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ABSTRACT: The widely investigated oxygen reduction reaction (ORR) is well-known to
proceed via two competing routes, involving two or four electrons, and yielding different
reaction products, respectively. Both pathways are believed to share a common, elusive
intermediate, namely, the hydroperoxyl radical. By exploiting a cobalt single-atom
biomimetic model catalyst, based on a self-assembled monolayer of Co-porphyrins
grown on an almost free-standing graphene sheet, we identify, in situ at room temperature
in O2+H2O atmosphere, a hydroperoxyl-water cluster that is stabilized at the Co single-
metal atom catalytic site. We show that the interplay between charge transfer, dipole and H-
bonding, and water solvation behavior actually determines the hydroperoxyl-water complex
stability, the Co-OOH bonding geometry, and, prospectively, opens to the engineered
control of the selectivity of ORR pathways.
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1. INTRODUCTION
The O2 reduction reaction (ORR) can follow two different and
competing pathways: direct reduction to OH groups via the
4e− mechanism (O2 + 2H2O + 4e− → 4OH−)), or indirect
reduction through hydrogen peroxide (O2 + H2O + 2e− →
HO2

− + OH−; HO2
− + H2O + 2e− → 3OH−; 2HO2

− → O2 +
2OH−) according to the 2e− pathway.1 ORR is of paramount
importance in biology as well as in (photo-)(electro-)catalysis.
In the latter case, the process, together with its oxidative
counterpart, that is, the oxygen evolution reaction (OER), is
becoming increasingly strategic in several technological
contexts. These include the perspective of designing efficient
bifunctional electrodes for a novel generation of metal-air
secondary batteries,2,3 in particular with Zn anodes and
aqueous electrolytes, either of the traditional alkaline type4

or innovative neutral ones,5,6 as well as recently proposed
solid-state ionic conductors.7 These devices are highly
prospective for tomorrow’s green energy scenarios and enable
the bypass of many issues associated with state-of-the-art Li-
ion based technologies, chiefly the following: volumetric
energy density,8 sustainability,9 environmental friendliness,10

recyclability,11 safety,12 and durability.13 Vast literature is
already available, carefully investigating, dissecting, and
reviewing the ORR mechanism in different environments
and phases, and on several catalytic materials (metals, oxides,
metallorganic synthetic materials, heme proteins, enzymes....).
Since its first observation,14 the hydroperoxyl molecule (O2H)
has gained the widely accepted role of the fundamental
reaction intermediate, being involved in the very initial steps of

the reaction of O2 with water.15 The O2H radical actually
steers the process along a preferential path between the
competing 4e− and 2e− alternative routes, yielding dramatic
differences in the reaction kinetics and final products.6 It
represents the key to a thorough, deep insight into the details
of the ORR mechanism and its control. Many theoretical/
computational papers describe the stability of this molecule, its
bonding geometry to catalytically active metal sites, and the
energetics of the fundamental ORR reaction steps.16−18 The
influence of solvation is tackled in detail at the fundamental
level but only in the gas phase, shedding light onto the stability
and properties of H2O−O2H clusters19−22 and the reactivity of
singlet dioxygen species.23 Despite all these efforts, the O2H
intermediate has shown an elusive behavior up to now, and
thus, both its stability and its effective, actual role in steering
the ORR reaction pathway are liable to be questioned.
Pioneering in situ spectroscopic evidence of the formation of
O2H and its role in the ORR was obtained very recently on
model single-crystal Pt terminations, leaving however an open
point about the possible role of “solution species”.24,25 Indeed,
while the adsorbed reaction intermediates were successfully
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characterized, the second interaction sphere with the solvent
could not be experimentally addressed.
We show here how the formation of hydroperoxyl is

associated with its stabilization by a surprising combination of
charge transfer, dipole, and chemical H-bonding with
physisorbed water. We work at room temperature and exploit
a single-atom catalyst (SAC) at near-ambient pressure (NAP)
conditions within the framework of a biomimetic approach.
From a surface catalysis point of view, the latter is generally
based on macrocycles containing transition metals, or on 2D
materials with metal−nitrogen-carbon bonds, showing very
promising results,26,26−30 obtained by mimicking at surfaces
many typical features of enzymatic active sites,31 including
trans-effects,32−34 local coordination environment, and secon-
dary porphyrin structure.35 Specifically, atomic-site electro-
catalysts may allow selectivity tuning toward the 2e− or 4e−

pathway. In fact, this is essentially determined by the O−O
heterolytic scission barrier in any of the reaction intermedi-
ates36 and, ultimately, by the geometric and electronic
configuration of the hydroperoxyl species,15,37 whose for-
mation follows a Pauling-type O2 preadsorption and activation
to a superoxide species (O2

−) at the catalytic sites.17,34,38,39

Recent fundamental advances have allowed the investigation of
biomimetic tetrapyrrole-based 2D materials beyond UHV
surface science conditions, up to the solid−gas and solid−
liquid interfaces.33,34,38,40−43 Here, we report the spectroscopic
evidence obtained at room temperature of a stable O2H-H2O/
Co complex at the solid−gas interface, at the limit of water
condensation conditions. The system is characterized in situ at
NAP by combining infrared-visible sum-frequency generation
(IR-Vis SFG), pump−probe IR-Vis SFG, and ambient-pressure
high-energy-resolution synchrotron radiation X-ray photo-
electron (AP-XPS) spectroscopies. Complementary informa-
tion is obtained in ultrahigh vacuum (UHV) by means of
scanning tunneling microscopy (STM), IR-Vis SFG, and XPS,
while fundamental insight is obtained by means of ab initio
calculations performed within the framework of density
functional theory (DFT).

2. EXPERIMENTAL AND THEORETICAL METHODS
2.1. Sample Preparation. The Ir(111) surface was

cleaned by standard cycles of Ar+ sputtering and annealing
@1300−1350 K, alternated with treatments in oxygen
background in the 330−1070 K temperature range. Before
growing graphene, the sample was finally annealed to 1300−
1350 K in UHV. Graphene was grown by thermal cracking of
ethylene dosed from the background in vacuo, following
established recipes.44 In detail, after saturation with ethylene at
room temperature, the crystal was annealed to 1100 K. At 1100
K, an ethylene background was introduced, and the temper-
ature was further increased up to 1300 K. A temperature cycle
(1300−500−1300 K) followed, always in ethylene back-
ground. The complete GR growth treatment lasted about 40
min. The quality of graphene was checked by monitoring the
corresponding LEED pattern. 5,10,15,20-tetra(4-pyridyl)-
21H,23H-porphyrin Co(III) chloride (CoTPyP) porphyrins
were purchased from Frontier Scientific. The molecular source
was a heated boron nitride crucible (570 K). The deposition
flux (0.15 ML/min at the sample surface) was monitored by
means of a quartz microbalance. Long outgassing of the
molecules in UHV was necessary to get rid of the residual
organic contaminants. The CoTPyP deposition on graphene/
Ir(111) was performed with the sample kept at 500 K in a

residual background pressure of 5 × 10−10 mbar. The chloride
ligand in the CoTPyP detaches from the molecule in the
evaporation process.45,46 Cobalt was chosen in this pilot study
because of its known good activity in the form of single-atom
catalyst with respect to the ORR.45

2.2. IR-Vis Sum Frequency Generation. IR-Vis sum
frequency generation vibronic spectroscopy is a nonlinear
optical technique.47,48 The measurements were performed in a
dedicated setup at the Department of Physics of the University
of Trieste.49 A UHV system with a base pressure of 5 × 10−11

mbar hosting standard surface science preparation and
characterization techniques is directly coupled with a high-
pressure cell for in situ IR-Vis SFG spectroscopy. The reactor is
equipped with a gas system to handle the reactants’ pressure in
the 10−9−10+2 mbar range. The inlet and outlet of the laser
beams are provided by UHV- compatible BaF2 windows. The
Ir(111) disc was mounted on Ta wires, also used for resistive
heating. The excitation source (Ekspla, 1064 nm, 30 ps, 50 Hz)
delivers a 532 nm (2.33 eV) second harmonic visible beam and
IR radiation, tunable in the 1000−4500 cm−1 range, obtained
thanks to harmonic and parametric generation. The raw
spectra are normalized to the impinging IR and Vis excitation
intensities and then to a reference spectrum of clean Al or
GaAs to take into account the roto-vibrational absorption
features due to H2O and CO2, depending on the energy range,
along the optical path of the IR beam in air before entering the
cell. The normalized SFG spectra were then analyzed by least-
squares fitting to a parametric, effective expression of the
nonlinear second-order susceptibility.47,50,51 The expression 1
well reproduces the observed lineshapes, accounting for the
resonant IR-Vis vibronic transitions and the nonresonant
background and describing all the interference terms:
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ANRes and Ak account for the amplitudes of the nonresonant
and kth-resonant contributions, respectively. Δφk is the phase
difference between the kth-resonant and nonresonant signals.
ωk is the energy position of the line and Γk its Lorentzian
broadening, related to the dephasing rate, which in turn stems
from the energy lifetime and the elastic dephasing of the
excited vibronic state.52 In the main text, we plot the
normalized IR−Vis SFG signal intensity (dots), together
with the best fit (lines) and the deconvolution of each
resonance with its interference with the nonresonant back-
ground (color-filled profiles). The latter are calculated with the
parameters obtained from the fitting procedure following:
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These plots interestingly put in direct evidence the
amplitude and the relative phase for each of the resonances.
Further details and examples can be found in our previous
work.42,43,50 In the present study, all spectra were collected in
the ppp polarization configuration (SFG-visible-infrared),
unless otherwise specified.

2.3. Ambient Pressure X-ray Photoelectron Spectros-
copy. Near-ambient pressure X-ray photoelectron spectrosco-
py (AP-XPS) experiments were performed at the HIPPIE
beamline of the MAX IV synchrotron radiation facility in Lund
(S), allowing in situ and operando measurements in gaseous
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atmosphere.53 C, N, and O 1s, and Co 2p3/2 core levels were
measured to check sample preparation and contamination in
UHV, as well as in the in situ experiments. Photon energies of
400, 514, 660, and 910 eV were chosen, respectively, in order
to optimize photoionization cross section, surface sensitivity,
and, thus, the signal-to-noise ratio. The CoTPyP/GR/Ir(111)
system was exposed to O2 (5 × 10−3 mbar), H2O (5 × 10−2

mbar), and O2+H2O (5 × 10−3 + 5 × 10−2 mbar, respectively)
at room temperature. The binding energy scale was calibrated
with respect to the Ir 4f7/2 core level (60.87 eV) as a
reference.54 The NAP-XPS Spectra were best fitted by least-
squares fitting methods according to the Doniach-Šunjic ́ or
Voigt lineshapes,55 depending on the core level, after
subtraction of a linear background.
2.4. Density Functional Theory Calculations. Model

Systems. We described the CoTPyP molecule on GR using a
periodically repeated simulation supercell with 6 × 8 GR unit
cells, with negligible interactions with adjacent images. This
choice was justified by the focus of the present work, which is
the interaction between the O2H-H2O complex and the
CoTPyP molecule rather than a precise description of the

molecular layer. Because of the small interaction between GR
and the Ir(111) substrate, the latter was neglected in order to
minimize the computational effort. However, the CoTPyP−
GR interaction could not be ignored, yielding an adsorption
energy of 1.95 eV/molecule and determining the CoTPyP
geometric and electronic structures.

Technicalities. All DFT calculations were performed using
the open source Quantum ESPRESSO package,56−58 based on
plane waves and pseudopotentials approach. The exchange
correlation energy was described by the Perdew−Burke−
Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA) method. Vanderbilt ultrasoft pseudo-
potentials were employed except for the Co atom, for which a
Rappe−Rabe−Kaxiras−Joannopoulos ultrasoft pseudopoten-
tial was used, instead.59 For an efficient treatment of the Co 3d
states we used the Hubbard-U correction60 with an U
parameter of 3.5 eV in order to recover the 5.5 eV distance
between occupied and unoccupied 3dz2 levels, as suggested in
the literature.61 van der Waals interactions were included
through the Grimme DFT-D3 approach.62 A plane-wave basis
set with energy cutoff of 60 Ry was used for the wave

Figure 1. Spectroscopic and geometric characterization of the hydroperoxyl-water complex. (a) IR-Vis SFG spectra of the pristine CoTPyP/GR
layer in UHV (bottom) and in 10−3 mbar O2 + 10−1 mbar H2O at room temperature (top); experimental data (markers) are reported together with
the best fit (continuous lines) and deconvolution envelopes (filled profiles).50 (b) NAP-XPS spectra of the Co 2p3/2 (left, hν = 910 eV) and O 1s
(right, hν = 660 eV) core levels corresponding to the same conditions as in (A); red vertical lines indicate the binding energies obtained for the
optimized O2H-H2O complex on CoTPyP/GR from ab initio DFT calculations for different O 1s core levels, as labeled in (e): 1 − physisorbed/
wetting water, 2 − OOH, 3 − OOH, 4 − gas phase water. (c) Top view of the DFT optimized model of the O2H-H2O/Co/TPyP/GR system.
(d,e) Side views of the same system with an additional water molecule in the gas phase from two different points of view, to show the order-2
rotational symmetry of the CoTPyP, with a saddle shape macrocycle and peripheral pyridyl groups alternatively rotated by +39° and −39° with
respect to GR.
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functions, together with a 240 Ry cutoff for the charge density.
Because of the metallic behavior of the system, a Methfessel−
Paxton scheme63 was used for the occupation of the electronic
states, with a smearing of 0.01 Ry. Brillouin zone integration
was performed with a Monkhorst−Pack 4 × 4 × 4 k-point
sampling grid for self-consistent field (SCF) calculations and
on a 8 × 8 × 8 grid for NSCF (nonself-consistent field)
calculations. Optimized structures were obtained using the
Broyden, Fletcher, Goldfarb, and Shanno algorithm with
energy and force convergence threshold of 1.0 × 10−6 Ry
and 1.0 × 10−3 a.u. respectively. After full optimization of the
CoTPyP/GR system, which leads to an almost flat GR layer,
the optimization of the structures with adsorbed O2H and,
subsequently, H2O, was made keeping GR fixed. Oxygen core
level shifts were obtained from total energy differences
between SCF calculations, in which one O atom at a time
was described by a pseudopotential taking into account a full
core hole in 1s state, using the final state approximation.64 In
order to investigate the bonding nature of the O2H−H2O/Co
system, we used different postprocessing tools. All the plots
showing electron density rearrangement due to adsorption of
component B on component A were calculated as the
difference in electron density distribution between the full
system (A+B) and the individual, separated components in the
positions assumed in the total system:

n n n nr r r( ) ( ) ( )( )A B BAΔ − − ++

In order to identify the character and the strength of the
interaction, the reduced density gradient (RDG) (

s r( )
n

r1 n( )
2(3 )2 1/3 4/3=

π
|∇ | ) was calculated together with the electron

density multiplied by the sign of the second Hessian
eigenvalue, following.65 Indeed, while low values of s(r)
identify noncovalent bonding regions at constant electron
density, the second Hessian eigenvalue λ2 is known to
distinguish between regions of bonding (λ2 < 0) and steric
repulsion (λ2 > 0). Along with its sign, the magnitude of the
interaction is estimated from the values of the density itself;
therefore, we use sgn(λ2)n(r) as a color scale in RDG plots.
Spatially resolved energy-integrated local density of states
(ILDOS) was calculated in order to visualize charge density in
bonding regions. Interesting energy regions to calculate
ILDOS were identified by comparing the projected density
of states (PDOS) of a bonding configuration with respect to
the PDOS of the individual, separated constituents. Oxidation
states for the Co metal center were determined according to
the literature,66 counting the number of valence electrons to be
assigned to the atom as the number of its fully occupied 3d-
orbitals (i.e., Löwding population of the orbital = 1).

3. RESULTS AND DISCUSSION
O2 and H2O are dosed at room temperature on an ordered
monolayer of cobalt tetrapyridyl-porphyrins (CoTPyP)
deposited and self-assembled on an almost free-standing
graphene (GR) single sheet of excellent crystalline quality
(grown in situ on the Ir(111) single crystal termination67 and
checked with LEED). The pristine CoTPyP monolayer
displays an almost rhombic unit cell, yielding a super-Moire ́
coincidence pattern with the underlying GR/Ir(111) support
(Figure S1). The local geometry of the self-assembled layer is
more distorted with respect to the almost square cell
previously observed for similar porphyrins and phthalocyanines
on GR/Ir(111)43,68 and on Au(111).69−71 The corresponding

IR-Vis SFG spectrum is characterized in the 1500−1750 cm−1

range by the presence of four main vibronic resonances (Figure
1a, bottom panel; Table S1), ascribed to the νC−C modes at
1535 and 1567 cm−1 and to the δpyr mode at 1595 cm−1 of the
porphyrins,72−74 together with the GR/Ir(111) G phonon that
shifts from 1608 to 1639 cm−1 after the CoTPyP
deposition.42,43 Exposure of the 2D system at room temper-
ature to pO2

= 10−3 mbar or to pH2O = 10−1 mbar yields neither
substantial vibrational (IR-Vis SFG), nor electronic (AP-XPS)
spectroscopic modifications with respect to the pristine layer
(Figures S1−S2). The graphene sheet is known to be
unreactive under these mild conditions, completely passivating
the underlying Ir termination.42 Instead, exposure of the
surface to the mixture of the two gases (Figure 1a, top panel)
yields dramatic changes, with rates depending on the order in
which the reactants are introduced (Figure S2). While only
slight energy shifts and phase changes of the resonances
associated with the CoTPyP/GR layer are detected, the growth
of a new, very intense resonance at 1710 cm−1 is observed both
in ppp and ssp polarization combinations (Figure S3a). The
feature can be attributed to the δOOH mode of O2H in a
metastable O2H-H2O complex, in remarkable agreement with
previous predictive calculations about the dynamical behavior
of hydroperoxyl radical water clusters, including the enhanced
spectroscopic cross section.20,21 We find that the complex
reacts/dissolves already after mild heating (Figure S3b) above
room temperature, coherently with an enhancement of the
surface reaction rate toward a mass-transport-limited con-
dition. Exposure of the CoTPyP monolayer to the oxygen/
water mixture is also associated with the growth of O 1s core
level components (Figure 1b, right) in the AP-XPS spectra. We
can distinguish the contribution from water at 535.4 eV75 plus
two features at 533.4 and 531.8 eV, respectively. Ab initio DFT
calculations of the O2H-H2O/CoTPyP/GR system (Figure
1c−e) yield an optimized structure in which a water molecule
participates in the formation of a stable complex with the
hydroperoxyl radical. The computed O 1s core level binding
energies for the different O species (from 1 to 4) are in
remarkable agreement with the spectroscopic line positions
(vertical, red lines in Figure 1b, right), thus allowing their
straightforward interpretation and confirming the vibrational
assignment. Specifically, we attribute the peak at 535.4 eV to
both gas phase (4) and physisorbed/wetting (1) water. The
peaks at 533.4 (531.8) eV are assigned to the OOH (OOH)
ligand at the Co site (numbers 2 and 3, respectively, in Figure
1e). Accordingly, the two latter peaks are observed to grow in
parallel and with almost equal intensity as a function of the
background gases pressure. A broad, almost Gaussian
contribution progressively develops at 532.4 eV upon aging
(hours of exposure) of the sample, associated with OH, OH-
OH, O-H2O, C-O poisoning at defective sites, and GR
oxidation,75−77 indicating its slow degradation. The Co 2p3/2
core level line shape is strongly influenced by the reaction
(Figure 1b, left), displaying a strong remodulation of the
multiplet splitting structure with respect to the pristine sample,
showing an intensity decrease of the components at 784.3,
782.1, and 780.1 eV and the growth of new peaks at 781.9,
780.3, and 779.6 eV. In a very recent report on Co-based
metalorganic frameworks,78 the latter component was
associated with CoOOH species. The lowest binding energy
feature that is evident at 778.2 eV on the “as grown” sample is
due to the Gunnarsson and Schonhammer transfer of the
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screening charge.79,80 The observed quenching of the latter
peak upon exposure to the water/oxygen mixture witnesses
binding of the ligands to the Co metal site,81 possibly
associated with a change of the metal oxidation state.77,82 From
the O 1s and Co 2p3/2 core level intensities reported in Figure
1b the complex surface coverage can be estimated. Specifically,
in the case of the adopted experimental conditions, the
majority of the single-atom Co sites host the water and
hydroperoxyl ligands. Because of the size of the porphyrins,
however, this yields a surface coverage of only a few percent of
a monolayer with respect to the underlying metal termination,
representing an exceptional experimental challenge in terms of
sensitivity and signal-to-noise ratio. To investigate the role of
the O2H−H2O interaction, we implemented a pump−probe
IR-Vis SFG approach, measuring the SFG response as a
function of the IR-to-Vis pulse delay (Figure 2a−d). When the
system is pre-excited with the IR pulse, we observe that the
vibronic energy of the δOOH resonance is transferred to the
water roto-vibrational modes83 on a 10 ps time-scale (Figure
2e, Figure S4). This indicates strong coupling between the
hydroperoxyl species and coadsorbed water. The latter
phenomenon is known to participate in the stabilization of
the complex, in analogy to what is theoretically pre-
dicted19−23,84 and observed by 2D-IR spectroscopy, regarding
hydration shell reorganization and H-bonding exchange.85

Similarly, the hydrogen bond strengthening, followed by
relaxation and thermalization, mediating the energy transfer

process, was observed in liquid water.86 While it was found that
the former process occurs on a 0.1−1 ps time scale, vibrational
energy is then efficiently funneled through the H-bonding
network into all degrees of freedom in water on a several-ps
time scale, in agreement with our observations. This leads to
an increased local temperature, as water vibrations are known
to have strongly mixed intra- and intermolecular character.86,87

Similar mechanisms take place also in heme enzymatic reaction
centers. In Hb/Mb, an imidazole group of the protein histidine
residue provides a stabilizing H-bonded network for the Fe-
peroxo intermediate88 so that, by artificially engineering the H-
bonding structure of Mb, the protein can be modified to
promote O2 reduction to water via the 4e− mechanism.89 In
synthesized Fe porphyrin complexes, the H bonding network is
exploited to promote protonation to specifically form the
hydroperoxide intermediate complex.90,91 In the case of the
system discussed here, we find that water directly participates
in the stable O2H-H2O complex with concurrent bonding and
energy transfer mechanisms, while O2H binds directly to the
Co center. The picture is consolidated by our ab initio
simulations, yielding a high complex-CoTPyP binding energy
of 6.12 eV for the more stable configuration with the terminal
O(3) atom of hydroperoxyl bound to the metal center (Co-
OOH, Figure 3a, bottom panel), in line with calculations on a
similar model system.18 Most interestingly, upon bonding,
three phenomena take place in parallel, contributing to the
stabilization of the whole system: (i) 0.15 e− are transferred

Figure 2. Energy coupling and stabilization of the ligated hydroperoxyl-water cluster. (a) IR-Vis SFG spectra of the evolution of the δOOH mode
line shape at 1710 cm−1 as a function of the Vis-to-IR delay; the spectra were normalized by the overlap integral of the IR and Vis pulses and are
reported together with the best fit (continuous lines) and deconvolution envelopes (filled profiles);50 in the top part, IR roto-vibrational spectrum
of gas phase water simulated with SpectraPlot.83 (b) Sketch of the delayed IR and Vis pulsed used to generate the time-resolved SF signal. (c,d)
Best structural model of the O2H-H2O/CoTPyP/GR system as obtained from DFT calculations (as in Figure 1c−e), evidencing the contribution
of the different moieties to the spectral evolution reported in (a) and (b); GR is only sketched for better clarity. (e) Normalized IR-Vis SFG
amplitude of the OOH and water modes obtained from the fit as a function of the IR-to-Vis delay (see SI for further details).
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from the CoTPyP inner macrocycle to both O atoms of O2H
(Figure S5) through the Co 3dz2 atomic orbital hybridization
with the ligand’s orbitals (Figure 3d,e); (ii) O2H and H2O
form a strong hydrogen-mediated bond within the complex,
with charge accumulation in the bond (Figure 3d,f); (iii) long-
range van der Waals forces, associated with charge
redistribution and dipole formation, develop extensively
among the water molecule, hydroperoxyl, and adjacent pyrrolic
and pyridinic moieties of the CoTPyP (Figure 3f).
Interestingly, also hydroperoxyl alone would be strongly

bonded to the Co metal center (by 5.40 eV) (Figure 3a,b,
central panels), inducing a change of oxidation state in the Co
atom, from +2 of the pristine CoTPyP on graphene to +3.
However, water addition induces a charge redistribution also in
the Co-OOH bond (Figure 3b, bottom left panel), restoring
the oxidation state of the Co atom to a + 2 value. The
simultaneous adsorption of O2H and H2O on the Co atom,
with the water molecule interacting also with adjacent moieties
of the tetrapyrrole, stabilizes the complex itself, whose binding
energy increases by 0.22 eV with respect to the gas-phase

Figure 3. Ab initio insight on the bonding nature of the O2H-H2O/Co system. (a) From top to bottom, optimized models for CoTPyP/GR, O2H/
CoTPyP/GR, O2H-H2O/CoTPyP/GR, showing that CoTPyP is globally unaffected by the adsorption of O2H and H2O, apart from a small lifting
of the Co atom by 0.16 Å. (b) Bonding-induced rearrangement of the electron density distribution in the O2H-H2O/CoTPyP/GR system, with
respect to the individual constituents. Isosurfaces upon adsorption of: (left) first O2H and then H2O; (right) the whole O2H-H2O complex (red/
blue for electron gain/loss, isovalues: ±0.001 au). (c) Optimized configuration of the complex in gas phase, and electron charge redistribution upon
complex formation−isosurfaces as in (B). (d, e) Spatially resolved Local Density of States integrated in two relevant energy ranges (Figure S6)
(surfaces isovalue: 0.005 au). In (D) the charge accumulation in the O2H−H2O bonding region is visible, and in both (D) and (E) the
hybridization of the Co 3dz2 and 2p orbitals of the terminal O atom of O2H (O(3) in Figure 1E). (f) Visualization of noncovalent interactions by
means of an isosurface of the Reduced Energy Gradient (RDG): the blue color of the isosurface between O2H and H2O indicates a region with
rather strong noncovalent bonding, and the green color of the isosurface between H2O and the pyrrolic and pyridinic moieties of the CoTPyP
indicates a region with moderate noncovalent bonding (RDG value: 0.6 au, with color depending of the local value of the electron density; see
Supporting Information for details).
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configuration (Figure 3c). A second adsorption geometry for
hydroperoxyl, in which binding to Co occurs via the central
O(2) atom (Co-OHO), is less favorable by only 160 meV,
implying that both configurations (Co-OOH and Co-OHO)
could be populated in principle, depending on the temperature
and on the local surrounding environment.

4. CONCLUSIONS
By means of a combination of in situ measurements and
theoretical methods, we have shown that a cobalt single-atom
biomimetic model catalyst, based on a self-assembled
monolayer of Co-porphyrins grown on an almost free-standing
graphene sheet, stabilizes a hydroperoxyl-water cluster at room
temperature in O2+H2O atmosphere. The interplay between
charge transfer, dipole and H-bonding, and water solvation is
found to determine ultimately the stability and bonding
geometries, unveiling the core step of the ORR. This teases the
mind toward a picture in which selectivity for 2e− vs 4e− ORR
could be driven by the configuration of the hydroperoxyl
ligand at the catalysts’ active site, ultimately defined by the
unraveled interplay between charge transfer, chemical, dipole,
and H-bonding (solvation) phenomena,22 thus paving the way
toward novel approaches to the reaction control.
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