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Pressure-controlled oxygen activation at single metal atom sites
in a manganese-cobalt coordination network on graphene: from
triplet-singlet spin transition to superoxo dissociation

Asha Yadav,? Stefania Baronio,? Michela De Col,b Danilo Comini,? Valentin Mischke,¢ Alessandro
Namar,® Nikolay Vinogradov,? Mattia Scardamaglia,? Mirko Cinchetti,c Giovanni Zamborlini,>¢ Paolo
Giannozzi,®*" Erik Vessellib&h*

Molecular oxygen activation at single transition metal atom sites is critical for catalysis but remains challenging to control.
Here we investigate a manganese-cobalt bi-metallic coordination network on graphene, where Co(l) atoms are
tetracoordinated by nitrogen. Combining density functional theory with in situ infrared-visible sum-frequency generation
and ambient-pressure X-ray photoelectron spectroscopy, we demonstrate pressure-dependent oxygen ligation at Co sites.
Below 107 mbar, O, binds reversibly in a horizontal configuration, inducing charge transfer and a triplet-to-singlet spin
transition characteristic of an active superoxo 0%~ species. Increasing oxygen pressure leads to O, dissociation, with atomic
oxygen accumulating at Co(ll) sites and at the support. Co-exposure to O, and CO enables room-temperature oxidation of
the latter, preventing catalyst poisoning. These findings reveal how coordination and environmental control tune spin,
oxidation state, and reactivity at single metal atoms, offering pathways for rational design of atomically precise two-

dimensional catalysts.

1 Introduction

Oxygen-oxygen bond formation and cleavage are fundamental
elementary reaction steps involved, for example, in the oxygen
evolution and reduction reactions (OER and ORR, respectively),
which are of great technological importance in the field of
renewable energy schemes. The search for efficient catalytic
materials with multifunctional properties, high selectivity and
activity, associated with low-cost raw materials, is intensely
pursued. In this regard, the design of novel materials based on
fundamental principles, yielding emergent physical and
chemical properties originating from the complex interplay
between building blocks, constitutes an interesting premise. A
novel approach in this sense consists in the bottom-up assembly
of bio-mimetic materials, and we focus here on the growth of
surface-confined 2D metal-organic coordination networks.
Specifically, metalloporphyrins can be exploited as molecular
tectons with tuneable catalytic activity, magnetic, and storage
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properties.’®  Metalloporphyrins feature an extensive
delocalized m-system that can be tailored by means of
peripheral residues and an unsaturated core part that can
stabilize a large variety of single metal ions, thus offering tuning
opportunity of the optical, chemical, magnetic, and electronic
properties.® In addition, both lateral interactions and the
surface trans effect (fifth ligand)'® can be exploited to further
tune the features of the tectons, as well as the self-assembly
into 2D ordered superstructures at surfaces or 2D materials
heterostacks.1%12 The catalytic activity of the single metal ions
coordinated in the porphyrins’ macrocycle or in similar tectons,
like e.g. phthalocyanines, has been extensively addressed, also
specifically toward the OER, ORR, and the carbon dioxide
reduction reaction (CO,RR).13-17 By taking advantage of the
structural flexibility of metalloporphyrins and by exploiting
metal coordination at the peripheral moieties, the fabrication
of a supramolecular metal-organic coordination network with
alternating Cu(0) and Cu(ll) centres occupying two different
chemical environments was obtained.’® This approach was
further extended both theoretically and experimentally
towards bimetallic networks of meso-substituted M;TPyP-M,
porphyrins with M; = Co, Fe; M, = *, Co, Fe, yielding 2D
assemblies with emergent electronic and magnetic properties
and outstanding ORR performance (* = empty site).1>1%20 These
networks tend to form long-range ordered superstructures,
which contain single Co atoms tetra-coordinated by nitrogen
with tuneable oxidation state in the +1 to +3 range, in close
resemblance with the vitamin B12 properties.?22 Tuning of the
Co oxidation state allowed for the selective ligation of CO — Co(l)
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Fig. 1 Geometrically optimized (a) monometallic MnTPyP/Gr and (b) bimetallic MnTPyP-Co/Gr monolayers structures superimposed on the

corresponding experimental STM images, together with the respective spin-resolved total density of states (c-d). Gray, blue, light orange, light red, and

green spheres represent C, N, Mn, H, and Co atoms, respectively.

sites — or activation of O, — Co(ll) sites.?372> Recently, we
successfully synthetized and characterized in UHV (ultra-high
vacuum) conditions a similar system, based on Mn-Co single
metal atom centres supported on quasi free-standing graphene
(Gr).26 We focus here on the reactivity of the layer with respect
to oxygen ligation and activation. Monometallic Mn porphyrin
complexes have been extensively studied in various forms with
different oxidation states for both O, activation and nitrosyl
adduct formation.?”.22 |n this case, the influence of Co
coordination to the meso-substituents remains unexplored for
tetra-pyridyl porphyrins. Given that Mn is a third-row transition
metal adjacent to Fe and Co in the periodic table, further
investigation is expected to provide deeper insight into the
fundamental properties governing the active site behaviour.
Referring to the pioneering experimental work on the M;TPyP-
M3 networks, 151920 the effect of the insertion of the second (M>
= Co) peripheral metal in addition to the macrocycle metal atom
(M1 = Fe) is very evident towards OER. Interestingly, the activity
is found to be much higher compared to the opposite case of
M, = Fe added to a CoTPyP macrocycle (M1 = Co). The effect of
switching the M1, = Fe, Co positions is puzzling, given that both
elements have a nominal +2 oxidation state in both chemical
environments. The goal of our investigation is thus to explore
how the metal interchange affects the electronic structure and,
in turn, O, reactivity when switching to M, = Mn.

In this combined theoretical and experimental study, we
address how the presence of Co adatoms at the periphery of
MnTPyP molecules on graphene influences the activation and
dissociation of O,. Using density functional theory, we show
that while Mn centres weakly bind O, without inducing
significant activation or spin transitions, Co centres exhibit

2| J. Name., 2012, 00, 1-3

strong O, adsorption with substantial charge transfer, O-O
bond elongation, and a spin transition from triplet to singlet —
hallmarks of an activated superoxo state. Infrared-visible sum-
frequency generation (IR-Vis SFG) spectroscopy and ambient-
pressure X-ray photoelectron spectroscopy (AP-XPS) confirm
that O, ligation is pressure-dependent and localized at the Co
sites. At low pressure, ligation is reversible, while at higher
pressures, O, dissociates, leading to irreversible oxidation of the
Co centres and of the graphene substrate. Exposure of the layer
to both O, and CO demonstrates that reactive atomic oxygen
species can be removed via room-temperature oxidation of CO,
offering a strategy to mitigate surface poisoning. These results
reveal how design and tuning enable control over molecular
oxygen activation and dissociation at the single-atom level in an
engineered functional 2D material.

2 Results and Discussion

2.1 Computational description of the O; interaction with
the monometallic MnTPyP layer on graphene.

To investigate O; ligation at the single metal atom sites of the
layer, DFT structural optimizations were performed, starting
from the optimized monolayer structure yielding the calculated

This journal is © The Royal Society of Chemistry 20xx
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density of states (Figure 1a,c for the MnTPyP/Gr case) already
reported in our previous study.?® The O, molecule, with a
starting, contracted bond length of 1.16 A, was initially placed
in both vertical (V-conf) and horizontal orientations (H-conf) at
a distance of 2 A above the selected metal atom (see Figure S1
for the similar MnTPyP-Co case). For the monometallic
MnTPyP/Gr structure, Figure 2a,b,d,e displays the optimized
geometries when starting from the H-conf (a,b) and V-conf (d,e)
of the O, molecule, respectively, above the Mn site. Terminal
(“end-on”) O, in V-conf is found to be the most favourable
configuration (E,qs = 0.71 eV), being more stable by 0.28 eV with
respect to the bridge (“side-on”) H-conf geometry (Eags = 0.43
eV). The molecular axis defines a bonding angle of 61° (Mn-O-
0) with respect to the surface normal. The results translate into
a mild covalent bonding for O, ligation at the Mn site of the
MnTPyP/Gr layer. Generally, PBE calculations work well for
chemisorption but are known to overestimate the binding
energy.?? In addition to the adsorption energy, the
intramolecular O, bond length is another descriptor of the
interaction nature and strength. In this case, ligation to Mn
mildly lengthens the O-O bond from 1.22 (calculated gas phase
value) to 1.27 A (+4%). Generally, the larger the bond length,
the more favourable the dissociation, indicating, in this case,
poor activation of the molecule. It is also well-known that
oxygen binding to the single metal atom sites of porphyrins
induces spin state changes, which are closely related to
activation and dissociation. A free oxygen molecule exhibits
triplet states with two unpaired electrons contributing to the
magnetic moment of 2 uB in the ground state.3® A transition
from triplet to singlet state configurations in O, is known to
accompany activation. This phenomenon is well documented in
the literature, especially for iron porphyrins coordinated with
histidine, imidazole, and related ligands.332 Nevertheless, in
this case, no crossover of spin state was found. Also, Mn
remains in the pristine high-spin state with a minor change in
the occupancy, resulting in a Min oxidation state slightly higher
than +2. The projected density of states was analysed in Figure
S2, where components of the Mn 3d and O 2p orbitals before
and after O, ligation are plotted. Although a small amount of
rearrangement of the density of states near the Fermi level can
be seen, no significant orbital hybridization between Mn 3d and
0 2p can be observed, confirming a weak interaction. This is also
supported by the charge density difference plot and Bader
charge analysis (Figure 2c,f), which indicates a small (0.13 e’)
charge shift to the proximal oxygen atom. This could be
attributed to the highly stable high-spin state of Mn 3d,
hindering the Mn-0; interaction. Compared to the Fe porphyrin
case,?? the weaker Mn—0 bond formation, attributed to the high
spin state, is directly associated with a higher O, dissociation
barrier. Thus, although the adsorption process is found to be
mildly exothermic, we can conclude that O, bonding at the Mn
site is quite unstable at room temperature.

Our experiments confirm the theoretical picture. IR-Vis SFG
spectroscopy measurements of the MnTPyP/Gr/Ir(111) layer at
room temperature from UHV up to 1 mbar did not reveal any
evidence of O ligation, nor dissociation, with all vibronic
features remaining unaltered upon exposure to oxygen.

2.2 Computational description of the O, interaction with
the bimetallic MnTPyP-Co layer on graphene.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Top and side views of the optimized O, molecule ligated at the Mn
site of the monometallic MnTPyP/Gr layer after starting relaxation from
the two different configurations: (a,b) H-conf and (d,e) V-conf, with the
former yielding a metastable configuration and the latter the lowest
energy geometry; for the best structure, side views of (c) the volumetric
charge density difference plot and (f) the corresponding 2D charge
density difference distribution (0.005e- isovalue) along the plane
passing through the Mn atom and perpendicular to the plane of the Gr
sheet. Gray, blue, light orange, and light gray represent C, N, Mn, and H
atoms, respectively.

Upon post-addition of Co adatoms, as depicted in Figure 1b, the
latter bind to the peripheral terminal pyridinic sites, inducing a
structural re-arrangement of the layer so that tetra-
coordination with N atoms is achieved. A bimetallic MnTPyP-
Co/Gr layer is thus formed, with a square unit cell, two non-
equivalent, potentially active single metal sites, Mn and Co, and
significant changes in terms of electronic structure (Figure 1c,d),
work function, and magnetic properties with respect to the
pristine MnTPyP/Gr layer.26 These two single-atom sites were
probed towards O, ligation, again starting from both V-conf and
H-conf. It was found that at the Mn site both geometrically
optimized configurations converge to a similar and close to
degenerate O, adsorption geometry (Eags = 0.91-0.92 eV) as
shown in Figure 3a,b. The O, molecule reorients upon structural
relaxation, adopting an oblique configuration with an angle of
approximately 63° (M-0O-0) relative to the surface normal. This
angle is close to the Mn-0-0 bond angle found in the case of O,
ligation at the Mn sites of the monometallic MnTPyP/Gr layer.
The O, adsorption energy increases by almost 30% compared to
the case of the latter monometallic layer. This is supported by

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Top and lateral views (top and bottom rows, respectively) of the most stable structures achieved upon optimization of the O, molecule adsorption
geometries at Mn (a,b) and Co (c-f) sites of the bimetallic MnTPyP-Co/Gr layer; while in the case of the Mn site the final configuration is close to degenerate

when starting from the H-conf or V-conf, a metastable vertical ligation geometry is found at the Co sites (e,f) in addition to the most stable horizontal

coordination (c,d). Here, gray, blue, light orange, white, and green spheres represent C, N, Mn, H, and Co atoms, respectively.

the Bader charge analysis, indicating a charge transfer of 0.2 e
from the metal to the closest O atom, resulting in a slightly
reduced Mn-O bond length (2.18 A compared to 2.20 A) and in
an intramolecular O, bond further increased to 1.28 A, in
agreement with the general accepted rule of a correlation
between binding energies and O=0 double bond lengthening
(weakening).3* Thus, while we can conclude that the presence
of peripheral metal ions (Co) affects the properties of the metal
ion in the macrocycle, DFT calculations show that, still, Mn and
0, persist in their high-spin state, being this a strong indication
that activation (O3 dissociation) is unlikely.

Significantly larger adsorption energy values are obtained
for O, ligation at the Co site of the bimetallic layer. For the H-
conf (Figure 3c,d) and V-conf (Figure 3e,f) orientations, values
of 1.34 and 1.23 eV are obtained, respectively. This indicates a
stronger binding and suggests that formation of the Co-O-O
bond could be observed experimentally at room temperature
as well. Similarly to the Mn site, the “end-on” (vertical, V-conf)
configuration is characterized by an oblique molecular axis,
bent by 41°, and an intramolecular bond length of 1.27 A. The
latter quantity further increases in the horizontal, most stable
bonding geometry, reaching 1.32 A, compatibly with O,
dissociation. Consistently, a significant charge redistribution
between O, and the MnTPyP-Co/Gr layer is observed (Figure 4).
The Bader analysis quantifies a net charge transfer of 0.19 and
0.21 e to the O atoms in the oxygen molecule, with an overall
0.4 e doping in the direction of a superoxo species (0,5 with §
= 0.4), yielding a significant weakening of the intramolecular
bond, a prerequisite for dissociation. This is a widely accepted
characteristic of the horizontal adsorption geometry.3® O,
ligation shifts the Co oxidation state from +1 to +2 and, most
interestingly, induces a spin transition of the O, molecule from
the triplet to the singlet state. Summarizing, O, adsorption at

4| J. Name., 2012, 00, 1-3

the Co sites of the bimetallic layer is found to yield the most
stable ligation configuration in the horizontal geometry. Our
calculations also provide indirect evidence (the values of bond
lengths, charge transfer, metal oxidation state, and spin
configuration) for Co single metal atom sites of the MnTPyP-
Co/Gr layer being reactive towards O; ligation, activation and
dissociation at room temperature. To verify that the improved
Co—0, interaction is a site-dependent process, Co—O
adsorption on CoTPyP-Mn/Gr was also examined, with
particular emphasis on the Co occupying the core site, as
detailed in the Supplementary Information. Our results show
that Co occupation at the core and peripheral sites leads to A
significantly different metal-O; interaction.

In order to better assess the character of the ligation, we
computed the potential energy profiles along the ligation
pathways for the horizontal O, configuration at both the Co and
Mn sites of the bimetallic layer (Figure S3). We find that O;
ligation is activated, with a much larger barrier for the Mn site
(0.52 eV, red profile) compared to the Co site (blue profile),
where the barrier is almost negligible for a room temperature
gas (0.08 eV). We also mention that the final configurations of
our reaction paths are the metastable geometries, which are
potential precursors to dissociation. A subsequent dissociation
step might follow the same pattern of O, dissociation at the
metal site of a porphyrin:33 one of the two O atoms binds to the
metal atom, while the other attaches to the closest C-C bond of
the macrocycle, as the m bond is energetically favourable.

2.3 Low-pressure experiments.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. Side views of the volumetric charge density difference (top row) and of the corresponding 2D charge density difference distribution (bottom row)
cut along the plane passing through the Co/Mn atoms and perpendicular to the plane of the Gr sheet (0.005e" isovalue): Mn site in (a,d) V-conf, Co site in
(b,e) H-conf and (c,f) V-conf.

evolution of the coordination network spectra upon exposure
to O,, associated with the interaction between the layer and the
gas phase. Even if we were unable to resolve experimentally the
specific v(O — O) mode associated with the internal stretching
motion of adsorbed oxygen, we could confirm its presence by
XPS. This is not a surprising issue, since the vibronic signal

Our experimental results provide solid confirmation for our
theoretical findings. The reactivity towards molecular oxygen of
the MnTPyP-Co/Gr/Ir(111) system was first investigated by
means of in situ IR-Vis SFG spectroscopy. We observed an

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.
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Fig. 5 Sum-frequency generation spectra of the pristine MnTPyP-Co layer in UHV (bottom), in low background oxygen pressure (middle row), and after
recovering UHV conditions (top row). All spectra were collected in situ and at room temperature with a visible laser wavelength of 532 nm in both (a) ppp
and (b) ssp polarization combinations.
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amplitude of ligated O, depends on its low dipole and can be
further damped by a slanted bonding geometry, in agreement
with our DFT calculations that predict the horizontal bonding as
the most stable configuration. In a low-pressure regime (po2 < 1
x 10°® mbar) we find that di-oxygen ligation is reversible at room
temperature. Figure 5a reports the spectra collected in ppp
polarization combination in the 1200 - 1330 and 1500 - 1680
cm™! ranges, respectively, while the second range measured in
ssp polarization is depicted in panel (b) of the figure. The
lineshape parameters and line positions were fitted globally (i.e.
the parameters were optimized on the whole data set) and
consistently with the parameters obtained by fitting the UHV
spectrum of the pristine layer. The assignment of the observed
vibronic features, together with a detailed quantitative
description of their evolution, is reported in the Supplementary
Material section (see Table S1 and text there below). All visible
features originate from internal motion modes of the
macrocycle or pyridyl moieties, apart from a contribution
slightly above 1600 cm™1, which can be associated also with the
Gr phonon.3® In 7 x 1077 mbar O,, we observe a spectral
evolution in both energy ranges and polarizations (central row
in Figure 5). These variations are induced by the interaction with
oxygen and can be described by changes in phases and
amplitudes associated to the resonances, and to a modified
non-resonant background. The reversible nature of this
evolution when recovering UHV conditions (Figure 5, top row)
further confirms the weak interaction between the O,
molecules and the metal-organic network, indicating reversible
ligation with no dissociation below this low-pressure threshold.
Similarly, reversible O; ligation has already been observed on
Co-porphyrins.?536 According to the experimental picture and in
agreement with the theoretical modelling, molecular oxygen
ligation induces a deformation of the peripheral rings, with a

(a) Co 2p;;,

O UHV

@ 3x10° mbar O,
< Pump out

<$> Pump out
® 3x10° mbar O,

o UHV

moieties that directly coordinate Co, confirming this lattersite
as the active metal species in the adsorption proces$5NR04824A

The corresponding parallel results obtained by means of AP-
XPS are shown in Figure 6. Starting from UHV (bottom row
spectra), we obtain the characteristic spectral deconvolution of
(a) Co 2ps3/; and (b) Mn 2ps/> as we previously reported.?6 The
first relevant piece of information is that Co is confirmed to be
the reactive site, while Mn is not directly involved in the O
activation process. In fact, the Mn 2ps/; spectrum acquired in O»
background is well described by the same lineshape of Mn(lll)-
like species, typical of the pristine MnTPyP-Co/Gr layer.2 This is
in agreement with the experimental study of the reactivity of
Mn-porphyrins with respect to 05,3 where only Mn(ll) was
identified as the active species toward oxygen.

In contrast, the Co 2ps/; core level is strongly affected upon
exposure to O,. Two new components grow at 781.4 and 783.1
eV at the expense of the intensity of the Co(l) features. We
assign these O;-related peaks to the multiplet splitting features
of a new cobalt species interacting with oxygen. The 1.7 eV
energy separation between these peaks is close to the value of
the multiplet split components of Co(l) in the pristine layer (1.8
eV). However, now, these are shifted by +1.1 eV (excluding the
Gunnarsson and Schénhammer — GS — component).38 According
to the previously reported data, the new spectral contributions
can be ascribed to a Co(ll) species (Table S2). In the form of
Co(I)O, this species is modelled with two peaks separated by
2.1 eV,?*® while in a Co(ll)TPyP/Gr layer additional features are
distinguished at 780.1, 782.1 and 784.3 eV (excluding the GS
contribution),?® and a similar behaviour is observed for
CoTPP/Cu upon Co oxidation.*! In our case, we can separate
only two features at intermediate energies between the three
components resolved in a Co(ll)TPyP monolayer,* due to the
superposition of Co(ll) and Co(l) contributions. In addition, the

(c)O1s

[(b) Mn 2py,

Intensity (arb. units)

TNRTE SRTRARTERY | VT A FENSARNRA NUSEAn!
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Fig. 6 XPS spectra of the pristine MnTPyP-Co layer in UHV (bottom), in low background oxygen pressure (middle row), and after recovering UHV conditions

(top row). (a) Co 2ps/> and (b) Mn 2ps); core level regions were collected with a photon energy of 1000 eV, while for (c) the O 1s region photons of 750 eV

were chosen for optimal measurement conditions.

major involvement of the &(pyr) modes associated to the N
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GS peak of Co(l) is not completely quenched, indicating that not
all Co sites are oxidized at this oxygen pressure. The same
spectroscopic structure, including both the Co(l) and Co(ll)
features, is employed to model also the pump out spectrum.
Indeed, what we observe is that the GS peak grows back to ~
65% of its initial intensity, at the expense of the Co(ll)
components. However, about 55% of the feature at 781.4 eV
stays after the pump out, suggesting that a partially non-
reversible oxidation process has already taken place during the
long spectra (several hours) acquisition time. Correspondingly,
three components are distinguished at 529.7, 531.2 and 532.9
eV in the O 1s core level spectra in Figure 6¢c upon exposure to
0,. We resolve a feature that can be associated with molecular
oxygen ligated at the Co site, at 532.9 eV, in agreement with
both SFG data interpretation and computational predictions.
The latter spectroscopic peak is completely quenched when
recovering UHV, accounting for the reversible behavior of the
Co 2ps/2 and the IR-Vis SFG spectra. The binding energy of this
peak is found in between values associated with molecular
oxygen physisorbed and chemisorbed on metals, as reported in
Table S2. More specifically, O, physisorbed on metals is found
at about 535.8 - 536.9 eV,* at approximately 3 eV higher
binding energy with respect to our case, at an energy where we
observe no photoemission intensity. On the other hand,
molecular oxygen strongly chemisorbed in the form of peroxo
(02%7) or superoxo (O27) species is found in the 529.6-530.5 eV
range on Pt,%2530.9-532.1 eV on Ag,** and at 532.1 eV as active
0, on Co.* Thus, we attribute the reversible feature at 532.9
eV to dioxygen chemisorbed on cobalt, where a partial charge
transfer to a metastable 0,% species accounts for the peculiar
binding energy, which is only 0.8 eV higher than 0,7/Co,* well
away from the physisorbed O, position. The attribution of the
remaining O 1s features at 529.7 and 531.2 eV is more
challenging due to the overlap of the broad energy ranges
where chemisorbed molecular and atomic oxygen species have
been observed on metals (Table S2). In our interpretation, both
peaks originate from atomic oxygen species, based on their
non-reversible character and on the residual Co oxidation
observed upon removal of the oxygen background. We
associate the species at 529.7 and 531.2 eV with atomic O
bound to cobalt and to carbon, respectively. Focusing on the
former, similar spectral contributions have been observed on
oxidized Gr/Ir(111) and were attributed to enolate and epoxy
species (atomic O on Gr with single or double bonds,
respectively).?>% In our case, the trace amount of oxygen
present on the sample after exposure to very low O, pressure
produces a very weak signal, making it impossible to distinguish
such contributions. As we show later in this work, this is not the
case for higher oxygen pressures.

Finally, the lowest binding energy component is in good
agreement with the energy of CoO in the 529.5 - 530.2 eV
range.**7 |n the case of vertical (or "end-on") O ligation, the
two oxygen atoms within the molecule become non-equivalent,
resulting in two distinct contributions to the O 1s core level.%®
This is not the case here, so that we confirm horizontal (or "side-
on") adsorption, in close agreement with our theoretical
predictions. We have so proven experimentally that the active
metal site for O, ligation is Co and that, at room temperature
and low di-oxygen pressure, the O, molecules almost reversibly
ligate in the form of activated 0,%~. Reversible ligation is the
precursor to the activation of molecular oxygen, suggested by
the residual fingerprint of atomic oxygen on the layer and
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partially oxidized cobalt. Therefore, this demonstrates,that a bi-
metallic MnTPyP-Co network on Gr/Ir(11%)caniastivatertheds
intramolecular bond potentially promoting its dissociation at
room temperature.

2.4 High pressure experiments.

The |IR-Vis SFG spectra relative to the high-pressure
investigation are presented in Figure 7, showing the 1200-1290
and 1500-1650 cm™ spectral ranges, collected in ppp
polarization. Starting from the bottom row, the graph shows the
spectrum of the pristine network in UHV, the measurements
performed in situ at 1.5 x 1073 and 1 mbar O; and the spectrum
acquired after recovering vacuum conditions. Just as in the
previous section, the spectra were modelled with two
resonances in the low-energy range and four in the high-energy
region, with globally fitted line positions and Lorentzian widths.
The resulting best fit and decomposition profiles are shown in

SFG Intensity (arb. units)

\I\ll\l\\'\l\l\l\\‘I!I\I\I‘\I\I\I\l\

1280 1520 1560 1600 1640
IR Wavenumber (cm”')

1200 1240

Fig. 7 Sum-frequency generation spectra of the pristine MnTPyP-Co
layer (from bottom to top) in UHV, in near-ambient oxygen pressure (10°
3 mbar and 1 mbar, respectively), and after recovering UHV conditions.
All spectra were collected in situ and at room temperature with a visible
laser wavelength of 532 nm in the ppp polarization combination.
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the figure. The resonant features evolve upon exposure to 1 x
1073 mbar O, and further change when the background pressure
is increased to 1 mbar.

Contrary to the low-pressure case, the pump out spectrum
is identical to the one collected at the highest pressure,
indicating no reversibility of the reaction (for a detailed,
quantitative  description refer to the Supplementary
Information section of Table S1). We associate the non-
reversible evolution with the accumulation and spillover of
atomic oxygen. This confirms the activation of ligated molecular
oxygen, leading to its splitting. Such a mechanism explains the
different spectral evolution of a pristine sample when exposed
to low or high oxygen pressure. Moreover, according to this
interpretation, the evolution observed when the pressure is
increased to 1 mbar can be justified by the further oxidation of
the layer. It is reasonable to assume therefore that at such high
pressure atomic oxygen might oxidize graphene or even
intercalate below the sheet.** The modified network-
graphene coupling within the heterostack would then affect the
MnTPyP-Co properties, explaining the second spectral
evolution step. We can prove that this is the case when looking
at the corresponding core levels data (Figure 8). When starting
from the pristine layer in UHV and measuring in situ in 1 x 1073
mbar O, four spectral contributions appear in the O 1s spectra
(Figure 8c). Two of those are found at 532.9 and 529.6 eV,
respectively. The peaks observed at these energies at low
pressure (Figure 6¢, Table S2), were associated with activated
oxygen bonded to cobalt (Co-0,%") and to atomic oxygen (Co-
0), respectively. Contrary to the low O; pressure case, upon
high O, pressure, more features can be clearly resolved at 530.8
and 532.0 eV. We ascribe them to distinct oxygen species
formed on graphene. The former is close in energy to the
feature already observed at low pressure, associated with

(a) Co 2p;;

0 UHV _
@ 1x10° mbar O, o
< Pump Out 2

(b) Mn 2p;;,

Intensity (arb. units)

enolate oxygen sitting on top of graphene.® The |atter in tyrn
could be attributed to ether groups, where: an10Xygem atogndis
embedded in the graphene lattice.*® Upon oxygen pump out,
the 0% peak is completely quenched, consistently with the
low-pressure case. The amount of oxygen accumulated on the
surface, relative to the low-pressure regime, can be roughly
estimated by comparing the total areas of the O 1s signal,
indicating that oxygen coverage is approximately 4 to 5 times
higher in the high-pressure case. Due to the absence of O 1s
features below 529 eV,%4% we assume that the amount of
atomic O intercalated between Gr and Ir(111) is negligible.
Moreover, the presence of intercalated oxygen normally causes
the growth of two Ir 4f;/, components chemically shifted by +0.3
and -0.2 eV with respect to the bulk peak at 60.8 eV,* which
we do not observe (Figure S4). The less pronounced minimum
between the bulk and surface Ir 4f;/, features is compatible with
a weakly oxidized Gr/Ir(111).#* Finally, the absence of a C 1s
peak related to intercalated oxygen and expected at 283.6 eV
(Figure S4) further confirms the picture.*® The new Co 2ps
components that emerge upon exposure to high oxygen
background pressure (Figure 8a) are challenging to interpret,
particularly when compared to their low-pressure counterparts.
The low energy peak at 779.4 eV is common to the low- and
high-pressure spectra, while the high binding energy
component is found now at 781.4 eV and the shoulder
previously observed at 783.1 eV is not visible. The new peak at
779.4 eV could be ascribed to the GS feature of Co(ll), related
to Co-O or Co-0,%" (Table S2). The discrepancy with the low-
pressure case could possibly be explained by the oxygen-
induced modified interaction between the MnTPyP-Co layer
and graphene. Our hypothesis is consistent with the almost
irreversible quenching of the Co(l) GS peak, suggesting the
suppression of a charge-transfer channel as a consequence of
the oxygen-enhanced decoupling from the support. However,

> (c)O1s

< Pump out

@ 1x10° mbar 0,

O UHV

0%.630000;)@00
s i Y@y o o-U0 @~ W

788 786 784 782 780 778

650 648 646 644 642 640

534 532 530 528

Binding Energy (eV)

Fig. 8 XPS spectra of the pristine MnTPyP-Co layer in UHV (bottom), in near-ambient oxygen pressure (central row, 10 mbar), and after recovering UHV

conditions (top row). (a) Co 2ps/; and (b) Mn 2ps/, core level regions were collected with a photon energy of 1000 eV, while for (c) the O 1s region

photons of 750 eV were chosen for optimal measurement conditions.
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this picture is extremely reductive, considering the co-presence
of Co-O and Co-0,%-, and that the spectral line positions might
also depend on the local amount of oxygen atoms spilling over
on Gr in the proximity of the active metal sites. Contrary to Co,
Mn seems to be almost unaffected by these processes (Figure
8b), despite the partial graphene oxidation. The Mn 2ps/, core
level exhibits a minor shift upon exposure to O, probably
induced by the oxidation of Co and Gr. The fit yields a non-
reversible rigid shift of —-130 meV of the Mn core level spectrum,
where the first peak is displaced from 640.90 to 640.77 eV. The
N 1s spectral evolution supports this picture (Figure S4), with all
features of the pristine layer shifting to lower binding energies
in 1 x 1073 mbar O, to the opposite side with respect to the N
1s shift upon Co coordination to the pristine monometallic
MnTPyP layer. The macrocyclic nitrogen N 1s core level shifts by
-0.3 eV, supporting the observed Mn 2ps,; shift to lower binding
energy. The pyridinic component is affected by a noticeable
variation by —-0.8 eV. Thus, both Mn 2ps/; and N 1s core level
spectra are drifting back towards the ones of a pristine MnTPyP
layer. Such results suggest a partial oxygen-induced decoupling
of Co from the molecules due to charge competition between N
and O. Accordingly, the C 1s spectra display a shift of about -0.3
eV of the carbon components related to the network upon
exposure to oxygen. Interestingly, the Gr peak is affected by a
barely resolved energy displacement of about -50 meV. We
would expect a shift towards higher binding energy, or the
appearance of new peak shoulders growing at higher binding
energy upon oxidation.** However, this behaviour is the result
of a competition between the partial Gr oxidation and the
influence of oxygen on the network-graphene interaction.
Moreover, since the coverage of the Co active sites is of the
order of 0.01 ML with respect to the graphene cell, this makes
the O spillover minimal from a large-scale point of view.

We demonstrated that some of the effects of exposing the
bi-metallic MOF to high oxygen background pressures are not
reversible. For this reason, it is possible to oxidize the layer and
perform the desired measurements also in an ex situ approach
so to exploit UHV techniques. We collected the valence band
spectra of the pristine MnTPyP-Co/Gr/Ir(111) in UHV, in 4 x 108
mbar O; and in UHV after a 30-minutes treatment in 5 x 1076
mbar O, (Figure S5). The pristine layer Energy Distribution Curve
(EDC) shows two well-separated features, at 1.1 eV and 2.0 eV,
associated to the HOMO and HOMO-1 of the MnTPyP-Co
system, respectively. In low O, pressure, the HOMO-1 is barely
affected. Instead, the HOMO shifts by +0.5 eV to 1.6 eV BE.
Thus, we could say that the HOMO is the frontier orbital
involved in the interaction and bonding of Co with oxygen,
undergoing no further modification by exposure to higher
oxygen pressure, while the HOMO-1 undergoes a minimal shift
by -0.1 eV. Accordingly, the work function increases by 0.4 eV
in low O, pressure and irreversibly shifts by 0.5 eV after
exposure to higher pressure. The HOMO shift upon O, exposure
is explained also within our DFT picture (Figure S6). The
projected density of states shows that in the pristine MnTPyP—
Co/Gr, the HOMO is mainly constituted by Mn dx, and d\2.,? and
C pxy Orbitals. Upon O, adsorption, the latter do not significantly
take part in the Mn—0; interaction. Instead, the HOMO s
shifted to lower energy due to the interaction between the Co
d and O p orbitals (Figure S7) for both the V- and H-
configurations. We notice here that the measured and the
calculated HOMO shifts agree only qualitatively. This is
reasonable since in the experiment we also observe spillover of
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atomic O following dissociation at the metal sites, yielding the
local oxidation of the graphene suppoOrto397THisROktex
phenomenon is known to induce some charge-doping of the
metalorganic layer,5° thus explaining the larger observed shift.

To confirm that the non-reversible modifications of the layer
originate from the activation of the O, intramolecular bond and
its consequent dissociation, we performed additional in situ SFG
experiments in 1 x 103 mbar CO, in 1 x 103 mbar CO + 5 x 10~
mbar O; (1.5 x 1073 mbar in total, with a partial pressures ratio
C0O:0,=2:1)and after recovering UHV (Figure S8). The aim was
to exploit the reducing capabilities of CO to attempt the
removal of the atomic oxygen species originating from the O,
decomposition, thus preventing the irreversible poisoning of
graphene due to the accumulation of atomic oxygen. Exposure
to 1073 mbar CO leads to the growth of the expected C-O
stretching resonances upon CO saturation of the Co(l) sites. The
modes at 1948 and 1969 cm™! are associated to the hot-band
and fundamental vibrational excitations, respectively, in
analogy to the CoTPyP-Co case.? Introduction of additional 5 x
10 mbar O,, beyond the reversible oxidation regime, yields
immediate quenching of the CO resonances, clearly showing
that CO is destabilized and that competition for the same Co
sites is taking place. Upon pumping out, the system shows good
reversibility, recovering to a good approximation the pristine
layer conditions and showing no evidence of oxidation. The
close-to reversible evolution supports therefore CO oxidation
and removal of atomic O yielding CO,, preventing oxygen
accumulation on the layer.

4 Conclusions

In summary, we have shown both computationally and
experimentally that the single metal atom bimetallic layer that
can be self-assembled on graphene by tetra-coordination of
MnTPyP through Co adatoms shows interesting reactivity
properties towards oxygen. In particular, while the Mn sites
offer “end on”, unstable coordination to the oxygen molecule,
the Co(l) sites can coordinate both O atoms of the di-oxygen
molecule in a horizontal bonding geometry. This is accompanied
by charge transfer, intramolecular bond lengthening and a
change in the Co oxidation state. The latter yields a triplet to
singlet spin configuration transition and, consequently, di-
oxygen activation in the form of a metastable superoxo species
that can undergo dissociation. The process is pressure-
dependent, where ligation is observed at equilibrium conditions
at room temperature, while dissociation and progressive
oxidation of the Co sites and of the underlying graphene
support occur in the near-ambient pressure regime. The
different behavior of the Mn and Co sites with respect to O;
activation originates from the difference in the orbitals involved
in the bonding hybridization process upon adsorption of the
ligand. Mn d,x and d,, interaction with the oxygen 2p, is found
negligible due to the fact that these metal orbitals are already
involved in strong covalent bonding with the four nitrogen
atoms of the macrocycle (see Figure S7 and the text in the Sl for
more details). Finally, by introducing a CO and O, gas mixture it
is found that oxidation of the layer could be preserved via
titration of the oxygen atoms generated by O, dissociation,
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yielding de facto a room temperature CO oxidation process
viable.

5 Methods

5.1 Computational Methods.

Periodic spin-polarized density functional theory (DFT)
calculations were carried out using the Quantum ESPRESSO
package and a plane wave basis set.’*2 The interaction
between ions and valence electrons was accounted for using
Vanderbilt’s ultrasoft pseudopotentials.5® Exchange-correlation
effects were treated by using the Perdew-Burke-Ernzerhof
(PBE) functional.>* As semi-local functionals like PBE are
insufficient to describe correlated Co 3d and Mn 3d electrons,
Hubbard-type corrections (DFT+U) were incorporated.>® The U
values for both Mn and Co 3d were calculated using the self-
consistent approach,® providing 3.2 and 6.1 eV for Mn and Co
3d electrons, respectively. Weak dispersive interactions were
included by the non-local van der Waals dispersion corrections
(DFT-DF3).57 A kinetic energy cut-off of 60 Ry was used for plane
waves (240 Ry for charge density). A Gaussian smearing with a
0.01 Ry width was used for Brillouin zone integration. The
energy threshold for self-consistent minimization was set to 10
6 Ry, while the position relaxation was performed until the
forces converged to 0.01 Ry/Bohr. The Brillouin zone sampling
was performed using lN-centred k-pointson 2 x4 x1and 5 x 10
x 1 grids, for relaxation and total energy -calculation,
respectively.

To compare experimental and DFT results, we considered
two structural models, one for monometallic MnTPyP and one
for bimetallic MnTPyP-Co with Min occupying the core and Co at
the peripheral sites, combined with a Gr layer. These two
models are named MnTPyP/Gr and MnTPyP-Co/Gr hereafter.
For MnTPyP/Gr, an oblique cell with lattice parameters a; =
30.97 A, by = 14.84 A and a; = 63.8° was relaxed over an oblique
Gr cell containing 78 hexagonal units, while MnTPyP-Co/Gr was
described using a lattice with dimensions a, = 28.36 A, b, =20.23
A and a; = 44.9° and 70 hexagonal units of graphene (Figure
la,b). The spurious interaction along the z-direction was
minimized by adopting a cell height of ~ 20 A, ensuring a
vacuum of ~ 15 A between the periodic images. The whole
approach is fully consistent with our recent paper on the
pristine system.26 The adsorption energy Eads of a single oxygen
molecule was defined as

Eqas = Em/Grvo, — (EM/Gr + Eoz)

where Ey/Grv0,, Em/cr and Eg,are the DFT total energies of
the combined system of 02 adsorbed on the
monometallic/bimetallic surface over Gr, of the pristine
surfaces interacting with Gr and of the free 02 molecule,
respectively. The total energy of the 02 molecule was
determined using a cubic simulation cell with a=b =c =15 A.
Reaction pathways and barriers were computed using the
nudged elastic band (NEB) method. Electron density differences
An(r) were calculated by subtracting the individual charge

10 | J. Name., 2012, 00, 1-3

densities of the adsorbates ng,(r) and the pristine. layers
Ny /6r (1) from the combined system 1,D)g}19,10F)(DSNRO4824A

An(r) = nw/grio, — (Mm/er (1) + 1o, (1)
Positions were kept fixed with respect to ny/¢r+0,. The Bader
charge analysis was performed to get a quantitative value of the
charge density redistribution using the approach proposed in
J%F ED4(E)dE
JCFDa(E)dE’
where D4(E) is the density of state projected on the d-states of the
transition metal and Ef is the Fermi energy of the system.

Ref.58, The d-band centres were evaluated as €4 =

5.2 Experimental Methods.

Sample preparation. The Ir(111) surface was cleaned by
repeated cycles of Ar+ sputtering and annealing (2 keV, 1275-
1375 K), alternated with exposure to 5 x 10 mbar O, at 300-
1070 K to get rid of residual carbon contaminants. The single
Gr/Ir(111) sheet was grown by C,H4 chemical vapor deposition
(CVvD) following established recipes adapted to the
characteristics of each used setup: briefly, the clean sample was
heated (T > 1275 K) and exposed to a C;H4 background (5 x 108
mbar) for 2 minutes. The gas pressure was then increased (up
to 3 x 107 mbar), and finally the temperature was lowered while
recovering ultra-high vacuum (UHV) conditions. Depending on
the specific experimental setup, the quality of the Gr sheet was
checked with LEED, XPS, or IR-Vis SFG. Mn(lll) meso-tetra (4-
pyridyl) porphyrin chloride molecules were purchased from
Frontier Scientific. The molecules were outgassed at 470-525 K
for several hours in a quartz or BN crucible in UHV to remove
gas contaminants and organic residues. The Cl atom ligated to
the central metal stabilizes the complex as Mn(lll), and is
thermally detached from the porphyrins when they are heated,
resulting in a reduction of the metal centre to Mn(ll).26:59-63
Absence of Cl in the deposited layer was verified by XPS and
STM.2¢ The sublimation temperature was varied in the 650-680
K range according to the setup and the crucible-sample
distance, achieving deposition rates of approximately 0.06
ML/min, in order to grow a full monolayer (ML) in about 15-20
minutes. The sample was kept at 473 K during the growth to
promote ordering without affecting stability. The maximum
achieved molecular surface coverage was kept below 1 ML to
avoid kinetic hindrance in the reordering process upon Co post-
coordination as well as the formation of a second layer. The bi-
metallic heterostructure was obtained by physical vapor
deposition (PVD) of Co atoms on the MnTPyP/Gr/Ir(111) layer,
formed at the previous synthesis step. Deposition of Co was
performed by resistively heating a Co wire (99.995% purity, 250
um diameter) at the SFG Laboratory and HIPPIE beamline, and
via electron bombardment of a Co rod at the AG Cinchetti
Laboratory. In this manuscript, the Co coverage will be
expressed referring to a porphyrin monolayer (ML), so that 1 ML
Co corresponds to one Co adatom for each molecule in 1 ML
MnTPyP, in analogy with our previous work on the CoTPyP-Co
system.2! In general, Co was dosed to achieve a Co to MnTPyP
ratio lower than 1, to avoid formation of Co clusters due to
excess Co.2! The evaporation rates and the actual Co coverage
were calibrated either by Auger electron spectroscopy (AES) or
XPS, depending on the available method.
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Sum-Frequency Generation spectroscopy. Infrared-Visible
Sum-Frequency Generation (IR-Vis SFG)%5%5  vibronic
spectroscopy measurements were performed in a dedicated
setup at the Department of Physics of the University of Trieste,
best described elsewhere.5¢ Briefly, a UHV system with a base
pressure of 5 x 107! mbar hosts standard surface science
preparation and characterization techniques and is directly
coupled with a high-pressure cell for in situ IR-Vis SFG
spectroscopy. The laser beams enter and exit the cell through
UHV-compatible BaF2 windows. The excitation source (Ekspla,
1064 nm, 30 ps, 50 Hz) delivers a 532 nm (2.33 eV) visible beam,
and tunable IR radiation in the 1000-4500 cm~! range. The raw
SFG spectra were normalized to the impinging infrared and
visible excitation intensities, and to a reference signal from
clean Au to account for the energy-dependent IR intensity and
the time-dependent intensity fluctuations of the sources. The
normalized SFG spectra were then analyzed by least-squares
fitting to the widely adopted parametric, effective expression of
the nonlinear second-order susceptibility.* Further details and
examples can be found in our previous works.245%66 |n summary,
by modeling the observed lineshapes, accounting for the
resonant IR-Vis vibronic transitions and for the non-resonant
background, we describe all the interference terms associated
with the relative phases, and consider the Lorentzian
broadening typical of a stimulated spectroscopic transition and
related to the dephasing rate, which in turn stems from the
excited-state lifetime and the elastic dephasing of the vibronic
state.®” In the figures, we plot the normalized IR-Vis SFG signal
intensity (markers), together with the best fit (lines) and the
resonances, each with its interference with the non-resonant
background (color-filled profiles). The latter are calculated with
the parameters obtained from the fitting procedure following
the literature, choosing one of the possible multiplet solutions
associated with the non-unicity of the parameter sets.®® In the
present study, spectra were collected in both ppp and ssp (sfg-
vis-ir) light polarization combinations.

Ambient-Pressure X-Ray Photoelectron spectroscopy. In situ
and operando AP-XPS measurements at the surface-gas
interface were performed at the HIPPIE beamline of the MAX IV
synchrotron radiation facility in Lund.%® A slow raster-scan of 0.5
um/s was set up to prevent beam-induced degradation of the
sample during the measurements. Mn and Co 2ps/, core level
spectra were acquired upon excitation with 1000 eV photons, O
1s with 750 eV, N 1s with 514 eV, C 1s and Ir 4f7,> with 400 eV
photons, respectively, in order to optimize photoionization
cross section and surface sensitivity. The binding energy scale
was calibrated with respect to the bulk Ir 4f7/, core level signal
(60.87 eV) as a reference,” or with respect to the Fermi level.
The XPS spectra were best fitted by least squares fitting
methods according to the Doniach-Sunji¢ or Voigt lineshapes,
depending on the core level metallicity, after subtraction of a
linear background or a polynomial function previously
optimized on the clean sample reference background.

Valence band and work function spectroscopy. Ultra-violet
Photoelectron Spectroscopy (UPS) data were acquired at room
temperature using a KREIOS Photoemission Electron
Microscope (PEEM - Specs GmbH).”2 The measurements were
performed using a monochromatized UV Helium lamp with the
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characteristic emission line at 21.2 eV. Beam damage, effects
were observed only after prolonged exposure,10f e ovaer of
an hour, and then the sample was moved stepwise to measure
on a fresh spot. The spectra were aligned by correcting the
binding energy (BE) with the Fermi level, normalized and then
the bare Gr/Ir(111) valence band (VB) spectrum was subtracted
to remove the substrate contribution and have a clearer view of
the molecular-related VB features. By measuring the secondary
electron onset kinetic energy Eonset it is possible to extract the
work function value according to ¢ = hv - (Eg-Eonset), Where Eg is
the Fermi edge position (the same used to calibrate the energy
scale) and hv = 21.2 eV. The bias applied between sample and
analyzer (10 kV) ensures collection of the whole photoelectron
kinetic energy region of interest (+ 2 A1),

Scanning Tunnelling Microscopy. The STM measurements
were performed at the Microscopy labs of MAX IV Laboratory
with a commercial VT UHV XA STM from Scienta-Omicron,
GmbH, with electrochemically etched W tips purchased from
Scienta-Omicron, GmbH. Imaging was performed at a sample
temperature of ~ 110 K due to the otherwise high mobility of
the molecules. The sign of the bias refers to the bias of the
sample with respect to the tip.
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