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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 (E 4, = 1.8 J/m? in the large-particle limit) and the Ag chemical potential (1)
versus effective particle diameter (D). The Ag chemical potential was well fitted by: u(D) =
(ByU/M — Eadh)(l + (1.5 nm)/D)(2V;,, /D), where vy, is the surface energy of bulk Ag, and

V, 1s its molar volume. The same equation is known to fit similar data for late transition metals
on clean 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 that oxide which 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).
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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 are
influenced strongly by the choices of metal and support material, and by the metal nanoparticle
size and structure.!~® These 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.” !

Using microcalorimetric measurements of the differential heats of adsorption of metal vapor as it
adds to pre-deposited 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
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.!® However, all those results are for oxide support materials (like
CeO2(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 which binds Ag nanoparticles
most strongly, CeO2(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
small adsorbates),’ !"!>-16 this further suggests that such carbon supports will be almost 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,'”~2? 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,?* %’ partial oxidation of the surface,?! and chemical doping.?®?’
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.?® 32 It is thus unsurprising that many groups are
beginning to investigate silver on carbon-based supports for electrocatalytic oxidation reactions
as well. ¥ In 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).3¢3°

There have been many previous studies of the adsorption of gaseous Ag monomers and small
clusters on graphite and graphene surfaces using both experimental methods?**¥4¢ and
theoretical methods?**6-2 (typically density functional theory). While the exact results of 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.?*4%#1:47:51 Microscopy images show that these particles grow preferentially at
the step edges when grown on graphite at room temperature and above.*%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.'>>>>* 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.?>**% Due 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 is 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.



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 < 2x 107'? 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.>®

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 (BaF2) 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 (>
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)*7 and a
collection of the same gas atoms in a Boltzmann distribution at the surface temperature (300 K 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 ' the areal density of C atoms on the graphene surface which grows in registry
with the Ni(111) substrate.?>



3. Results and Discussion
3.1 Graphene Growth and Characterization

Graphene films were grown on a clean 1 um thick Ni(111) single crystal using a direct growth
method described in the literature.!>>3>* 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 mins before exposing the sample to 10 torr ethylene for
30 mins while holding the sample 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.'?*%€0 In line with previous work, we found that samples grown at temperatures below 500
°C showed the presence of nickel carbide while samples grown between 600-650 °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.

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 stick 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 K and 100 K are shown in Figure 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 - 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 100K, 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 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 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.
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Figure 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?.

3.3 Ag Growth Morphology on Graphene / Ni(111)

The Ag growth morphology on graphene / Ni(111) at 300 K 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 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 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.%”-*® Furthermore, the particles are assumed to have a constant number
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:

1O __ e (300 Mg\
1(0 — oo) shadowing 2T NA Pag ’

(1)

where 6 is the coverage, [[(0)/1(6 = o0)] is the normalized Ag LEIS signal, n,,; is the
monolayer definition (1.87 x 10" atoms/m?), M, is the Ag molar mass, N, is Avogadro’s
number, p, is the bulk Ag density, and n is the Ag particle number density. The factor
fshadowing 18 @ shadowing factor which 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.% Since both 8 and [I(8)/1(6 = 0)] are measured, the only unknown variable in
the above is the particle density n, which we determine by the best fit of equation (1) to the
experimental data.

As shown in Figure 2, the best fits of this model to a series of multiple experiments at each
temperature give particle densities of 4.4 x 10'3 particles/m* at 300 K and 1.1 x 10'® 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 (kaifr) for the same
flux. Applying that model to this data, we find that kaif(300 K)/kairi(100 K) = 2.5° = 16, which
implies an activation barrier for diffusion of Editr = 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*>*7° The value for Eadisr reported
here falls within this range.
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Figure 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.

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 2434046 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.

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 K and 100 K are shown in Figure 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 K or 100 K), as
described in previous work.®! In this way, the heat of adsorption equals the negative of the
standard enthalpy of adsorption at that 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 (AHsu» = 285
kJ/mol).”!
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Figure 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.

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 *'°). 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 solid 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 K 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.

To better compare heats of adsorption with the same nanoparticle size between 300 K 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 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 density,
which equals the average particle size in atom number. By assuming all particles have the
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
(Defr < 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.
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Figure 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.

The heats of adsorption in Figure 4 can be compared to DFT calculations of Ag monomers and
clusters on graphite(0001) and graphene surfaces. Calculations of Ag monomer adsorption on

10



C(0001) show a very weak interaction (between about 0 and 76 kJ/mol) between Ag and
C(0001),2447:48:30-52 \which 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.

We can make a more direct comparison of our results with calculations which provide the energy
change of gas phase Ag to form larger Ag clusters supported on C(0001).4-! 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 13xAg(gas) =2
Agi3(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 nxAg(gas) = Agn(adsorbed) with n=7-9
for pseudo epitaxial growth of 2D Ag on graphene / SiC(0001) (up from only -35 and -111
kJ/mol at n = 1 and 2, respectively).’® These can be compared with the measured heat 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 kJ/mol
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, (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 agglomerate
into large particles as shown in Figures 4 and 5 above. 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.

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
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chemical potential of Ag nanoparticles supported on graphene / Ni(111) as a function of the
effective diameter is shown in Figure 5.

As seen in Figure 5, the Ag chemical potential rapidly decreases as the particle size increases, as
has been shown for many metals supported on single crystal oxides.’ 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:’

1(D) = (3¥wym — Eqan) (1 + Dy /D)(2V;, /D) , (2)

where y,,/y 1s the surface free energy of the bulk metal (1.22 J/m? for Ag),” E g4y, is the adhesion
energy of the metal / support interface (here the adhesion energy between bulk Ag and graphene
/Ni(111)), V,, is the molar volume of the bulk metal (10.3 cm*/mol for Ag), and (1 + D, /D),
with Dy = 1.5 nm, is an empirical factor that has been shown to account for the increase in yy,
and E 4, (relative to their bulk values) as the supported particles decrease in size.” If we keep D,
= 1.5 as the empirical factor here, the only unknown remaining in eq (2) is E g5,
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Figure 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 (2)) with Eaah = 1.80 J/m?. The dotted
black curve slightly above the solid black curve shows the same model (eq (2)) but with the
value for Eaan determined by the integral-heat method (Eaah = 1.70 J/m?). The dotted black curve
slightly below the solid black curve shows the best fit of that same hemispherical cap model (eq
(2)) to the measured chemical potential versus size (combining both the 100 K 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 Eaan = 1.90 J/m?.
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As discussed in previous work,!% 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 (—n AHg,;,) plus the energy cost to form the hemispherical metal surface in
vacuum (+A [(1 + f) ¥y/m). 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 (—A E,q4)- 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;AH,45). Combining all steps of this cycle, the following
equation results:!7°

Z AHads =-n AHsub + A [(1 + f) Vv/m - Eadh] . (3)
n

This equation assumes that the particles’ diameter (D) has reached the large-size limit for both
Yv/m and Eqqp, which is not the case here. We extend that integral here only up to D =8 nm at
300 K and D =5 nm at 100 K, due to possible particle overlap at larger particles sizes. The
empirical correction factor of (1 + Dy/D) was used in eq(2) to correct y,, and E 4, for small
particles (relative to their bulk values). When applied to the largest particles considered here, it
shows that y,, and E4;, 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 + D, /D) used in eq (2) to slightly correct eq (3) as well, as was done
previously.!®” The resulting corrected equation is:

Do

Z AHads =-n AHsub +A [(1 + f) Yv/m — Eadh] (1 + F) ’ (4‘)

where D is the largest effective diameter reached in the integrated heat term. The only parameter
in eq (4) not provided in the literature or measured in our experiments is then the adhesion
energy. Substituting the known values into eq (4) and solving, we calculate an adhesion energy
of 1.72 J/m? 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 eq (2) using E,4p, = 1.70 J/m? overlaid on the
measured chemical potential is shown in Figure 5 as a dotted black curve slightly above the solid
black curve.

As mentioned above, the only unknown variable remaining in eq (2) is the adhesion energy. It
follows that an alternative method to extract the adhesion energy from our calorimetric heat
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measurements is to fit eq (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 K and 100 K chemical potential data except that lowest diameter point at
100 K, we find the best fit to eq (2) is with an adhesion energy of 1.90 J/m?. The fit of eq (2)
with E g5, = 1.90 J/m? is shown in Figure 5 as a dotted black curve slightly below the solid black
curve. Without a clear reason to expect one of these methods is more accurate than the other, we
assume the true adhesion energy of Ag to graphene / Ni(111) is given by the average of these
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 E 45, = 1.80 £ 0.10 J/m?.

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 and 2.3 and 2.44 J/m?, respectively,!'>747
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 eq (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 which shows that
sintering rates for a given particle size increase with increasing chemical potential,’!3!%16.77 thig
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, compare to weak-
binding supports like MgO. Given the qualitative correlations which show that metal
nanoparticles which possess lower metal chemical potential bond small adsorbed catalytic
reaction intermediates (like O, OH, CH3 and CO) more weakly,” !"!° this means that, for a given
Ag nanoparticle size, it 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 CeOa.

Recent theoretical estimates of adhesion energies for other oxides based on DFT’®”? may be

useful in comparing these experimental adhesion energies of Ag to graphene and a few 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) (Fig. 1) is lower than was measured for
Ag on any of these oxide surfaces.'>>"747¢ The value of 0.75 at 300 K is much lower than the
smallest of those, 0.943 for Ag on MgO(100),”® meaning that a Ag gas atom which 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 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?, Fig. 2) is ~6-fold lower than for Ag on MgO(100).%° It is clear that Ag monomers bond
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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.!3!477

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 10'6 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 100K. 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 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 is
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 eq (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 Eq. (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 eq (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, as summarized just above.
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