experiment. The heat detected using
the PVDF ribbon is a combination of the heat of adsorption and the radiation from the hot metal
evaporator. To subtract the signal from the thermal radiation, a BaF2 window is placed in front of
the sample to block the Ag atoms but only allow a known fraction (~95%) of thermal radiation
to go through. The signal associated with the thermal radiation is measured with the BaF
window and subtracted from the total heat signal. The heat is then further corrected for the
difference of the internal energy between a pulse of gaseous metal atoms coming from a high-
temperature evaporator (~1400 K) and a collection of the same number of gaseous metal atoms
in a Boltzmann distribution at the sample temperature (300 or 100 K).* The corrected heat
equals the negative of the standard enthalpy of Ag adsorption at the sample temperature. The
sticking probability for each pulse is measured simultaneously with its heat using modified King

and Well’s method.® The number of Ag atoms that stick to the sample surface in each pulse is
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calculated with the flux times the sticking probability, and the differential heat of adsorption per
mole adsorbed can thus be calculated from the measured heat.

The growth morphology of adsorbed Ag on the TiO: film was determined with He* LEIS
with an incident angle of 45° from normal and a scattering angle of 135°. The normalized LEIS
signals of Ag and Ti give the fraction of surface area that is covered by Ag nanoparticles at a

given coverage, as described previously.?

4.3 Results and Discussion

4.3.1 Structural Characterization of TiO, Thin Films

The structure of the prepared TiO> film is characterized using low-energy electron
diffraction (LEED). The starting clean Mo(110) surface showed the expected LEED pattern. The
LEED pattern of a clean Pt(111) surface, used as a LEED reference, is given in Figure 4.1 at a
beam energy of 90 eV. It shows the characteristic (1 x 1) hexagonal pattern expected. Because
we have extensive experience with LEED on Pt(111) in this same LEED apparatus, we use the
LEED pattern of Pt(111) and its lattice parameter as reference to determine the exposed facet of
the prepared TiO> film from its LEED pattern. For Pt(111), we name the basis vectors of the unit
cell as a1 and bi1. The lengths of the basis vectors [i.e., the lattice parameters of Pt(111)] are a1 =
b: = 2.77 A. The angle between a1 and bz is y1 = 60°. The basis vectors of the reciprocal lattice
are named as a1* and bi*. The lengths of ai1* and bi1* are named as a;* and bi*, measured from
the LEED pattern. For an unknown surface, we measure the lengths of the basis vectors of its

reciprocal lattice, a;* and bo*. If the LEED patterns are taken at different beam energies, a;* and
bo* are corrected by multiplying a factor, \/E,/E; , where E1 and Ez are the beam energies at

which the LEED patterns are taken. The angle between a>* and b2* (y2*) can be used to obtain

the angle y2 between the basis vectors of the real lattice since y2*+ y2 = 180°. The lattice
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parameters of the unknown surface can then be calculated using the equation a; a1* sin y1 = a2
a2* sin y2 and b1 b1* sin y1 = bz by* sin y2.1%

The method described above was first tested on clean Mo(110). The LEED spots
observed for the clean Mo(110) taken at a beam energy of 70 eV are shown as the red spots in
Figure 4.1 (adjusted outward to account for the small beam energy difference to 65 eV). Based
on the observed Mo(110) LEED pattern, the Mo(110) lattice parameters were foundtobea=b =
0.282 nm, which is in good agreement with the theoretical lattice parameters of 0.272 nm. The
4% difference is probably associated with this UHV calorimetry system’s geometric constraints,
which prevents locating the surface exactly at the center of radius of the LEED screen.

The LEED pattern of the prepared TiO> film taken at a beam energy of 65 eV is shown in
Figure 4.1. The observed TiO, LEED pattern does not correspond to a simple (1 x 1) structure of
any of the low-index TiO: surfaces. Following the same growth procedure as we used here,
Goodman and coworkers prepared TiO> films by depositing Ti in an O, atmosphere onto a
Mo(110) single crystal.”®"” To characterize the film structure, they used LEED in one study and
only STM but not LEED in the second. Unfortunately, the authors concluded different structures
in these two papers but did not mention this difference in the second paper or discuss it. They
used different post-annealing temperatures in these papers: rutile TiO2(100) was observed by
LEED when the film was post-annealed to 800 K6 and rutile TiO2(110) was observed by STM
when the film was post-annealed to 900—1200 K, with three different orientations, each rotated
by ~120° with respect to the others.”’

Although the three rotated orientations might explain the hexagonal pattern we observed,
the rutile TiO2(110) structure with three orientations would look very different from our

observed LEED pattern due to very different lattice parameters for this facet. However, we found
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that rutile TiO2(100) with three orientations rotated by 120° would look very similar to it.
Specifically, by overlaying simulated TiO, LEED patterns with three orientations on the
observed LEED spots, we find a good match to the observed LEED spots using simulated lattice
parameters of a = 0.475 nm and b = 0.304 nm, as shown in Figure 4.2. These are in good
agreement with the theoretical rutile TiO2(100) lattice parameters of a = 0.465 nm and b = 0.297
nm (just ~2% larger). Thus, we propose that the film we prepared is rutile TiO2(100) with three
orientations, each rotated by ~120° with respect to the others. The three orientations may arise
from the quasi-hexagonal nature of the Mo(110) packing and alignment of TiO> unit cell edges
along its step edges. To the best of our knowledge, no one has reported growth of TiO2(100) thin
films with three rotational domains. As noted above, a similar simulation of the rutile- TiO2(110)
structure with three orientations looked very different from our observed LEED pattern, so we
rejected this previously proposed structure and concluded that the titania film we study here
instead exposes the rutile TiO2(100) surface in domains with three rotated orientations. The
LEED spots are very broad (~10% of the spot-to-spot separation), indicating that these domains
are small (~10 lattice parameters wide). Also, it would be difficult to know from the LEED
patterns if a large fraction of the surface was disordered, although using a clean single-crystal
surface for thin-film growth usually results in a larger extent of surface homogeneity (i.e., no

large regions with different structures).
4.3.2 Oxidation State of TiO, Thin Films

The XPS Ti 2pa2 peak for these TiO2 thin films showed a small shoulder on the main Ti**
2ps2 peak (at the known binding energy for stoichiometric TiO2), with a binding energy 2.1 eV
lower than that of the main peak, which is consistent with the XPS binding energy of Ti%*.1% The

intensity of this shoulder was about 7% of the total Ti 2ps/> peak area. The photoelectrons have a
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kinetic energy of ~1000 eV, so that the inelastic mean free path for such electrons in TiOz is
~1.6 nm.*¥" Since the XPS data were taken with the energy analyzer at 45° off the sample
normal, 70% of the XPS signal of the Ti 2pz/2 peak comes from the first 1.1 nm-thick layer of the

TiO2 film. Thus, ~7% of the Ti is Ti**, and there are ~4% oxygen vacancies in this probe depth.
4.3.3 Growth Morphology of Ag Particles on TiO,(100)

The growth morphology of Ag on this rutile TiO2(100) film was determined using He*
LEIS. Gaseous Ag was deposited onto the TiO2(100) films at 300 K and 100 K in discrete
amounts. After each dose, the Ag and Ti LEIS signals were measured. The integrated Ag LEIS
signals were normalized to the signal from a thick Ag overlayer (>10 nm average thickness), and
the Ti LEIS signals were normalized to the signal from the clean TiO2(100) film. The normalized
Ag and Ti LEIS signals directly measure the fraction of the surface area that is covered by the
Ag particles including a shadowing effect.”? The evolution of the normalized Ag and Ti LEIS
signals is plotted versus Ag coverage in Figure 4.3 and compared with two typical growth
models. The Ag coverages reported in this paper are given in monolayer (ML), where 1 ML is
defined as 7.36 x 108 atoms/m?, which is the areal number density of coordinatively unsaturated
O atoms on the ideal bulk-terminated TiO2(100) surface. The straight dashed lines in Figure 4.3
simulate the normalized LEIS signals that would be expected if Ag followed a layer-by-layer
growth mode. They are clearly not in agreement with the measured LEIS data. The solid curved
lines correspond to the best fit of these data to a 3D growth model called the hemispherical cap
model.”? It assumes that Ag grows as 3D particles with the shape of hemispherical caps and that
the Ag particle number density (n) is saturated by the first dose after which the Ag particles only
grow in size and that the Ag particles all have the same shape and same size at any given

coverage. Although no study of Ag nanoparticles on TiO2(100) has been reported before, STM
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studies of Ag nanoparticles grown on rutile TiO2(110) show that the majority of the islands have
nucleated by 0.05 ML (i.e., the saturation density of islands is nearly reached already by ~0.05
ML)** as is generally the case for such systems consisting of late transition metal nanoparticles
supported on oxide surfaces.'?° This model is applied up to the coverage where ~35% of the
surface area is covered by particles since the particles may begin to overlap with each other
beyond this coverage. This model predicts that the normalized Ag LEIS intensity [1(0)/I(o0)]

increases with the Ag coverage (0) and Ag particle number density (n) as follows’?

(4.1)

/3
1(6) 3% 0 Xy X My, \

= fshadow X T X g n'/3
[() 21 X Ny X pag

where nu is the defined monolayer density (7.36 x 108 atoms/m?), Mag is the Ag molar mass,
Na is the Avogadro constant, and pag is the bulk Ag density. fshadow IS the shadowing factor and
equals 1.207 when the nanoparticles have the shape of hemispherical caps and the LEIS is taken
with an incident angle of 45° from normal and a scattering angle of 135° as used here.”? The
particle number density n is the only unknown parameter that can be obtained by fitting the LEIS
data. The normalized Ag LEIS signal gives the fraction of the surface area that is covered and
shadowed by Ag nanoparticles, and the normalized Ti LEIS signal gives the fraction of the
surface area where TiOz is still exposed. Thus, the normalized Ti LEIS signal is just 1 —
[1(6)/1(x)]. Because the Ti signal has more relative noise than the Ag signal, the Ag signal is
used to get the best fit to this model, which also fits the Ti signal within its noise.

The best fits in Figure 4.3 give particle number densities of 8.0 x 10 particles/m? at 300
K and 2.5 x 10 particles/m? at 100 K. Since the surface O atom density on TiO2(100) is 7.36 x
108 atoms/m?, the particle number density is equivalent to one Ag particle per 92 surface O
atoms at 300 K and per 29 surface O atoms at 100 K. The particle number density at 100 K is

about 3.1-fold higher than that at 300 K. The higher particle number density at 100 K is most
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likely the result of the smaller diffusion constant of Ag adatoms at lower temperature,*?°

Venable’s homogeneous nucleation model predicts that the saturation particle number density
(for the same flux) varies as the inverse cube root of the Ag monomer diffusion constant across
the surface (kairr),*?° implying that kqir is 3.13 = 30 times larger at 300 K than 100 K. This 30-fold
difference implies an activation energy for diffusion (Eairf) equal to Eqiff = R x In(30)/[(1/100 K)
—(1/300 K)] = (510 K)R = 4.2 kJ/ mol. However, a previous STM study showed that Ag atoms
nucleate preferentially on step edges of rutile TiO2(110) at room temperature.® If the Ag atoms
also favor the step edges on rutile TiO2(100) and the diffusion length of Ag atoms at 300 K is
long enough for them to diffuse to the step edges (probably present at domain boundaries) after
landing on the surface, the nucleation of Ag atoms should also take place mostly on the step
edges. At 100 K, due to the higher density of Ag clusters, the Ag adatoms may not be able to
reach the step edges before adding to another diffusing Ag adatom or existing Ag cluster. Indeed,
the heats of Ag adsorption at 100 and 300 K below indicate that the clusters nucleate at step
edges at 300 K but not at 100 K. This suggests that the Ag atoms at 100 K follow a
homogeneous nucleation model, whereas the Ag particle number density at 300 K may be
limited instead by the density of step edges on the TiO2(100) film. In this case, the estimate

given above of Egiff (4.2 kJ/mol) is only a lower limit and the true value could be larger.
4.3.4 Differential Heat of Adsorption

The heats of Ag atom adsorption on this rutile TiO2(100) film at 300 and 100 K are
plotted as a function of cumulative Ag coverage in Figure 4.4. All heats of adsorption reported
here have been corrected for the difference of the internal energy between a pulse of gaseous
metal atoms coming from a high-temperature evaporator and a collection of the same number of

gaseous metal atoms in a Boltzmann distribution at the surface temperature, as described
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before.3 At 300 K, the heat of Ag adsorption starts at 208 kJ/mol and rises to 265 kJ/mol by 1
ML. It then increases slowly until ~5ML where the sublimation enthalpy of bulk Ag (285
kJ/mol*®) is reached. At 100 K, the heat of adsorption starts at 141 kJ/mol and remains lower
than that at 300 K until 1.5 ML. Since the particle number density is threefold higher at 100 K
than at 300 K, the particles are threefold smaller at 100 K than at 300 K for any given coverage
and thus have a higher fraction of low-coordinated Ag atoms. This results in the lower heat of Ag
adsorption at 100 K.

To eliminate the effect of different particle densities, we replot the heats of Ag adsorption
as a function of the average effective Ag particle diameter in Figure 4.5. The particle diameter at
a given coverage is calculated based on the particle number density measured with the
hemispherical cap model fit to the LEIS data. We divide the best-fit particle number density (in
particles/m?) by the Ag coverage (in atoms/m?) to get the average size of Ag particles (in atoms)
and then calculate the effective particle diameter assuming that it has the shape of a
hemispherical cap, as we did previously.46:47:75.103.104

For both 300 and 100 K, the heat of adsorption increases with increasing particle size.
This is due to the higher number of metal-metal bonds that an Ag atom can form upon addition
to a bigger particle.”*® For a given particle size smaller than 1 nm in diameter, the heat of Ag
adsorption on TiO2(100) at 100 K is still lower than that at 300 K. At 300 K, most Ag particles
nucleate at step edges, which bind the Ag atoms strongly and lead to a higher heat of adsorption.
At 100 K, the Ag atoms are not able to nucleate at step edges due to the slower diffusion.
Instead, they form particles mostly at terrace sites and the heat of Ag adsorption for these
particles is lower. As the Ag coverage increases, the particles grow bigger and the Ag atoms that

add to the particles in each pulse feel less binding strength from the site of nucleation, and the
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difference between the heat of adsorption at 300 and 100 K becomes smaller. For particles with a
diameter of 1.0—1.2 nm, there is no significant difference between the heat of Ag adsorption at
300 and 100 K. The plot of 100 K stops at 1.23 nm since the fraction of the surface area masked
by the Ag particles reaches ~35%, and the fitting of the LEIS data is no longer valid at higher
coverage due to particle overlapping. The heat of adsorption for particles bigger than 1.2 nm in
diameter at 100 K is slightly higher than that at 300 K, which indicates that the particle
overlapping may start earlier than we expected with the higher particle density at 100 K, leading
to some larger particles than predicted by the LEIS fit.

Note that the smallest particle in Figure 4.5 (created with the first Ag vapor pulse on the
surface at 100 K) has an effective hemispherical diameter of only 0.41 nm. The volume of such a
hemisphere (0.018 nm®) corresponds to an average cluster size of only 1.1 Ag atoms [again using
the density of bulk Ag(solid)]. It has a chemical potential of 144 kJ/mol relative to bulk Ag
(Figure 4.5) and a heat of adsorption of only 141 kJ/ mol relative to gaseous Ag monomers. This
compares to DFT estimates of the Ag monomer adsorption energy on rutile TiO2(110) of 2.07 eV
(199 kJ/mol)*® and on anatase TiO2(101) of 1.04 eV (100 kJ/mol).1°

The initial heat of adsorption at 300 K (208 kJ/mol) is 67 kJ/mol higher than that of this
(near) monomer formed at 100 K due to the larger initial size (3.7 atoms vs 1.1 atom) but also
partially due to the effect of step edges (which is about 40 kJ/ mol, as estimated from the
difference in heats between 300 and 100 K at this size in Figure 4.5). This initial heat at 300 K of
208 kJ/mol is very similar to the value of 195 kJ/mol measured for Ag on 5 nm-diameter anatase

powder at 300 K.17®
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4.3.5 Adhesion Energy of Ag Particles onto TiO,(100)

The adhesion energy, Eadn, of metal nanoparticles onto a flat surface can be calculated
using the measured heat of adsorption with two different methods. The first method is using an

200 \which is shown for this special case of

equation derived from a thermodynamic cycle,
hemispherical particles in Figure 4.6.

As shown in Figure 4.6, the adsorption of metal atoms on the oxide surface (step 3, which
heat we measure with SCAC) can be divided into two hypothetical steps. In the first step, the
gaseous metal atoms form free metal nanoparticles with the shape of a hemispherical cap in
vacuum. The energy change in this step can be calculated with the sublimation enthalpy AHsub
(285 kJ/mol for Ag) and the surface energy yvm (1.22 J/m? for Ag*®) of the bulk metal. The total
surface area of the free metal nanoparticles is required for the energy calculation in the first step.
It is calculated as (1 + f) x A, where A is the total interfacial area between the metal nanoparticles
and the oxide surface and f is a roughness factor of its top surface (f = 2 for hemispherical caps).
In the second step, the free metal nanoparticles formed in the first step are attached to the oxide
surface, and the energy change equals (by definition) the product of the adhesion energy and the
total interfacial area between the metal nanoparticles and the oxide surface. The overall energy
change of these two steps equals the formation energy of the supported metal nanoparticles on
the oxide surface from gaseous metal atoms, which equals the negative (the enthalpy change of
adsorption is negative, but the heats of adsorption are reported as positive numbers) integrated

heat of adsorption Y'n AHags measured in the SCAC experiments. From this thermodynamic

cycle, the adhesion energy equals®®

Z AHgqs = —m AHgyp + A [ 1+ f)yv/m - Eadh] (4_2)
n
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(4.2) assumes that the metal nanoparticles reach the large-size limit, so that the surface
energy and the adhesion energy of the metal nanoparticles are the same as those for the bulk
metal. To approach as closely as possible to the large-size limit but keep the surface area covered
by Ag nanoparticles no more than 35%, the heat of Ag adsorption at 300 K can be integrated up
to 2 ML, corresponding to a particle diameter of 2.28 nm. For 100 K, the heat of Ag adsorption
can be integrated only up to 1 ML, corresponding to a particle diameter of 1.25 nm. These
particle sizes are too small to have reached the large-size limit for either yvm Or Eadn, as proven in
our previous work.® There, we introduced an empirical correction factor (1 + Do/D) to model the
increasing surface energy and adhesion energy of metal nanoparticles with decreasing particle
size, where D is the diameter of the hemispherical metal nanoparticles and Do = 1.5 nm. Notice
that the diameter of 2.28 and 1.25 nm is still comparable with Do = 1.5 nm, and the empirical
correction factor (1 + Do/D) is 1.66 and 2.20, respectively. This shows that at the coverage up to
which the heat of Ag adsorption is integrated, the Ag particles are still too small to reach the
large-size limit and require this correction factor. Thus, the surface energy and the adhesion
energy onto TiO2(100) for such small particles are higher than those for bulk Ag and (4.2) does
not work here.

To address the size dependency of the surface energy and the adhesion energy, Figure 4.6
and (4.2) are corrected by including this empirical correction factor (1 + Do/D). The surface
energy in Figure 4.6 should be replaced with (1 + Do/D) ywm, and the adhesion energy should be
replaced with (1 + Do/D)Eadn, where yum Or Eadn represents their large-size limits. (4.2) is thus

modified following the same method, so it now reads instead as

Z AHguqs = —n AHg,, + A [ 1+ f)yv/m - Eadh](l + Dy /D) (43)
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The new calculation is carried out by plugging the integrated heat of Ag adsorption and
the Ag particle diameter into (4.3). The calculated adhesion energy of Ag particles (in the large-
size limit) onto TiO2(100) is 2.46 J/m? for 300 K and 2.41 J/ m? for 100 K. Although the heats of
Ag adsorption are integrated up to different coverages for 300 and 100 K and the Ag particles
have different sizes at the cutoff coverages, Eagn is already corrected for its size dependency with
the factor (1 + Do/D). Thus, Eadn calculated with (4.3) is the adhesion energy of bulk (large-size)
Ag onto TiO2(100), no matter what coverage the heat of adsorption is integrated up to in the
calculation. The adhesion energy at 300 K is 2% higher than that at 100 K, which we attribute to
the higher binding strength of the step edge to the Ag particles and the larger contribution of step
edges to the measurement at 300 K.

The second method to estimate Eadn is through fitting a plot of measured Ag chemical
potential versus particle diameter. The differential heat of Ag adsorption measured in Figure 4.5
can be converted to the chemical potential of Ag atoms by assuming that the entropic
contribution to the free energy is negligible compared to this measured enthalpic difference.®
For Ag nanoparticles with a given diameter D, the chemical potential of Ag atoms in the
nanoparticles relative to that of bulk Ag equals the sublimation enthalpy of bulk Ag minus the
heat of Ag adsorption onto the Ag nanoparticles with diameter D. Following this procedure,
Figure 4.5 can be replotted as the chemical potential of Ag atoms versus the effective particle
diameter, as shown in Figure 4.7. Then, (4.4) (taken from ref ®) can be used to fit this plot of
chemical potential versus effective particle diameter

1(D) = (3¥ym — Eaan) (1 + Do/D)(2Vyy/D) (4.4)
here (D) is the chemical potential of Ag atoms in nanoparticles of diameter D and Vn is the

molar volume of bulk Ag. The factor (1 + Do/D) is the empirical correction that models the
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increasing surface energy and adhesion energy with decreasing particle size, as introduced in
(4.3). It has been shown that (4.4) gives good fit for five systems consisting of metal
nanoparticles supported on metal oxide surfaces with Eagn calculated using (4.2) and Do = 1.5
nm. If one keeps Do = 1.5 nm, Eadh becomes the only variable in (4.4) and Eadn can be obtained
by fitting the plot of chemical potential versus particle diameter.*® The calculation of Eagn is
further tested by fitting the plot of chemical potential in Figure 4.7. The best fit of (4.4) to the
data in Figure 4.6 gives Eagh = 2.56 J/m?, within a difference of only 6% compared to the result
of (4.3) given above (2.41-2.46 J/m?). The curve fits the plot in Figure 4.7 well except for the
first few data points at 300 K (where step edges dominate and stabilize the Ag relative to terrace
sites on the oxide, so we do not expect agreement) and a few data points at 100 K where the
particles have diameter below 0.6 nm. Below 0.6 nm, the Ag particles might be too small to form
a shape of hemispherical caps as we assumed or the factor of (1 + Do/D) is not accurate enough
for describing Ag particles smaller than 0.6 nm. It is also possible that at 100 K and these lowest
coverages, the Ag clusters have not yet reached their saturation number density, and are slightly
larger than estimated here.

To summarize, fitting our calorimetry results to (4.3) and (4.4) shows that the adhesion
energy of large-size Ag particles to rutile TiO2(100) terraces is 2.43 to 2.56 J/m?. This is much
larger than the measured adhesion energies of Ag to MgO(100) (0.3 J/m?)?® and slightly larger
than those for Ag on CeO1.9(111) (2.3 J/m?).*° Since the metal/oxide interaction mainly depends
on the bonding at the interface to the surface oxygen (i.e., the coordinatively unsaturated O
atoms), we try to correlate the adhesion energies with the standard-state enthalpies of reduction
of the oxide per mole of oxygen atoms (4Hred,0xsup) and the areal density of surface oxygen

atoms (No), as we did before.*® For CeO1.9(111) and TiO2(100), 4Hred,0xsup iS the enthalpy to
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reduce the oxide support to a stable oxide with the next lower oxidation state (i.e., Ce203 and
Ti203), giving values of 382 kJ/mol for CeO> and 367 kJ/ mol for TiO., which are quite similar.
For MgO, 4Hred,oxsup (t0 Mg) is 602 kJ/mol, which is much larger. To be comparable to these
values, the measured adhesion energy per unit area is first divided by No and multiplied by the
Avogadro constant to get the adhesion energy per mole of surface oxygen atoms, giving values
of 16, 175, and 209 kJ per mole of surface O atoms for MgO(100), CeO1.9(111), and TiO2(100),
respectively. These results are qualitatively consistent with our previous study, where we
reported a rough trend that the stronger the surface oxygen atoms are bonded to the oxide lattice,
the weaker are their bonds across a metal/oxide interface in metal adhesion. *® The surface O
atoms are bonded similarly weakly to CeOz and TiO., giving similarly high Eadn to Ag. In
contrast, surface O atoms bond very strongly to MgO, giving the lowest Eagn to Ag.

Our earlier comparison of the adhesion energies of gold to MgO(100), CeO1.9(111), and
rutile-TiO2(110) (0.31-0.67, 2.53, and 0.54—0.71 J/m? or 17-36, 193, and 62—82 kI per mole of
surface O atoms, respectively®”) does not fit the expected behavior nearly so well, with the
adhesion of Au to TiO2(110) being much weaker than that expected based on its easy
reducibility. We currently do not know how to explain the weak adhesion of Au to TiO2(110),
given the strong adhesion of Ag to TiO2(100) measured here. This may be related to some
intrinsic difference in the way Ag bonds to these two facets of rutile or to the higher surface
defect density on the thin film required for our calorimetric measurement. The measurements of
Au on TiO2(110)17417 appear to us to be of very high quality and on crystal surfaces with far
fewer defects.

We note that none of the abovementioned values of adhesion energies which are in units

of J/m? depend upon our assignment of the surface structure here to rutile-TiO2(100) (based on
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the LEED pattern seen). However, the conversion of these into units of kJ per mole of surface O
atoms does depend on that assumption. For example, since this face has 41% more O atoms per
unit area than rutile-TiO2(110), those values would be 41% too low if the surface instead has an
O- atom packing density like the (110) face.

In previous studies, it was found that Ag atoms bind more strongly to oxygen vacancies
than to stoichiometric terraces on CeO,x(111).”32%1 In SCAC experiments, the initial heat of Ag
adsorption is 200 kJ/mol on CeO19(111) and 220 kJ/mol on CeO1g(111), and the adhesion
energy of Ag to CeO1.9(111) is slightly lower than that of CeO1.5(111) by 0.2 J/m2.%® For the
interface between Ag(111) and rutile TiO>-,(100), DFT calculation gives an adhesion energy of
25.0 meV/AZ (0.4 J/ m?) for stoichiometric TiO2(100), and the adhesion energy increases to 62.3
meV/A? (1.0 J/m?) when the first layer of O on TiO2(100) is removed completely.?%? For anatase
TiO2(101), DFT calculations also found that Ag single atoms bind much more strongly at surface
oxygen vacancies and slighter more strongly near subsurface oxygen vacancies than on the fully
oxidized anatase (101) facet.®® As shown by XPS, the first 1.1 nm-thick layer of the prepared
rutile TiO2(100) contains ~4% oxygen vacancies. Thus, the heat of Ag adsorption and the
adhesion energy of Ag(solid) to rutile TiO2(100) measured here are probably higher than for a
stoichiometric TiO> film. However, considering the low fraction of oxygen vacancies, this is not
expected to be a major effect unless the vacancies are segregated to the surface.

4.3.6 XPS Investigation of Ag/TiO,(100)

The Ag 3ds2 XPS peak was monitored during Ag deposition. Figure 4.8 shows the Ag
3ds,2 peak binding energy (BE) as a function of Ag coverage. At 300 K, the Ag 3ds» BE at 0.13
ML of Ag deposition is 368.96 eV, which is 0.86 eV higher than the bulk value measured on a

10 nm-thick Ag film (368.1 eV). The Ag 3ds,2 peaks shift to lower BE as the Ag coverage
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increases. At 100 K, the Ag 3ds,> BE at 0.31 ML is 369.02 eV. The Ag 3ds,» BE also decreases
with increasing Ag coverage, but the BE shifts are more gradual in the first 2 ML than at 300 K.
The Ti 2p XPS peaks were also taken simultaneously with Ag 3ds/2. The intensity of the Ti 2p
peak decreases as the Ag coverage increases. The Ti®* shoulder does not grow relative to the Ti**
main peak, and the BE of Ti** stays constant at ~458.8 eV, which suggests that the Ag atoms are
not oxidized upon deposition. The higher Ag 3ds;2 BEs at low Ag coverage can be attributed to a
final state effect, whereby the XPS core-hole final state is less stabilized by electron screening in
smaller metal particles, so that the BE increases with decreasing particle size.” The higher Ag
3ds/2 BE at 100 K than at 300 K at all coverages is due to the fact that Ag forms smaller particles
at 100 K than at 300 K, differing by a factor of 3.1 at any coverage according to the particle
number densities determined by fitting the LEIS data. Goodman et al. reported the growth of Ag
on rutile TiO2(110) studied with XPS, LEIS, and STM, and the Ag 3ds> BE shifts are very
similar to what we observed here on TiO2(100)'*® The Ag 3ds. shifts to higher BE at low Ag
coverages at 300 and 100 K. The Ag 3ds2 BE shift is ~1.0 eV over the entire coverage range at
100 K, while it is approximately 0.7 eV at 300 K.
4.4  Conclusions

The TiO2 film was prepared by reactive evaporation of Ti onto the Mo(110) single crystal
at 625 K in 2 x 10~ torr of oxygen gas and post-annealing to 800 K in the same O2 background.
Using LEED, the surface structure of the TiO2 film was determined to be rutile TiO2(100) with
three orientations, each rotated by ~120° with respect to the others. The LEIS experiments
showed that Ag grows as 3D nanoparticles at 300 and 100 K. The number density of Ag
nanoparticles was 8 x 10%° particles/m? at 300 K and 2.5 x 107 particles/m? at 100 K. The heat

of Ag adsorption on rutile TiO2(100) at 300 K was initially 208 kJ/mol and increased slowly with
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coverage until the sublimation enthalpy of Ag was achieved at 5 ML. At 100 K, the initial heat of
Ag adsorption was 141 kJ/mol (forming a cluster of average-size 1.1 Ag atoms), which is 67
kJ/mol lower than at 300 K. The heat of adsorption at 100 K remained lower than at 300 K until
1.5 ML. The higher heat of adsorption at 300 K is a result of the bigger particle size observed for
any given coverage at 300 K and also attributed partially to the preferential nucleation of Ag
nanoparticles at more stable step edges at 300 K but mainly at terraces at 100 K. When the heat
of adsorption was plotted versus the particle diameter, the heat of adsorption at 300 K was only
higher than that at 100 K for particles with diameter <1 nm due to the stronger binding strength
at step edges. The adhesion energy of Ag onto rutile TiO2(100) was determined by calculating
the energy change of a thermodynamic cycle and by fitting the Ag chemical potential versus the
Ag particle diameter. The adhesion energy calculated with the thermodynamic cycle was 2.46
Jim? at 300 K and 2.41 J/m? at 100 K. The adhesion energy of 2.56 J/m? was obtained by fitting
the chemical potential versus particle size to our theoretical model, which agrees within 5% of

the average value from the thermodynamic cycle method.
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4.5 Figures

Pt(111) 90eV TiO, 65eV

Figure 4.1. LEED patterns for the reference Pt(111) surface and the TiO film grown on
Mo(110), at 90 eV and 65 eV, respectively. The (0,0) spot in the middle of the screen is hidden
by the sample holder in all cases. The first-order LEED spot locations of the starting Mo(110)
surface are shown as red dots on the film’s patterns. (These were measured at 70 eV and adjusted

outward by a factor of 70/65 to correct to an energy of 65 eV.)
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Figure 4.2. (a) Simulated rutile TiO2(100) LEED with three rotational orientations and lattice
parameters of a = 0.475 nm and b = 0.304 nm. The three orientations are distinguished with three

different colors (red, yellow, and blue). (b) Simulated rutile TiO2(100) LEED overlaid onto the

TiO2 LEED pattern observed at 65 eV.
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Figure 4.3. Integrated Ag (circles) and Ti (triangles) LEIS signal intensities (normalized to thick
multilayer Ag and clean TiO., respectively) as a function of Ag coverage after deposition of Ag
onto TiO2(100) at 300 K (red symbols) and 100 K (blue symbols). The black dashed lines
correspond to the normalized LEIS signal that would be observed if Ag grew in a layer-by-layer
mode. The colored solid lines correspond to Ag growing as 3D hemispherical caps with a fixed

particle density of 8.0 x 10 particles/m? (red) and 2.5 x 10*" particles/m? (blue).
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Figure 4.4. Differential heat of Ag atom adsorption on TiO2(100) at 300 K (red circles) and 100
K (blue circles) as a function of Ag coverage. The inset shows more details at the low-coverage

region (0—1.0 ML).
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Figure 4.5. Differential heat of Ag adsorption on TiO2(100) at 300 and 100 K as a function of the
average effective Ag particle diameter to which the Ag atoms add upon adsorption. The inset

shows the geometry of the un-reconstructed TiO2(100) surface. Red: O; gray: Ti.
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Figure 4.6. Thermodynamic cycle that connects adsorption and adhesion energies for metal
adsorption on an oxide surface. It includes three steps: (1) The gaseous metal atoms form
hemispherical nanoparticles in vacuum. (2) The hemispherical nanoparticles are attached onto
the oxide surface. (3) The gaseous metal atoms adsorb on the oxide surface and form

hemispherical metal nanoparticles, which equals the sum of steps 1 and 2.
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Chapter 5. Size-Dependent Adsorption and Adhesion Energetics of Ag

Nanoparticles on Graphene Films on Ni(111) by Calorimetry

This chapter has been published as:

Rumptz, J. R., Mao, Z., & Campbell, C. T. (2022). ACS Catalysis, 12 (5), 2888-2897.

Chapter Abstract

Interest in the use of carbon supports for late transition metal nanoparticle catalysts has
expanded rapidly due to the increasing importance of electrocatalysts for clean energy and
environmental technologies and the use and storage of renewable electricity. Compared to oxide
supports, almost nothing is known about the effect of metal nanoparticle size on the energies of
the metal atoms within carbon-supported nanoparticles, yet these energies are crucial for
understanding their surface reactivity and sintering kinetics. Here, the growth morphology and
adsorption energetics of vapor-deposited Ag onto clean graphene/Ni(111) surfaces have been
studied using a combination of single crystal adsorption calorimetry (SCAC) and He* low-
energy ion scattering (LEIS). The differential heat of Ag adsorption is 207 kJ/mol for making
~30 atom Ag particles on graphene terraces at 100 K and 16 kJ/mol higher for making ~9 atom
Ag clusters at defect sites at the same temperature. The heat of adsorption increases rapidly with
Ag coverage as 3D Ag nanoparticles nucleate and grow in size, asymptotically reaching within 5
kJ/mol of the bulk Ag sublimation enthalpy (285 kJ/mol) by 2 ML. The heats of adsorption and
Ag nanoparticle densities from LEIS (~10¢/m?) were combined to provide the Ag/graphene
adhesion energy (Eadgh = 1.8 J/m? in the large-particle limit) and the Ag chemical potential ()
versus effective particle diameter (D). The Ag chemical potential was well-fitted by u(D) =
(3ywm — Eagn)(1 + (1.5 nm)/D)(2Vw/D), where yvm is the surface energy of bulk Ag and Vm is its

molar volume. The same equation is known to fit similar data for late transition metals on clean
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surfaces of metal oxide single crystals. The adhesion energy of Ag measured here on graphene
falls within the wide range measured for Ag on those oxide surfaces and is almost as large as on
the oxide that binds Ag particles most strongly, namely CeO2(111), which is well-known to be
very effective at resisting catalyst deactivation by metal sintering. These results imply that
carbon supports will be effective at resisting sintering and that Ag particles smaller than 6 nm on
graphene will bind small adsorbed reaction intermediates more weakly than supports with
weaker adhesion to Ag, like MgO(100).

5.1 Introduction

Late transition metal nanoparticles supported on high-surface-area support materials are
important heterogeneous catalysts and electrocatalysts for energy, environmental, and chemical
technologies. It is well-known that the performance of these metal nanoparticle catalysts is
influenced strongly by the choices of metal and support material and by the metal nanoparticle
size and structure.’~911157:203-205Thege performance-based properties include the catalytic
activity, selectivity, and long-term thermal stability of the metal/support system. As such, a
better fundamental understanding of these structure—performance relationships will help to
design new catalyst materials with more desirable properties for technological purposes. Our
group has shown that the chemical potential of metal atoms in supported nanoparticles provides a
convenient descriptor of their performance as heterogeneous catalysts that captures many of the
effects of particle size, support, and even alloying.3:3638

Using microcalorimetric measurements of the differential heats of adsorption of metal
vapor as it adds to predeposited metal nanoparticles on the surfaces of single-crystalline oxide
supports, our group has determined this metal-atom chemical potential as a function of particle

diameter for monometallic nanoparticles on different oxide supports.>>% It was found from these
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measurements that this chemical potential has a predictable dependence upon the particle size
and the adhesion energy at the particle/support interface.*>% Furthermore, this adhesion energy
was measured for many combinations of late transition metals and oxide supports and found to
follow some predictable trends.3® However, all those results are for oxide support materials (like
Ce02(111), MgO(100), etc.). Essentially nothing is known about the chemical potential versus
nanoparticle size for metal on carbon-based supports. Here, we report the first experimental
measurements of the metal chemical potential versus particle size for nanoparticles of any metal
element on any carbon support material, specifically for Ag nanoparticles supported on single-
layer graphene(0001) on Ni(111). We also report the metal/support adhesion energy for that
Ag/graphene interface. The only other experimental metal/graphene adhesion energy of which
we are aware is for Ni on graphene/Ni(111), based on particle shape measurements with
scanning tunneling microscopy (STM).”® Both the Ag chemical potential and Ag/graphene
adhesion energy are determined here from heats of Ag vapor adsorption versus Ag coverage on
clean graphene as Ag nanoparticles nucleate and grow in size on the surface, measured using
single-crystal adsorption calorimetry (SCAC). To the best of our knowledge, this is also the first
SCAC measurement of the adsorption energetics of any metal vapor on any carbon-based
support system and the first measurements of chemical potential versus size for nanoparticles of
any metal on any carbon support. The results show that such a carbon support binds Ag
nanoparticles nearly as strongly as the previously measured oxide that binds Ag nanoparticles
most strongly, CeO»(111), and that the Ag chemical potential for a given nanoparticle size below
6 nm is only slightly higher for Ag on this carbon support than for Ag on CeO2(111) but much
lower than for Ag on a weak-binding support like MgO. Given reported correlations between

metal chemical potential and catalyst performance (i.e., sinter resistance and bonding strength to
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,35,36,38,99,102.206 this further suggests that such carbon supports will be almost

small adsorbates),*?
as effective for resisting catalyst deactivation by sintering as CeO2(111) and that small adsorbed
reaction intermediates will bind to Ag nanoparticles rather weakly.

The use of carbon as a support material has become increasingly common,>-8 in part
because carbon is conductive and can serve as an electrode material for electrocatalysis and the
increasing importance of electrocatalysis for clean-energy storage. Whether it is in the form of
activated carbon, carbon black, modified graphite, carbon nanofibers, or carbon nanotubes, the
dominant building block in a carbon support’s structure is the graphite unit cell.>” There are
extensive modifications that can be made to C(0001) to change its surface properties including
creating sputter-induced defects,’®2°72% partial oxidation of the surface,®” and chemical
doping.?%%?1% The many applications of the C(0001) surface as well as its extensive modifications
make it an attractive material surface for research.

Silver nanoparticles supported on carbon form the basis for one of the best
electrocatalysts for CO; reduction to CO,>* a very important reaction for clean energy. Silver
nanoparticles on oxide supports are also commonly employed as selective oxidation catalysts, for
example, in methanol partial oxidation and ethylene epoxidation.?**-2% |t is thus unsurprising
that many groups are beginning to investigate silver on carbon-based supports for electrocatalytic
oxidation reactions as well.?6-218 |n addition, due to unique optoelectronic properties, silver
nanoparticles have been shown to have increased reactivity due to surface plasmon resonance
and find applications in surface enhanced Raman spectroscopy (SERS).?1%-22

There have been many previous studies of the adsorption of gaseous Ag monomers and
small clusters on graphite and graphene surfaces using both experimental methods2%¢221-229 gnd

theoretical methods2%822%-23 (typically density functional theory). While the exact results of
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these studies can vary tremendously with the methods used, there is some consensus that a weak
interaction between Ag metal and the graphite support leads to the clustering of Ag monomers to
form 3D particles.208:223224.230-234 Mijcroscopy images show that these particles grow
preferentially at the step edges when grown on graphite at room temperature and above.??32%4

In this paper, we study the bonding energetics of Ag atoms in Ag nanoparticles grown by
Ag vapor deposition on a single layer of graphene supported on Ni(111) using SCAC. The
single-layer graphene films studied here were grown on clean Ni(111) using a method described
in the literature.”®8%2% This produces a single atomic layer of C(0001) with an in-plane lattice
constant within 1.5% of that in bulk graphite(0001), in registry with the underlying Ni(111)
surface, with two carbon atoms per Ni atom.’®8%2%6.237 Dye to the strong in-plane bonding and
weak bonding between (0001) layers in graphite, the surface binding of Ag to this single layer of
graphene(0001) is expected to approximate that for thicker graphite(0001) surfaces, although the
interaction with the underlying Ni(111) is likely to have some effect. The particle density and
growing Ag nanoparticle size are measured using low-energy ion scattering (LEIS). Using the
coverage-dependent heats of adsorption of Ag vapor along with the particle size from LEIS, we
determine the Ag chemical potential versus particle size and the Ag(solid)/C(0001) adhesion
energy. The results presented here help to explain the morphology and chemical bonding of

metal nanoparticles supported on carbon-based materials.
5.2  Experimental Methods

A description of the single crystal adsorption calorimetry apparatus and experimental
procedures are presented in detail in Chapter 2. They are described briefly again here to allow

the reader to understand this chapter without the need to reference back to Chapter 2.
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A full description of the single-crystal adsorption calorimetry (SCAC) apparatus and
detailed experimental procedures is presented elsewhere.®* Briefly, the calorimetry experiments
were done in an ultrahigh-vacuum (UHV) chamber with a base pressure <2 x 1071 Torr. This
chamber is also equipped with X-ray photoelectron spectroscopy (XPS), Auger electron
spectroscopy (AES), He™ low-energy ion scattering (LEIS), low-energy electron diffraction
(LEED), quadrupole mass spectrometry (QMS), and two quartz crystal microbalances (QCMs).
Surface spectroscopy measurements were obtained with a PHI 10—360 precision energy analyzer
with a PHI 72— 250 position sensitive detector.

The Ag metal beam is generated by evaporating Ag pellets in an e-beam evaporator. The
Ag vapor is collimated through a series of apertures to give an average beam diameter of 4.26
mm. The beam is then pulsed with a chopper with a pulse duration of 100 ms and a period of 2 s.
The Ag flux is monitored with two QCMs: one on-axis QCM to measure the flux at the sample
position (possible only just before and just after calorimetry) and another off-axis QCM to
continuously monitor the flux during the experiment. The flux varies with time (typically
dropping by ~15% during a run), so the continuously measured off-axis flux was scaled at all
times in a method described previously to provide the flux at all times at the sample position.3*

The heat released is measured using a pyroelectric polyvinylidene fluoride (PVDF)
ribbon in physical and thermal contact with the 1 um thick Ni(111) single-crystal sample. The
PVDF ribbon is calibrated for each experiment using a HeNe laser with known energy. The total
heat detected with the PVDF ribbon is a combination of the heat of adsorption as well as the
thermal radiation from the hot metal source. The signal from thermal radiation was measured by
placing a barium fluoride (BaF.) window in front of the sample to block Ag atoms from reaching

the sample but allowing a known fraction of thermal radiation to transmit through the window
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(>90%, measured with and without the window in the path). The resulting signal from thermal
radiation was then subtracted from the total heat signal. The measured heat was further corrected
to account for the difference in internal (translational) energy between the directed flux of gas-
phase Ag atoms coming from the high-temperature electron beam evaporator (~1380 K)” and a
collection of the same gas atoms in a Boltzmann distribution at the surface temperature (300 or
100 K). The resulting heat is thereby equal to the negative of the standard enthalpy of Ag
adsorption at the sample temperature.

The sticking probability of each pulse is measured simultaneously with the adsorption
heats using a modified King and Well’s method described previously.®#?*® The number of Ag
atoms that stick to the sample surface in each pulse is then equal to the flux times the pulse
duration and the sticking probability. The differential heat of adsorption per mole of adsorbed Ag
as a function of the cumulative Ag coverage can then be calculated from the measured heats,
fluxes, and sticking probabilities. The Ag coverages reported here are given in units of ML, with
1 ML defined as 1.87 x 10'° atoms/m? , which is the areal density of Ni atoms on the Ni(111)
surface as well as exactly 1/2 the areal density of C atoms on the graphene surface, which grows

in registry with the Ni(111) substrate.”®?%

5.3 Results and Discussion

5.3.1 Graphene Growth and Characterization

Graphene films were grown on a clean 1 pm thick Ni(111) single crystal using a direct
growth method described in the literature.”88%23 Before growth, the Ni(111) sample was cleaned
by cycles of flashing the sample at 800 °C followed by 1.0 kV Ar* ion sputtering until the
presence of the C 1s carbon peak could not be detected by XPS. The clean Ni(111) sample was

then annealed in vacuum at 600—650 °C for 5 min before the sample was exposed to 107° Torr of
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ethylene for 30 min while the sample was held at 600—650 °C. After growth, the presence of
graphene was confirmed by AES. Previous work has shown that the C-KVV AES line has a
distinctive shape for graphitic and carbidic carbon, which allowed an easy determination of the
surface phase.’®23%240 |n line with previous work, we found that samples grown at temperatures
below 500 °C showed the presence of nickel carbide, while samples grown between 600 and 650
°C consistently showed the line-shape characteristic of graphene.”® The quality of the graphene
films was further confirmed by He™ LEIS. For a complete graphene film, the nickel LEIS signal
attenuates >95% (relative to clean Ni), while the nickel LEIS signal is still apparent for an

incomplete film.
5.3.2 Ag Sticking Probability on Graphene/Ni(111)

The sticking probability of Ag atoms to graphene/Ni(111) was monitored during
calorimetry experiments by measuring the transient QMS signal of Ag atoms during each
deposited pulse. This signal was then normalized to a zero-sticking signal of Ag atoms pulsed
onto a hot W flag where no permanent sticking occurs, as described by our group previously.*
The fraction of atoms that sticks times the Ag vapor flux was then used to scale the absorbed
heat per pulse and the accumulated Ag coverage during all experiments. The sticking
probabilities versus coverage at 300 and 100 K are shown in Figure 5.1. The Ag coverages
reported here are given in units of ML, with 1 ML defined as 1.87 x 10'° atoms/m? , which is the
areal density of Ni atoms on the Ni(111) surface as well as exactly 1/2 the areal density of C
atoms on the graphene surface, which grows in registry with the Ni(111) substrate.”®?%" At 300
K, the sticking probability starts low at 75% and increases slowly to a value of 86% by 4 ML. At
100 K, the sticking probability starts much higher at an initial value of 87% and gradually rises

to a value slightly greater than 98% at the highest coverages measured. The decrease in sticking
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probabilities with increasing surface temperature is commonly reported for metal adsorption,
where it has been attributed primarily to the increased desorption rate of diffusing metal adatoms
as the temperature is raised.*®?*! Since the ratio of the desorption rate to diffusion rate is much
greater at 300 K in comparison to 100 K, diffusing Ag adatoms are much more likely to desorb
at this higher temperature before they find other Ag adatoms or Ag clusters, to which they can

bond.

5.3.3 Ag Growth Morphology on Graphene/Ni(111)

The Ag growth morphology on graphene/Ni(111) at 300 and 100 K was determined using
He* LEIS measurements. Gaseous Ag was deposited onto the graphene/Ni(111) substrate in
discrete amounts, and the Ag LEIS signal was measured after each dose. In contrast to previous
systems studied by our group with LEIS, the substrate’s LEIS signal (for the element C in this
present study) could not be measured due to near unity ion neutralization probability for He* ions
scattering off of graphitic carbon species.?#* The integrated Ag LEIS signal was normalized to
the signal from a thick Ag overlayer (>10 nm), which served as the Ag reference signal of
complete coverage of the surface by Ag. This normalized Ag LEIS signal then gives the fraction
of the surface covered and shadowed by Ag particles.

The resulting integrated Ag LEIS signal versus Ag coverage is shown in Figure 5.2 and is
compared with two growth models. The layer-by-layer growth model (shown as a straight black
dashed line) corresponds to the signal that would be observed if Ag grew in a layer-by-layer
fashion. As can be seen in Figure 5.2, this model does not fit the data well. The solid lines
correspond to a hemispherical cap growth model first described by Diebold et al., in which all
particles are assumed to have the same hemispherical shape and same particle size at a given

coverage and temperature.’>24? Furthermore, the particles are assumed to have a constant number
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density at all coverages in agreement with classical nucleation theory, in which a saturation
number density is reached after a very small initial nucleation stage on the order of a few percent
of a ML.”*?° This hemispherical cap model is applied only up to coverages at which <33% of
the surface is covered by particles, because at higher coverages, the particles will begin to
overlap and the model assumptions break down. As described previously,’? the hemispherical
cap model predicts the normalized Ag LEIS intensity increases with the particle density and

coverage as expressed in the following equation

1(6) <3‘9 nMLMAg>2/3 /3 (5.1)

m = ﬂfshadowing 21N, Pag

where @ is the coverage, [1(6)/1(6 = «)] is the normalized Ag LEIS signal, nm. is the monolayer
definition (1.87 x 10 atoms/m? ), Mag is the Ag molar mass, Na is Avogadro’s number, pag is
the bulk Ag density, and n is the Ag particle number density. The factor fshadowing iS @ shadowing
factor that represents the additional interfacial area masked by the three-dimensional shape of the
hemispherical particles at the incident and detection angles used.”? For the analysis geometry
used in these experiments (incident ions normal to the surface and detected ions measured at 45°
from the surface normal), the shadowing factor is calculated to equal 1.207.7% Since both # and
[1(6)/1(6 = )] are measured, the only unknown variable in the above is the particle density n,
which we determine by the best fit of (5.1) to the experimental data.

As shown in Figure 5.2, the best fits of this model to a series of multiple experiments at
each temperature give particle densities of 4.4 x 10 particles/m? at 300 K and 1.1 x 106
particles/m? at 100 K. The particle density at 100 K is roughly 2.5 times larger than the particle
density at 300 K. This is most likely due to the smaller diffusion constant of Ag adatoms across
the surface at lower temperatures. Venable’s theory of vapor-deposited crystal growth predicts
that the saturation particle density varies as the cube root of adatom diffusion constant (Kaiff) for
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the same flux.'?® Applying that model to this data, we find that Kait(300 K)/Kaifr(100 K) =~ 2.5% =
16, which implies an activation barrier for diffusion of Egit = R In(16)/ [(1/100) — (1/300)] = 3.5
kJ/mol. Density functional theory (DFT) calculations of the diffusion barrier for Ag/C(0001)
from the literature report a diffusion barrier between 0.3 and 7.6 kJ/mol.2%8233.243 The value for
Euqitf reported here falls within this range.

Most experimental studies of evaporated films of Ag (either from Ag monomers or from
small, mass-selected Ag cluster ions) on graphite(0001) or graphene surfaces found that the Ag
agglomerates into 3D clusters at room temperature, as we find here.?08:221-223229 One early STM
study reports “flat” Ag clusters referred to as 2D clusters on graphite, but that study was

performed at very low coverages (~0.001 ML),?% much lower than here.
5.3.4 Differential Heat of Adsorption of Ag on Graphene/Ni(111)

The differential heats of adsorption as a function of coverage of Ag onto
graphene/Ni(111) at 300 and 100 K are shown in Figure 5.3. Each point corresponds to a pulse
of Ag vapor from the molecular beam (with ~0.012 ML per pulse) but averages several runs.
The heats of adsorption here are corrected to account for the difference in internal energy
between a flux of gas-phase Ag atoms coming from a high-temperature electron beam evaporator
(~1380 K)"” and a collection of the same gas atoms in a Boltzmann distribution at the surface
temperature (300 or 100 K), as described in previous work.2 In this way, the heat of adsorption
equals the negative of the standard enthalpy of adsorption at each temperature. At 300 K, the
heat of adsorption initially starts at 230 kJ/mol and rapidly increases to 270 kJ/mol within the
first 0.1 ML of deposition. The heats of adsorption then slowly increase until reaching a plateau
of 280 kJ/mol by 2 ML, which is within 1.8% of the reported enthalpy of sublimation of bulk Ag

(AHsup = 285 kJ/mol).1%
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Due to errors (~10%) known to be present in calibrating the calorimeter’s absolute heat
sensitivity factor for these graphene/Ni(111) surfaces, we adjusted this factor to ensure that the
heat of adsorption and corresponding Ag chemical potential for the largest particle sizes
measured (6—8 nm at 300 K and 3—5 nm at 100 K) agreed with the model described below for
chemical potential versus particle size (taken from references ° and 3%). This resulted in heats of
adsorption at the highest coverages measured (3.5 to 4 ML) agreeing with the reported heat of
sublimation of bulk Ag (AHsu» = 285 kJ/mol) within 1.8% at 300 K and within 0.5% at 100 K.

At 100 K, the heat of adsorption of Ag onto graphene/ Ni(111) is initially 223 kJ/mol and
drops down to 207 kJ/mol by the second pulse of Ag gas. This initial decrease in the heat of
adsorption, which was seen in every run at 100 K, might be due to the population of stronger-
binding defect sites in the first gas pulse that get saturated by the second pulse. This effect might
be washed out at 300 K by the more rapid growth in particle size at 300 K, where 2.5 times as
many Ag atoms add to each cluster between the first and second pulses compared to 100 K
(since there are 2.5 times fewer Ag clusters at 100 K). As shown below, the heat increases
rapidly with particle size due to the formation of more Ag—Ag bonds to the newly arrived Ag
atom when attaching to a larger Ag cluster. (For example, a Ag atom adding to a Ags cluster can
make three new Ag—Ag bonds at most, whereas it makes six Ag—Ag bonds (on average) when
adding to Ag particles in the large-size limit.) After the initial decrease, the heat of adsorption at
100 K quickly rises to reach ~275 kJ/mol by 0.5 ML and further increases slowly until the
enthalpy of sublimation for bulk Ag is reached by 2.5 ML. The slower increase in the heats of
adsorption with Ag coverage at 100 than 300 K can again be explained by the fact that the
particles are 2.5 times smaller at 100 K at any given coverage, so fewer Ag—Ag bonds are made

when a new Ag atom is adsorbed at 100 K.
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To better compare heats of adsorption with the same nanoparticle size between 300 and
100 K, we show the heats of adsorption of Ag onto graphene/Ni(111) as a function of the
effective particle diameter in Figure 5.4. The average effective particle diameter at any coverage
is calculated from the total Ag coverage (in atoms per unit area) divided by the Ag particle areal
density, which equals the average particle size in atom number. By assuming all particles have
the mass density of bulk Ag(solid), this also gives the particle volume, which for the assumed
hemispherical shape also provides the effective diameter. Besides the very small-particle regime
(Deff < 2 nm), we observe a remarkable agreement in the heats as a function of particle size
regardless of temperature. Except for this very small-size regime, the heat of adsorption at both
temperatures gradually increases with effective particle diameter. This is caused by the higher
number of Ag—Ag bonds that can be formed by addition of a gas-phase Ag atom to a larger
particle. As the particles reach a bulk-like size (around 5 nm), the addition of another gas-phase
Ag atom comes very close to the bulk enthalpy of sublimation.

The heats of adsorption in Figure 5.4 can be compared to DFT calculations of Ag
monomers and clusters on graphite(0001) and graphene surfaces. Calculations of Ag monomer
adsorption on C(0001) show a very weak interaction (between about 0 and 76 kJ/mol) between
Ag and C(0001),208230.231233-235 \whjch could explain the very low sticking probability we
observe, and is consistent with the low heats we observe for the smallest clusters (see below).
One of these studies also included calculations of Ag monomer adsorption on a stepped graphite
surface and showed a 15—30 kJ/mol preference for adsorption energy near the step-edge
defect.?%! This is consistent with the 16 kJ/mol difference we measured between the first and

second pulses of Ag deposition at 100 K, which we attributed to defect sites.
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We can make a more direct comparison of our results with calculations that provide the
energy change of gas-phase Ag to form larger Ag clusters supported on C(0001).2323 These
calculations all show that as the particles grow in size, the adsorption energy rapidly grows in
magnitude as the Ag cohesive energy starts to dominate the monomer adsorption energy. One
such study reports an energy change of —159 to —164 kJ per mole of Ag atoms for 13 x Ag(gas)
— Agis(adsorbed) for 3D Ag clusters on free-standing graphene.?®* Another study found an
energy change of —224 to —229 kJ per mole of Ag atoms for n x Ag(gas) — Agn(adsorbed) with
n = 7-9 for pseudoepitaxial growth of 2D Ag on graphene/SiC(0001) (up from only —35 and
—111 kd/mol at n = 1 and 2, respectively).?*® These can be compared with the measured heats of
adsorption in the first pulses of our experiments where the first pulse at 300 K forms clusters of
~26 atoms (on average) and an average heat of adsorption of 230 kJ/mol, and the first two pulses
at 100 K form clusters of ~9 and ~30 atoms, respectively, with heats of adsorption of 223 and
207 kJ/mol, respectively. The differences between our experimental results and those
calculations could be attributed to any of the following reasons: (1) the larger cohesive energy
for the larger particles we studied, (2) stabilization of particles in our experiments by defect sites
in the first pulse at 100 K, (3) stabilization of particles in our experiments due to long-range
attractive interactions with the underlying Ni(111) substrate, or (4) intrinsic errors in their DFT
calculations or our experiments. While the exact details of these differences are unknown, it is
promising that there is only a relatively small difference between those calculations and our
experimental results despite the complicated system studied and slightly different substrates.

A recent study reported the heat of Ag vapor adsorption versus coverage on graphite
measured using equilibrium adsorption isosteres at very high temperatures,* but that approach

seems unreasonable given the strong thermodynamic driving force for Ag on graphene to
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agglomerate into large particles as shown in Figure 5.4 and Figure 5.5. Indeed, the Ag particles
in that study were found to have diameters of a few hundred nanometers, and the sample had a

lot of alumina particulate impurity.

5.3.5 Chemical Potential and Adhesion Energy of Ag Particles on

Graphene/Ni(111)

If we neglect entropic contributions to the free energy (which are much smaller than
enthalpic effects for supported metal nanoparticles), we can calculate the chemical potential of
Ag atoms in supported metal nanoparticles. The chemical potential of metal atoms in supported
nanoparticles relative to the bulk metal (set as a reference with zero chemical potential) is equal
to the metal bulk heat of sublimation minus the differential heat of adsorption.® The resulting
chemical potential of Ag nanoparticles supported on graphene/Ni(111) as a function of the
effective diameter is shown in Figure 5.5.

As seen in Figure 5.5, the Ag chemical potential rapidly decreases as the particle size
increases, as has been shown for many metals supported on single-crystal oxides.3® Previous
work from our group has shown that the chemical potential of late transition metals supported on
oxides as a function of diameter (D) is very well-approximated by

w(D) = (3Yv/m — Eaan) (A + Do/D)(2Vn/D) (5.2)
where yvm is the surface free energy of the bulk metal (1.22 J/m? for Ag),?* Eagn is the adhesion
energy of the metal/support interface (here, the adhesion energy between bulk Ag and
graphene/Ni(111)), Vi is the molar volume of the bulk metal (10.3 cm3/mol for Ag), and (1 +
Do/D), with Do = 1.5 nm, is an empirical factor that has been shown to account for the increase in
wim and Eaan (relative to their bulk values) as the supported particles decrease in size. *° If we

keep Do = 1.5 nm as the empirical factor here, the only unknown remaining in (5.2) is Eadn.
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As discussed in previous work,*24 the adhesion energy can be extracted from our
calorimetric heat measurements in two main ways. The first method (described in detail in
previous work from our group)”* is to use a conceptual three-step thermodynamic cycle that
connects the heat of adsorption with the adhesion energy of a supported hemisphere (for the
largest size measured). In the first step, the gaseous metal atoms form a free-standing
hemispherical particle in vacuum. The energy change of this step is the negative sublimation
enthalpy times the number of metal atoms (—n4Hsu) plus the energy cost to form the
hemispherical metal surface in vacuum (+A[(1 + f)ywm]). Here, A is the interfacial area between
the metal particle and the support, and (1 + f) is a factor that accounts for the additional top
surface area of the particle (f = 2 for hemispherical caps). In the second step, the metal
hemisphere in vacuum is attached to the support surface with a downhill energy change of the
interfacial area times the adhesion energy (—AEadn). The overall energy change of these two steps
is equal to the formation energy of the supported metal particles (from gas atoms), which can
alternatively be expressed as the negative differential enthalpy of adsorption (or negative
differential heat of adsorption measured calorimetrically), integrated from zero coverage up to
the coverage that gives the largest effective particle diameter measured (3 4Hads). Combining all

steps of this cycle, the following equation results’%

Z AHgqs = —mAHg,, + A[(1 + f)yv/m — Eqan] (5.3)
n

This equation assumes that the particles’ diameter (D) has reached the large-size limit for
both ywm and Eadn, Which is not the case here. We extend that integral here only up to D = 8 nm at
300 Kand D =5 nm at 100 K, due to possible particle overlap at larger particle sizes. The
empirical correction factor of (1 + Do/D) was used in (5.2) to correct yym and Eadn for small

particles (relative to their bulk values). When applied to the largest particles considered here, it
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shows that yym and Eadn are still 19—30% larger than the true large-size limit and thus require the
use of this correction factor to accurately calculate the adhesion energy. To account for the size
dependence of surface energy and adhesion energies, we therefore introduce the same empirical
correction factor of (1 + Do/D) used in (5.2) to slightly correct (5.3) as well, as was done

previously.®¢246 The resulting corrected equation is

D
> BHogs = —nbHey + AL+ oy = Eaan (1+72) 54)
n

where D is the largest effective diameter reached in the integrated heat term. The only parameter
in (5.4) not provided in the literature or measured in our experiments is then the adhesion energy.
Substituting the known values into (5.4) and solving, we calculate an adhesion energy of 1.72
J/Im? using the heat data from 300 K or 1.67 J/m? using the heat data from 100 K, with an average
of 1.70 J/m? . The chemical potential fit of (5.2) using Eagh = 1.70 J/m? overlaid on the measured
chemical potential is shown in Figure 5.5 as a dotted black curve slightly above the solid black
curve.

As mentioned above, the only unknown variable remaining in (5.2) is the adhesion
energy. It follows that an alternative method to extract the adhesion energy from our calorimetric
heat measurements is to fit (5.2) to the measured Ag chemical potential. Since the lowest
diameter chemical potential at 100 K is significantly stabilized by defects, we omit that point in
the fitting process. Using all 300 and 100 K chemical potential data except that lowest diameter
point at 100 K, we find the best fit to (5.2) is with an adhesion energy of 1.90 J/m? . The fit of
(5.2) with Eagh = 1.90 J/m? is shown in Figure 5.5 as a dotted black curve slightly below the solid
black curve. Without a clear reason to expect that one of these methods is more accurate than the

other, we assume the adhesion energy of Ag to graphene/Ni(111) is given by the average of these
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two values with an uncertainty of ~0.1 J/m? . Thus, the adhesion energy of Ag particles

supported on graphene/Ni(111) measured in these experiments is Eagh = 1.80 + 0.10 J/m?2.

5.3.6 Comparison to Ag on Oxide Support Materials

This adhesion energy for Ag to graphene of ~1.8 J/m? can be compared to those reported
for Ag to MgO(100), CeO2(111), and TiO2(100) of 0.30, 2.3, and 2.44 J/m?, respectively,200.246
showing that graphene on Ni binds Ag nanoparticles within the range measured on these oxides.
It binds Ag almost as strongly as the most strongly bonding of these oxide supports (CeO2(111))
and much more strongly than the weakest (MgO(100)). As seen from (5.2), this means that for a
given Ag nanoparticle size (below 6 nm) on these different supports, the Ag chemical potential
will be considerably lower for Ag on this model carbon support compared to Ag on MgO(100)
and slightly higher compared to Ag on CeO2(111). This has two important implications with
respect to catalyst performance. Given the quantitative kinetic relationship that shows that
sintering rates for a given particle size increase with increasing chemical potential,133599:206.247
this means that such a carbon support will be almost as effective as CeO> at reducing sintering
rates and enhancing long-term catalyst sinter resistance to prevent deactivation, compared to
weak-binding supports like MgO. Given the qualitative correlations, which show that metal
nanoparticles that possess a lower metal chemical potential bind small adsorbed catalytic
reaction intermediates (like O, OH, CHs, and CO) more weakly,33¢:38102 for 3 given Ag
nanoparticle size, the Ag nanoparticles will bind such small adsorbates more weakly when
supported on such a carbon support than when supported on a weak-binding support like MgO
but slightly more strongly than when the support is CeO:..

Recent theoretical estimates of adhesion energies for other oxides based on DFT?248:249

may be useful in comparing these experimental adhesion energies of Ag to graphene and a few
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oxides (and their implications with respect to Ag chemical potential) to those from a broader
range of oxides. The sticking probability for Ag on graphene/Ni(111) (Figure 5.1) is lower than
was measured for Ag on any of these oxide surfaces.’9200246 The value of 0.75 at 300 K is
much lower than the smallest of those, 0.943 for Ag on MgO(100),2%° meaning that a Ag gas
atom that strikes graphene is 4.4 times more likely to desorb again into the gas phase than when
it hits MgO(100). Lower sticking probabilities are thought to correlate with weaker bonding of
the metal monomer to the surface.*>* This weaker bonding also correlates with a lower saturation
number density of metal clusters, due to the kinetics of nucleation.> Indeed, this density seen
here at 300 K (4.4 x 10*/m? , Figure 5.2) is ~6- fold lower than for Ag on MgO(100).%%* It is
clear that Ag monomers bond significantly more weakly to graphene support than to any of the
oxide supports that have been studied. This also has an important implication with respect to
catalyst performance, specifically sinter resistance. The weaker the monomer bonds to the
support surface, the slower is the rate of metal nanoparticle sintering (at the same temperature)
for nanoparticles on different supports with the same metal chemical potential and number
density. 1399247

5.4 Conclusions

The He" LEIS growth mode experiments showed that Ag supported on graphene/Ni(111)
grows with a particle number density of 4.4 x 10'° particles/m? at 300 K and 1.1 x 10'®
particles/m? at 100 K. This difference is attributed to the higher mobility of Ag adatoms at 300 K
with an estimated activation barrier for diffusion of ~3.5 kJ/mol. QMS measurements showed an
initial sticking probability of 75% at 300 K and 85% at 100 K. This is consistent with
expectation, since the ratio of the desorption rate to the diffusion rate is much lower at 100 K

than 300 K (since the activation energy for desorption is larger than for diffusion). The heat of
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Ag adsorption at 300 K is 230 kJ/mol initially but quickly rises to 270 kJ/mol in the first 0.1 ML
of coverage and further increases to within 5 kJ/mol of the bulk Ag sublimation enthalpy (285
kJ/mol) by 2 ML. The increase in heat with coverage is due to the larger Ag nanoparticles at
higher coverage, which bind Ag atoms more strongly. At 100 K, the heat of adsorption is 223
kJ/mol in the first metal pulse but drops to 207 kJ/mol in the next pulse. The higher heats in the
first Ag pulse at 100 K are attributed to the very small Ag clusters binding initially to stronger-
binding defect sites on the graphene/Ni(111) surface, which saturate before the second pulse.
Thereafter, the heat rises with coverage to nearly the bulk Ag sublimation enthalpy by 2 ML,
again due to increasing Ag particle size as at 100 K. The Ag chemical potential determined from
these heats of adsorption decreases as a function of nanoparticle size, shows a remarkable
agreement between the two temperatures studied, and is well-approximated by (5.2). This is the
same relationship developed by our group that describes the chemical potential of metals
supported on oxide supports. The adhesion energy of Ag to graphene/Ni(111) determined from
these heat measurements is 1.70 J/m? when calculated from the integral heat of adsorption at
high coverage and is 1.90 J/m? when calculated by fitting the measured chemical potential to
(5.2), giving an average of 1.80 + 0.10 J/m? . This adhesion energy, when compared to that for
Ag on various oxide supports and combined with (5.2) for then comparing the Ag chemical
potential for nanoparticles of the same size on different supports, has important implications with
respect to the performance of Ag catalysts on such carbon supports including low chemical

potential and high sinter resistance.
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5.5 Figures
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Figure 5.1. Sticking probability of Ag gas atoms onto graphene/Ni(111) as a function of Ag
coverage at 300 K (red, filled points) and 100 K (blue, open points). The absolute coverage of 1

ML here is defined as 1.87 x 10° atoms/m?.
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Figure 5.2. Integrated Ag LEIS signal normalized to a thick multilayer Ag film as a function of
the Ag coverage after deposition onto graphene/Ni(111) at 300 K (red, filled points) and 100 K
(blue, open points). The black dashed line corresponds to the LEIS signal that would be observed
for a layer-by-layer growth mode for Ag atoms packing with the same areal density as Ni(111).
The solid lines correspond to the Ag growing as hemispherical particles with a particle density of
4.4 x 10"° particles/m? at 300 K (red) and 1.1 x 10%° particles/m? at 100 K (blue). The dotted
lines above the Ag coverages that give a normalized Ag LEIS signal of 0.33 are only a guide to

the eye, since the model should not be applied at those higher coverages.
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Figure 5.3. Differential heat of adsorption of Ag atoms onto graphene/Ni(111) as a function of
Ag coverage at 300 K (red, filled points) and 100 K (blue, open points). The inset shows the low-

coverage regime (until 0.25 ML) on an expanded scale.
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Figure 5.4. Differential heat of Ag adsorption on graphene/Ni(111) at 300 K (red, filled points)
and 100 K (blue, open points) as a function of the effective Ag particle diameter, to which Ag

atoms add during particle growth.
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Figure 5.5. Chemical potential of Ag atoms in nanoparticles on graphene/Ni(111) vs the effective
particle diameter at 300 K (red, filled points) and 100 K (blue, open points). The black solid line
shows the hemispherical cap approximation ((5.2)) with Eagh = 1.80 J/m2. The dotted black curve
slightly above the solid black curve shows the same model ((5.2)) but with the value

for Eagn determined by the integral-heat method (Eagh = 1.70 J/m?). The dotted black curve
slightly below the solid black curve shows the best fit of that same hemispherical cap model
((5.2)) to the measured chemical potential versus size (combining both the 100 and 300 K data
but omitting the first point at 100 K, which is attributed to defect sites). This fitting method gave

the best fit with the adjustable parameter Eagh = 1.90 J/m?.
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Chapter 6. Size-Dependent Energy of Ni Nanoparticles on Graphene

Films on Ni(111) and Adhesion Energetics by Adsorption Calorimetry

This chapter contains unpublished results
Chapter Abstract

The use of carbon supports for late transition metal nanoparticle catalysts has grown
substantially in recent years due to efforts to develop electrocatalysts for clean energy
applications and catalysts for new aqueous-phase biomass-related conversions, and due to the
evolution of new carbon materials with unique properties (e.g., graphene, carbon nanotubes,
etc.). However, much less is known about the bonding energetics of catalytic metal nanoparticles
on carbon supports in comparison with oxide supports, which are more common for thermal
catalysis. Here we report the growth morphology and heats of adsorption of Ni vapor deposited
onto graphene/Ni(111) at 300 K and 100 K determined from He™ low-energy ion scattering
(LEIS) and single crystal adsorption calorimetry (SCAC). These results suggest that Ni grows as
flat-topped FCC islands with a thickness of ~1.5 nm when deposited at 300 K. At 100 K, Ni
grows as smaller nanoparticles, well modeled as hemispherical HCP nanoparticles with a density
of 2.23 x 10% particles/m?. The heat of Ni adsorption at 300 K is initially 336 kJ/mol and rapidly
increases with coverage before reaching the bulk heat of Ni sublimation (430 kJ/mol) by 2 ML.
The heat of Ni adsorption at 100 K begins at 230 kJ/mol and reaches the bulk heat of Ni
sublimation by 3.5 ML. The Ni chemical potential as a function of average particle diameter in
the 0.5 to 4 nm range at 100 K was determined from the LEIS and SCAC measurements. By
fitting the measured chemical potential as a function of diameter, we determined an adhesion
energy of 3.60 J/m? for large Ni particles on graphene/Ni(111). This adhesion energy is in good
agreement with STM and DFT investigations of Ni/graphene/Ni(111).
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6.1 Introduction

Late transition metal nanoparticles anchored to high-surface-area support materials are
widely used as heterogeneous catalysts and electrocatalysts for energy, environmental, and
chemical applications. The adsorption energies of small molecules and reaction intermediates
onto the metal nanoparticles greatly affect the activity and selectivity of these catalysts. It is
well-known that these adsorption energies and the catalyst thermal stability are strongly
influenced by the size of the metal nanoparticles as well as the support material to which the
nanoparticles bind.”935203.205250.251 Thyg 3 fundamental understanding of these nanoparticle size
and support effects is important to designing improved catalysts.

Previous work by our group has shown that the chemical potential of metal atoms in
supported nanoparticles contains important information about both these particle size and
support effects in catalysis.®>¢® That work demonstrated that the metal chemical potential can
be modelled as a function of the nanoparticle size and the adhesion energy of the metal to the
support material.>>% A higher chemical potential leads to stronger adsorption of small molecules
and intermediates as well as a larger driving force for catalyst deactivation via sintering.3>3"-3

Carbon supports are important and widely used for heterogeneous catalysts,
electrocatalysts, and photocatalysts due to carbon’s resistance to chemical degradation, high-
temperature stability, simple fabrication methods, low cost, and high electrical conductivity.?*
255 While there is a wide variety of carbon-based support materials (e.g. activated carbon, carbon
black, graphite), many of these materials share the same graphitic building block.?>* The
interesting chemical properties and applications of graphitic carbon in heterogeneous catalysis
make it an appealing template for research. Recently, our group studied the energetics of Ag

atoms and nanoparticles on graphene supported on Ni(111).2%¢ The Ag monomer was found to
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bind more weakly to graphene than it does to the surfaces of metal oxide supports. It was also
found that Ag nanoparticles have a lower adhesion energy (in the large-size limit) to
graphene/Ni(111) than onto reducible metal oxides such as CeO2(111) and TiO2(100), but higher
adhesion energy than on irreducible metal oxides such as MgO(100). The bonding of Ag to the
graphene support is somewhat unique in combining weak monomer bonding with moderately
strong nanoparticle adhesion, which has advantages as a catalyst support.?>® This motivates the
investigation of other later transition metals on graphene.

Nickel based heterogeneous catalysts are incredibly important for a wide variety of
chemical reactions.34%.257-260 |t js also well-known that the selectivity of these Ni catalysts is
strongly affected by size and support material.*647261.262 For example, in CO2 hydrogenation on
Ni catalysts, small molecule such as CO and CH4 dominate on small nanoparticles, while carbon-
carbon chain formation require larger particles with available neighboring sites for C-C
coupling.?1:%62 For this same reaction, different metal oxide supports vary the hydrogenation
products via binding different intermediates.?%%:262

Nickel nanoparticles supported on graphitic materials are used as an alternative to
expensive platinum-based electrocatalysts for oxidation reactions.?62-2% |t has been shown that
the nature of the interaction of the Ni nanoparticles with the carbon support can have a large
influence on the reactivity of these catalysts.>¢26%26¢ |n addition, it is well-known that the particle
size can have a major effect on the catalyst kinetics for Pt-group metals.?6%:267-271

There are many excellent theoretical (mostly DFT) calculations of the bonding strength
between Ni and graphitic materials’®2%8272-275 and experimental measurements of the particle
morphology of Ni on graphitic supports.’276-278 While the exact details of these studies can vary

tremendously, there is some consensus that Ni forms strong bonds with C(0001) and clustering
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of Ni monomers leads to the formation of 3D Ni particles on graphite and graphene.’8272-277
Despite all the previous work done investigating the surface science of Ni on C(0001), to our
knowledge there is only one experimental measurement of the bonding strength between Ni and
a graphitic support, whereby an adhesion energy of 3.5 J/m? at the Ni/graphene interface was
estimated from the shape of graphene-supported Ni nanoparticles.’®

In this paper, we report the bonding energetics of Ni atoms in Ni nanoparticles grown by
Ni vapor deposition onto a graphene-covered Ni(111) support using single crystal adsorption
calorimetry (SCAC). These measurements determined the heat of adsorption of Ni vapor atoms
as they adsorb onto the graphene substrate and bond to previous formed Ni nanoparticles of
controlled size. The growth morphology of this vapor deposited Ni was measured using low-
energy ion scattering (LEIS). From the coverage dependent heats of adsorption and particle size
from LEIS, we determined the chemical potential as a function of the average Ni particle
diameter and the adhesion energy of Ni to graphene/Ni(111). The results presented here indicate
the formation of an HCP phase for very small Ni nanoparticles and provide important details of

the chemical bonding energetics of Ni to carbon-based support materials.
6.2 Experimental Methods

A full description of the single-crystal adsorption calorimetry (SCAC) apparatus and
detailed experimental procedures is presented elsewhere.®* Briefly, the calorimetry experiments
were done in an ultrahigh-vacuum (UHV) chamber with a base pressure <2 x 1071° Torr. This
chamber is also equipped with X-ray photoelectron spectroscopy (XPS), Auger electron
spectroscopy (AES), He™ low-energy ion scattering (LEIS), low-energy electron diffraction

(LEED), quadrupole mass spectrometry (QMS), and two quartz crystal microbalances (QCMs).
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Surface spectroscopy measurements were obtained with a PHI 10—360 precision energy analyzer
with a PHI 72—250 position sensitive detector.

The Ni metal beam is generated by evaporating Ni pellets in an e-beam evaporator. The
Ni vapor is collimated through a series of apertures to give an average beam diameter of 4.26
mm. The beam is then pulsed with a chopper with a pulse duration of 100 ms and a period of 2 s.
The Ni flux is monitored with two QCMSs: one on-axis QCM to measure the flux at the sample
position (possible only just before and just after calorimetry) and another off-axis QCM to
continuously monitor the flux during the experiment. The flux varies with time (typically
dropping by ~10% during a run), so the continuously measured off-axis flux was scaled at all
times in a method described previously to provide the flux at all times at the sample position.3*

The heat released is measured using a pyroelectric polyvinylidene fluoride (PVDF)
ribbon in thermal and mechanical contact with the 1 pum thick Ni(111) single-crystal sample. The
PVDF ribbon is calibrated for each experiment using a HeNe laser with known energy. The total
heat detected with the PVDF ribbon is a combination of the heat of adsorption as well as the
thermal radiation from the hot metal source. The signal from thermal radiation was measured by
placing a barium fluoride (BaF2) window in front of the sample to block Ni atoms from reaching
the sample but allowing a known fraction of thermal radiation to transmit through the window
(>90%, measured with and without the window in the path). The resulting signal from thermal
radiation was then subtracted from the total heat signal. The measured heat was further corrected
to account for the difference in internal (translational) energy between the directed flux of gas-
phase Ni atoms coming from the high-temperature electron beam evaporator (~2000 K)*" and a

collection of the same gas atoms in a Boltzmann distribution at the surface temperature (300 or
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100 K).23 The resulting heat is thereby equal to the negative of the standard enthalpy of Ni
adsorption at the sample temperature.

The sticking probability of each pulse is measured simultaneously with the adsorption
heats using a modified King and Well’s method described previously.**?3 The number of Ni
atoms that stick to the sample surface in each pulse is then equal to the flux times the pulse
duration and the sticking probability. The differential heat of adsorption per mole of adsorbed Ni
as a function of the cumulative Ni coverage can then be calculated from the measured heats,
fluxes, and sticking probabilities. The Ni coverages reported here are given in units of
monolayers (ML), with 1 ML defined as 1.87 x 10%° atoms/m?, which is the areal density of Ni
atoms on the Ni(111) surface as well as exactly ¥ the areal density of C atoms on the graphene

surface, which grows in registry with the Ni(111) substrate.’®2%

6.3 Results

6.3.1 Graphene Growth and Characterization

Graphene films were grown on a clean 1 pum thick Ni(111) single crystal sample using a
direct growth method from ethene gas previously described in the literature.’8802%6.25 Before
growth, the Ni(111) sample was cleaned by cycles of flashing the sample at 800 °C followed by
1.0 kV Ar*ion sputtering until the presence of the C 1s carbon peak could no longer be detected
by XPS. The clean Ni(111) sample was then annealed in vacuum at 600-650 °C for 5 min before
the sample was exposed to 10 Torr of ethylene for 30 min while the sample was continually
held at 600-650 °C. After growth the presence of graphene was confirmed by AES. Previous
work has shown that the C-KVV AES line has distinctive shapes for graphitic or carbidic carbon
which provided an easy method to determine the surface carbon phase.”®2%240 |n line with

previous work, we found that samples grown at temperatures below 500 °C showed the presence
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of nickel carbide while samples grown between 600 and 650 °C consistently showed the line-
shape characteristic of graphene.”® The quality of all graphene films was further confirmed with
He* LEIS in this study, which was quantified by the ratio of the nickel LEIS signal from the
sample after graphene growth to that from the clean Ni(111). This ratio showed that the graphene

films covered >95% of the Ni(111) surface for all samples investigated here.
6.3.2 Ni Sticking Probability on Graphene/Ni(111)

The sticking probability of Ni gas atoms to graphene/Ni(111) was monitored during
calorimetry experiments by measuring the transient QMS signal for Ni atoms during each
deposited pulse of the atomic beam. This signal was then normalized to a zero-sticking signal for
Ni atoms, measured by pulsing the Ni atomic beam onto a hot W foil, where no permanent
sticking occurs, as described previously by our group.® The fraction of atoms that stick times the
Ni vapor flux and pulse duration was then used to determine the number of Ni atoms per unit
area that adsorbed in each pulse. This was used to scale the adsorbed heat per pulse (to get the
heat per mole adsorbed) and to calculate the accumulated Ni coverage for all calorimetry and
growth mode experiments.

The sticking probability of Ni on graphene/Ni(111) as a function of Ni coverage at 300
and 100 K is shown in Figure 6.1. The Ni coverages reported here are given in units of ML, with
1 ML defined as 1.87 x 10'° atoms/m?, which is exactly ¥ the areal density of C atoms on the
graphene surface, which grows in registry with the Ni(111) substrate, with 2 C atoms per surface
Ni atom 89236237 The results in Figure 6.1 show that the sticking probability at 300 K starts at
94% and increases slowly with Ni coverage, rising to a value of 97% by 4 ML. At 100 K, the
sticking probability starts higher at 96% and gradually rises until reaching slightly higher than

99% by 4 ML.
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The higher sticking probability seen here at lower sample temperatures is commonly
reported for metal adsorption, where it has been attributed primarily to the decreased desorption
rate of diffusing metal adatoms as the temperature is decreased.*®?*! Since the ratio of the
desorption rate to the diffusion rate of Ni is much smaller at 100 K when compared with 300 K,
the diffusing Ni adatoms are more likely to desorb at the higher temperature before they find
other Ni adatoms of Ni clusters to which they can bind.

The sticking probabilities reported here for Ni atoms deposited onto graphene/Ni(111)
are up to 20% larger than those previously reported for Ag deposition on the same surface.?%
This can be attributed to a stronger binding of Ni monomers onto the graphene substrate
compared with Ag monomers. This hypothesis is corroborated by previously reported DFT
calculations of the adsorption energy of Ni and Ag monomers onto a graphene support, which
consistently show a much higher adsorption energy for Ni monomers when compared with Ag
monomers.?4327%280 The sticking probabilities measured here for Ni atoms on graphene/Ni(111)
are also larger than those measured previously by our group for Ni atoms on MgO(100) at the
same temperatures.*® This also implies a stronger binding of Ni monomers to graphene than to
MgO(100).

6.3.3 Ni Growth Morphology on Graphene/Ni(111)

The growth morphology of Ni on graphene/Ni(111) at 300 and 100 K was determined
using He™ LEIS measurements. Ni was vapor deposited onto the graphene/Ni(111) substrate in
discrete amounts and the Ni LEIS signal was measured after each dose. The substrate’s LEIS
signal (graphitic carbon) could not be measured due to a near unity ion neutralization probability
for He" ions scattered from graphitic carbon, as was the case for Ag deposition on

graphene/Ni(111).82-842% The integrated Ni LEIS signal was normalized to the signal from a
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thick Ni layer (>10 nm) which served as the Ni reference signal for complete coverage of the
graphene surface by Ni. This normalized Ni LEIS signal then gives the fraction of the surface
covered (and shadowed) by Ni particles.

The normalized Ni LEIS signals versus Ni coverage are shown in Figure 6.2a, along with
fits of these data to different growth models for the Ni particle growth morphologies. Data shown
are the averages from several repeated LEIS signal versus coverage measurements. The growth
models analyzed in this study include layer-by-layer, constant height and hemispherical cap
models. A layer-by-layer growth model (shown as a straight black dashed line) shows the signal
that would be observed if Ni grew in a layer-by-layer fashion. As can be seen in Figure 6.2a, this
model does not fit the data well. Instead, we found models where the Ni grows as 3D
nanoparticles fit the data well. Specifically, a constant particle height model fits the 300 K data
well, and a hemispherical cap model fit the 100 K data very well. These two models will be
discussed in the remainder of this section. The constant height model assumes that the Ni
nanoparticles have the same height at all coverages (above some tiny coverage) and have flat
tops. The hemispherical cap model assumes the Ni nanoparticles have a hemispherical shape and
the same average particle diameter at a given coverage, and that the number of particles per unit
area is a constant, independent of coverage (above some tiny coverage).

Using the data in Figure 6.2a, the average Ni nanoparticle thickness can easily be
calculated by converting the number of Ni atoms per m? to the total volume of Ni per m?
(assuming the deposited Ni particles have the same density as bulk Ni) and dividing by the
fractional area covered by Ni particles, as measured with LEIS. The average thickness is then t =
6 x nmLx Mni / (Na x pni % f) where 6 is the total Ni coverage (in ML), nu is the Ni atomic

number density that defines one monolayer (nm. = 1.87 x 10%° atoms/m?), My is the molar mass
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of Ni (58.69 g/mol), Na is Avogadro’s number, pni is the bulk density of Ni (8.9 g/cm®), and f is
the fraction of the graphene surface area covered by Ni particles, as obtained from the He* LEIS
measurements. The resulting average Ni particle thickness as a function of Ni coverage is shown
in Figure 6.2b. The thicknesses here at 100 K have been slightly corrected from the above
equation by multiplying them by 1.207 to take into consideration the effect of shadowing of the
support surface in LEIS near island edges, based on the hemispherical cap model (details below).

For the Ni growth at 300 K, the normalized Ni LEIS signal versus coverage is well-fit by
a straight proportionality (red, solid line in Figure 6.2a). This line has a slope of 1/(7.33 ML).
This proportionality indicates that at 300 K, flat Ni islands grow with an average thickness of
7.33 ML (1.5 nm), independent of coverage. This model is further supported by the 300 K data
in Figure 6.2b (red, filled points) which shows the average Ni island thickness is nearly constant
with t = 1.54 £ 0.18 nm.

This growth model in which Ni grows as islands with a constant height at 300 K is
further supported by STM observations on the growth morphology of Ni on graphene from the
literature.”®27® Both these STM observations at room temperature clearly showed that Ni vapor
deposited onto graphene forms triangular islands with flat-topped terraces. The study by Lahiri et
al. included a room temperature STM measurement of Ni on graphene/Ni(111) and showed that
the islands had an apparent height of 1.58 + 0.42 nm, with the flat tops being Ni(111) terraces,
for a wide range of island widths (1-11 nm).”® The study by Sicot et al. included a 300 K STM
measurement of Ni on graphene/Rh(111) with an average apparent height of 1.8 nm and edge
lengths between 5 to 18 nm at a Ni coverage of 0.9 ML.2"® Since the (111) face is the most stable
(lowest surface energy) facet of FCC Ni, this shape provides energetic stability. A previous study

has provided a kinetics-based explanation for why particles can grow flat and keep nearly a
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constant height during vapor deposition as the island diameter (or width) grows to be much
larger than the height (which is unlikely based on simple thermodynamics of preferred particle
shapes).?8! As shown in Figures 8 and 9 there, when small, flat, one-atom thick islands are grown
in the first layer, and the energetics for a newly deposited adatom are appropriate, new atoms
which land on top of an island will diffuse rapidly to the island edge and down-step to add
instead to sites with stronger binding around the perimeter of the island. Essentially, if the top of
the island is a flat Ni(111)-like surface, as shown by STM,”® a new Ni monomer will not be
stable there (since it can only make three Ni-Ni bonds there), whereas the sites around the island
edges have locations where that Ni atom can make more Ni-Ni bonds than just three and thus are
much more stable. Similarly, new Ni atoms which land on the support and diffuse to the island
will prefer sites around the island perimeter, and not up-step to nucleate a new layer. This causes
the islands to grow in diameter (or width for non-circular islands) without gaining height up to
some critical diameter where diffusing Ni monomers on top of the island encounter each other
and nucleate a cluster on top of the flat island creating a nucleation site for growth of a new
layer. The rate of Ni diffusion around the island edges determines whether the islands appear
circular, triangular, or some other faceted shape.?®? Importantly, the small ratio of island height
to width in these STM studies means that it was a good approximation to neglect any shadowing
effects near island edges in modelling the LEIS signal versus coverage curves at 300 K, as we
have done in Figure 6.2.

The 100 K data is well-fit by a hemispherical cap growth model (blue line in Figure 6.2a
and Figure 6.2b) first described by Diebold et al., in which all particles are assumed to have the
same hemispherical shape and same average particle size at a given coverage.’>?2 These

particles are assumed to have a constant areal number density at all coverages to be consistent
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with classical nucleation theory in which a saturation number density is reached at a very low
coverage.”'? This model is only applied up to coverages for which f < 33%, because at higher
coverages the particles might begin to overlap (depending on how uniformly they are separated),
so the model assumptions could break down. The regime in which the model is no longer
appropriate is illustrated in Figure 6.2a and Figure 6.2b as a dashed blue line. As shown in
previous work,’? when the particles grow as hemispherical caps the total surface area masked by
the particles and their shadows is 1.207 times the metal/support interfacial area if the He™ ion
beam is incident normal to the surface and the energy analyzer detects scattered ions 45° from
the surface normal, as done here. With this hemispherical cap model, the normalized Ni LEIS
data can be modelled with the saturation particle density as the only fitting parameter. As shown
in Figure 6.2a (blue solid line), the best fit to the 100 K LEIS data gives a particle density of 2.23
x 10 particles/m?.

For hemispherical particles, the average diameter equals three times the average
thickness. This average particle diameter for this 100 K data, and its hemispherical-cap fit curve,
(calculated as three times the average thickness) is shown as the right-hand axis in Figure 6.2b.
As expected, the data for average diameter as a function of coverage also agrees well with this
hemispherical cap model.

This hemispherical cap model for Ni on graphene at 100 K is somewhat different than
previously reported low-temperature particle shape measurements for Ni on C(0001).276-278
Baumer et al. studied Ni on graphite(0001) at 100 K using primarily XPS and SPA-LEED and
found that the island height does not vary significantly with Ni coverage when analyzed with a
flat island model.?”® However, the Ni coverages investigated in that work (<1 ML) were

significantly less than those studied in the present work. Sicot et al. used STM to study 150 K Ni
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nanoparticles on graphene/Rh(111) and found that the particle density increased with increasing
coverage while the particles remained the same size.?’® This difference from the hemispherical
cap model of Figure 6.2 here (for graphene/Ni(111)) could be due to the fact that
graphene/Rh(111) instead has a buckled Moire pattern which creates a high-density periodic
array of special sites, which may be more stable for particle nucleation, or due to the low fluxes
used in that work (<10% of the flux in the present study). Marz et al.?’” used STM to study Ni
deposited on HOPG(0001) at low temperatures and found dendritic Ni particles at high
coverages. Their reported STM images at low coverages appear to show hemispherical Ni
particles. The exact sample temperature for these experiments was unclear. (The sample was first
cooled to 77 K, then transferred to a different chamber for Ni deposition, where the sample
temperature could not be monitored. It seemed that the sample was quickly transferred back to

the 77 K location for STM imaging.)

6.3.4 Heat of Adsorption of Ni on Graphene/Ni(111)

The differential heats of adsorption of Ni gas atoms onto graphene/Ni(111) as a function
of Ni coverage at 300 and 100 K is shown in Figure 6.3. The data shows the measured heat of
adsorption for a series of pulses (each with ~0.013 ML per pulse) as the Ni coverage on the
sample increases. The curves shown for 300 and 100 K are averaged from several individual
calorimetry runs to ensure replicability and to reduce the standard deviation in the measured
heats of adsorption. At 300 K, the initial heat of adsorption is 336 kJ/mol which then rapidly
increases to 400 kJ/mol in the first 0.1 ML. Above 0.1 ML, the heat slowly increases with
coverage until reaching the bulk heat of Ni sublimation (AHsu» = 430 kJ/mol) by 2 ML. At 100
K, the heat of adsorption in the first pulse is 230 kJ/mol, increases much more slowly with

coverage than at 300 K, and reaches the bulk heat of Ni sublimation by 3.5 ML.
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The lower initial heat of adsorption and slower increase in the heats of adsorption at 100
K compared with 300 K is attributed primarily to Ni particle size differences between the two
temperatures. At any given coverage below 2 ML, the Ni particles at 100 K are much smaller
than at 300 K. For example, one STM study mentioned above showed at 0.9 ML an average flat-
topped particle height of ~1.8 nm and width of ~12 nm at 300 K.2’® At this coverage for 100 K,
the particle diameter in only ~3 nm (based on the hemispherical cap model fit in Figure 6.2).
These tiny hemispherical caps formed at 100 K have a much larger fraction of undercoordinated
atoms (i.e., atoms with fewer Ni-Ni bonds and thus which are less stable) in comparison to the
larger, faceted particles formed at 300 K. Similarly, when a newly-deposited Ni adatom diffuses
to and binds to a small hemispherical cap, there is a much greater chance that it attaches to a site
where it is highly undercoordinated (i.e., where that new adatom forms fewer Ni-Ni bonds than
at 300 K). For the larger particles at 300 K, there are sites where a new Ni adatom can make
more Ni-Ni bonds, and the new Ni adatom can diffuse fast enough to find those stronger-binding
sites. For example, when an adatom adds to a trimer, it can only make 3 Ni-Ni bonds, whereas
when it adds to a very large particle at 300 K, it can make 6 Ni-Ni bonds at a kink site on a
Ni(111) facet’s step edge. In the large particle size limit, each added Ni atom also makes 6 Ni-Ni
bonds and has a differential heat of adsorption equal to the bulk heat of sublimation. (In a simple
nearest neighbor bond-additivity model, the bulk sublimation energy or cohesive energy equals 6
times the Ni-Ni bond energy, since atoms in the bulk have 12 nearest neighbors and each of these
12 bonds is shared by 2 atoms: 12/2 = 6. This is twice the total Ni-Ni bond energy when Ni adds
instead to a trimer.) Consequently, fewer Ni-Ni bonds on average are formed when a Ni atom
attaches to a particle at 100 K when compared to 300 K at the same coverage, and the measured

heats of adsorption are smaller. This continues until the hemispherical caps grow sufficiently
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large that they are dominated by sites where new Ni atoms can make as many Ni-Ni bonds upon
adsorption as at 300 K (~3.5 ML of Ni coverage). This increase in adsorption energy with
coverage as more Ni-Ni bonds are made is mitigated to some extent by the fact that more of the
Ni atoms in smaller particles also bond to the underlying graphene, as quantified below via the
adhesion energy at this Ni / graphene interface.

Using the average particle diameter as a function of coverage from Figure 6.2b allows us
to replot the 100 K heats of adsorption versus coverage from Figure 6.3 in the form of heats of
adsorption versus the effective Ni particle diameter to which the new Ni atoms add, as shown in
Figure 6.4a. This procedure was not possible for the 300 K heats of adsorption since our constant
height model does not allow for the determination of the Ni particle density nor their average
lateral dimensions. From Figure 6.4a, we can see again that the heats of adsorption at 100 K
increase rapidly with particle size due to the deposited atoms forming more Ni-Ni bonds as the

particle size increases, as described above.
6.3.5 Chemical Potential and Adhesion of Ni on Graphene/Ni(111)

If we assume the size-dependent changes in the entropic contributions to the free energy
are negligible compared to the very large enthalpic contributions for this system, we can
calculate the chemical potential of Ni atoms in nanoparticles on graphene/Ni(111) at each size.
The chemical potential relative to that of bulk Ni is simply the difference between the heat of
sublimation and the measured differential heat of Ni adsorption at that size. The resulting Ni
chemical potential as a function of the effective Ni particle diameter is shown in Figure 6.4b. As
can be seen, the Ni chemical potential begins high (200 kJ/mol) and rapidly decreases with the
particle diameter. Similar behavior has been shown for nanoparticles in this size range for many

transition metals on oxides and Ag on graphene.®
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Previous work studying metal nanoparticles supported on single crystal oxides has shown

that the chemical potential for hemispherical nanoparticles is well approximated by

(D) = (3¥s/m — Eaan)(1 + Do/D)(2V;/D) (6.1)
where v, is the surface free energy of the bulk metal (2.38 Jim? for Ni), E,qp, is the adhesion
energy of the metal/support (Ni/graphene here) interface, 1}, is the molar volume of the
supported metal (6.59 m*/mol for Ni), and (1 + D,/D) with D, = 1.5 nm is an empirical factor
that has been shown to account for the increase in y,,,, and E, 4y, (relative to their bulk values) as
the supported nanoparticles decrease in size for many different metals and oxide supports.353¢
This equation has also been shown to fit data for Ag on graphene/Ni(111) very well.2*® Using
(6.1), E 4y, is the only unknown variable which provides a method to calculate E, 4, by fitting
the measured Ni chemical potential as a function of the diameter.

The heat of adsorption here does not reach the bulk heat of Ni sublimation at the largest
particle sizes analyzed (~4 nm), in contrast to many other metal on support systems studied with
SCAC and He* LEIS">241246.25 Thjs same phenomenon has been observed for both systems
involving Ni deposition studied previously by our group, namely Ni/MgO(100) and
Ni/CeO-(111), and was attributed to a structural phase change whereby Ni adopts hexagon close
packed (HCP) structure for very small Ni particles (<5 nm) but takes on the usual face-centered
cubic (FCC) structure for large particles.36:46

As discussed in previous work from our group,®® (6.1) can be modified to account for this

difference in crystal packing, which results in the following equation:

.u(D) = (3yv/m - Eadh)(l + DO/D)(ZVm/D) + (AHsub - AH:ub ) (62)
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where AHg,,;, is the heat of sublimation of the small-particle HCP phase (in the large-size limit)
and AHg,,;, is the bulk FCC phase heat of sublimation (430 kJ/mol for Ni). (6.2) now has two
parameters, E,q, and AH;,,;,, that are required to fit the experimental data.

Both (6.1) and (6.2) were used to fit the measured chemical potential data and these fits
are shown as dotted and solid lines (respectively) in Figure 6.4b. Using (6.1) to fit the data gave
a best-fit value for E, 4, = 2.03 J/m? and the fit had a standard deviation of 18 kJ/mol relative to
the measured values, while using (6.2) gave best-fit values of E, 4, = 3.60 Jm? and AH:,,, = 406
kJ/mol, and had a standard deviation of 11 kJ/mol versus measured values.

These standard deviations show that using (6.2) gives a better fit to the measured
chemical potentials versus size, suggesting the formation of a different phase (HCP) for small Ni
nanoparticles supported on graphene/Ni(111) than for large Ni particles (which prefer the bulk
FCC phase). For Ni/MgO(100), a best-fit value of AH;,,;, = 405 kJ/mol was determined with the
same method,*® while Ni/CeO2x(111) gave a best-fit value of AH:,,, = 404 kJ/mol.*® The best-fit
value of AH,,;, is almost identical for all three of these systems, suggesting that very small,
supported Ni nanoparticles often form the same HCP phase.

Hexagonal close packed Ni films and nanoparticles have been observed on MgO(100),
Au(100), and Ru(1120), Ru(1100), and carbon nanotubes and the formation of this HCP phase
has been attributed to size, lattice strain, and energetic effects.?8+28 This HCP Ni phase has also
been reported for small unsupported Ni nanoparticles using a variety of different preparation
methods where the HCP Ni phase can be stabilized by surface decoration by ligands.?82°! This
HCP phase will only form for metals in which the FCC structure is only very slightly more stable
than the HCP structure and differential size effects can change the lattice packing. Indeed, it was

found that the HCP structure for Ni nanoparticles on MgO(100) and CeO2(111) had a heat of
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sublimation that was only 25 to 26 kJ/mol smaller than that for FCC Ni.%*® In addition, DFT
calculations found that the HCP phase is only slightly less stable in the bulk than the normal
FCC phase, but the surface energy per unit area of the HCP phase is lower than the surface
energy of the FCC phase.?®? This surface energy difference could cause the HCP phase to be
more stable than the FCC phase below some critical particle size. When the surface to volume
ratio decreases as the nanoparticles grow, the HCP then transforms to the FCC phase, well
known to be the most stable phase for very large particles.

In much of the previous work studying the HCP Ni phase, it has been argued that the
HCP phase is caused by lattice strain.36:46:284.288287 Haowever, in this present study, the C(0001)
(graphene/Ni(111)) substrate is almost perfectly lattice matched with bulk FCC Ni(111) and
lattice strain is not expected in the large size limit (although there may be lattice strain for small
Ni particles, since small metal nanoparticles are well known to contract slightly in lattice
constant relative to bulk metal). The Ni clusters formed on graphene here could nucleate from a
HCP-like cluster structure and/or be thermodynamically stabilized due to the lower surface
energy of the HCP phase mentioned above. In addition to this affect, a carbon environment also
facilitates the stabilization of the Ni HCP phase. This has been found in the thermal
decomposition of NisC nanoparticles and PVVD growth of Ni on carbon nanotubes were stabilized
by a carbon shell around the Ni particles.?882% Here were do not observe any evidence of Ni
particle encapsulation with our LEIS and SCAC experiments. However, a large fraction of the
surface Ni atoms in the small nanoparticles are in contact with carbon support surface, giving
rise to a similar effect.

The continued decrease in Ni chemical potential as the particles grow beyond a diameter

of 3.5 nm suggests that the Ni particles may transition from the HCP phase to the
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thermodynamically stable FCC phase near this particle size. If we fix the value of AH;,,,, = 404.5
kJ/mol (the average of the values for Ni/MgO(100) and Ni/CeO2x(111)) and fit the chemical
potential with (6.2) only up to a diameter of 3.5 nm, we instead obtain a best-fit value of E4;, =
3.53 J/m? with a standard deviation of 8.7 kJ/mol relative to measured values, in close agreement
with the values calculated above.

6.4 Discussion

The adhesion energy of 3.60 J/m? for Ni on graphene/Ni(111) can be directly compared
with the work of Lahiri et al. in which room temperature STM measurements of Ni nanoparticles
on graphene/Ni(111) were used along with the Wulff construction to determine the adhesion
energy for this same system.’® Their results showed an adhesion energy of 3.5 J/m? in the large
particle size limit (for Ni that we expect was in the FCC structure), within 3% of our value
measured by calorimetry here at 100 K for HCP particles (extrapolated to the large-size limit).
Despite this FCC versus HCP structural difference, this close agreement supports the conclusion
that (6.2) is appropriate for analyzing the chemical potential data in Figure 6.4b. These values are
also consistent with DFT calculations done in that same work,’® which found an adhesion energy
of 3.47 J/Im? for a Ni adlayer on graphene/Ni(111). Those same DFT calculations surprisingly
found an adhesion energy of only 0.81 J/m? at the graphene/Ni(111) interface. They attributed
this large increase in interfacial bonding for Ni/graphene/Ni(111) to an increase in electronic
density at the interface due to the underlying Ni(111) substrate, compared to Ni on free-standing,
pristine graphene.

This adhesion energy of 3.60 J/m? from (6.2) can further be compared with the adhesion
energy of 1.80 J/m? for Ag on graphene/Ni(111).2%¢ This stronger adhesion energy of Ni

compared with Ag is consistent with DFT calculations which show a stronger binding strength of
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Ni monomers to graphene.?4327%.280 |n comparison to Ni on oxide supports, Ni/graphene has an
intermediate adhesion energy between Ni/MgO(100) and Ni/CeO2(111), which have adhesion
energies of 3.05 J/m? and 4.39 J/m? respectively .36

This intermediate adhesion energy for Ni on graphene has important implications for the
design of heterogeneous catalysts. As seen in (6.2), this intermediate adhesion energy means that
for a given particle size (below ~6 nm) the Ni chemical potential on graphene will be somewhat
higher than Ni on CeO2.x(111) but lower than Ni on MgO(100). Given the quantitative
relationship that shows that a high chemical potential leads to higher sintering rates,>*38 we
expect that the rate of catalyst deactivation by sintering will be lower for Ni supported on carbon
compared with MgO, but higher than for Ni supported on CeOx. In addition, many qualitative
predictions have shown that metal nanoparticles with a higher chemical potential will bind small,
adsorbed intermediates more strongly.>>%3 This suggests that nanoparticles supported on
carbon will bind adsorbed intermediates more strongly than particles of the same size supported
on CeOo, but less strongly than those particles supported on MgO.

Our measured heats of adsorption can also be compared with DFT calculations in the
literature. If we assume the smallest particles measured at 100 K have a hemispherical geometry
and the same density as bulk Ni (8.90 g/cm?®), we can determine that these smallest particles have
an average of 13 atoms with a heat of adsorption of 230 kJ/mol. This heat of Ni adsorption for
making Nigz on graphene/Ni(111) can be compared with DFT calculations that found a Ni gas
atom adsorption energy of 2.66 — 3.02 eV/atom (262-298 kJ/mol) to form 3-dimensional Ni
cluster sizes of 4 to 10 atoms bound to the surface of pristine, free-standing graphene.?’2-27

While similar to our experimental measurement of 230 kJ/mol, these DFT calculations all found
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a 32 to 68 kJ per mol Ni stronger binding of 3D Ni clusters to free-standing graphene than we
measure for 3D Niyz on graphene/Ni(111).

This difference between the measured Niss binding enthalpy of 230 kJ/mol and the
calculated Nis-Niyo binding energies of 262-298 kJ/mol could be explained by the stabilization of
the graphene film by the Ni(111) substrate used in our experiments. If we assume the
graphene/Ni(111) adhesion energy is the same E, 4, as measured above (3.6 J/m?), we can
convert this adhesion energy to ~116 kJ per mol surface Ni atoms using the Ni(111) surface atom
density (1.87 x 10 atoms/m?) and Avogadro’s number. This corresponds to 58 kJ per mol
surface C atoms, since there are two C atoms for every Ni surface atom in this graphene film (see
above). Thus, the C atoms in this graphene on Ni(111) film are stabilized by ~58 kJ/mol when
bound to Ni(111) compared with free-standing graphene. This can partly explain why our
measured adsorption enthalpy of making Nii3 on graphene/Ni(111) is significantly smaller than
DFT results for making Nis-Ni1g on free-standing graphene despite the larger cohesive energy
contribution expected for the larger particle size we measured.

The differences in growth modes and particle sizes between 300 K and 100 K are mainly
due to the differences in the diffusion rate of Ni monomers. It is well-known that the number
density of islands is typically much larger at 100 K than 300 K during metal vapor deposition.”
The rapid down-stepping that enables the growth of wide, flat-topped islands at 300 K is not
expected to occur at 100 K. Thus, the particles will be much smaller at 100 K than 300 K causing
a much higher surface area / volume ratio. For these small Ni nanoparticles, the DFT-predicted

lower surface energy of the HCP phase compared with the FCC phase?®?

might dominate over
the small bulk energy difference between these two phases and might cause these small

nanoparticles to assume the HCP phase at 100 K, whereas at the same coverage the particles are
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much larger at 300 K and are more likely to assume the bulk FCC phase at 300 K. This
difference in phase might also contribute to the difference in island shape between 100 K and

300 K.
6.5 Conclusions

Calorimetric adsorption energies of Ni vapor deposited onto graphene/Ni(111) are used
in conjunction with the growth morphology to determine the Ni chemical potential as a function
of Ni nanoparticle size as well as the adhesion energy of Ni metal to graphene/Ni(111). The He"
LEIS experiments showed that Ni grows as 3D nanoparticles on graphene/Ni(111) at 100 K with
a particle density of 2.23 x 10 particles/m?. At 300 K, Ni vapor deposited onto
graphene/Ni(111) instead forms flat-topped islands with an average height of 1.54 £ 0.18 nm in
the coverage range 0.2 to 3.0 ML. QMS measurements showed an initial sticking probability for
Ni vapor of 94% at 300 K and 96% at 100 K. This is consistent with expectations since the ratio
of the desorption rate to the diffusion rate is much lower at 100 K than at 300 K (since the
activation barrier for desorption is much larger than that for diffusion). The heat of Ni adsorption
at 300 K is initially 336 kJ/mol and rapidly increases to 400 kJ/mol in the first 0.1 ML of Ni
deposition (where the Ni particles already reach ~1 nm thick), and further increases to the bulk
heat of Ni sublimation (430 kJ/mol) by 2 ML. The heat of adsorption at 100 K begins at 230
kJ/mol, increases much more slowly with coverage than at 300 K, and reaches the bulk heat of
Ni sublimation by 3.5 ML. The Ni chemical potential as a function of average Ni particle
diameter (from 0.5 to 4 nm) was determined from the 100 K heats of adsorption and was shown
to decrease with Ni coverage and diameter. By fitting the measured chemical potential as a
function of diameter to a previously reported model, we determined an adhesion energy of 3.60

J/m? for Ni particles (in the larger-size limit) on graphene/Ni(111). This adhesion energy is in
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good agreement with STM and DFT investigations of Ni/graphene/Ni(111) and its value is in
between those for Ni/MgO(100) and Ni/CeO2(111). These chemical potential versus diameter
results are best fitted if we assume that these small Ni nanoparticles at 100 K form an HCP phase
with a sublimation enthalpy ~25 kJ/mol smaller than that of the normal bulk FCC phase,

consistent with those earlier reports for Ni on MgO(100) and CeO2(111).
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6.5 Figures
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Figure 6.1 Sticking probability of Ni gas atoms onto graphene/Ni(111) as a function of Ni
coverage at 300 K (red, filled points) and 100 K (blue, open points). The absolute coverage of 1

ML is defined here as 1.87 x 10 atoms/m?.
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Figure 6.2 (a) Integrated Ni LEIS signal normalized to a thick multilayer Ni film as a function of
the Ni coverage following deposition onto graphene/Ni(111) at 300 K (red, filled points) and 100
K (blue, open points). The black dashed line corresponds to the signal that would be observed if
Ni grew in a layer-by-layer fashion on this substrate. The colored red line corresponds to a model
in which Ni grows as flat islands with a thickness of 1.5 nm. The colored blue line corresponds
to a model with Ni growing as 3D hemispherical caps with a particle density of 2.23 x 10
particles/m2. The dotted line above a normalized Ni LEIS signal of 0.33 is only a guide to the
eye since the model should not be applied at those higher coverages. (b) Average Ni particle
thickness as a function of coverage, and on the right axis, the average diameter of hemispherical
caps that correspond that this thickness. The colored red line shows a constant average thickness
of 1.5 nm (for 300 K) and the colored blue line corresponds to the model in which Ni grows as

hemispherical caps at 100 K with a particle density of 2.23 x 10 particles/m?.
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Figure 6.3 Differential heat of adsorption of Ni gas atoms onto graphene/Ni(111) as a function of
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Figure 6.4 (a) Differential heat of adsorption of Ni vapor adsorption onto graphene/Ni(111) at
100 K as a function of the effective Ni particle diameter to which Ni adds during growth.
Particles with diameters larger than 4 nm could not be analyzed since the hemispherical cap
model assumptions break down above that size. (b) Chemical potential of Ni atoms on
graphene/Ni(111) at 100 K as a function of the average Ni particle diameter to which Ni atoms

add during growth.
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Chapter 7. Adhesion energies of solvent films to Pt (111) and Ni (111)

surfaces by adsorption calorimetry

This chapter has been published as:

Rumptz, J. R. & Campbell, C. T. (2019). ACS Catalysis, 9 (12), 11819-11825.

Chapter Abstract

Solvent/metal adhesion energies are crucial for understanding solvent effects on
adsorption energies, which are, in turn, central to understanding liquid-phase catalysis,
electrocatalysis, and other technologies such as adsorption-based separations and chemical
sensors. Reactant adsorption energies in different solvents are dominated by differences in their
solvent/metal adhesion energies. Here, the adhesion energies of five liquid solvents to clean
Pt(111) and Ni(111) surfaces have been estimated using ultrahigh vacuum calorimetric
measurements of heats of adsorption versus coverage integrated from zero coverage up to thick
(bulk-like) multilayer solid films. The adhesion energies are found to vary from 0.15 to 0.60
J/Im?, increasing in the trend CH3OH < HCOOH < H,0 < benzene = phenol. This trend indicates
that solvents with higher heats of adsorption per unit area in the first adsorbed layer have higher
adhesion energies to a given metal surface. The adhesion energies to Ni(111) are generally larger
than to Pt(111) (on average by 0.09 J/m?). This is due to the 24% higher number of metal atoms
per unit area on Ni(111) than on Pt(111) and, with oxygen-containing solvents, the greater
oxophilicity of Ni compared to that of Pt.

7.1 Introduction

Catalytic and electrocatalytic reactions occurring at solid surfaces in liquid solvents are

becoming increasingly important for clean energy, environmental, and chemical technologies.
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Detailed understanding of the kinetics of these reactions and the reasons one catalyst may be
more active or more selective than another requires knowledge of the energies of the adsorbed
reaction intermediates and the transition states for their surface reactions. There are accurate
measurements of the energies of many adsorbed catalytic reaction intermediates on clean and

well-defined metal surfaces in ultrahigh vacuum or gas phase,?%4-2%

and there have been a huge
number of calculations of these energies using density functional theory.?®"-3% In contrast, very
little is known about the energies of adsorbed reaction intermediates in the presence of liquid
solvents since the methods for studying surfaces in the presence of liquids are much more
challenging and less developed than in the gas phase. In addition, the choice of solvent is known
to have marked effects on the catalyst’s activity and selectivity.>*% Understanding such solvent
effects surely requires an understanding of how the adsorption energies of the key reaction
intermediates (and transition states) depend upon the solvent, yet very little is known about this.
We show below that the adhesion energy of the solvent to the solid surface (Eadn) is perhaps the
dominant factor that determines the differences between adsorption energies in different
solvents. Motivated by that observation, we report experimental measurements of adhesion
energies of five different solvents to clean Pt(111) and Ni(111) surfaces extracted from our

earlier calorimetric measurements of the adsorption energies of the solvent molecules on these

clean metal surfaces that extended from zero coverage up to bulk-like multilayer solvent films.
7.2  Effect of Solvent / Solid Adhesion Energy on Adsorption Energies in
Solvents

As noted above, there is great motivation to leverage the vast amount we already know
about the energies of adsorbates at the gas/solid or vacuum/solid interface to estimate adsorption

energies on solid surfaces in the presence of liquid solvents and to predict the effects of different
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solvents on adsorption energetics. Several studies have already addressed these effects, 39311
320,60,321-324,304-310

We recently analyzed the differences between adsorption energies in the gas phase and in
liquid solvents within a simple pairwise bond additivity model and a standard thermodynamic
cycle approach.5* That approach required that the adsorbate be a flat molecule, which adsorbs
parallel to the solid surface. Its accuracy was validated by comparing the heat of adsorption of
phenol on Pt(111) measured in liquid water to the heat of gaseous phenol adsorption on Pt(111)
measured in ultrahigh vacuum,54325326

We reproduce that model in Figure 7.1, but present it here in a more general form than
we suggested when first presenting it, i.e., by replacing water with the general solvent “S” and
the metal surface (Pt(111)) with the general material surface “M”. (We refer to M as a metal
below, but the analysis applies to any solid material.) The adsorbing reactant “R” is any flat
molecule like phenol. We imagine here a vertical column of the solvent with a cross-sectional
area equal to the area required for one adsorbed molecule of R (or). Since the molecule R is flat
(one atom thick), edge effects on energies were assumed to be negligible, but we argued that this
model should also be applicable to thicker molecules when reasonably flat.®*

In this bond additivity model, the first two steps, when combined, are just the solvation of
R(gas) in liquid S to make solvated R, or R(solv). The energy for these two combined steps
(shown as the arrow across the top) is AUsolvation R(gas). ItS Value is often able to be determined
using the reported experimental temperature dependence of Henry’s law constant (or the
solubility constant) for R(gas) in S, as we did for phenol in water (giving AUsolvation phenol(gas) =
—47.5 kJ/mol).**™ In the first step, the solvent—solvent bonding in the area of one R molecule

must be broken to make two vacuum/solvent interfaces. The energy cost for this is called S—S,
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for the solvent—solvent bond energy. The value of S—S is by definition twice the surface energy
of the liquid solvent at its gas or vacuum interface (ysig)) multiplied by the surface area occupied
by one R molecule, or. One can estimate this energy change using the reported experimental
surface free energy of the liquid solvent, since it is generally dominated by the energy cost to
break the strong solvent—solvent bonding with only small contributions from entropy. The two
solvent surfaces are then bonded to both sides of a gaseous R molecule, which is downhill in
energy by twice the solvent—R bond energy over the area of one R, or 2(S—R). The net reaction
depicted in the top arrow then has energy

AUsorationr(gas) = (S —S) = 2(S = R) = 2[(¥sqiq) * 0r) — (S — R)] (7.1)
One can set this equal to the experimental AUsolvation,R(gas) fOr Steps 1 and 2 combined (if known)
and solve for S—R to get

AUsowationr(gas)
(§—R) =™ ;” 9% + (Ysaiq) - Or) (7.2)

When applied to phenol in water, this equation gave S—R= 50.1 kJ per mole of phenol surface
area.%

The next step is to separate the solvent from the metal, which is uphill in energy by S—M,
equal by definition to the solvent/metal adhesion energy per unit area times the area required for
the adsorbed reactant, Eadh,sim-or. Next, the solvent column below the R is separated from the R,
which has an energy cost of S—R, as given by (7.2). The lower solvent column is next attached to
the upper solvent column, which is downhill in energy by the S—S bond energy, i.e., AU=—S—S=
—2(ys(ig)*or). Finally, the bottom of the solvent column (which is now terminated in molecule R)
is attached to the metal surface. This last step is downhill by the molecule—metal surface bond
energy, AU =R—M, which, in this simple bond additivity model, is assumed to be the same as the

adsorption energy in the gas phase, AUadsRr(gas). AS shown by the bottom arrow, these last four
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steps combine to make the net reaction (from R in the solvent and M in the solvent to R adsorbed
on M in the solvent) or the solvent-phase adsorption of R. Therefore, the energy for this net
solvent-phase adsorption reaction, AUads R(solvent), IS just the sum of energies for each of these four
steps
AUggs r(sotwenty = (S —=M)+ (S —R) = (§—=5) —(R— M)
AUgas r(sowent) = Eaans/m *0r + (S —R) — Z(Vs(liq) : UR) + AUgas,r(gas) (7.3)
Substituting for S—R from (7.2) into (7.3) above gives

AUsolvation,R(gas)
AUads,R(solvent) = Eadh,S/M *OR — 2 - (VS(liq) ' O-R) + AUads,R(gas)

Or

AUsolvation,R(gas)
AUqas rsowent) = AUads,r(gas) T Eaan,s/m = Or — ) - (Vs(liq) ' UR) (7.4)

Note that the last two terms in this equation are often known from the bulk behavior of the liquid
solvent (and its solvation of R), provided the area covered by adsorbed R can be estimated. Thus,
(7.4) provides a simple way to estimate the adsorption energy in a solvent from its adsorption
energy in vacuum, provided the adhesion energy of the solvent to the solid surface is known.
Alternatively, (7.4) provides a potentially useful way to estimate this adhesion energy if any
molecule’s adsorption energy has been measured in both vacuum and this solvent.

We emphasize that this is a very simple model. Most importantly, it would have a large
error if there were a large amount of charge transfer between the adsorbate and the metal. Thus,
it is designed for neutral adsorbates, not adsorbed anions or cations. While this is a severe
limitation, the fact is that the computational catalysis community is still struggling with how to
accurately include solvent effects in even the simplest adsorption systems. Thus, the simplicity

of experimental systems it can treat and its simple elementary-step breakdown of the process in
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Figure 7.1 offers important advantages, in that it can provide simple experimental benchmarks
for testing computational models for solvent effects.

(7.4) shows that the solvent-phase adsorption energy is markedly less exothermic than the
gas phase AUadsR(gas) due to the adhesion energy of the solvent to the metal and the exothermicity
of solvation of the gas. We applied (7.3) and (7.4) to aqueous-phase phenol adsorption on
Pt(111) and found that the dominant difference between AUads, Risolventy and AUadsr(gas) Was the
adhesion energy term, Eadn.sm-or, Which is ~116 kJ per mol phenol for that case.®* The two terms
—AUsolvation,R(gasy2 and —ysiq)-cr Were much smaller in magnitude (~26 kJ per mol phenol) and
had opposite signs; so, they nearly canceled. This observation suggests that differences in Eadh,sm
between different solvents may often be the largest contribution that determines the differences
in energy between the adsorption of the same molecule on the same surface in different solvents.
This important effect of the solvent/metal adhesion energy on adsorption energies provides
strong motivation for making experimental estimates of solvent/metal adhesion energies for
other systems. We report below nine new experimental estimates of solvent/metal adhesion
energies, which show that Eagn varies strongly with the solvent and is generally larger to Ni(111)
than to Pt(111).

When we introduced the concepts in Figure 7.1 and (7.4),%* we also presented a similar
thermodynamic cycle (“Scheme 4” in that paper®®) that used the adsorption energy of the solvent
in the first layer instead of the adhesion energy. That cycle made the assumption that the
solvent—solvent bond energy between the first and second layers of the solvent is the same as in
the bulk of the solvent. That assumption is only approximately correct. The raw heat versus
coverage data cited in Table 7.1 shows that the heat of adsorption in the second layer is generally

~5-20% larger than in the third and thicker layers. So, using (7.4) and adhesion energies is more
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accurate than using only first-layer adsorption energies within that paper’s Scheme 4.%* The
difference is 12.4 kd/mol for phenol adsorption on Pt(111) in water.®* Perhaps, more importantly,
using that paper’s Scheme 4 requires knowing the exact coverage where the first layer completes
and the second layer starts. This is not always possible to accurately determine from the

experiments. The use of adhesion energies and (7.4) completely avoids the need to do that.
7.3 Solvent/ Metal Adhesion Energies

To our knowledge, there is presently no known way to directly measure the adhesion
energy of any liquid solvent to any clean surface. However, we have repeatedly measured
solid/solid adhesion energies since 1997 using a method we developed based on calorimetric
heats of vapor adsorption onto clean solid surfaces in ultrahigh vacuum (UHV) whose accuracy
has been validated.2>3” This method involves integrating the measured heat of adsorption from
zero coverage up to a high coverage where the vapor has grown a thick (bulk-like) solid
multilayer. Until our recent report of Eagn for water(solid)/Pt(111) interface,% we had only used
this approach to measure Eagn for solid metal films on clean oxide and metal surfaces. We will
use that same approach here to estimate the adhesion energies of bulk-like films of five different
solvents (water, methanol, formic acid, benzene, and phenol) to clean Pt(111) and Ni(111)
surfaces.

We will use the same equation as derived in ref % for measuring adhesion energies of
solid metal films to clean single-crystal surfaces, only now applying it to the adhesion energy of
solvents onto clean Pt(111) or Ni(111) surfaces. Figure 7.2 shows the thermodynamic cycle used
to derive the needed equation, adapted from ref % to the different species involved here, with S
referring to the solvent species. The calorimetric measurement is depicted as the arrow that goes

from the top state (n molecules of gaseous S and a clean solid surface of material M with area A
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in UHV) down to the state at the bottom right (a multilayer slab of condensed liquid solvent S on
the solid surface). The enthalpy change for this step is just the sum of the enthalpies of
adsorption of all n molecules of S, equal to the negative of the heat of adsorption integrated over
the coverage range from 0 to n/A, or —Qadsorption.

The same net reaction can be realized by first taking the arrow down to the left to
condense the n solvent molecules into a freestanding multilayer slab of pure S liquid, S(lig), and
then taking the arrow from the bottom left to right attaching the liquid slab of S to the solid
surface. The first step has an enthalpy change equal to negative n times the bulk heat of
vaporization of pure S (—n-AHuvap,s) and two times the surface energy of the pure liquid S times
the area (2A-ys(ig)). The energy for the second step is, by definition, just equal to the area times
the adhesion energy (—A-Eadn,sigymes)). The enthalpy change for the second step is equal to its
energy change since there is no significant change in volume. The sum of enthalpy changes for
all three steps in the cycle must sum to zero so that

—A " Egansaiqymes) = +(n - AHyaps — 2A - ¥saiqy) — Qaasorption (7.5)
This can be rearranged to give

Eqan,saiqymes) = [Qadasorption — M AHyap s1/A + 2 Ysqig) (7.6)
Since the heats of vaporization and surface energies are known for many liquid solvents at room
temperature, the integrated heat of adsorption of S(gas) per unit area (Qadsorption/A) provides all
that is needed to apply this equation to estimate the solvent/metal adhesion energy.

Unfortunately, Qadsorption Can only be measured at lower temperatures, where the solvents
grow as solid films rather than liquid films. For that reason, we make the assumption that the
first term here, [Qadsorption — n-AHvap,s]/A at room temperature, is approximately equal to the

analogous quantity which we can measure at low temperatures when S is a solid: [Qadsorption —
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n-AHsuns]/A, where AHsub,s is the bulk heat of sublimation of pure S. The assumption that this
equals [Qadsorption — n* AHvap,s]/A at room temperature is based on our expectation that the zero-
Kelvin chemical bond energies dominate these energies at all temperatures. It is equivalent to
assuming that the first two layers and multilayers have the same difference in heat capacities at
all temperatures. This is similar to the assumption of zero difference in heat capacities made in
deriving both the famous Clausius—Clapeyron and van’t Hoff equations,®?” but it is less accurate
since the heat of fusion is involved here in the multilayers and possibly also in the near-surface
layers. Since the heat of fusion is small compared to the heat of sublimation, this is expected to
be a small error.

Figure 7.3 shows an example of such a heat of adsorption versus coverage measurement,
for the case of methanol adsorption on Ni(111) at 120 K from ref 328, All such data were
measured in ultrahigh vacuum by single-crystal adsorption calorimetry (SCAC). As seen, the
heat of adsorption is high until the first layer is saturated, and it drops down to near (but still
above) the heat of sublimation of the pure, thick multilayer (AHsub,s) in the second layer, but
closely approaches this high-coverage asymptotic limit of AHsup,s by the third layer. This
decrease is typical of all of the systems analyzed here. The quantity [Qadsorption — n* AHsub,s]/A is
just the shaded area shown. As was derived above, this quantity added to twice the surface free
energy of the solvent yields the adhesion energy between the solvent and the metal surface.

The adhesion energies for thin multilayer films of solvent molecules on Pt(111) and
Ni(111) determined from SCAC data like those in Figure 7.3 using (7.6) are summarized in
Table 7.1. Also listed there are the experimental surface energies (yi) and sublimation energies

used in (7.6) and their sources.
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Figure 7.4 summarizes the adhesion energies from Table 7.1. As seen, the adhesion
energies to Pt(111) increase in the sequence CH3OH < HCOOH < H:0 < benzene ~ phenol, and
the values to Ni(111) follow the same sequence except that they are generally larger than to
Pt(111) (on average by 0.09 J/m? or 37%), and phenol is instead lower than benzene. Note that
these values reflect the internal energy contributions only. They do not include any entropic
contributions.

The larger adhesion energy of the oxygen-containing solvents on Ni(111) in comparison
to that on Pt(111) is likely a result of the larger oxophilicity of Ni compared with that of Pt.
Previous work by our group has shown that the —OR bond energies to Ni(111) are ~70 kJ/mol
larger than their bond energies to Pt(111),3?° reflecting the well-known greater oxophilicity of
Ni. This leads to stronger adhesion of the oxygen-containing solvents (i.e., all except benzene) to
Ni(111) than to Pt(111). For benzene, the heats of adsorption versus coverage (per surface metal
atom) are almost identical on Ni(111) and Pt(111).3%° However, the number of metal atoms per
unit area is 24% larger on Ni(111) than on Pt(111); so, this leads to a stronger adhesion energy
per unit area for benzene on Ni(111) than on Pt(111).

The trend in Figure 7.4 of adhesion energy with different solvent molecules is quite
similar on both Pt(111) and Ni(111). As one moves to the right in Figure 7.4, the observed
increase in Eadn is dominated by the increase in the [Qadsorption — n*AHsub,s]/A term in Table 7.1.
Close inspection of the heats of adsorption versus coverage reveals that this term is dominated by
the heat of adsorption in the first layer of adsorbed molecules that are in direct contact with the
metal surface. Thus, one can approximately state that the solvents with higher heats of adsorption
per unit area (relative to the multilayer) in the first adsorbed layer have higher adhesion energies.

A variety of physical effects contribute to the heat of adsorption per unit area for any given
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molecularly adsorbed solvent molecule; so, any further discussion of this trend in Figure 7.4
would require an in-depth analysis with the aid of quantum mechanics calculations.

We have recently used a very similar approach to estimate the adhesion energy of water
to Pt(111) using the same calorimetric values for [Qadsorption — n* AHsub,s]/A, as listed in Table
7.1.54 However, in that case, we estimated Eagn of solid water to Pt(111) rather than liquid water
so that the term 2-ys(ig) in (7.6) here was replaced with that for solid water, 2yssolid) (Which for
solid water is 0.109 J/m?).2% This solid water surface energy is 0.036 J/m? larger than that for
liquid water; so, it gave Eadgn = 0.32 J/m?, averaged over the two temperatures of the calorimetry
experiments (0.345 and 0.302 J/m? at 88 and 120 K, respectively). The liquid Eadn value in Table
7.1 (also averaged for these two temperatures) is 0.07 J/m? (or 22%) smaller. Since we could not
find ys(solig) Values from the literature for the solid surfaces of other solvent molecules, we cannot
make this comparison for them. However, since the other solvents have liquid surface energies
that are ~40—70% smaller than for water, we expect a smaller absolute difference between the
estimated solid versus liquid adhesion energies than this 0.07 J/m? difference seen for water. This
would not have much of an effect on the trends in Eagn plotted in Figure 7.4, which would still
hold if using these solid solvent values instead. For the water on Ni(111) system, using the
surface energy for ice stated above leads to a calculated adhesion energy of 0.417 J/m? at 100 K,
which is also 0.075 J/m? (or 22%) larger than the liquid value of 0.342 J/m? listed in Table 7.1.

As with the examples above for water, in general, the surface energy of the solid will be
larger than that of the liquid, as shown in the well-known relationship332

Ysotid = Yiiquia T Vsotid/liquid (7.7)
It follows that the adhesion energies reported here will be systematically smaller than the solid’s

value obtained from using the solid surface energy. Results investigating the surface energy of
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pure metals suggest a constant ratio of the solid to liquid surface energy with a value of
Ysolia/YLiquid = 1.18.332 Using this ratio to estimate the solid surface energies of the solvents in
Table 7.1 leads to the conclusion that the 18% increase in the surface energy (from liquid to
solid) leads to an average increase of only ~6% in the calculated adhesion energy due to the
dominance of the term [Qadsorption — n*AHsup,s]/A in the adhesion energy calculation.

The adhesion energy between two condensed phases or materials is defined as the energy
per unit area required to separate them to form two distinct surfaces. For a solvent S and a
material M, this is reflected in (7.8)

Eqan =VYm + Vs — Vs/m (7.8)

Based on the values reported in Table 7.1 for adhesion energies and solvent surface energies, and
using the reported surface energies of pure metals (ypia11) = 2.49 J/m? and yni11) = 2.38
JIm?),2453%2 it is straightforward to use this equation to calculate the surface energy of the
solvent/metal interface. This interfacial energy often appears in equations relating to the wetting
of a material substrate;333334 s, its calculation from the above data may be useful to some

readers.
7.4 Conclusions

Using cryogenic calorimetric measurements of the heats of adsorption of solvent
molecules on clean Pt(111) and Ni(111) surfaces as a function of coverage up to high coverages
where the molecules grow thick (bulk-like) solid films, we have extracted the adhesion energies
per unit area of five liquid solvents (methanol, formic acid, water, benzene, and phenol) on
Pt(111) and Ni(111). The results are summarized in Figure 7.4. To estimate these adhesion
energies, we assumed that the measured heat of adsorption in the first few layers is the same

amount above the multilayer heat on these cold surfaces (i.e., at ~100 K) as it would be if
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measured near room temperature where the solvent is a liquid. This leads to some error,
estimated to be small compared to the differences between solvents in Figure 7.4. These
adhesion energies can be used in thermodynamic cycles, like the bond additivity model in Figure
7.1, to help clarify solvent effects on adsorption energies and the rates of liquid-phase catalytic

and electrocatalytic reactions.
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7.5 Figures and Tables

Table 7.1. Adhesion Energies of Solvent Films to Single-Crystal Metal Surfaces?

solvent metal T (K) Ys(lia) (J/m?) AH_ ¢ (kJ/mol) E,q (J/m?) (Qugs — nAH5)/A (J/m?)
D,0 Pt(111) 88 0.0730 48.1 0.273 0.127
Pt(111) 120 0.0730 47.2 0.230 0.084
Ni(111) 100 0.0730 46.9 0.345 0.199
CH;0H Pt(111) 100 0.0230 43.8 0.168 0.122
Ni(111) 100 0.0230 44.0 0217 0.171
HCOOH Pt( 111) 100 0.0377 52.8 0.162 0.086
Ni(111) 120 0.0377 49.9 0.279 0.204
CeHg Pt(111) 90 0.0288 44.2 0.447 0.389
Ni(111) 90 0.0288 44.5 0.600 0.542
C¢H;OH Pt(111) 90 0.0400 73.2 0.463 0.383
Ni(111) 150 0.0400 722 0.501 0.421

3Surface energies of pure liquids of molecular species (Ys(ig) are from refs 03333 Their heats
of sublimation (AHsub) at the measurement temperature are taken to be equal to the high-
coverage limits for their heats of adsorption from the SCAC measurements used to get
Qadsorption/A, i.€., from refs 325328:330337-341 55 \was proven in those papers to be true to within the
accuracy of the absolute calibration of the calorimeter heat signal (3%), except for benzene,3*°
where the difference was larger. Adhesion energies (Eadn) were determined using the above
values in (7.6), assuming that [Qadsorption — n*AHyap,s]/A at room temperature equals (Qadsorption —

n-AHsub,s)/A here.
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Figure 7.1 Thermodynamic cycle using pairwise bond additivity to relate the energy of
adsorption of a flat reactant molecule (R) onto a clean metal surface (M) in the gas phase (—R—
M) with that measured in a solvent (S). Here, we show each step’s change in internal energy
(AU) at the temperature of interest. The surface energy (ysqiq)) and adhesion energy (Eadn) are

energies per unit area; so, these are multiplied by the area per adsorbed R molecule (oR).
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Figure 7.2. Thermodynamic cycle connecting the integrated heat of adsorption of gas-phase
solvent molecules (S) to its adhesion energy (Eadn) for a thick multilayer film of S(liq) on a

surface of some solid material (M) covering some surface area (A).
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Figure 7.3. Heat of adsorption of methanol gas versus coverage on Pt(111) at 100 K measured by
SCAC, from ref 37, The coverage axis here is in absolute units of “monolayers” or ML, defined
as the number of methanol molecules per Pt(111) surface atom where 1 ML corresponds to the
surface atom density of Pt(111) (1.51 x 10* molecules/cm?). The first layer saturates at a
coverage of 1/2 ML. The shaded area is the quantity [Qadsorption — N* AHsun,s]/A used to estimate

[Qadsorption — N* AHvap,s]/A when applying (7.6) to estimate the adhesion energy.
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Figure 7.4. Adhesion energies for each liquid solvent on clean Pt(111) and Ni(111) surfaces
determined using (7.6) together with low-temperature calorimetric heats of adsorption. See Table

7.1 for temperatures used.
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Chapter 8. Adhesion Energies of Liquid Hydrocarbon Solvents onto
Pt(111), MgO(100), Graphene, and TiO2(110) from Temperature-

Programmed Desorption Energies

This chapter has been published as:

Rumptz, J. R. & Campbell, C. T. (2021). The Journal of Physical Chemistry C,
125 (51), 27931-27937.

Chapter Abstract

Knowledge of the adhesion energy between a liquid solvent and a clean solid surface
allows for a straightforward estimation of the decrease in the adsorption energy of reactant
molecules on that surface due to the presence of that liquid solvent relative to gas-phase
adsorption energies. Such estimations in turn can be used to aid the design of liquid-phase
catalysts, electrocatalysts, and chemical separations. We report here adhesion energies for 13
liquid-on-solid systems involving alkane and aromatic hydrocarbon films on clean single-crystal
surfaces estimated by using temperature-programmed desorption (TPD) measurements of their
low-temperature adsorption energies versus coverage up through bulklike multilayer coverages.
Because TPD is the most common experimental technique for measuring adsorption energies,
the method employed here opens new opportunities for many other estimates of liquid/solid
adhesion energies. The adhesion energies of various n-alkanes on MgO(100), graphene (on
Pt(111)), and Pt(111) show that the adhesion energy (per unit area) of n-alkanes is nearly
independent of chain length. Based on the adhesion energies of hexanes, we show that the
adhesion energy changes significantly on different materials, increasing in the order of

MgO(100) < graphene < TiO2(110) = Pt(111).
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8.1 Introduction

Heterogeneous catalysis and electrocatalysis in liquid solvents are rapidly growing in
importance for chemical, energy, and environmental applications. The presence of the liquid
solvent and the choice of solvent often have dramatic effects on activity and/or selectivity.%:
63,310318,342-345 A with gas-phase catalysis, reaction kinetics in a liquid solvent are determined by
the energetics of adsorbed intermediate states in the reaction pathway, and the energies of these
states are determined by their adsorption energies in that solvent, which surely change from
solvent to solvent. Direct measurements of these adsorption energies in liquid solvents are
presently difficult and limited in number, whereas there are many accurate measurements and
many calculations of adsorption energies on well-defined surfaces in the gas phase and in
vacuum,?%5-297:300303 1t would be of great value if one could use these known gas-phase
adsorption energetics to estimate adsorption energies in different liquid solvents. Singh and
Campbell®* showed that the liquid solvent’s adhesion energy to the solid surface (per unit area of
solid surface), Eadn, can indeed be used with gas-phase adsorption energies to estimate the
adsorption energies of flat molecules (like aromatics) in that solvent by using a simple
thermodynamic cycle. Subsequently, they extended that model to charge-neutral adsorbate
molecules of arbitrary shape and showed that the adsorption energy in solvent is given by34

AUsolvation,R(gas)

AUads,R(solvent) = AUads,R(gas) + [Eadh,S/M - - )/S(liq)] ORr (8-1)

Otot

(8.1) shows that the adsorption energy of a reactant molecule, R, in a solvent
(AUads Resolvent)) 1s related to the adsorption energy of that molecule in the gas phase (AUads R(gas))
modified by the adhesion energy per unit area of the solvent, S, to the metal (Eadh,sim), the
solvation energy of the molecule (AUsowvation R(gas)), the surface energy per unit area of the solvent
(vsgig)), and the molecular footprint area (or) and total outer surface area of the reactant molecule
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(otet), per mole. Note that or refers to the area on the solid surface (per mole of R) where solvent
molecules cannot bond to the solid due to the presence of adsorbed R.

When that work was started by Singh and Campbell, there were no values for Eadnh of
solvents to clean metal surfaces, so they developed a method that uses heats of adsorption
measured in ultrahigh vacuum (UHV) on clean metal surfaces versus coverage up through
multilayer coverage to estimate adhesion energies for liquid solvents.®* So far, application of that
method has been limited to using heats of adsorption from single crystal adsorption calorimetry
to determine solvent adhesion energies.54**" Because calorimetric measurements of the heat of
adsorption are difficult, it is desirable to obtain solvent adhesion energies from more common
methods. This present work shows that the necessary heat of solvent adsorption versus coverage
data can be obtained from temperature-programmed desorption (TPD) measurements and
demonstrates how to apply it to calculate solvent adhesion energies. We also apply it to
previously published TPD data and report the adhesion energies of some n-alkanes to MgO(100),
C(0001), and Pt(111) as well as the adhesion energies of some cyclic hydrocarbons to TiO2(110).

8.2 Methods

Temperature-programmed desorption (TPD) is probably the most common experimental
technique used to measure adsorption energies on clean solid surfaces. TPD measurements of
desorption rate versus temperature can be used with inversion analysis®* or the Redhead
equation®*® to determine desorption energies when adsorption/desorption is reversible. Assuming
there is negligible energetic barrier for adsorption (which is a safe assumption when the sticking
probability is near unity as it is in the cases analyzed here), the desorption activation energies

from these methods are equivalent to the adsorption energies of the reverse process, with a small
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correction of 1/2RT,?*® which we will ignore here since it cancels out in taking the difference in
(8.2) below to get Eadh.

TPD data from the literature for n-alkane adsorption on MgO(100), C(0001)/Pt(111), and
Pt(111) surfaces were used to determine the adsorption energies of three n-alkanes (n-hexane, n-
octane, and n-decane) on each of the above surfaces.®*35031 That work utilized a sophisticated
inversion-optimization method to determine desorption parameters. Those results are presented
in Table 8.1. Using their reported prefactors and peak temperatures, we were able to reproduce
their reported adsorption energies within 0.2 kJ/mol using the Redhead method. They did not
extend this inversion analysis into the multilayer regime, so we have estimated a single energy of
adsorption for the entire multilayer regime using the peak temperature they reported for the
multilayer peak in TPD (at a coverage of ~2 adsorbed layers) and Redhead analysis. We
estimated the prefactor for multilayer desorption based on the prefactor they measured in the first
layer and a small entropy-based correction associated with the temperature difference between
the multilayer and first-layer TPD peaks, as derived in the Appendix. The multilayer energies
estimated in this way are shown in Table 8.1 and Figure 8.1.

Previous work from our group has shown that solvent adhesion energies can be estimated
by integrating the differential heat of adsorption from zero coverage up to a coverage where

thick, bulklike multilayer films form using®*’

ion — N+ AH
Eadh — [QadsorptLonA vap,S] + ZYs(liq) (8.2)

where Eadn is the solvent/solid adhesion energy per unit area, Qadsorption IS the integrated heat of
adsorption (i.e., the negative of the standard enthalpy of adsorption) of the solvent molecules up
through bulklike multilayer coverage for n moles of solvent molecules over an area A, AHvap,s IS

the standard molar heat of vaporization of the bulk liquid solvent), and ysig) IS the surface energy
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per unit area of the bulk solvent. (The “standard” here means at the standard pressure of 1 bar,
but since the gases studied here behave ideally up to 1 bar, these enthalpies are all the same as in
a vacuum.) The full derivation of this equation based on a simple thermodynamic cycle can be
found in other work.2*" In applying this equation, we approximated the surface energy of the
liquid solvent using literature values for the surface tension. We have applied (8.2) only to

estimate adhesion energies at room temperature,3*’

so in principle all values in the equation are at
298 K and 1 bar pressure.

The first part in (8.2), [Qadsorption — nAHuvap,s]/A), has previously been determined by using
heats of adsorption versus coverage measured by single crystal adsorption calorimetry
(SCAC).3* It is obvious, however, that the needed heats of adsorption versus coverage can also
be determined by other methods. Here, we use TPD data to obtain these. It is important to note
that either method for getting this term for use in (8.2) is limited to use in systems for which the
absolute coverage for the adsorbate (molecules/m?) is well-known at each adsorption energy (or
heat) measurement.

It is an unfortunate fact that, at present, most experimental heats of adsorption can only
be measured at low temperatures where the adsorbed film grows as a solid rather than a liquid.
Thus, we must make the same assumption as we used previously,3*’ that the quantity ([Qadsorption
— nAHuvep,s]/A)at room temperature is approximately equal to the similar quantity ([Qadsorption —
nAHsun s]/A) at the lower experimental temperature, T, where AHsun s iS the standard molar heat
of sublimation of the bulk solid solvent. This assumes that the molar heat capacities of the
solvent molecules in the first adsorbed layer and in the bulk multilayer are the same at all

temperatures between T and 298 K (including the contributions from their heats of fusion).

Because the heat of fusion is small compared with the heat of vaporization, we expect only a
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small error from making this assumption. Note that the experimental temperature (T) here is
either the sample temperature used in the calorimetry measurement or the peak temperature for
desorption seen in the TPD measurement (Tp).

In our previous measurements of Eagn using (8.2) and heats of adsorption from

calorimetry,®*’

we analyzed heats of adsorption versus coverage that converged to a constant
multilayer heat value (equal to AHsub,s Within data scatter) above a certain coverage. Thus, the
quantity ([Qadsorption — nAHsun,s]/A) is independent of the choice of final coverage used for getting
the integral heat (Qadsorption), provided it is above that coverage. By far the largest contribution to
[Qadsorption — nAHsub,s]/A came from the first adsorbed molecular layer for all those ten systems
measured, since the heat in the second layer was always very close to AHsub,s already, and
essentially indistinguishable for the third layer and beyond. In our analysis of TPD data to
determine Eadh for n-alkanes below, we neglect this small contribution of the second layer, since

it was indistinguishable from the multilayer peak in the TPD results.

8.3 Results and Discussion

Table 8.1 lists the desorption activation energies (AEdes) and pre-exponential factors (v)
for first-layer and multilayer desorption obtained from published TPD results for n-alkanes on
clean MgO(100), one-layer graphene on Pt(111), and clean Pt(111).348:350351 The two longest n-
alkanes studied (n-octane and n-decane) were found to partially dissociate on Pt(111) and thus
could not be studied accurately by using TPD.** While these prefactors were found to increase
systematically with n-alkane chain length in the range studied in those papers (C1 to C6 or C10),
and explained theoretically,>® the small increase expected for the smaller range of Table 8.1 (a
factor of ~30) was not obvious for C(0001) due to experimental error bars (also a factor of

~3o)_351
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The multilayer T, values listed here for alkanes on C(0001) and Pt(111) were obtained
from ref *1, while those on MgO(100) were obtained from ref 3°. The multilayer prefactors were
obtained from the method outlined in the Appendix. The values of AEqes for the multilayer were
computed by using the first-order Redhead equation with these multilayer peak temperatures and
prefactors. We note that the AEqes Values for first-layer desorption calculated with the Redhead
equation were within ~0.2 kJ/mol of those listed here from the more accurate inversion analysis
method, so we assume the errors in AEqes for multilayer desorption are within 1 kJ/mol.

In using the values from Table 8.1 to estimate adhesion energies on the perfect terraces,
we neglect defect sites (populated at low coverage; see below) and assume a steplike decrease in
the desorption energy from this first-layer value to this multilayer value at the completion of the
first layer. We further assume that the first layer completes at the same nearly closest-packed
packing density on graphene and MgO(100) as reported for n-alkanes on Pt(111) based on
studies by low-energy electron diffraction (LEED), where that coverage is given by 1/(n + 1)
times the Pt(111) surface atom density of 1.51 x 10*° m2,3%?

The dashed lines in Figure 8.1 show the result of those assumptions in terms of the
desorption energy versus coverage for the example case of n-alkanes on graphene(0001). Also
shown is the raw inversion analysis result,®* the solid lines, where stronger binding defect sites
were clearly populated at very low coverages, and a constant desorption energy was seen at
higher coverages (attributed to adsorbates in 2D islands). Because we are more interested in the
adhesion of molecules to pristine (defect-free) terraces, the defect sites are neglected in
estimating adhesion energies here. They are therefore calculated from the flat dashed lines shown

based on the values in Table 8.1, which will be used for the remainder of this work.
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The desorption energies versus coverage, like the dashed lines in Figure 8.1, were used
together with (8.2) to calculate the adhesion energies for the systems listed in Table 8.1. These
results are summarized in Figure 8.2. As seen, the adhesion energy (per unit area) for n-alkanes
shown is almost independent of chain length but increases as MgO(100) < graphene < Pt(111).
The independence with chain length is consistent with a model whereby each CH2 (or CHz)
group in the first layer of adsorbed n-alkanes occupies almost the same area on the surface and
has almost the same contribution to the adsorption energy. Consistent with this, it has previously
been shown (based on these same TPD data) that the heat of adsorption in the first layer increase
with chain length nearly proportional to n for these three surfaces. 03!

Figure 8.3 shows the reported desorption activation energies versus coverage for various
cyclic hydrocarbons on rutile TiO2(110), as obtained from inversion analysis of TPD data in ref
353, These data in Figure 8.3 were used with (8.2) to determine the adhesion energies for these
systems. Those adhesion energies are presented in Table 8.2, with some of them (benzene and its
methy| substitutions) plotted in Figure 8.4 versus their numbers of carbon atoms.

As seen in Figure 8.4, the adhesion energy is nearly constant for all these methyl-
substituted benzenes but increases slightly with methyl addition, by 0.0147 J/m? per added
methyl group, on average, from the value of 0.139 J/m? for simple benzene. We attribute this
increase to the fact that the methyl-substituted benzenes have increasingly higher heat of
adsorption in the first layer (by ~10 kJ/mol per added methyl), but their packing density at
completion of the first layer (0.51 ML for trimethylbenzene) is nearly as high as that of benzene
(0.56 ML).

Table 8.2 also presents a comprehensive list of all the liquid solvent adhesion energies on

clean single crystal surfaces that have been estimated at 298 K by using (8.2) and the adsorption
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energies versus coverages measured at lower temperatures in ultrahigh vacuum by TPD (in this
present paper) or by SCAC in earlier work.34” As seen, the value for n-hexane on Pt(111) terraces
determined here (0.157 J/m?) is similar to that previously reported for methanol on Pt(111)
(0.168 J/m?) but considerably smaller than for water on Pt(111) and much smaller than for the
aromatic molecules on Pt(111). Interestingly, the adhesion energy for n-hexane on MgO(100)
(0.051 J/m?) is much weaker than that for cyclohexane on TiO2(110) (0.135 J/m?), while this
value on TiO(110) is nearly as large as for n-hexane on Pt(111) (0.157 J/m?). We attribute this
to the well-known reactivity of the coordinatively unsaturated Ti atoms on this TiO- surface
facet. 3%

While we know of no other values of liquid solvent adhesion energies that have been
measured on solid surfaces that were verifiably clean, there are quite a few old measurements
that were made on a variety of solids (metals, oxides, and graphite) and on liquid mercury that
were not verified to be clean by surface analysis. Those values were obtained by using a
combination of the contact angle for the liquid droplet and the pressure-integrated adsorption
isotherm, as reviewed by Zisman in 1964.%%* The value there for n-heptane on graphite (0.097
J/Im?) is within 0—2% of the values we report in Table 8.2 for n-octane and n-hexane on clean
graphene(0001). Of the solid surfaces reported there, graphite is probably the easiest to keep
clean, so this seems reasonable. The values for water, propanol, and benzene on graphite there
(0.136, 0.118, and 0.096 J/m?, respectively) might thus be somewhat reliable. The values there
for n-heptane on Cu and Fe (0.069 and 0.093 J/ m?) are both considerably below our value for n-
hexane on Pt(111) in Table 8.2 (0.157 J/m?), probably due to surface contamination. The value
there for n-octane on Hg (0.123 J/ m?) is much closer to this clean Pt(111) value, but liquid Hg

surfaces are easier to keep clean. The value for water on Hg there (0.174 J/m?) might thus be
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rather reliable, as also with the values listed there for propanol, acetone, and benzene on liquid
Hg. The value there for n-heptane on TiO2 (0.078 J/m?) is considerably below our value for
cyclohexane on clean TiO2(110) in Table 8.2 (0.137 J/m?), again probably due to surface

contamination.
8.4 Conclusions

Using published TPD data for desorption (adsorption) energies versus coverage, we have
estimated the adhesion energies for 13 different liquid/solid interfaces, including alkanes and
aromatic hydrocarbons on clean, single-crystal surfaces of several materials (Pt(111), graphene
on Pt(111), MgO(100), and rutile-TiO2(110)). The results of these TPD- based estimates of
adhesion energies are listed in Table 8.2, along with all the liquid adhesion energies determined
previously on clean single-crystals surfaces by using heats of adsorption versus coverage
measured by single crystal adsorption calorimetry at low temperatures. These solvent adhesion
energies can be used along with thermodynamic bond-additivity models such as that recently
proposed by Akinola et al.>*® to estimate the effects of liquid solvents on the adsorption energies
of catalytic and electrocatalytic reaction intermediates (compared to their values in the gas
phase). Estimates of these adsorption energies in liquid solvent allow for the estimation of rates
and equilibrium constants important in many chemical technologies that are employed in liquid
solvents, including catalysts, electrocatalysts, and adsorption- based separations.

8.5  Appendix. Estimating the Prefactor for Multilayer Desorption

The prefactors for desorption derived by using the inversion analysis of TPD data
described in the main text only apply to the first molecular layer’s desorption. We estimated the
multilayer desorption prefactors based on those monolayer prefactors. Because the prefactor

depends weakly on temperature even for the same adsorbate system, and since the multilayer
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desorbs at a lower temperature than the corresponding monolayer, it was necessary to correct the
monolayer prefactors to be suitable for multilayer desorption. We assumed here that this
difference in prefactor arises solely from the fact that the multilayer and monolayer desorb at
different peak temperatures during TPD, and that there is no other difference in the molecule’s
entropy in these two molecularly adsorbed forms. The transition state for desorption is the same
in both cases: a 2D gas well separated from the surface, so that it feels no interaction with the
surface.

The prefactor for monolayer desorption has been shown to be approximately equal to:3%°

kBT 0.3 Sgas +3.3R — Sgas,lD trans
Vdes = A exp R

where S%.s is the standard-state entropy of the gas molecule at the same temperature T,
S%as10trans 1S the contribution to that entropy of one translation degree of freedom (which is
always lost upon adsorption), and R is the gas constant. This equation has proven to fit
experimentally measured prefactors very well, with a standard deviation from experiments in
log( des v /s 1)of 0.86.%°° The ratio of prefactors for multilayer (multi)/ monolayer (ML)

desorption is then

kBTp,multi exp I0-3 Sgas (Tp,multi) +3.3R — Sg?as,lD trans (Tp,multi)l

Vdes,multi — h R
Vdes,ML kBTp,ML eXp [03 Sgas(Tp,ML) + 33R - S;as,lD trans(Tp.ML)l
h R
T exp lo-s Sgas (Tp,multi) B S;as,lD trans (Tp,multi)l

;multi

Vdesmulti — Pttt R

Vdes,ML T, iy €XP [0-3 Sgas (Tp,ML) - Sg?as,lD trans (TP,ML)l
, R

where Tpmuiti and TpmL are the TPD peak temperatures for multilayer and monolayer desorption,

respectively.
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For a nonlinear molecule, S%gs varies with temperature approximately as c1 +3R
In(T/K),%6 where c; is a constant and S°gas 1otrans = C2 + (5/6)R In(T/K) where c2 is a constant.
This equation for S%as 10rans Can be easily seen from eq 2 in ref *1. Substituting these expressions

for S%as and S%as 1otrans iNto the preceding equation for the prefactor ratio gives

Vdes,multi — <T’110",multi> exp [0.3 <3 In (T’z},multi>> _ (g In (?};multi))l
Vdes,ML p,ML p,ML DML

1.067
Vdes,multi _ <Tp,multi> exp l(i _ E) In (Tp,multi>l _ <Tp,multi>
Vaes,ML Ty ML 10 6 Ty ML Ty ML

For the adsorption of cyclic hydrocarbons on TiO2(110), we used the coverage-dependent

desorption energy data from Chen et al. to estimate the adhesion energies.®* That work utilized
the inversion of the Polanyi—Wigner equation with TPD desorption rates to obtain coverage-
dependent desorption energies from zero to multilayer coverages. Because they were not able to
accurately determine the desorption prefactors experimentally, they instead selected three
physically reasonable prefactors based on different assumed mobilities of the adsorbed
hydrocarbons. These three prefactors corresponded to a completely immobile adsorbed phase
(vmax), @ completely mobile adsorbed phase with two degrees of translational freedom and one
degree of rotational freedom about the surface normal (v211r), and an intermediate prefactor with
one degree of translational freedom but no rotational modes (viT,0r). They found that the
intermediate prefactor (vit,0r) best matched the results obtained by using DFT and transition
state theory (vtneory), and so they used that vitor in their analysis at all coverages, including
multilayer coverages. We use their coverage-dependent desorption energies based on that same

prefactor here for calculating adhesion energies.
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8.6  Figures and Tables

Table 8.1. Experimental TPD Results for n-alkanes on MgO(100), C(0001)/Pt(111), and Pt(111)
at conditions where they form nearly close-packed 2D islands with a nearly coverage-

independent desorption energy (from refs 348350351y

first layer desorption multilayer desorption
system T, (K) log(v/s™') AEg, (kJ/mol) first layer coverage (molecules/m®) i (K) log(v/s™") AEy, (kJ/mol) AH,,, (kJ/mol)
n-CgH,,/MgO(100) 144 16.0 46.4 2.16 X 10'% 132 16.0 22 31
1n-CgH,3/MgO(100) 175 17.9 629 1.68 x 10" 161 17.9 57.5 41
1-CyoH,,/MgO(100) 204 19.1 77.9 137 x 10" 186 19.1 70.8 51.3
n-CgH,4/C(0001) 179 17.7 63.0 2.16 x 10" 130 17.6 45.5 31
n-CgH,3/C(0001) 218 16.5 72.6 1.68 x 10" 161 16.4 53.0 41
n-C,,H,,/C(0001) 254 17.8 91.4 1.37 x 10" 188 17.7 66.7 51.3
n-CgH,,/Pt(111) 229 17.2 79.8 2.16 X 10** 136 17.0 46.1 31

8Included are the TPD peak temperatures (Tp), the desorption prefactors (v), and the activation
energy of desorption (AEdes) determined by inversion analysis of TPD spectra at 50% completion
of the first molecular layer and also for bulklike multilayers. Also listed are the standard

enthalpies of vaporization (AHvap) at 298 K, from ref 7.
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Figure 8.1. Desorption energies for decane (green), octane (blue), and hexane (orange) adsorbed
on a single-layer film of graphene (single-layer C(0001)) on Pt(111)). The absolute coverage of 1
ML here is defined as 1 ML = 1.51 x 10° molecules/m?, which is equivalent to the atomic
density of the underlying Pt(111) surface. The inversion method (solid lines) shows the effect of
defects on the energy of desorption. The dashed lines show the defect-free desorption energy,
assumed to be coverage-independent in the first layer and equal to the result from the inversion
analysis at completion of 50% of the first molecular layer and equal to the multilayer desorption

energy from Table 8.1 after completion of the first layer.
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Figure 8.3. Activation energies for desorption versus coverage for various cyclic hydrocarbons
on rutile-TiO2(110), as determined by inversion analysis of TPD data (assuming prefactors
corresponding to nonrotating adsorbates, freely moving along the Tis. rows), from ref 33, The
absolute coverage of 1 ML here is defined as 1 ML = 5.2 x 10'® molecules/m?, which is the
number of 5-fold coordinated Ti sites on the TiO,(110) surface. The contribution from stronger
binding defects in the low coverage regime (6 < 0.1 ML) has been removed by extrapolating the
higher coverage desorption energies to the value in the zero-coverage limit for Tis. terraces

reported in Table 8.2 of ref 3%,
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Table 8.2. Adhesion energies (Eadn) of liquid solvent films to single crystal surfaces at 298 K
estimated via (8.2), and quantities used in that equation, including the experimental measurement
temperature of calorimetry or first-layer Desorption in TPD (T), measured difference between
the integrated heat of adsorption and the heat of sublimation per unit area ([Qads — nAHsu]/A),

and the surface energy of the liquid solvent at 298 K (ysqiq), taken from the literature (6869347

T (K) (Quss — nAH,,)/A (J/m?) Ystiq) (J/m?) Eg, (J/m?) ref
MgO(100)
n-hexane 144 0.0147 0.0180 0.051 this work
n-octane 175 0.0148 0.0212 0.057 this work
n-decane 204 0.0166 0.0234 0.063 this work
C(0001)
n-hexane 179 0.0659 0.0180 0.099 this work
n-octane 218 0.0566 0.0212 0.097 this work
n-decane 254 0.0574 0.0234 0.103 this work
Pt(111)
n-hexane 229 0.122 0.0180 0.157 this work
water” 88—120 0.106 0.0730 0.251 17
methanol 100 0.122 0.0230 0.168 17
formic acid 100 0.086 0.0377 0.162 17
benzene 90 0.389 0.0288 0.45 17
phenol 90 0.383 0.0400 046 17
Ni(111)
water 100 0.199 0.0730 0.35 17
methanol 100 0.171 0.0230 0.22 17
formic acid 120 0.204 0.0377 0.28 17
benzene 90 0.542 0.0288 0.60 17
phenol 150 0.421 0.0400 0.50 17
rutile-Ti0,(110)
cyclohexane 190 0.0856 0.0247 0.137 this work
benzene 210 0.0836 0.0282 0.139 this work
toluene 205 0.118 0.0279 0.174 this work
ethylbenzene 232 0.136 0.0287 0.193 this work
1,4-dimethylbenzene 255 0.112 0.0280 0.168 this work
1,3,5-trimethylbenzene 260 0.128 0.0276 0.183 this work

4Average of two calorimetry runs at different temperatures (88 and 120 K).

bNote that the listed “ref 17” in this table refers to ref 347 in this thesis.

171


javascript:void(0);

Chapter 9. Conclusions and Future Outlook

The work presented in this dissertation describes progress that has been made in
understanding how catalyst performance depends on (1) the structure of the catalyst and (2) the
solvent. While these two important factors influencing the catalyst performance are intimately
related in real catalysts, they were studied at a fundamental level using very different methods
and so this dissertation was roughly broken into two parts to describe them separately.

In chapters 2-6 of this dissertation, the relationship between the catalyst structure and its
chemical properties was studied with experimental measurements of metal heats of adsorption
onto single-crystal oxide and carbon surfaces. These measurements provide the size and support
dependence of the metal chemical potential and important descriptors for this property such as
the adhesion energy between the metal and the support. This metal chemical potential in turn can
be used to design catalysts with long-term sinter resistance and altered adsorption energies of
small molecules.

The effect of the solvent on the adsorption energies of small molecules was studied in
Chapters 7 and 8 by analyzing the adsorption energies of solvent molecules onto different single-
crystal surfaces. From these adsorption energies, we determined the adhesion energies of many
solvents onto many single-crystal surfaces. Work by the Campbell group, including that
described in Chapters 7 and 8, suggest that these solvent adhesion energies can be used with a
thermodynamic cycle to explain how the adsorption energies of small molecules depend on the
solvent of choice. The combination of this thermodynamic cycle with measured solvent adhesion
energies provides researchers with a route to tailor the adsorption energies of small molecules in

the liquid-phase and intelligently design better catalysts and electrocatalysts.
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Chapter 3 discusses a study of the adsorption, physical structure, and charge transfer of
nickel nanoparticles on CeO>(111) using a combination of experimental measurements and DFT
calculations. These experiments showed that the extent of reduction of CeO,.x(111) does not
significantly affect the particle density, however changing the temperature from 300 K to 100 K
on CeO1.95(111) resulted in ~3-fold larger particle densities. The heats of adsorption onto
Ce01.95(111) at 300 K showed an initial decrease in the heats of adsorption from 345 kJ/mol to
323 kJ/mol within the first 0.2 ML before a gradual increase to the bulk Ni heat of sublimation.
This initial decrease in heats was not observed on reduced CeO1.g(111) or at 100 K on
Ce01.95(111) and was thus attributed to the preferential binding of the Ni particles at oxygenated
step-edge sites. This finding was corroborated by DFT calculations showing a strong preference
for Ni binding to oxygen atoms which are in excess at the step-edges. XPS measurements
showed that Ni atoms are oxidized upon adsorption and the extent of electron transfer decreases
as the particles grow. This agreed with DFT calculations which confirmed this charge transfer
and showed that the charge is localized to the interfacial atoms in the particles and support.
These electronic effects significantly change the chemical properties of the Ni nanoparticles on
ceria and help explain the catalytic properties of Ni/CeO, materials.

In chapter 4 we described the adsorption and adhesion of silver nanoparticles to TiO thin
films on Mo(110) investigated with a combination of LEED, SCAC, LEIS, and XPS. A LEED
analysis of the TiO; films showed these films to be TiO2(100) with three rotational domains
rotated at ~120° with respect to the others. Particle density measurements with LEIS showed a
~3-fold higher particle density for Ag/TiO2(100) at 100 K compared with at 300 K due to the
lower diffusion at the lower temperature. At 100 K, an initial heat of adsorption of 141 kJ/mol

was measured which is 67 kJ/mol lower than at 300 K. This is likely the result of particle size
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differences as was shown by comparing the heat of adsorption as a function of the average
particle diameter. Using both a thermodynamic cycle as well as fitting the measured Ag chemical
potential to a well-studied model, an adhesion energy of 2.5 + 0.1 J/m? was determined for
Ag/TiO2(100) in the large particle size limit.

Chapter 5 of this dissertation investigated the thermodynamics and morphology of silver
nanoparticles supported on graphene/Ni(111). He™ LEIS growth mode experiments showed a low
saturation particle density for Ag/graphene compared with Ag/oxides. In addition, the particle
densities were ~3-fold higher at 300 K due to a larger diffusion constant at 300 K. The initial
sticking probability of Ag/graphene was 75% at 300 K and 85% at 100 K which is consistent
with a weak interaction of Ag monomers to the graphene support. The initial heat of adsorption
at 300 K was 230 kJ/mol which quickly rose to 270 kJ/mol due to the rapidly growing particle
size. At 100 K, the initial heat of adsorption was 223 kJ/mol which dropped to 207 kJ/mol in the
next pulse before gradually rising to the bulk Ag heat of sublimation. This initial drop in the
heats of adsorption at 100 K is likely due to the small particles binding at defect sites while this
effect is washed out at 300 K due to larger particles at low coverages. The chemical potential as
a function of average particle diameter showed a fantastic agreement between the two
temperatures and shows that the chemical potential equation developed by our group for oxides
can extend to carbon-based support materials as well. The adhesion energy for Ag/graphene was
determined to be 1.8 + 0.1 J/m? using both a thermodynamic cycle as well as fitting the measured
chemical potential to that same equation used by our group for metals on oxide supports.

Chapter 6 describes the results of experiments investigating the adsorption of nickel
nanoparticles onto graphene/Ni(111). The heat of Ni adsorption at 300 K is initially 336 kJ/mol

and rapidly increases with coverage before reaching the bulk heat of Ni sublimation by 2 ML. At
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100 K, the heat of Ni adsorption begins lower at 230 kJ/mol and reaches the heat of sublimation
by 3.5 ML. Particle morphology measurements with He™ LEIS showed that Ni grows as flat-
topped FCC islands with a thickness of ~1.5 nm when deposited at 300 K and as hemispherical
HCP particles with a particle density of 2.23 x 10'® particles/m? when deposited at 100 K. Using
the Ni heats of adsorption and LEIS particle density, we determined the Ni chemical potential as
a function of average particle diameter and found an adhesion energy of 3.60 J/m? for Ni
particles on graphene/Ni(111). This adhesion energy is in good agreement with STM and DFT
investigations of Ni/graphene/Ni(111) and is double the adhesion energy of
Ag/graphene/Ni(111).

In chapters 7 and 8, we described the adhesion energies of solvent films to a variety of
single crystal materials. These works showed the possibility of using data from SCAC or TPD to
determine the adhesion energies of solvents to well-defined single crystal surfaces. These
adhesion energies can in turn be used with a simple bond-additivity model to estimate the change
in adsorption energy of molecules in a solvent when compared with in the gas-phase. Using the
methods discussed in those chapters, we determined the adhesion energies of 23 solvent / single-
crystal surfaces and developed explanations on how the solvent and material surface can
influence these adhesion energies. It is our hope that these adhesion energies will be used to help
clarify solvent effects on adsorption energies and rate constants for catalysts, electrocatalysts,
and adsorption-based separations.

For metals on oxide supports there are now predictive correlations of the adhesion energy
with the metal’s oxophilicity, however how this adhesion energy correlates with the properties of

the oxide is still unclear. While the data for Ag/TiO2(110) supports a trend of decreasing
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adhesion energy with increasing the enthalpy of oxide reduction, additional data on the adhesion
energies of metals to different oxides must be collected to obtain more quantitative relationships.

The work presented in Chapters 5 and 6 of this dissertation provided some of the first
experimental measurements of the adhesion energies of metals onto graphene as a model for
carbon-based supports. We expect that the adhesion energies of metals on graphene should
follow predictive trends in much the same way as they have for metals on oxides, perhaps using
“carbophilicity” rather than an oxophilicity. Additional data of adhesion energies for metals on
graphene must be collected for any sort of predictive trends to immerge. Our group has almost
finished a project studying the adsorption of palladium onto graphene as of the writing of this
thesis which will hopefully shine light onto this open question. Future experiments onto different
carbon-based supports including multilayer graphite, diamond, or other forms of modified
carbon may also be of interest in unraveling these trends.

Chapters 7 and 8 of this dissertation included new adhesion energies of many solvent
films onto many single-crystalline surfaces. While there is some data that supports the fact that
these adhesion energies can be used to calculate the adsorption energies of small molecules in
those solvents, there is a need for many more careful experiments studying the heats of
adsorption of small molecules in solvents to confirm these relationships. If these relationships
prove to be quantitative for a large range of molecules, surfaces, and solvents then further study
of the adhesion energies from both experimental and theoretical points of view will be incredibly
important.

Finally, it is our hope that the performance-based properties of the structure and
environment of catalysts discussed in this dissertation are not limited to single-crystalline model

catalyst systems. Our primary goal is that the relationships developed by our research group for

176



model systems can be used in practice by other researchers to develop more effective real
catalysts. Our work is most impactful if used by others to aid in the rational design of new
materials that can have a tangible effect on chemical production, energy usage, and pollution

prevention.
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