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Abstract

We have developed the capability to elucidate interfacial reaction dynamics using an 

arguably unique combination of supersonic molecular beams combined with in situ STM 

visualization. These capabilities have been implemented in order to reveal the complex 

spatiotemporal correlations that govern the oxidation of graphitic systems spanning atomic-, nano-, 

and meso-length scales. In this study, the 3 nm periodic moiré pattern of monolayer and bilayer 

graphene on Ru(0001) provides a diverse palette of potential scattering and binding sites at the 

interface for ground state atomic oxygen.  We resolve the site-specificity of atomic oxygen 

placement on the moiré lattice for both monolayer and bilayer graphene on Ru(0001) with atomic 

resolution.  Angle- and energy-controlled scattering of O(3P) on these interfaces reveals an incisive 

side-by-side comparison of preferential reactivity of the monolayer surface compared to a more 

free-standing bilayer graphene ruthenium interface.  Morphologically dependent reactivity of 

many layered graphene (HOPG) and monolayer graphene on Ru(0001) reveal anisotropic on-

surface reactivity dependent on the presence of proximal reacted sites or local regions.  The 

kinetics of on-surface oxidation are additionally shown to influence the morphology of surface 

products by varying the temperature of the interface and flux of reactant species.  Such correlations 

are important in chemisorption, catalysis, materials oxidation and erosion, and film processing—

and tunable moiré templated adsorption is a route to well-ordered self-assembled 2D materials for 

use in next-generation platforms for quantum devices and catalysis. Taken together, these results 

highlight a new direction in the examination of interfacial reaction dynamics where incident beam 

kinetic energy and angle of incidence can be used for reaction control parameters with outcomes 

such as site-specific reactivity, changes for overall time-evolving mechanisms, and the relative 
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importance of non-adiabatic channels in adsorption all linked to the on-surface fate of chemisorbed 

species.

Introduction

Surface scattering techniques have been developed with increasing instrumental ingenuity 

and complexity to track the heterogeneous chemical dynamics pertinent to catalysis, surface 

passivation, astrochemistry, and a myriad of different applications.1–14  Many novel and traditional 

techniques excel at examining volatile products or ensemble measurements of adsorbed surface 

species; however, such methods fail to capture spatiotemporal correlations that evolve under non-

equilibrium conditions.  In this paper, we present experiments on the oxidation of monolayer, 

bilayer, and multilayer graphene that directly measure on-surface reaction dynamics and provide 

a spatially rich atomically resolved complement to ensemble measurements.  Site specificity of 

adsorption, preferential anisotropic reactivity, and morphologically dependent reaction rates can 

all be directly visualized by scanning probe microscopy.  Non-equilibrium fluxes of reactive gases 

from supersonic molecular beams provide tight control of impact conditions including entrance 

channel approach geometries and a wide range of incident kinetic energies that span sub-thermal 

to very high energies enabling a detailed understanding of the energy landscape involved in 

complex interfacial dynamics.

In addition to the work presented here on the oxidation of graphitic surfaces, scanning 

probe microscopy paired with supersonic or effusive molecular beams has excelled in interrogating 

on-surface chemical dynamics for a palette of chemical systems.  STM studies of the chain-length 

and temperature-dependent reactivity of alkylthiolate self-assembled monolayers with incident 

beams of atomic hydrogen reveal the critical role that dynamic disorder in thiol chains and film 

structure play in controlling surface passivation.15,16 Sequential same-spot in situ visualization 
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illustrated site-specific oxygen adsorption on Si(111)-(7 × 7) and showed how the oxidation of a 

given lattice site influences subsequent and proximally located reactivity.17  Additionally, STM 

visualization in combination with exposure to non-equilibrium fluxes of N2 allows the fate of 

individual adsorbed atoms originating from single impinging molecules to be tracked with 

Angstrom-level precision,18 providing insights to energy dissipation pathways and the relative 

importance of non-adiabatic channels for this system.19,20

We begin this Discussion with the topic of interfacial chemical erosion, namely the site-

specific reactions of highly oriented pyrolytic graphite (HOPG) and single-layer epitaxial graphene 

on Ru(0001) with molecular oxygen.  Understanding the erosion of such materials after exposure 

to supersonic and hyperthermal doses of reactive gases is of significant technological importance, 

as well as being a testbed for refining our understanding of anisotropic reactivity and non-

Arrhenius chemical dynamics at surfaces.21–23  Opportunities now exist to examine van der Waals 

materials including twistronic graphitic and related low-dimensional materials due to their unusual 

thermal resistance properties, with HOPG materials having a long history of implementation in 

ablative thermal protection systems used in extreme environments.24,25  

The complex on-surface dynamics of graphitic surface oxidation demonstrates the 

effectiveness of scanning probe microscopy in studying anisotropic chemical reactivity on 

surfaces.21–23,26  At elevated temperatures (1275 K), hexagonal etch pits form on HOPG in the 

presence of oxygen.27  Anisotropic reactivity can be explained by the preferential abstraction of 

undercoordinated “armchair” carbon atoms over “zig zag” carbon atoms.  The higher stability of 

zig zag sites over armchair geometries leads to the formation of hexagonal etch pits which maintain 

their relative orientation with successive growth.  Temperature dependent reaction kinetics also 

determine morphological outcomes of graphite oxidation.  The difference in reaction barriers 
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between armchair and zig-zag conformations becomes less significant at moderately higher surface 

temperature (1375 K) leading to isotropic etching of the graphene monolayer.  Higher surface 

temperature (1375 vs 1275 K) leads to orders of magnitude faster etching of HOPG upon exposure 

to hyperthermal 0.4 eV O2.23  Non-Arrhenius behavior arises from desorption of O at further 

elevated temperatures.23,28,29

Oxidation of the graphene-ruthenium interface by O2 is also temperature dependent.  In the 

low temperature regime, graphene passivates the otherwise reactive Ru(0001) surface to oxidation 

by O2.30  Oxygen intercalates between graphene and Ru(0001) at elevated temperature (> 420 K) 

decoupling graphene from Ru(0001).31  Graphene with intercalated oxygen on Ru(0001) readily 

erodes upon further annealing ( > 720 K).32,33  Adding complexity to this chemical system is the 

fact carbon atoms are in a dynamic equilibrium featuring the dissolution and precipitation of 

carbon atoms from the bulk crystal.34  Carbon atoms from the bulk ruthenium crystal can fill 

vacancies in the graphene overlayer, enabling epitaxial graphene on ruthenium to be a self-healing 

material.

Further amplifying our studies of graphitic systems, we also present new findings on the 

chemisorption of non-thermal beams of atomic O(3P). Here we investigate the site-dependent  

reactivity of moiré  graphene grown on a Ru(0001) surface, which presents a highly corrugated 

moiré pattern of 25 × 25 graphene unit cells over 23 × 23 ruthenium atoms.35  This massive 

repeating superlattice contains 1250 carbon atoms which offer a wide selection of binding 

geometries for atomic oxygen.36  In this Discussion, we highlight several key regions of the moiré 

lattice which exhibit varying susceptibility to oxidation by incident atomic O(3P).  We posit that 

scattering onto highly corrugated moiré surfaces opens a new regime of study for on-surface 

chemical dynamics, adding further complexity beyond the more common studies on single-crystal 
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substrates which can include kinks, steps, vacancies, or heteroatoms.  Additionally, results from 

the oxidation of epitaxial graphene on ruthenium illustrate the ability of moiré patterns to spatially 

guide oxygen atom adsorption.  Adding emphasis to this result, moiré directed self-assembled 

interfaces have been discussed as a route to tunable well-ordered 2D platforms for applications 

ranging from next-generation catalysts to quantum devices.37–40

We will conclude this Discussion with findings on the preferential adsorption of O(3P) on 

monolayer versus bilayer graphene on Ru(0001).  Bilayer graphene recovers an electronic structure 

similar to that of free-standing graphene,41–43  so side-by-side in situ comparison of the atomic 

products of O(3P) scattered on mono- and bilayer graphene provides a window into the spin-

forbidden reaction dynamics of O(3P) on graphitic surfaces.1  Results further show changes in the 

site-specificity of oxygen binding on the 3 nm graphene-ruthenium moiré pattern upon the 

introduction of a second graphene sheet.

In sum, the palette of on-surface dynamical measurements introduced here demonstrate 

that gas-surface scattering experiments done in conjunction with in situ atomically-resolved 

visualization represent an incisive new direction for molecular scattering experiments.  Such 

experiments will further inform our understanding of site-specific chemistry and interfacial energy 

dissipation mechanisms, nicely complementing the information being generated by traditional gas-

surface scattering experiments that sample scattered and volatile reaction products. 

Experimental

Our next-generation STM setup employs a triply-differentially pumped molecular beam 

with an ultra-stable custom-built PAN STM (base pressure 10-11 Torr)  in line with the supersonic 

molecular beam.  Samples can be exposed to molecules with high translational kinetic energy at 

varying incident angles (0-45º).  The in situ experiments accomplished in this UHV setup enable 
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single-molecule reaction events to be visualized18 and demonstrate our ability to revisit nanoscopic 

regions both before and after non-equilibrium fluxes of reactive gases.17 

The preparation chamber (base pressure 10-10 Torr) allows either resistive or electron beam 

heating of samples, temperature monitoring by a Mikron infrared pyrometer, surface 

characterization via Auger electron spectroscopy (AES) and low energy electron diffraction 

(LEED), and ion bombardment by a Phi sputter gun.  A 4 mm diameter molecular beam spot is 

centered on the sample when mounted in the STM, and a 2 mm diameter molecular beam spot 

centers on the sample when in the preparation chamber for exposures at elevated surface 

temperatures.17,18,23  

Supersonic beams in this instrument are generated by expanding seeded gas mixtures (5% 

O2/95% He) through a resistively heated nozzle (300 – 1150 K) with a 30 µm molybdenum pinhole 

with backing pressures from 20 to 100 psi.  Additionally, beams of atomic oxygen were created 

by igniting neat O2 in a water-cooled blown-glass RF plasma source nozzle.  O(3P) flux (~ 7×1010 

O atoms cm-2 s-1) was maximized by tuning backing pressure (10 Torr) and RF power (170 W); 

O(1D) is not a significant product given considerable quenching in a neat O2 beam.44  The STM 

tip (cut/etched Pt0.8Ir0.2) is fully retracted for molecular beam exposures to prevent shadowing on 

the surface.

The Ru(0001) single crystal (Surface Preparation Laboratory, 99.99% purity) was cleaned 

in the preparation chamber by sputtering 0.5 keV Ar+ at room temperature and annealing to 1500 

K between sputter cycles.  Hundreds of sputter cycles yielded a clean and ordered Ru(0001) surface 

as seen by LEED, AES, and STM.  Graphene is grown on the pristine Ru(0001) single crystal by 

annealing with overpressures of ethylene (5×10-6 Torr, 5 min, 900 K) before flashing to 1200 K 

and slowly cooling.  Highly oriented pyrolytic graphite (HOPG, SPI-2 and SPI-3, 2 × 10 mm) 
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samples are cleaved with adhesive tape and outgassed up to experimental conditions (1275-1475 

K) before exposures to hyperthermal O2.  Surfaces are shown to be atomically clean via STM.

Results and Discussion

Temperature Dependent Oxidation of Graphitic Surfaces Probed with Molecular Oxygen

Molecular oxygen’s reactivity with multilayer graphitic surfaces, here HOPG, 

demonstrates complex on-surface chemical dynamics—and outcomes from HOPG studies guide 

our discussion of the oxidation of graphene on Ru(0001) by O2.  As shown in Fig. 1a, kinetically 

driven anisotropic etching of carbon atoms leads to the formation of hexagonal pits in individual 

graphene sheets at the surface.  Elevating surface temperatures (1275 to 1375 K) overwhelms the 

anisotropy of zig-zag vs armchair carbon ablation, resulting in isotropic surface etching which 

manifests as circular pits on the HOPG surface.

In addition to visualizing characteristic morphological features, measurements can be made 

over many nanoscopic areas with increasing exposure to non-equilibrium fluxes of O2.  Such 

statistical experiments enable the quantification of reaction rates, an example of which is seen in 

Fig. 1d which shows the carbon ablation rate increases with higher surface temperature (1275 to 

1375 K) for incident 0.4 eV O2, but then decreases at higher temperature (1475 K).  The desorption 

of O atoms from graphene leads to this non-Arrhenius behavior.23  Note that both reaction curves 

are linear in Fig. 1d.  This linearity indicates that reactivity scales with 0.4 eV O2 flux.  Reactivity 

does not scale with the concentration of defect sites which grows as the circumference of etch pits 

increases.  At a molecular level, these observations align with a model in which O2 adsorbs at an 

arbitrary surface site, dissociates, and then O atoms diffuse on the surface until finding a reactive 

site.
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Figure 1. (a) STM topography (1.1 V, 0.6 nA) of a hexagonal etch pit on HOPG following 0.4 eV 
O2 exposure at 1275 K is shown.  (b) Individual graphene unit cells are visible in (a) and magnified 
in a cutout region to demonstrate that etch pits align with the underlying lattice direction.  (c) 
Annealing at 1375 with 0.4 eV O2 exposure yields isotropic etching of HOPG layers resulting in 
circular pits as seen in STM imaging (0.3 V, 0.6 nA).  (d) Successive STM imaging with increasing 
0.4 eV O2 exposure results in a linear increase in surface reactivity of HOPG for surface 
temperatures of 1275 and 1375 K despite a marked increase in defect/edge sites with further 
reactivity.  The 1275 K reactivity data is replotted with ×50 magnification to show detail.  (e-h) 
The mechanism for anisotropic ablation of carbon atoms at 1275 K is roughly sketched showing 
that with the elimination of several red “zig-zag” carbon atoms, less stable blue “arm-chair” carbon 
atoms are exposed (e) which preferentially react away (f-g) preserving the hexagonal motif of the 
etch pit (h).

Pristine graphite surfaces essentially devoid of reactive sites require an induction period or 

nucleation phase for reactivity to kick off, as seen in Fig. 1d.  This nucleation phase can be 

shortened by ion sputtering, increasing the kinetic energy of incident O2, or choosing a less pristine 

grade of HOPG.22,23  Nanoscopic morphology for each of these approaches can be tracked via 

scanning probe providing an atomistic view of how defects in passivating surfaces nucleate and 

lead to measurable macroscopic reaction rates.

Guided by studies of molecular oxygen scattering on HOPG, ion sputtering was used to 

nucleate defect sites on epitaxial graphene on Ru(0001) before annealing the interface with varying 

fluxes of molecular oxygen (Fig. 2a).  Annealing the sputtered surface at 820 K for 100s while 

exposed to 10 Langmuir of O2 yielded a surface with a lower defect density than before annealing 
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(Fig. 2b).  This illustrates how the dynamic equilibrium between bulk carbon in the ruthenium 

crystal and epitaxial graphene enable self-healing of the interface in extreme environments.  

Meanwhile, following the same procedure only dosing 10 Langmuir over 10 s (higher flux but 

same dose) graphene is seen to be etched away in some areas leaving bare ruthenium terraces (Fig. 

2c).  This demonstrates that varying flux, but not the overall dose, can lead to different kinetically 

driven morphological outcomes in the initial oxidation of  graphene on Ru(0001).   Existing 

domains of monolayer graphene seen after this faster exposure also have a lower defect density 

than the sputtered surface, indicating that not every sputtered defect successfully nucleated 

oxidative carbon ablation.  The edges of these monolayer graphene domains align with the moiré 

pattern (Fig. 2c) and the lattice direction of the Ru(0001) crystal which is given by 2×2 adsorbed 

oxygen superlattices on the bare Ru(0001) lattice indicating preferential lattice etching similar to 

that seen in Fig.1 on the HOPG surface.  Protrusions on the bare ruthenium surface likely 

correspond to ruthenium oxide clusters that form at elevated temperatures45 indicating that not all 

surface bound oxygen atoms are available to diffuse to reactive graphene sites.

Figure 2. STM images (-1.5 V, -250 pA, 300 K) show the graphene/Ru(0001) interface after Ar+ 
sputtering to induce defects that appear as both bright and dark spots (see encircled examples) at 
various sites on the moiré lattice and subsequent annealing with O2 overpressures.  Sputtering the 
surface with 0.5 keV Ar+ (60 s, 0.1 µA) yielded surface defects seen in (a) at a density of 0.036 
defects/nm2.  After the same sputtering procedure, in separate experiments G/Ru(0001) was 
exposed to 10 Langmuir of O2 at 820 K over either 1000 s (b) or 100 s (c).  A lower O2 flux (b, 
0.01 Langmuir/s) resulted in largely defect-free G/Ru(0001).  A higher O2 flux (c, 0.1 Langmuir/s) 
resulted in the erosion of graphene in (c).  Note that the graphene edge aligns with the lattice 
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direction of moiré pattern. Bare ruthenium terraces showed small islands of 2×2 adsorbed oxygen 
which appear in STM images as darker regions due to lower DOS of adsorbed oxygen atoms 
compared to ruthenium atoms.  A magnified view of the 2×2 oxide pattern is shown.

Results demonstrate the self-healing properties of epitaxial graphene at 820 K on 

ruthenium in the initial stages of oxidation in extreme environments, a property which is not seen 

for many-layered graphitic systems.  Molecular oxygen readily adsorbs on the bare Ru(0001) 

surface, so like HOPG surfaces, the kinetics of carbon etching will be strongly affected by the 

concentration of on-surface oxygen species.  However, forming a complete kinetic model for the 

oxidation of the graphene-ruthenium interface at elevated temperatures poses a formidable 

challenge with many variables including surface temperature, the concentration and mobility of 

carbon in the ruthenium crystal, surface coverage of graphene, and the concentration and mobility 

of oxygen in various states on the moiré lattice, Ru(0001), and newly formed ruthenium-oxide 

clusters.

Site-Specific Moiré Templated Oxidation of Epitaxial Graphene by O(3P)

In this section, we present results for the oxidation of epitaxial graphene on ruthenium by 

O(3P).  In doing so, we introduce STM visualization of surfaces following nonthermal O(3P) fluxes 

generated by a custom-built water-cooled radio frequency blown-glass molecular beam nozzle.  

O(1D) is not expected to be a significant product given considerable quenching in a neat O2 beam,44 

so virtually all atomic species impinging on the surface are O(3P).  We thus have an angle, energy, 

and quantum state specific experiment which is amenable to ongoing theoretical collaborations, 

and results provide insight to the deterministic placement of atomic defects on graphene interfaces 

by means of moiré templated oxidation.

STM visualization shows the characteristic moiré pattern (Fig. 3) arising from lattice 

mismatch between the ruthenium and graphene unit cells.  While the actual moiré pattern is a 
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gargantuan 25 × 25 supercell of graphene positioned on 23 × 23 Ru atoms,35 we refer to a 

simplified moiré unit cell in our Discussion.  A model of the simplified unit cell is depicted in Fig. 

3a and is traced onto an STM image in Fig. 3b.  Three regions are labeled: atop, HCP, and FCC 

referring to the atomic stacking at different loci on the unit cell.

Figure 3. (a) A sketch of epitaxial graphene on the first two layers of Ru(0001) illustrates three 
atomic packing motifs in the G/Ru(0001) moiré pattern.  Atop: the graphene unit cell is centered 
over a top layer Ru atom.  HCP: the graphene unit cell is centered over a second layer Ru atom.  
FCC: the graphene unit cell is directly over a void in both Ru layers.  (b) Atomic resolution STM 
topography (10 mV, 2.3 nA)  shows G/Ru(0001)’s 3 nm periodic moiré pattern, and individual 
graphene unit cells are clearly visible.  A simplified moiré unit cell is outlined in white over the 
STM image with regions of interest labeled.

Regions on the moiré pattern experience different reactivity upon exposure to O(3P) as seen 

in Fig. 4.  Directly after reaction, O atoms are observed to preferentially populate FCC sites over 

HCP in a 3:1 ratio.  This 3:1 ratio highlights the fact that non-equilibrium reaction dynamics are 

being observed, as the energy difference in oxygen adsorption sites between FCC and HCP regions 

(0.05 eV) would predict an approximate 6:1 partitioning between FCC and HCP regions at room 

temperature.36  Significant barriers to diffusion in both FCC and HCP regions (1.2 and 0.9 eV 

respectively)36 enable visualization of nonthermal distributions of O atoms after molecular beam 

exposure.
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Computational work indicates oxygen may bind as enolate species on epitaxial graphene 

grown on transition metals,46 and a DFT/STM study of graphene on Ru(0001) indicated that an 

enolate is formed for FCC and HCP regions of the graphene/Ru(0001) interface while an epoxide 

species is energetically favorable for atop regions.36  The moiré pattern is highly corrugated and 

provides a wide offering of binding locations for atomic oxygen, even within individual HCP and 

FCC regions.  Analysis of just one STM image shown in Fig. 4 demonstrates that even in the low 

coverage regime oxygen is distributed over a range of binding sites on the moiré pattern.  However, 

oxygen atoms are seen to avoid atop regions and the zones between HCP and FCC sites.  With 

increasing coverage (up to 1.3 O/nm2) atop regions remain unreacted, but the ratio of HCP versus 

FCC bound oxygen atoms approaches 1:1 well below monolayer coverage.

Figure 4. (a) STM topography (-1.5 V, -250 pA) shows individual oxygen atoms on the epitaxial 
graphene moiré pattern after exposure to atomic O (0.085 O/nm2, ~ 0.04 eV) impinging normal to 
a 300 K surface.  (b) The location of each O atom on the moiré superlattice in (a) is plotted in 
relation to its closest atop region.  Reactivity is seen to vary by location on the moiré unit cell i.e., 
FCC > HCP >>> atop regions.  FCC and HCP regions of the moiré pattern are labeled with solid 
and dashed lines respectively.

The role pre-adsorbed oxygen atoms play in promoting nonreactive scattering and the 

effects of spin-forbidden reaction dynamics of O(3P) impinging on graphene are open questions 

for this chemical system.1,47  Taken together with the rich spatial data available via STM, these 
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questions show that moiré templated oxidation of graphene opens a new regime of studying on-

surface chemical dynamics and poses worthwhile theoretical challenges for examining highly 

corrugated potential energy surfaces heretofore investigated through the presence of steps, kinks, 

vacancies, or heteroatoms in model surfaces.

Enhanced Monolayer Versus Bilayer Graphene Reactivity with O(3P)

 While monolayer graphene experiences strong electronic coupling to the underlying 

ruthenium substrate, the top sheet of bilayer graphene on Ru(0001) has an electronic structure 

more similar to that of freestanding graphene regaining the characteristic Dirac cones of isolated 

graphene.41,43  The 3 nm moiré pattern seen on bilayer graphene arises from lattice mismatch 

between the bottom graphene sheet and the underlying Ru(0001).  The stacking of the two 

graphene sheets alternates between AA and AB over a larger 21.5 nm moiré pattern which arises 

from a 1.2% stretching of the bottom graphene layer in comparison to the more free-standing top 

layer.42  As described, the stacking of the top graphene sheet on the bottom sheet (AA vs AB) 

cannot be determined by its 3 nm moiré pattern, so we refer to the 3 nm periodic raised areas of 

the bilayer as “mounds” not “atop regions” to avoid confusion.  (For monolayer graphene “atop” 

refers to a graphene unit cell sitting “atop” of a ruthenium atom as seen in Fig. 3a) The 3 nm 

periodicity of monolayer and bilayer epitaxial graphene is depicted in Fig. 5 along with 

concurrently measured conductance mapping.  A clear difference in electronic character between 

monolayer and bilayer graphene is visualized, similar in scale to the corrugation between 

FCC/HCP and atop regions of the monolayer interface.
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Figure 5. Topography (top) and conductance mapping (bottom) of pristine monolayer and bilayer 
graphene on Ru(0001) is shown (-1.5 V, -250 pA).  The bias was modulated with an amplitude of 
200 mV to generate the dI/dV map.  Note that atop regions of the single-layer graphene moiré 
pattern and the entirety of the bilayer graphene show lower conductance than the HCP and FCC 
regions of the G/Ru(0001) moiré pattern.

Upon exposure to O(3P), preferential adsorption is observed for monolayer graphene on 

Ru(0001) in comparison to bilayer graphene.  This is clearly seen in Figure 6a-c where monolayer 

and bilayer graphene have both been simultaneously dosed with atomic oxygen impinging normal 

to a 258 K surface.  Bilayer oxygen coverage (0.13 O/nm2) is only 14% that of monolayer coverage 

(0.91 O/nm2).  Spin-forbidden reaction dynamics result in the sticking probability of O(3P) to be 

~ 10% on graphitic surfaces for what should be a nearly barrierless reaction1—and this new 

experiment provides a striking side-by-side comparison of O(3P) reactivity for both more 

freestanding (sp2 hybridized) and more tightly bound graphene.
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Figure 6. STM images showing monolayer (a, 1.5 V, 250 pA, 230 K) and bilayer graphene (b, -
1.5 V, -250 pA, 230 K) on Ru(0001) after dosing O(3P) onto the surface at 258K. An STM image 
with both monolayer and bilayer coverage (c) shows over 1200 O atoms on the monolayer 
graphene in HCP/FCC regions of the moiré lattice; while 63 O atoms are sparsely populated on 
both mounded and lower regions of the bilayer moiré lattice in this STM image.  Monolayer and 
bilayer graphene have coverages of 0.91 O/nm2 and 0.13 O/nm2, respectively. Sticking of O(3P) 
on bilayer graphene is ~ 14% that seen on monolayer graphene on Ru(0001).

Not only do O atoms adsorb at a lower rate on bilayer graphene on Ru(0001), but the 

oxygen atoms also have different site-specificity in their binding on the 3 nm moiré pattern.  Seen 

in Fig. 6, oxygen atoms bind at HCP and FCC sights even at higher coverage (0.91 O/nm2) on 

monolayer graphene.  However, on the bilayer graphene O atoms tend to bind on the mounded 

regions of the moiré lattice (Fig. 7) in contrast to the distribution of O atoms shown in Fig. 4 where 

O atoms were found in lower regions of the moiré pattern.  Layer-dependent site-specificity in 

adatom placement opens another avenue for tunable functionalization of moiré templated 2D 

materials.  Ongoing theoretical collaboration will provide insight to whether this preference in 

binding is driven by lattice strain from spatial corrugation at these atop regions, the binding 

geometry of atomic oxygen species, and the role spin-forbidden reaction dynamics play in O(3P) 

adsorption on epitaxial graphene on ruthenium.
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Figure 7. The location of each O atom on the moiré superlattice of the bilayer graphene in Fig. 6c 
is plotted in relation to its closest mounded region.  Unlike O atom placement on monolayer 
graphene on Ru(0001), O atoms are found in mounded regions of the bilayer moiré lattice.  Overall 
site specificity is reduced on the bilayer graphene.

Conclusion

We have demonstrated that the combination of molecular beams with in situ STM 

visualization can enable a detailed spatiotemporal understanding of the oxidation of single- 

double- and many-layered graphitic surfaces.  Insights gained at the atomic-, nano-, and meso-

length scales would be lost if traditional ensemble techniques which monitor volatile products 

were solely utilized.  In particular, on-surface dynamics recognized in this Discussion feature time-

evolving interfaces and spatiotemporal correlations in reactivity which are well-captured by real-

time or time-lapse sequential atomic visualization.  We have demonstrated how chemical dynamics 

can be strongly affected by local surface morphology through examples of structural 

inhomogeneities enhancing the ablation of graphite and moiré site-specific reactivity of O(3P) 

adsorption on epitaxial graphene.  Results promise a route to tunably oxidized moiré templated 2D 

materials with the placement of oxygen adatoms and reactivity of the material strongly affected by 

the number of graphene layers on Ru(0001).  Self-healing properties of epitaxial graphene in 
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certain oxidative regimes and reduced reactivity of bilayer versus monolayer graphene with atomic 

oxygen exposure provide insight for anticorrosion applications.

Taken together, these experiments present an exciting outlook for the examination of 

condensed-phase scattering in which surface morphology and impact conditions of incident gas 

species serve as parameters to control outcomes ranging from site-specificity in adsorption to 

overall sticking probability.  Such investigations enable a direct and spatially rich complement to 

traditional surface scattering experiments and hold notable promise as a new direction in molecular 

scattering.
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