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1 Assessment of Theoretical Methods

Four different systems have been investigated in orderdwige evidence that our DFT+U setup
represents an accurate and reliable approach to investlgateaction pathways promoted by the
CoCat: (i) the LiCoQ results indicate that both the Co(llIl}®onds and the Co(3-O(2p) mixing
are well reproduced by the present DFT+U calculationsth{@)[Co(Il)(H,O)g] DFT+U results in-
dicate that our setup describes in a correct way the intelaween the electronic levels of water
molecules and thed3orbitals of Co ions; (iii) the vibrational properties of ligy water suggest the
reliability of our DFT+U framework when applied to reactipathways involving water molecules;
(iv) finite temperature effects, as well as dispersion dbuations, have been checked by compar-
ing AIMD simulations of solvated c1 clusters with X-ray abstion spectroscopy measurements,
thus extending our previous result&inally, the optimized geometries of the c¢1 and c2 clusters,
together with the Co, O and H pseudopotentials used in thelatians, are provided in order to

ensure a full reproducibility of our results.



Figure S1: Structure of the layered LiCo®@ulk crystal. Layers of Li atoms are intercalated
between Co@layers formed by Co(lll)@ octahedra.

Table Sl:Structural properties of the LiCoO , crystal. Theoretical DFT(PBE) results (obtained
by using ultrasoft (US) and norm conserving (NC) pseudap@ks), and DFT+U results are com-
pared with XRD measurementsThe Co-O column is related to nearest neighbour Co and O
atoms. The Co-Co 1 label denotes the distance between Ce#est neighbours separated by a
p-oxo bridge; Co-Co 2 is the shortest distance between twot@uosawhich are not directly con-
nected by au-oxo bridge, and Co-Co 3 is the distance between the far aitotimgee collinearly
arranged Co atoms.

Structure [Method] Bond Distance (A)

Co-O | Co-Co 1| Co-Co 2| Co-Co 3
LiCoO, [DFT (PBE-US)] | 1.935 | 2.848 | 4.932 | 5.695
LiCoO; [DFT (PBE-NC)] | 1.935 2.840 4919 5.680
LiCoO, [DFT+U(Co)] 1941 | 2.843 | 4.924 | 5685
LiCoO, [DFT+U(Co,0)] | 1.925 | 2.829 | 4.900 | 5.659
LiCoO, XRD data 1.92(5)| 2.816(6)| 4.878(5)| 5.633(2)




1.1 LiCoO, Properties

To assess the capability of aaip initio calculation to predict Co-O and Co-Co distance at sufficient
precision, we have investigated a crystallographicalR[X characterized Co-oxo compound with
close structural similarity to the CoCat, namely LiCoQhis material consists of Co-O sheets of
interconnected incomplete cubane units (layers of edgarsnCo(lll)O; octahedra) separated by
intercalated Li ions (Figure S1). In detail, we validated our theoreticatisg by performing
simulations of the LiCo@properties by using a 12-atom hexagonal supercell. Setsfly con-
verged results were achieved by using & 8x 4 k-point mesh and the same 40/320 Ry cutoffs
used in the case of the CoCat simulations. Concerning thetatal properties of the LiCo)we
have estimated lattice parameters values at the DFT(PBE) (a=2.848 A and ¢=14.025 A) in
close agreement with experimental ones (a=2.816 A and 6444}).3 An even closer agreement
have been achieved in the case of DFT+U(Co,0) results (88238and ¢=14.090 A). A further
set of DFT(PBE) simulations have been carried out by usimgrmnserving Martins-Troullier
pseudopotentiafsand 140/560 Ry cutoffs in order to show that the achievediisespe not bi-
ased by the choice of a particular kind of pseudopotentiaffinal set of simulations has been
carried out at an accurate hybrid Hartree Fock/DFT levelising the Heyd-Scuseria-Ernzerhof
HSEO06 exchange-correlation functiordl.Only in the case of such a computationally expensive
approach, the above norm-conserving pseudopotential$401860 Ry cutoffs have been used to
perform a geometry optimization of the LiCe®©rystal at the XRD lattice parameters.

Table Sl provides a comparison of distances obtained exgetally (by XRD measuremerfis
and calculated by the above differeit initio approaches. Experimentally determined and calcu-
lated distances agree reassuringly well. Using the DFTHurageh, the deviations are around
0.02 A; slightly more pronounced deviations were obsernetié DFT (PBE) simulations. It has
to be noted that in the case of DFT+U(Co) results, an excessiftening of the Co-O bonds has
been found, in agreement with similar calculations perfrby using a DFT+U(Ti) approach
in the case of Ti@.” An optimally balanced correction applied to both Caand O(2) shells

(DFT+U(Co,0) framework) is able to reproduce quite acalyathe measured Co-O distance, as
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Figure S2: Total (black lines) and Projected on @(2ed lines) and Co@) (blue lines) atomic
orbitals DOS (density of states) of the layered LiGdiDlk crystal, investigated at different levels
of the theory (see the text). A zero energy value has beegressio the valence band maximum
in all the cases.



shown by a comparison of the values of the Co-O column in T8ble

On the side of the electronic properties, the DFT(PBE) apgitaunderestimates the Kohn-
Sham energy gap: a value of 1.1 eV has to be compared to thererpéal value of 2.20.3 eV
Moreover, the strong hybridisation between @((2nd Co(8l) orbitals, reported on the ground of
photoemission electron spectroscopy measurentestenly slightly appreciable at a DFT(PBE)
level, as shown by the corresponding projected Density @feSt(pDOS) in Figure S2. Both
these issues result to be improved in the case of both DFTHduleions: a strong O(@-Co(3d)
mixing is clearly shown by the pDOS in Figure S2 and an eneggy\@lue of 3.0 eV (2.5 eV) in
the case of DFT+U(Co,0) (DFT+U(Co0)) calculations nicelypagaches the experimental value,
while a significant overestimation (3.9 eV) of the energy galpe is reported in the case of hybrid

HSE calculations.

1.2 [Co(Il)H »0g] Properties

The [Co(ll)(H.O)g] coordination complex has been chosen to elucidate theriteeplay between
the Hubbard U corrections applied to the Ga(atomic orbitals and to the Of atomic orbitals.
The achieved results, in turn, allows us to justify the cha€ the DFT+U(Co,0O) setup in the
case of the CoCat simulations discussed in the main textetaildthe [Co(HO)g]?+ ion have
been accommodated in a large (28 Aubic supercell, and the Martyna-Tuckerman metdds
been used to correct for the spurious long-range intereEbetween periodically repeated images.
Four electronic structure levels of calculations have lasidered: DFT(PBE), DFT+U(Co) and
DFT+U(Co,0) methods have been described in the main texE Eiculations have been per-
formed by using the same setup discussed in the case of Li@&sDIts. Keeping in mind that we
are interested in a validation of our computational setufnéncase of the CoCat calculations, we
have not recalculated a self consistent value for the Habbaorrection of Co(8) atomic orbitals

in the [Co(Il)(H,O)g] system. We are thus applying the 5.9 eV value calculatedarcase of the
CoCat simulations. We focus on the electronic eigenvalfieiseostable high-spin [Co(ll)(ED)e]

system, which are presented in Figure S3 in form of a spiafs#d total and projected on Cd(3
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Figure S3: Spin polarised (UP and DOWN) total (dark red ar#t B&ue lines, respectively) and
projected on Co(@) atomic orbitals (orange and light blue lines, respeciiv€lOS (density of
states) of an isolated [Co(Il)#D)s] species, investigated at different levels of the theose(s
the text). A 0.01 Ry (0.14 eV) Gaussian broadening of eledtreigenvalues has been applied to
simulate a DOS in order to clarify the spin up and spin dowr3@p¢ontributions to the molecular
orbitals. Filled (non filled) curves indicate occupied (aoapied) molecular orbitals.



density of states. Such a graphical description allows orfeaine at a glance the positions in
energy of the 5 majority and 2 minority CaiBelectrons and their relationships with the ligand or-
bitals. Plain DFT(PBE) calculations are characterisedgrg small gap (0.6 eV, in the spin down
channel) between occupied and unoccupied states, in agneevith the strong delocalisation er-
ror expected in the case of atomic-like orbitilst? A Hubbard U correction applied to the Cai3
electrons only, as often used in the case of transition m@itdracting with organic ligands;
opens a wider gap between Cdj3rbitals, as shown by the DFT+U(Co) plot. However, a dra-
matic qualitative change occurs in the ordering of frontidsitals, the highest occupied orbitals
in both spin up and spin down channels being now ligand dsbifahis implies the fact that an
electron subtracted from the [CofB)e]%+ system would be drained from the ligands rather than
from the Co(ll) center. A more reasonable orbital line-upeigined instead when an U correction
is applied to both the Co(3 and O(9) shells, which is also in good agreement with the results of

the HSE calculations (compare the DFT+U(Co,0) and HSE dEsgure S3).

1.3 Liquid Water Properties

Our double DFT+U(Co,0) correction has been already vaddiat the case of the properties of
several metal oxides including, apart from the above Ligo&ults, TiQ and ZnO/-®>We have
performed two sets of DFT(PBE) and DFT+U(O) calculationdigpiid water at 300 K in order
to show that our 5.9 eV Hubbard U correction applied to thegp(bitals is not detrimental to
the properties of liquid water with respect to the well itigated DFT(PBE) approactf. In this
regard, 32 water molecules have been accommodated in a 83866x. After 5 ps of thermal
equilibration of the system, a 13 ps NVT simulation has besnfiopmed by using the same setup
described in the case of the CoCat simulations. First, timsitleof vibrational modes (DVM)
of the investigated systems have been obtained by extgaptiwer spectra out of the velocities
autocorrelation functions. DVM plots obtained in the ca6®BT(PBE) and DFT+U(O) simu-
lations are shown in the inset of Figure S4. Simulated vibnai spectra have been obtained by

weighting such DVM plots with the oscillator strengths edéted by applying the linear response
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Figure S4: Simulated IR spectra of liquid water, obtainedibyg the DFT(PBE) and DFT+U(O)
methods described in the text. The related densities oatidral modes (DVM) extracted from

ab initio molecular simulations are shown in the inset.

method described in Ref. 17 to the same system. The achiegeits show that both applied

approaches reproduce quite well the three main featurdseokater infrared absorption: a broad
low-frequency peak related to intermolecular bending aretching modes, a sharp feature related
to the intramolecular bending mode, peaked at 1645%m feature related to the symmetric and

asymmetric stretching modes, peaked at about 3300 amd widely broadened by intermolecular

H bond effects!8

1.4 Structural and Dynamical Properties of Solvated Clustes in DFT+U
and DFT-D2 AIMD Simulations

In our previous contributiol, the structural properties of the c1 and c2 CoCat models mixdai
by AIMD simulations at the DFT(PBE) level and static simidat at the DFT(PBE) and DFT+U
levels were compared with the results of X-ray absorptioA$Xmeasurements. Such a compar-
ison were also extended to the effects of proton mobilityle €o-Co distances. We complete

here that investigation by presenting the results of furi®D simulations of the solvated c1



Table SllI: Structural properties extracted by DFT(PBE),TTFBE)+D2, DFT+U, DFT+U+D2
AIMD simulations of the solvated c1 cluster (see the texthe To-O column is related only to
Co-O bonds belonging to the cubane structures. The Co-Chbel dnotes the distance between
nearest neigbours separated by-axo bridge; Co-Co 2 is the shortest distance between two Co
atoms which are not directly connected byaxo bridge, and Co-Co 3 is the distance between
the far atoms in three collinearly arranged Co atoms. Data bhaen averaged on different bonds
of the same type and along the trajectory. CoCat XAS dataaétentfrom Risch et al?

Method Bond Distance (A)

Co-O | Co-Col| Co-Co2 | Co-Co3
DFT(PBE) 1.914+0.05| 2.84£0.06 | 4.77+0.16 | 5.65+-0.08
DFT(PBE)+D2 | 1.91+0.05| 2.84+0.06 | 4.78+0.20| 5.68+0.07
DFT+U 1.914+0.04| 2.84£0.05| 4.74+0.19 | 5.64+0.07
DFT+U+D2 1.914+0.04 | 2.85£0.05| 4.75+0.22 | 5.66+-0.05
CoCat XAS datq 1.89 2.81 4.86 5.62

cluster at 300 K performed at the DFT+U level, as well as byiragid semiempirical DFT-D2
dispersion correctiof? to both DFT(PBE) and DFT+U AIMD simulations. All the systeimsve
been restarted from ion positions and velocities obtaineithé previous DFT(PBE) run, thermal-
ized for 2 ps, and then propagated for further 5 ps. The strakcproperties extracted by such
AIMD simulations are reported in Section 2. In all the invgated cases the results are in a good
agreement with both previous DFT(PBE) simulatidrenyd XAS measurements.

The motion of protons at the CoCat/water interface reptssame of the keys for the CoCat
functioning, as discussed in the main texts. We have peddrenmore detailed analysis of our
AIMD results in order to verify that the application of a DIPR dispersion correction does not
affect the results of our simulations, thus strengthenungtioeoretical setup and our main results
related to the oxygen evolution mechanism. As a significaatrgle, our previous DFT(PBE)
results related to the fast motion of a Hon across one of the low-barrier H bonds character-
izing the catalyst boundariésare in full agreement with the results extracted from thevabo

DFT(PBE)+D2 simulation, shown in Figure S5.

10
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Figure S5: Upper panel: snapshot from the DFT(PBE)+D2 satmant of the c2 model in water
solution. The orange ellipse identifies a pair of terminalt@ras which undergoes a fast proton
exchange along the simulation. O atoms belonging to sudiognwater molecules have been
displayed in a lighter red colour for the sake of clarity. lesypanel: evolution of atomic distances
related to the H-O-H -O-H structure along the DFT(PBE)+D2 simulation.
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1.5 Optimized Geometries of the c1 and c2 Clusters and Detailbf the em-

Optimized geometry (in cartesian coordinates, A units) oftie Ca;023H 25 c1 cluster
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H 7.698384519 7.945122566 1. 155868744
H 7. 359864645 9.628782802 1.495283267
H 8. 687821884 6.342269481 0. 511966011
H 2.221723524 4.321114896 0. 458768355
H 4. 155837892 8.106948254 0. 397941232
H 6.511779109 4. 409948335 0. 385524185
H 1. 857542662 6. 780179838 4. 314965264
H 4.327569762 3.176788060 4.223517443
H 6. 287329598 6. 904292704 4.195764885
H 1. 515369534 9. 625789483 2. 132921086
H 7.718039324 1. 731664861 3. 072498249
H 2. 365268171 1.364373997 0.550366037

TheCo. pbe- sp- van. UPF,O pbe. van. UPFandH _pbe. van. UPF ultrasoft pseudopo-
tentials can be downloaded from the Quantum ESPRESSO @da&dopotential library:

http://ww. quant um espr esso. or g/ pseudopot enti al s/

2 Ab Initio Molecular Dynamics Simulations

2.1 cl cluster

The c1 cluster is formed by one complete and one incompldiar@tlike units, connected by a
single Co vertex. Its structural properties are in closeagrent with EXAFS measurements of
the CoCat, as detailed in the main text. Molecular dynamiosilgtions and corresponding paths
were considered as discussed in the following.

Simulation (I). No significant structural changes were observed beforeetheval of the 4' elec-

tron from the Cg@O»3H24 cluster. 0.8 fs after such removal, one of the terminal Cogbdlips of

16
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Figure S6: Detailed AIMD paths for oxygen evolution prontbtey the cl1 (I-1ll), c2 (IV-VIII)
and c3 (VIII) CoCat models. A description of each path is désed in Sections Section 2.1,
Section 2.2 and Section 2.3.
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the complete cubane-like unit releases itsiHto the solution leaving back@o=0 oxyl radical.
The Co=0 species was not stable and evolves after 1.1 psadsw@o(OOH) hydroperoxo inter-
mediate by means of geminal coupling with a neighboring teahCo-OH group. The Co(OOH)
releases a further Hion after 1.4 fs, thus forming €0(0,) peroxo intermediate, which after
1.8 ps breaks one of the Co-O bonds resulting @0aO-O superoxogroup. This last configura-
tion was highly stable (up to 10 ps dynamics) unless the sptil state of the system is switched
from singlet to triplet to promote dioxygen release in ipstate. The relevant energy gain of
the G molecule, when switched from singlet to triplet state, iffiskent to promote an almost
immediate breaking of the Co-O bond and the release,ofT®e four-fold coordinated Co atom
remained under-coordinated still for 5 ps simulated timggesting that this saturation process
occurs on a slower time scale. To evaluate the height of teeggrbarrier for HO/Co rebound
static NEB calculations were performed, providing andneate of 0.3 eV. The injection of two
additional i in the system induces the formation of a new Co=0 oxyl speties suggesting
that the catalyst does not need to be brought back to italiésting conditions after every single
release of an @molecule. The formation of Co=0 radicals located in différpositions of the
same cluster, upon loading of further hsuggests that further O atoms may be scavenged from
the catalyst, in agreement with the results of isotopicllafzeexperiments indicating! until self-
repairing mechanisms of the Co€at® promote competing parallel processes in order to recover
the original stoichiometry.

Simulation (I1). In order to investigate whether the choice of H saturatioousfmodel, as well as
variations in the background passivation of charged sisrenight affect the observed reaction
mechanism, we added two more H atoms to the previous systeggeHog cluster). To start the
simulation with a cluster containing all Co (lll) ions, thetal charge of the system is therefore
changed accordingly. The high mobility of'Hons at the cluster/solution interfatpermits again
the occurrence of terminal Co-OH groups on one of the Cocestof the complete cubane-like
unit. This, in turn, permits the localization of holes (asalissed in the main text) and the formation

of aCo=0 oxyl radical, 650 fs after the removal of théMelectron from the system. At variance
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with Path (1), the unstable Co=0 group forms a differ€utO-O-Co peroxogroup after 1.4 ps
by means of geminal coupling with an internaj-O atom (see Figure 1 in the main text). The
Co-0-0-Co intermediate evolves toward€a-O-O superoxogroup, and towards the release of
an Q@ molecule, when the spin state is switched to triplet.

Simulation (111). The Co=0 oxyl radical of Path (l) is forced to undergo a nucleophilic attack
promoted by an external water molecule. In practice, theetomplished by rotating "on-the fly"
the nearest water molecule, with the O atom pointing towHrdsCo=0 group. All of the nuclear
velocities are conserved, but the ones related to the tbtedéer molecules, which are set to zero.
This allows an immediate formation of a stable O-O bond,ofe##éd by the fast release of two
H* ions @1 and@z in Figure S6), which is already accomplished 200 fs afterQh® bond
formation. The resultin€o(OOH) hydroperoxo intermediate exchanges a further kbns @3

in Figure S6) with a geminal Co-OH group, thus evolving tadgaaCo-O-O superoxogroup
only 500 fs after the formation of the O-O bond. Once agaia,dWwitching of spin state induce
the release of an£molecule. An high potential energy barrier (1.0 eV) has bestmated in the

case of the first step of this reaction path, as discusse im#in text.

2.2 c2 cluster

The c2 cluster has been cut out from a single Co-O sheet ofi@&®, crystal, that is, a solid long-
range ordered system showing close similarities to thellmglblocks of the amorphous CoCat?

It is formed by incomplete cubane-like units only, sharidges, and its structural properties are
again in close agreement with EXAFS measurements of the Cé@waariance with the c1 cluster,
the occurrence of a regular distribution of pairs of patademinal Co-O bonds, generally coupled
by low barrier H-O-H--O-H bonds! plays a key role both in the fast motion of Hons across the
catalyst and in a sort of “self regulation” of the H saturatad the cluster boundaries, less flexible
than that reported in the case of cluster cl (see the comnmestsulation (VII)).

Simulation (IV). A solvated CeO,4H24 cluster was considered and the removal of the first three

electrons proceeded without significant structural changke breaking of one of the H-O-HO-
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H structures after the removal of the third electron fromdiuster represents a preliminary step to
the release of one Hion to the solution, taking place 500 fs after the removal fufath electron
from the system by means of aHransfer induced by the low barrier H bond with the parallet C
OH group. TheCo=0 oxyl radical formed is a stable intermediate in the case of the c2 cluster,
detailed in the main text. It evolves spontaneously afteips.by crossing a small potential energy
barrier towards the formation of @o-O-O-Co peroxogroup, similar to the Simulation (ll) one,
by means of geminal coupling with an interng-O atom. Such an inner peroxo group is quite
stable and breaks up only by switching the spin state tcetri¢ading to the fast formation of a
Co-0-0 superoxogroup and to the release of an @olecule. The ignition of furtherhin the
system induces the release of kbns and the formation of a new Co=0 oxyl radical, as already
discussed in the case of Simulation (I).

Simulation (V). A slight displacement of the O atom involved in the formatidthe Co=0 radical
has been induced to promote the formation of a termr@wOOH) hydroperoxo group instead of
an inner Co-O-O-Co peroxo group. A low 0.2 eV potential epdrgrrier has been estimated for
such a reaction step, as discussed in the main text. The fdroo intermediate loses a"Hon
after 400 fs, thus leading to the formation o€a(O,) peroxo intermediate. The switching to the
triplet spin state induces the fast formation d€a-O-O superoxogroup and the release of an O
molecule.

Simulation (VI1). Starting from the oxyl species of Simulation (1V), in a wayndar to the one
discussed in the case of Simulation (Ill), one external watelecule has been forced to form a
O-0 bond with the Co=0 radical. The following reaction palyuite fast and straightforward to
the formation of &C0-OOH hydroperoxo group (300 fs after the formation of the O-O bond), and
of a Co-O-0 superoxogroup (1.1 ps after the formation of the O-O bond). The larmediate
releases the ©molecule when the system is switched to the triplet spirestah estimate of the
high energy barrier of the first step of this reaction patb €V) is discussed in the main text.
Simulation (VII). The dynamics show the peculiar nature of low barrier H boetsted to the

presence of parallel Co-O bonds, with the two O atoms plateddéstance of about 2.8 A. This
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conformation is responsible for the occurrence of quitblst&éd-O-H --O-H structures continu-
ously exchanging one Hion.! Two H atoms were added to the €&@»4H»4 cluster used in Sim-
ulations (IV-VI) in order, once again, to ensure that a gattr choice of H saturation does not
significantly affect the reaction mechanism. This additeads to the formation of unstable pairs
of H,O molecules bonded to neighbouring Co atoms, instead oftéidesH-O-H - -O-H config-
uration. During the removal of electrons from the systenn KV ions are released indeed in the

solution, thus recovering the stable configuration alredidgussed in the Simulation (IV) case.

2.3 c3cluster

The smallest considered system, the c3 cluster, is formea siggle complete cubane-like unit.
This model has been already used in a first mechanistic stithyeaCoCat induced formation
of an O-O bond?® performed by using a QM/MM approach. It may be also consitier® a
model for metallo-organic homogeneous catalysts comginubane-like Co-&27 (Mn-0,%8:2°
Ni-O39) structures. In our previous study we did not take into aotthis smaller cluster since it
contains only nearest neighbours Co-Co pairs and thergfoamnot account for the CoCat XAS
measurements.

Simulation (VIII). One of the H-O-H--O-H structures is broken during the removal of electrons
from the cluster, by forming two parallel Co-OH terminal gps. This leads to the formation of
a bridging Co-OH-OH-Co group 400 fs after the removal of the third electron from th&tem.
This is the only case in which the O-O bond does not form spmaasly by coupling of geminal
O atoms. The Co-OH-OH-Co intermediate loses oneidh 200 fs later, thus evolving towards a
bridging hydroperoxo Co-O-OH-Co group which is stable until the removal of a fourth electron
from the system. The Co-O-OH-Co group loses one furtheiidh and breaks one of the Co-O
bonds immediately after the removal of such electron, fagrdaCo-O-O superoxogroup which
release an @molecule when the system is switched to the triplet spirestaegarding the single
exception represented by the reaction mechanism idenitifige case of this simulation, it has to

be noted that the breaking of a H-O-HO-H induces the localization of holes on both the resulting
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parallel Co-OH groups. In our opinion, this should be coesed as an artifact due to too small
dimensions of the c3 cluster, a single cubane-like unit inctviall of the Co atoms are nearest
neighbours of each others. The repulsion of holes leadseioltitalization on different cubane-
like units in the cl and c2 clusters, as discussed in the neain fThe structural properties of
the CoCat, basically an amorphous solid-state Co oxidegesighat a trend can be extrapolated
beyond the dimension of the present clusters, indicatingd@mdistribution of oxidizing holes

across the catalyst surface.

3 Oxidation Potential of the CoCat Model

The electrochemical properties of a solid-state extentisdrede, acting as a catalyst for oxygen
evolution, have been simulated by using a series of H-d&iil@o-O clusters. We have already
shown that our cluster models, together with our theorksietup, account for all the known mea-
sured structural and electronic properties of the CoCathiksection we discuss our estimate of
the oxidation potentials of the c1 cluster provided in themtext, in agreement with the external
potential promoting the CoCat-based oxygen evolutiong /s SHE)2! We have used to this
purpose a robust technique, generally employed to the atgiai potential energy levels of dopant
and defects in the framework of the simulations of the etedtr properties of semiconducto?s.
The same approach has been also succesfully used to iratestig reduction of oxygen molecules
promoted by a photoactivated TiGurface32:33

In general, the formation energy; of ag-charged specigd, considered as a defect or dopant

in a dielectric hosH, e. g., a semiconductor lattice, is defined as
Q¢ [M] = EMY —E[H] = nmim +q(er + &vam) (1)

whereE[H] andE[MY] are the total energies of supercells containing the undapddhe doped
host lattice, respectivelyyy is the number of metal atoms in the defected supercell ;gnds

the chemical potential of the same species. is the Fermi level of the system, referenced to
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Figure S7: DFT(PBE) Spin polarised (UP and DOWN) total (dea#t and dark blue lines, re-
spectively) and projected on Cul8 Fe(3l) and Co(8) atomic orbitals (orange and light blue
lines, respectively) DOS (density of states) of a Cu(l) ([FeCo(ll)) ion in an explicit water envi-
ronment. A 0.01 Ry (0.14 eV) Gaussian broadening of eleatreigenvalues has been applied to
simulate a DOS in order to clarify the spin up and spin dowrB@p¢ontributions to the molecular

orbitals. Filled (non filled) curves indicate occupied (aoopied) molecular orbitals. A light blue
arrow indicates the minority highest single-occupied roolar orbital (SOMO) of all the systems.
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Table SllI: Calculated and measured oxidation potential vs SHE valuesOxidation potential
values vs SHE calculated and measured in the case of the Guickis and of the Cu(l)/Cu(ll),
Fe(Il)/Fe(lll), Co(Il)/Co(lll) reference species

Species | EY (exp.y13*| E° (DFT(PBE)) | E° (DFT+U)
Cu(l)/Cu(ll) 0.16 0.19 0.02
Fe(I)/Fe(ll) 0.77 0.85 0.77
Co(ll)/Co(lll) 1.82 1.70 2.02
CoCat 0/+1 1.18 0.60 1.07
CoCat +1/+2 1.18 1.38 1.49
CoCat +2/+3 1.18 1.58 1.64
CoCat +3/+4 1.18 1.84 1.87

&veM, I. €., the potential energy of the highest occupied eleatrtevel, or the maximum of the
valence band (VBM), of the host. The Fermi level defines trenubal potential of the electrons,
assumed in a reservoir in contact with the system, and &laila order to change the charge
state of the dopant agent. In the present case, we have ecgithe CoCat models as dopant
agents, and the water solution as host matrix. The calomlatf formation energies permits to
estimate transition energy levek¥/d+1, corresponding to the chemical potential of electrons at
which theq andq+ 1 charge states &l have the sam@j, that is, the Fermi level value at which
the species!9 andM91 are in equilibrium. These transition levels are often fotmde in a very
good agreement with the available experimental measursnoéthe ionization energies of such
defects. As mentioned above, an extension of Eq. (1) to mt#decconsidered as surface defects of
a TiO, host, is straightforward? In the present study, we have further extended the invesiiga
of transition energy levels to metal atoms and cluster, idensd as dopant agents of an amorphous
network of water molecules, representing the host matrix.

We have focused first on the oxidation potential of singleahiens; thes?4+1 values of the
Cu(l)/Cu(ll), Fe(l)/Fe(lll), and Co(I)/Co(lll) couple have been calculated. In detailf-0]g
complexes have been surrounded with further 64 water miggcdistributed by using the PACK-
MOL program?® in the same cubic supercell used in the AIMD simulations efah cluster. The
amount of molecules has been chosen and checked in ordenimize the stress tensor, i. e., the

system pressure. All the systems have been then fully opeithilt may be noted that a first order
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Makov-Payne correctioff to the total energy of charged supercells is negligibleewithe high
dielectric constant of water (80, at 300 K), which providasefficient screening of the charge of
metal ions. The achievetf/9™1 values are referred to the water O(2p) “valence band”, whkch
aligned to the zero energy value in the DOS plots of all thed)iéystems, as shown in Figure S7.
The potential energy values of the minority highest simggeupied molecular orbitals (SOMO)
of the Cu(l), Fe(ll), Co(ll) hydrated ions, indicated byHigblue arrow in Figure S7, provide a
first indication of the difference between the oxidationgmtial of the three investigated ions.
Such SOMO orbitals accommodate the electrons which areasued to the metal ions to form
the oxidized hydrated Cu(ll), Fe(lll) and Co(lll) speciasd the expected potential energy order
(Cu(l)>Fe(I)>Co(l1)) is indeed found. The differencestiveens?/4+1 transition energy values,
referenced to the O (2p) HOMO, and oxidation potentialsgnexiced to the standard hydrogen
electrode (SHE), have been minimized in order to comparesared and calculated values. The
achieved results are in good agreement with the measuradsyah the case of both DFT(PBE)
and DFT+U calculations, as reported in Table Slll. An Hulblbdrcorrection of 5.9 eV, have been
used in the case to the Cu, Fe and @csBells, respectively, in order to be consistent with thaltot
energy values with the ones obtained in the case of the CoGad¢lmlt may be noted that an au-
tomatic alignment to the NHE potential could be achievedhenftamework of a different ab initio
method3’ which, at variance with the present approach, can be apietkctrode semireactions
involving proton coupled electron transfer processes.only

Reassured by the succesful extension of the method to theagstof electrode potentials,
we have calculated the potential at which electrons areasxgdd between the solvated c1 cluster
and the external circuit, as representative estimateseoitirking potential of the CoCat. This
has been done by calculating the relagd®t! transition energy levels. Both DFT(PBE) and
DFT+U results indicate that the first electron is subtratteithe cluster at a potential level which
is lower than the external potential applied to the CoCdt aslshown in the “CoCat 0/+1” row of
Table SlIlI. This is in agreement with the fact that the remha¥a single electron from the CoCat

model does not favor the formation of an O-O bond, as detailélde main text. The removal of
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a second electron from the c1 cluster occurs at an estimateaal higher but still compatible
with the working potential of the catalyst, and leads to aargetically favoured formation of the
O-0 bond. The removal of further electrons from the catatystlels raises the potential up to the
values of the Co(ll)/Co(lll) couple. This quite high oxidat potential has been exploited in the
molecular dynamics simulations to lower the potential gpdrarriers to the formation of the first

Co=0 intermediate of the evolution of an oxygen moleculaliasussed in the main text.
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