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ABSTRACT: The kinetics of molecular adsorption and desorption can

unveil the details of the adsorption potential that impact, for instance, €O from
the overall sticking probability. This information is of particular gae-phace
importance for catalysis and gas sensing. We investigate the room-
temperature CO adsorption on a model single-atom catalyst consisting
of single Co atoms trapped in graphene (Gr) double carbon vacancies
during Gr growth by chemical vapor deposition (CVD) on Ni(111).
The study is conducted by combining a thermal desorption spectros-
copy (TDS) instrument that allows the study of systems with a very low
surface density of active sites, of the order of 10~ monolayers (MLs)
with variable-temperature scanning tunneling microscopy (VT-STM).
Our findings show that CO adsorption onto the single Co atoms occurs mainly (up to 97%) through a reverse spillover mechanism,
rather than through direct impingement from the gas phase. This mechanism involves CO physisorption and diffusion on pristine
Gr, followed by lateral adsorption onto Co atoms. The reverse spillover channel effectively increases the sticking probability, by up to
2 orders of magnitude, compared with direct impingement. We use kinetic models to determine the relevant energies, such as the
diffusion barrier for CO on Gr (68 + 15 meV), the energy barrier for lateral CO adsorption on Co (174 + 2 meV), and the
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chemisorption energy of CO on Co (0.97 £ 0.02 eV).

B INTRODUCTION

Single-atom catalysis (SAC) represents a cutting-edge frontier
in heterogeneous catalysis, where individual atoms serve as
active sites for chemical reactions.”” The high level of
dispersion not only minimizes the consumption of raw
material but also enables the creation of well-defined active
centers with specific coordination environments, making SAC
comparable to homogeneous catalysis. The reduced coordina-
tion of single atoms generally leads to a narrower energy
spread of relevant orbitals, enhancing selectivity and creating
uniformity among active sites. Additionally, reaction inter-
mediate species adsorbed on single atoms have been shown to
exhibit different scaling relations compared to those on
extended surfaces, so far widely investigated, which opens
the possibility for unexpected reaction pathways.’

To preserve the coordination geometry and prevent
aggregation, single atoms in SACs must be stabilized on a
supporting material. A promising approach is to embed single
atoms in a rigid matrix. Graphene, for instance, has been
suggested as an optimal support due to its high conductivity,
surface to volume ratio, and abundant carbon availability."~”
Single atoms can form strong covalent bonds with Gr carbon
atoms, becoming both thermally and chemically stable. Single

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

atoms dispersed in Gr have already proven to be a viable
alternative to traditional catalysts, demonstrating high perform-
ances in several technologically important reactions, such as
CO, reduction, CO oxidation, benzene oxidation, oxygen
evolution and reduction reactions, and methane conver-
sion,'?7"

Despite enormous scientific and technological effort, there
are still too few experimental insights into the fundamental
reaction dynamics at the atom scale. The measurement of
thermodynamic and kinetic quantities and their comparison
with the numerous theoretical predictions are crucial for
advancing the understanding and engineering of SACs.
Without this step, the predictive power of calculations remains
quite limited.'® To bridge this gap, it is essential to study
model systems that facilitate experimental investigation. The
surface science offers a powerful approach, providing well-
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Figure 1. CO TDS spectra of the Gr/Ni(111) sample with and without Co incorporation in Gr double carbon vacancies, reported in the (a)
semilogarithmic and (b) linear scale. The TDS spectra are acquired after dosing CO at 30 K. The heating rate is 1 K/s.

established high-resolution techniques and a nearly contami-
nation-free environment, made possible by the use of ultra-
high vacuum (UHV) chambers."”

In this manuscript, we investigate the CO chemisorption
kinetics on a model SAC, where single Co atoms are
intentionally trapped in Gr double carbon vacancies (Co@
Gr) durin§ Gr growth by chemical vapor deposition (CVD) on
Ni(111)."® Previous studies have demonstrated that CO can
bind stably to Co@Gr even at room temperature.'” The
bonding stability arises from optimal electronic configuration
of the Co 3d,.,. orbitals, which are primarily responsible for
CO binding through backdonation to the CO empty #*
orbitals. The Co 3d,.,, electronic structure results from the
lateral hybridization of Co with the Gr # band, which is n-
doped on Ni(111), leading to half-filled orbitals close to the
Fermi level.

Our findings reveal that the CO sticking probability is
significantly increased—by 2 orders of magnitude—by the
presence of an additional adsorption channel beyond direct
impingement from the gas phase. This mechanism, known as
reverse spillover, involves CO physisorption and diffusion on
pristine Gr, followed by lateral adsorption onto the single Co
atoms. The insight gained from this study could be valuable in
the fields of heterogeneous catalysis and gas sensing. In the
latter case, Gr has also been proposed as an optimal support
material due to its his large surface area to volume ratio, high
conductivity, high crystallinity, and suitability for four-probe
measurements on a single-crystal device.”””!

B EXPERIMENTAL AND THEORETICAL METHODS

Experiments are carried out in a UHV chamber with a base
pressure below 1 X 107'° mbar.”>** The chamber is equipped
with a home-built “Beetle”-type variable-temperature scanning
tunneling microscope, an e-beam evaporator (triple evaporator
EFM 3T, Focus), an ion sputter gun (SPECS IQE 12/38),
ethylene gas-lines for Gr growth, and the thermal desorption
spectroscopy (TDS) device described in more detail below.
The sample can be heated by filament radiation and electron
bombardment and cooled with a flux cryostat down to 30 K by
LHe and to 130 K by LN,. The temperature is measured by a
Ni—Cr/Ni—Al thermocouple (K-type) whose wires are spot-

welded onto the brim of the crystal. The reference
thermocouple junction is placed in a thermally stabilized
preamplifier (H. Schlichting, Pureions). The power supplies
for both the filament and the high-voltage for electron
bombardment are controlled using two interdependent PID
loops (Eurotherm iTools). The absolute temperature is
calibrated with the Xe multilayer desorption peak located at
60 K.**

Sniffer. In the same UHV chamber, reaction gas dosing and
detection are performed using a home-built system called a
Sniffer. This system encloses the sample surface within a small
desorption volume that is separately pumped. A commercial
quadrupole mass spectrometer (QMA 200 Pfeiffer Vacuum) is
positioned at the end of this detection volume. The detection
limit of this setup is as low as 3 X 107> ML/s [1 ML is defined
by one molecule per Ni(111) surface atom]. The ionizer is
modified to prevent direct line-of-sight between the hot
filament and the sample. The probing gas (**C'®O in our case)
is introduced directly into the Sniffer volume using electro-
valves (Parker, series 99), which are activated by a rectangular
voltage pulse of typically 1—4 ps duration and 28 V amplitude,
allowing partial opening of the valve.”> The Sniffer is an
uystem used by Bonanni et al.”>*° In our case, a heated quartz
tube defines the internal walls of the desorption volume, and a
linear travel motion facilitates an easy approach to the sample.
To calibrate the CO dosing (monitored by the Sniffer itself)
and the desorption signal in terms of absolute coverage, the
procedure described in Supporting Discussion 1 is followed.
Unless specified otherwise, all TDS experiments reported in
this article are conducted with a heating rate of 1 K/s.

Sample Cleaning and Growth. The Ni(111) surface was
cleaned through multiple cycles of Ar* sputtering at 1.0 keV (1
uA/cm?, 300 K) followed by annealing at 873 K for 20 min. Gr
was grown on Ni(111) using CVD by dosing ethylene (5 X
1077 mbar) at a sample temperature of 833 K for 1 h.”” The
completion of a Gr layer was confirmed by the absence of any
signal in the CO TDS spectra between 250 and 430 K,
indicating that no clean Ni or Ni,C patches were present.”*”°
Co atoms were incorporated into graphene during CVD
growth."® The clean Ni(111) sample was heated to 833 K and
exposed to both ethylene (5 X 1077 mbar) and a constant Co
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flux (0.003 ML/min) from an e-beam evaporator equipped
with flux control. After 30 min, the Co flux was stopped, and
Gr growth was continued for an additional 30 min, before
closing the ethylene and cooling the sample.

B RESULTS AND DISCUSSION

CO Adsorption on Gr/Ni(111) and Co@Gr/Gr/Ni(111).
Figure 1a (black curve) shows the CO TDS spectrum of Gr/
Ni(111), after dosing with 0.1 L at 30 K. TDS is performed
immediately after (~1 h) the sample growth and by keeping
the latter in UHV. The most intense desorption peak is found
at 53 K. The corresponding desorption energy (E;) and
attempt frequency (v4) can be found by fitting the low-
temperature part of the peak (Figure S1). The fit gives Ey =
141 + 1 meV and vy = (7.1 + 0.4) X 10'* Hz. The saturation
coverage of this peak is 0.3 ML. Therefore, it is attributed to
the physisorbed CO onto pristine Gr. We further conclude
from our TDS that Gr entirely covers the sample surface, since
remaining clean Ni or Ni,C patches would cause CO to desorb
at much higher temperatures, between 300 and 430 K, where
our spectra are completely flat.”*~** STM images also confirm
the absence of any clean Ni or Ni,C patches (Figure S2).

Another peak is visible at 140 K on Gr/Ni(111), with a
saturation coverage of 1.3% ML. We believe it corresponds to
CO desorbing from Ni-occupied carbon vacancies in Gr (Ni@
Gr), which are also present when graphene is grown at low
temperature on Ni(111).>"** Figure S2 presents an STM
image acquired on Gr/Ni(111), showing bright protrusions
attributed to Ni@Gr based on the literature, with a coverage of
1.6% ML (note that the sample is homogeneous on the
mesoscopic scale but not on the nanoscopic scale). However,
the precise attribution of the 140 K peak is beyond the scope
of this paper, does not affect its results, and will be addressed
in a subsequent work.

When Gr is grown by CVD with the coevaporation of Co
atoms, these atoms can occupy double carbon vacancies in the
Gr lattice (Co@Gr)."® The Co atoms that are not trapped
(90%) undergo dissolution into the crystal bulk. A schematic
model of the Co@Gr atomic arrangement is provided in
Figure 2, together with an STM image of the pristine Co@Gr/
Gr/Ni(111) sample.

A TDS spectrum with parameters identical to the one just
discussed has been acquired and plotted in Figure la. A new
feature rises at 360 K, attributable to CO binding to Co@Gr
(Figure 1ab)."” According to the Redhead approximation for
first-order desorption (Figure S3),** the CO binding energy on
Co@Gr is 0.97 eV, supposing an attempt frequency of 1.0 X
10" Hz. Another feature, also attributable to the presence of
Co, can be observed at 270 K, with a maximum saturation
coverage on the order of 107* ML, thus making its exact
attribution very challenging. In what follows we therefore focus
on the 360 K peak. Small vertical offsets in the spectra are due
to slight differences in the chamber vacuum between different
experiments.

After dosing 0.1 L of CO, the coverage of CO desorbing
from Co@Gr () is 4.1 X 107 ML. Increasing the dose to 1 L
causes the saturation of the Co adsorption sites: O, = 5.8 X
107> ML (Figure 1b). Thus, the latter value also corresponds
to the total Co@Gr amount, and we conclude that, after 0.1 L,
the CO molecules already occupy 70% of the sites. The Co
density is in good agreement with grevious STM data, which
reported a density of $ X 107> ML."® Assuming that the 140 K
peak is related to Ni@Gr, we have a total density of Co,Ni@Gr

(a)

Figure 2. (a) Schematic model of the atomic arrangement of a single
metal (M) atom in a Gr double carbon vacancy (M@Gr) and (b)
room-temperature STM image of Co@Gr/Gr/Ni(111) (I = 300 pA,
Viias = +2 V). The image shows a region where the graphene grows
pseudomorphically, without displaying any moiré pattern. The bright
protrusions (0.8% ML) are attributed to Ni@Gr and Co@Gr."®

single atoms of 1.4% ML, not far from what we observe in the
STM of Figure 2b, which gives 0.8% ML. The difference is due
to the large inhomogeneity of the density of single atoms. In
order to achieve a statistically significant density estimate from
STM, one would need to image several hundreds of
macroscopically distant sample areas.

We can estimate the amount of CO adsorbing directly from
the gas phase onto the single Co atoms (6%) by using the low-
coverage approximation of the Langmuir isotherm

Db
N 2mmeokTeo (1)

where § is the sticking probability, p is the Co@Gr surface
fractional area (p = 0.008, by attributing a radius of 1.5 A to
Co@Gr™), D [Pas] is the CO dosage corresponding to 0.1 L,
and mco = 29 amu and T = 300 K are, respectively, the mass
and the temperature of the isotopically labeled *C'®O that we
dosed. The maximum value for @ can be obtained by setting S
=1 and is equal to 6 = 1.2 X 10~* ML. Remarkably, 6% is less
than 3% of the CO amount we measured. Hence, there must
be an additional adsorption channel, besides direct impinge-
ment from the gas phase, accounting for the remaining 97% of
CO adsorption.

The most plausible alternative pathway is represented by the
adsorption of CO on pristine Gr, its diffusion, and subsequent
lateral attachment to Co (reverse spillover). A side view of the
sample and kinetic pathway is shown in Figure 3, super-
imposed with an energy diagram. The reverse spillover
adsorption involves two energy barriers: the one accounting

ng = Sp
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Figure 3. Side view of the sample and kinetic pathway for CO adsorption, superimposed with an energy diagram. The CO molecule can adsorb by
direct impingement from the gas phase or laterally from Gr, following physisorption and diffusion on Gr.

for CO migration on pristine Gr (E,,) and the one that CO has
to overcome in order to leave Gr and bind to Co (E,).

To get a first estimate on E, and E,,, we acquired two TDS
spectra in identical conditions, except that in one case we
waited 15 min at the dosing temperature (T, = 40 K) before
starting the measurement (Figure 4). The waiting time has
been chosen to be greater than (three times) the time
necessary to acquire a TDS spectrum. The waiting temperature
has been chosen in such a way that the majority of CO
molecules (98.9%) have not desorbed from pristine Gr after 15
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Figure 4. TDS spectra after exposure of the Co@Gr/Gr/Ni(111)
sample to 0.1 L CO at 40 K. One spectrum (red curve) has been
acquired immediately after exposure and the other (black curve) 15
min after it. CO adsorbed on Gr is mobile at 40 K. The peak at 360 K
remains unchanged, suggesting the presence of an activation barrier
(E,), too high for CO molecules to attach to Co@Gr at 40 K.
Therefore, the CO molecules can only populate Co when the
temperature is increased during the TDS run.

min. There are three possible scenarios regarding the final
amount of CO on Co@Gr that will be measured:

First, if E, = 0, all Co@Ger sites would soon saturate at 40 K.
We can already exclude this scenario, since we already
observed only 70% of saturation with the same amount of
CO dosing. Second, if E, is finite and sufficiently low, during
the waiting time the CO molecules will continue to diffuse and
bind to the Co sites. Thus, after waiting 15 min, the final
coverage should increase. Third, if E, is finite and sufficiently
high, no extra adsorption will occur at 40 K. In this case, CO
can only chemisorb during the TDS measurement. In this case,
desorption from pristine Gr and lateral attachment to Co will
be competing processes.

Figure 4 shows no increase in the CO—Co@Gr coverage
after waiting 15 min at 40 K, meaning that scenario 3 is
verified. We can provide a lower bound estimation for E, by
setting

K, =y, e =/l < 1 He )
or
E, > 13kyT,pc-In(10) 3)

with K, being the adsorption rate and assuming v, = 10" Hz.
Thus, we get that E, must be larger than 100 meV. On the
other hand, E, cannot be too high, otherwise all CO molecules
will desorb from Gr, during TDS, before they have the chance
to laterally attach to Co. Following a similar reasoning and
considering that CO is completely desorbed from Gr at about
70 K (Figure S1)

E, < 13kyType-In(10) = 210 meV (4)
Thus
100 < E, < 210 meV (s)

In Figure 4, we can also observe that after waiting 15 min the
peak at 140 K is increased. If, as we proposed, this peak
corresponds to CO adsorbed on Ni@Gr, it would mean that
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Figure S. (a) TDS spectra after exposure of the Co@Gr/Gr/Ni(111) sample to 0.10 L CO at temperature T4, and (b) CO coverage on Co@Gr as
a function of T4, measured by integrating the area of the peak at 360 K in panel (a). The inset shows the experimental data (black dots) together
with the fit (red solid line). The fit was done by using the expression for the CO coverage in eq 15. The model implies the attribution of a capture
area for CO around Co@Gr. The capture area size depends on the average CO residence time on graphene and, ultimately, on the sample

temperature.

the adsorption mechanism is similar (e.g., reverse spillover)
and that the corresponding activation barrier is lower than that
in the case of Co@Gr. It also witnesses the fact that CO can
actually diffuse at 40 K, and following a similar reasoning of eq
2, we can say that E, must be less than 100 meV.

Kinetic Model for CO Adsorption on Co@Gr. We now
provide a more precise estimation for E,. We start by writing
down a schematic kinetic model for our system

K K K
co® & col® &3 co@ 3 golhem (6)

where we label CO(gP), CO(GI), and CO™ a5 the CO species
in the gas phase, physisorbed on Gr, and chemisorbed on Co@
Gr, respectively. Ky, K, and K, are the corresponding rates of
desorption of CO from Gr, migration on Gr, and lateral
attachment to Co@Gr, respectively. K is linked to E_, via the
Arrhenius equation

_ —E,/kgT
K, =vyype, ™" (7)

The corresponding rate equations are

Gr
47 _ —K,0 — KO“[1 — LA
dt O
9 _ 1<6Gf[1 - i]
t Osat (8)

where, 0" is the coverage of CO on pristine Gr at a given time.
K is the CO chemisorption rate on Co. K, in general, depends
on both the migration (K,,) and adsorption (K,) rates

K= f(Ka’ I<m) (9)

We proceed further by determining K, in eq 9 and then
solve the differential equations in 8 and find E,.

CO Migration on Pristine Gr. E can be extracted from
the temperature dependence of the CO adsorption probability
on Co@Gr. According to our picture, we can attribute a
capture area [Ac(T)] to Co@Gr, in which the CO molecules

can diffuse and attach to the metal center. In this way, the
geometrical factor p in eq 1 will increase by

p—=p =p+A(T) b (10)

Ac(T) will depend on the mean square diffusion length (Xj)
that CO has on pristine Gr, which is a function of E_, and
decreases by increasing the sample temperature. Hence, we
dosed 0.10 L of CO at a temperature Ty, in the range between
30 and 320 K, in steps of 10 K. After each dosing, we run a
TPD acquisition starting from T, until 430 K. The spectra are
shown in Figure Sa. To extrapolate the corresponding CO
coverage, the spectra have been integrated between 320 and
410 K, by considering a linear background, converted to a
surface density, and plotted as a function of Ty, as shown in
Figure Sb. As expected, the final CO coverage on Co@Gr
diminishes with an increase in the dosing temperature Ty,

To describe the temperature dependence of the sticking
probability and extract the information about E_, we can use
the results of Henry and Chapon describing a similar system,
cadmium atoms adsorption on NaCl-supported gold par-
ticles.” Similarly to our case, the Cd atoms can attach either
by direct impingement or by reverse spillover after diffusion on
NaCl. The contribution of the latter channel can be calculated
by looking at the adsorbate radial surface density n(r, t) in the
proximity of a gold particle (or Co@Gr in our case) at r = 0.
The evolution of n(r, t) is given by

on(r, t)
ot (11)

Sg: is the CO sticking probability on Gr, J, is the CO
incident flux on the surface, and Dy is the diffusion coefficient.
Referring to our system, on the right side of the equation, the
first term considers CO impingement from the gas phase; the
second term, CO random-walk diffusion on Gr; and the last
term, CO desorption from Gr. At equilibrium, the solution can

on(r, t)

be found by imposing =~ = 0. As a boundary condition, we

set n(R) = 0, where R is the distance at which the CO can bind

= Sa, + DsVn(r, t) — Kygn(r, t)
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Figure 6. (a) TDS spectra after exposing the Co@Gr/Gr/Ni(111) sample to 0.10 L CO at 40 K. The heating rates are 0.5 K/s (green curve) and
1.0 K/s (black curve) and (b,c) false-color 2D maps showing the outcomes of the numerical simulation of the TDS spectra presented in panel (a).
For each simulation, corresponding to a (E,, ,,) couple, we report in panel (b) the final CO on Co@Gr coverage (6(t = o0)) and y in panel (c).
The (E,, v,,) providing values for 8(t — o) and y compatible with the experiment are shown in red.

to Co without further migration. In particular, the latter
condition underlies that CO has a high chance to overcome
the activation barrier E,, which is true if K, > 1 (T > 70 K).
Also, in our case, Co can only bind one CO at a time; thus, the
hypothesis for the solution above is valid if the capture regions
of the different Co centers do not overlap each other. This
condition can be expressed by writing

Ac

\/— < dco_co = ~ 2nm
T

1
NELC (12)

where the latter term is the mean Co—Co distance. With these
hypotheses, eq 11 can be solved analytically, and the capture
area Ac around the cluster is obtained by calculating the flux
reaching the Co atom by surface diffusion®

Ki(R/Xs)
Ky(R/Xs) (13)

K, is the n-order Bessel function of the second kind, and Xg
is given by

Ag = 2557RX

X = a, o(En—Ea)/2ksT (14)
In eq 14, we make the hypothesis that v, ~ v 4. The curve
of Figure Sb can now be fitted by using eq 1 and by

substituting p with p’

K(R/X D
9(’1—:ios’ Em) = 9Sat'2’SGrﬂRXS 1( / S) :
KO(R/XS) J2ameokTeo

(15)
Here, we ignore adsorption by direct impingement since, as
we have seen earlier, it contributes less than 3%. Equations 1
and 15 are low-coverage approximations of the Langmuir
isotherm and thus to stay in the regime of linearity between 6
and CO dose, we only fit the points in Figure Sb for which 0 <
0.36s,.. The best fitting curve is shown in the inset of Figure Sb
(solid red line). The fit result gives Eq — E,, = 73 &+ 14 meV
and S, = 0.26 + 0.11 (S, is an average over the temperature
range). Thus, E, = 68 + 15 meV. R has been fixed to 1.5 A,
and its variation by 0.1 A affects Eq — E,, by 0.3 meV and Sg,
by 0.01. The radius of the Co capture area at 250 K is 6 A,
validating the inequality in eq 12.

Measurement of E, and v ,. In order to solve the rate
equations in (eq 8), we needed to find an explicit expression
for eq 9. By knowing that E, > 103 meV and E_ = 68 + 15
meV, we can estimate the K,/K, ratio in the temperature range
in which we know CO adsorption on Co@Gr can occur, i.e.,
from 40 to 70 K

—_m e_(Em_Ea)/kBszK > 2.6 % 10*
K, (16)

om o EnmE) Tk 33 x 10%
K, (17)
Thus, eq 9 becomes K ~ K,, this is because K, > K means

that overcoming the energy barrier E, is the rate-determining
step of the reverse spillover adsorption channel. Thus, we can
rewrite eq 8 as

Gr
% K0, e_E“/kBTGGr(I_ 0 ]

ﬁ =1, e_Ea/k“THG{I — i)
dt y Sat

Sat

(18)

The two unknown parameters in the equation above are E,
and v, In order to find them, we performed two identical
TPD runs with different heating rates (0.5 and 1.0 K/s, after
dosing 0.100 + 1 L of CO at 40 K). The corresponding spectra
are shown in Figure 6a. Being a first-order desorption, the peak
shifts to a lower temperature by decreasing the heating rate.
For better visual comparison, in Figure 6a, the curve taken at
0.5 K/s has been multiplied by a factor of 2. We find that
decreasing the heating rate affects the final CO—Co@Gr

coverage. Indeed, the coverage ratio (y) is

gl,OK/ s
This means that having CO desorption from Gr and
adsorption on Co@Gr as competitive processes, slower
adsorption rates favor the first process, which is thus likely
to possess a lower activation barrier. To find E, and v, the
two TDS runs have been simulated by numerical integration of
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eq 18. This has been done multiple times, by varying each time
E,: 140 — 200 meV with steps of 0.12 meV and v, 108 —
10'7 Hz with steps of 0.08 log;o(Hz). The initial conditions
have been chosen by setting 0(t = 0) = 0, and (¢ = 0) equal
to the sum of the TDS peaks at 53 K (desorbing from Gr) and
360 K (desorbing from Co@Gr). In this way, we exclude all of
the CO species attaching to the other Gr defects. The
boundary conditions for t — oo are given by y and by "%/(¢
— ) = (3.1 + 0.3) X 10'® m™2, where the maximal error in
the latter case is given by the TDS calibration. In Figure 6b,c,
the simulated y and 6"/ values are plotted, for each (E,v,,)
pair, in false-color 2D maps. The areas in red are attributed to
the (E,v,,) pairs giving a value for y or 6"°%/s compatible with
the experimental data. The intersection of the possible
solutions gives E, = 174 + 2 meV and v,, = (4 £ 2) x 10"
Hz. As expected, since E, > Eg, slower desorption rates will
favor desorption from Gr, and consequently a minor amount of
CO will be found to bind the Co@Gr sites. Eventually, the
value found for E, is consistent with the rate-determining step
approximation (K, > K,) made in eq 18.

The presence of an activation barrier for lateral CO
adsorption may seem surprising, considering that the cobalt
atoms are in-plane with the carbon atoms of graphene.
However, the stable chemisorption geometry of CO is very
well-defined, with the molecule being vertically coordinated to
the metal via the C atom, as shown by DFT.'” Similarly to the
case of CO adsorbing on extended metal surfaces,’® the main
contribution to the bond stability arises from electron
backdonation from the Co 3d,.,, to the carbon monoxide
antibonding 7z*. Both orbitals exhibit significant spatial
anisotropy. Consequently, as the CO crosses the transition
state during its reverse spillover from graphene to Co@Gr, it is
likely to be sterically hindered, which would explain the
observed activation barrier. On the other hand, it is unlikely
that the activation barrier is due to a dipole—dipole
electrostatic repulsion between the CO and the metal center,
since the charge transfer between the Co and the underlying
Ni metal is predicted to be too modest (+0.01 e~).””

Bl CONCLUSIONS

We investigate the kinetics of CO adsorption on single Co
atoms embedded in a supported Gr layer by means of highly
sensitive TDS and STM. The sticking probability on this
model SAC is increased by 2 orders of magnitude by the
presence of an additional reverse spillover adsorption channel.
In this scenario, the majority of CO molecules do not attach
directly from the gas phase, but they first physisorb on pristine
Gr, diffuse on it, and finally reach the Co atom laterally to
which they chemisorb, by overcoming an energy barrier E, =
174 + 2 meV. The study also provides a complete and self-
consistent energy landscape describing CO desorption from
and migration on pristine Gr. These results are important in
the context of heterogeneous SAC and in gas sensing involving
graphene layers whenever CO adsorption is involved, either as
a beneficial or detrimental reaction.
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Figure S1. CO TDS spectrum of the Gr/Ni(111) sample acquired after dosing 1.0 L of CO at 30 K (heating

rate 1 K/s). The desorption peak is attributed to CO desorption from pristine Gr. In the graph we plot

the natural logarithm of the desorption rate (In (d6/dt)) as a function of 1/T. From the linear fit (red

line), performed in the low-temperature part the peak, it is possible to extrapolate the attempt
E

frequency (vo 4) and desorption energy (Ey): In (%) =1n (vo,deo) — k—:(%) 09 is the CO coverage on

pristine Gratt = 0. Eg = (141 £ 1) meV; vg g = (7.1 + 0.4) X 1012 Hz
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Figure S2. : Room temperature STM image representative of the Gr/Ni(111) sample. Both aligned
(center-bottom) and rotated domains (top left) are visible, together with Ni@Gr (red arrow, 1.6 %
ML) and dark depression (green arrow), attributed to graphene carbon vacancies. Bigger protrusions
(black arrow) are associated to Gr bubbles. In rotated domains, the lower Gr-Ni interaction allows
carbon segregation from the bulk. The formation of Ni,C at the interface lifts the Gr sheet, which
becomes almost freestanding.'?
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Figure S3. : The graph shows the relationship between the temperature of a first order desorption
peak (T,,) in a TDS experiment (i.e., corresponding to the maximum desorption rate) and the
desorption energy (E) determined by solving the Readhead approximation given below.3 This
solution is obtained numerically, for a heating rate of § =1 K/s, pre-exponential factors of v
=10%2,10"3, and 10 Hz, and assuming the desorption energy and pre-exponential factor being
independent of coverage.

Redhead approximation:

= —e_E/RTm
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Supporting Discussion 1: Sniffer Calibration

In this section, the calibration procedure for the Sniffer is described, for both gas dosing and TDS-
spectra-to-coverage conversion. These procedures depend on the sample-Sniffer nose distance,
which, for the experiments reported in this manuscript, is fixed to 10045 um.

For a TDS experiment, the conversion of the ion current, as read by the QMS, into absolute coverage
is conducted as follows:

i.  The clean surface of Ni(111) is saturated by dosing approximately 10 L CO at 30 K;
ii.  Theintegral of the desorption profile has been set equal to 0.57 ML, according to previous
studies.*

Once the above procedure is completed, to calibrate the amount of CO exposure the following
procedure has been followed:

1. A primary calibration is performed by closing the Sniffer pumping and introducing a certain
pressure of Ar inside the main chamber. This ensures that the pressure in the latter (read by
a hot-filament ionization gauge) is the same as in the Sniffer’s QMS;

2. With clean Ni(111) in the measurement position, 0.1 L of CO are nominally dosed, according
to the calibration in step 1.;

3. The TDS area is converted to absolute coverage based on the calibration described in step ii.;

DS,
4. By using the low coverage approximation of the Langmuir equation: 8 = \/——0 (D=

2mmcokgT co
CO dosage in Pa-s) and assuming unitary sticking probability (Sg = 1), the actual CO dosage
can be derived and compared with the nominal 0.1 L.
5. The correction factor is applied to calibration of step 1.
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