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ABSTRACT

Single Atom Catalysis (SAC) is an expanding field of het-
erogeneous catalysis in which single metallic atoms embed-
ded in different materials catalyze a chemical reaction, but
these new catalytic materials still lack fundamental under-
standing when used in electrochemical environments. Recent
characterizations of non-noble metals like Fe deposited on N-
doped graphitic materials have evidenced two types of Fe-Ny
fourfold coordination, either of pyridine type or of porphyrin
type. Here, we study these defects embedded in a graphene
sheet and immersed in an explicit aqueous medium at the
quantum level. While the Fe-pyridine SAC model is clear
cut and widely studied, it is not the case for the Fe-porphyrin
SAC that remains ill-defined, because of the necessary embed-
ding of odd-membered rings in graphene. We first propose
an atomistic model for the Fe-porphyrin SAC. Using spin-
polarized ab initio molecular dynamics, we show that both Fe
SACs spontaneously adsorb two interfacial water molecules
from the solvent on opposite sides. Interestingly, we unveil
a different catalytic reactivity of the two hydrated SAC mo-
tives: while the Fe-porphyrin defect eventually dissociates an
adsorbed water molecule under a moderate external electric
field, the Fe-pyridine defect does not convey water dissocia-
tion.

I. INTRODUCTION

Since two decades, the field of heterogeneous catalysis has
seen a surge of interest in single atom catalysts (SAC) com-
prised of single transition metal atom active sites'2. The orig-
inal experiments were performed on oxide supports, with the
insertion of individual Au or Pt atoms into cerium oxide for
the water-gas shift reaction® and later with single Pt atoms
inserted into an iron oxide for CO oxidation*. Single-atom
catalysts quickly invested the active field of electrocataly-
sis, where these diluted catalysts were immersed into liquid
electrolytes. The SAC now even extends to the field of bio-
nanocatalysis with promising anti-bacterial results’. In search
of scalability, individual noble metals like Pt and non-noble
metals like Co and Fe have been successfully inserted into
various carbonaceous supports, such as porous graphene®,
graphene oxide’ and also other 2D materials like MoS,?.
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A practical question that arises is how to best graft sin-
gle metals on 2D materials, while avoiding metal sintering
or clustering. Several synthesis strategies have successfully
been implemented: the most common technique consists in
first pre-doping graphitic materials like graphene or graphene
oxide with nitrogen atoms N via heating under NH3 atmo-
sphere. Upon addition of the metal as a salt and subsequent
pyrolysis, single metal ions coordinate in the vacancies form-
ing 4 strong metal-N bonds”>!?. Two other synthesis strate-
gies for SACs include high-energy ball-milling of the metal
phthalocyanine molecule with graphene nanosheets!' and a
surfactant-assisted synthesis method using a mixture of metal
salt, a graphitic carbon nitride and a polymer surfactant '%13,

With the aid of XANES (X-ray Absorption Near Edge
Structure) spectroscopy and density functional theory (DFT)
modelling® or X-ray photoelectron spectroscopy’'2, two
possible SAC grafting geometries around the metal core were
proposed: one of pyridine type, with the metal coordinated
by 4 pyridinic ligands (six-membered rings), and one of por-
phyrin type, with the metal coordinated by 4 pyrroles ligands
(five membered rings). Both defects have been found to coex-
ist in these SACs, and recently Zhang et al.!* have success-
fully converted the iron pyridine defects into the iron por-
phyrin ones after a NH3-assisted pyrolysis. These fourfold
motives, labelled M-N4 SACs, have been widely tested ex-
perimentally in a large range of electrochemical reactions, in
particular for the oxygen reduction reaction (ORR), and using
different metal centers, where Fe was found to be a promising
catalytically active non-noble metal'”. Interestingly, a recent
study compared the two defects mentioned above and found
a different predicted reactivity'®. Indeed, by a combined ex-
perimental and theoretical study, the Co SAC porphyrin motif
(also called pyrrole in the literature) was found most efficient
for the 2 electrons ORR pathway, leading to HyO, formation,
while the Co SAC pyridine motif works better for the 4 elec-
trons ORR, leading to H,O production. Note that the latter
selectivity for ORR drastically depends on the metal atom:
for example, high-purity Fe SAC porphyrin defects in proton-
exchange membrane fuel cells rather exhibit complete 4 elec-
trons reaction selectivity'?.

From a theoretical point of view, these SACs are easily
modelled at the quantum level either as molecular models or
as small periodic models, allowing for the quantitative predic-
tion of electrochemical pathways in vacuum adding electrons
and protons (including several studies with Fe!”-'%). How-
ever, modelling an explicit solution environment around solids
plays an important role and has recently revealed many un-



expected interfacial reactivities like charge adsorption on 2D
materials'® and enhanced water dissociation on defected”® or
hybridized 2D materials?!, or in nanoconfined water?223, Re-
garding single atom catalysis, Patel et al.>* recently suggested
by comparing a Cu-modified covalent triazine framework cat-
alyst with a Cu(111) surface that solvation effects are proba-
bly larger for SACs than for conventional metal catalysts. Up
to now however, only a single theoretical study considered
the Fe-pyridine defect embedded in a graphene sheet and im-
mersed in an active chemical environment, i.e. including the
solvent water molecules interfacing the SAC, using extensive
DFT molecular dynamics (DFT-MD)?. That study also em-
phasized the crucial need for taking into account explicit sol-
vation in order to represent correctly the dynamical reactive
interfacial processes at stake.

On a technical level, static DFT studies!”-?° highlighted the
importance of performing quantum calculations with care and
using spin-polarized simulations as soon as dealing with mag-
netic atoms like Fe or Co. Another important aspect often
poorly discussed is the full atomistic model in which the SAC
is embedded. In previous studies, the simulation box was only
slightly larger than the catalytic center itself. However, this
imposes large constraints on the geometry of the SAC defects
and is not a realistic representation of the graphene support.
Indeed, the reported experimental density of these defects is
between 0.5 and 4 wt%>’. Therefore, we argue here that larger
unit cells should be used to ensure a better representation of
the systems and that the local defect created by the SAC in-
sertion induces only small local perturbations®°.

In this theoretical work, we investigate iron-based SAC em-
bedded in graphene, motivated by the low cost of the mate-
rials. We compare the reactivity of two Fe-N4 SAC defects
in operando, i.e. including explicit liquid water by means of
extensive spin-polarized DFT-MD simulations and employing
large periodic unit cells (corresponding to a density of defects
of 2.8-2.9 wt%) to mitigate the induced strain in graphene. As
a result, we demonstrate that, while two water molecules of
the solvent readily coordinate in an axial fashion the Fe atom
on both defects, the Fe-porphyrin defect has a significant sta-
bilizing effect on an adsorbed hydroxide ion. By applying a
moderate electric field perpendicular to the graphene support,
the Fe-porphyrin defect leads to the deprotonation of one of
the adsorbed water molecules. In contrast, the Fe-pyridine de-
fect remains inactive under the same external stimulus; the ad-
sorbed water molecules stay coordinated to the Fe metal ion,
effectively passivating or protecting the Fe core. This shows
that Fe-porphyrin is better suited for water protolytic applica-
tions then Fe-pyridine.

I. RESULTS AND DISCUSSION
A. Embedding Fe SAC catalytic structures in graphene

1. Geometries and electronic structure of bare SAC defects
in gas phase

As mentioned in the introduction, two configurations for
embedding Fe in N-doped graphene were proposed in earlier
studies®®1217  The structure most widely studied, which we
denote Fe-pyridine defect, is pictured in Fig. la: two con-
secutive carbon atoms forming a vertical bond are removed
(not shown) and this di-vacancy is filled by one metal cation,
while the four edge carbon atoms of the as-formed di-vacancy
are substituted by nitrogen atoms. A second configuration has
been proposed by periodically replicating a porphyrin macro-
cycle, leading to a compensation of each pyrrole group by one
eight-member ring placed in anti-position along the diagonal
directions'®17-28, Here, we propose an alternative way to em-
bed the Fe-porphyrin defect: as shown in Fig. 1b (see also
Supplementary Figure 1), we incorporate a porphyrin into a
large graphene sheet (approximately 20 by 20 A) and solve the
non-commensurability of porphyrin with the graphene struc-
ture by inserting two seven-member rings and a five-member
ring on the left and right sides of the porphyrin, reminiscent
of a Stone-Wales defect®®, highlighted in yellow on Fig. 1b.
We have checked that the induced strain in graphene remains
small and localized to the defect. Indeed, after geometry-
optimization at the DFT level, the obtained C-C bonds are
only slightly longer than the average bond length for the pris-
tine graphene d(g:réphene = 1.42 A: the maximal C-C length is
dpgt =1.5 A in the five-member rings only and the full bond
distribution is given in Supplementary Figure 2. This allows
our Fe-porphyrin structure to stay stable throughout all fur-
ther simulations and to maintain a planar catalytic site. The
main geometrical difference between the two SAC structures
resides in the Fe-N distance: dfYy, = 1.88 A in the Fe-pyridine

defect is significantly smaller than d2%" = 2.06 A for the Fe-
porphyrin defect, in fine agreement with recent EXAFS (Ex-
tended X-ray Absorption Fine Structure) measurements made
for related cobalt SAC defects'®.

Because the Fe cation center can be magnetic, we per-
form static DFT and DFT-MD simulations with the simula-
tion package CP2K* on the PBE level*'-3? using unrestricted
(spin-polarized) Kohn Sham equations (UKS) with imposed
spin multiplicity M of the total system. Simulation details are
given in the Methods section and in the Supplementary Meth-
ods.

Because of the localized d-orbitals on the isolated Fe metal
ion, the delocalization error of GGA (generalized gradient
approximation) functionals might lead to inaccurate results,
while hybrid functionals such as PBE0® correct for this and
are therefore more reliable for predicting properties of the
transition metal ions present in SACs '7-2*2%. However, this
is prohibitively computationally expensive for running MD
simulations. To check for the severity of this approxima-
tion, we provide a comparison of adsorption energies of sin-



gle molecules onto the defects and of the energy difference
between spin states calculated with PBE and PBEQ. The data
is given in Supplementary Figures 5 and 6 and discussed in
sections II.B and III.

We investigate the impact of spin settings in our DFT simu-
lations by comparing results for two different spin multiplici-
ties of the whole system - UKS M = 1 and UKS M = 3. As ex-
pected, the spin polarization (taken as the number of unpaired
electrons) mostly localizes on the Fe atom!”. In Table I, we
report extracted charges gre and spin polarizations sge on the
Fe atom for different settings. For Fe-pyridine, both a low
and a high spin states can be found, with sge = 0 (no unpaired
electrons localized on Fe) and spe =~ 2 (2 unpaired electrons
localized on Fe) respectively. For Fe-porphyrin, we observe
the high spin state with sg. & 2 for both UKS settings (M = 1
and M = 3). In both bare defects, the high spin state (corre-
sponding to a Fe triplet spin state, which does not necessarily
correspond to the total system multiplicity M) is energetically
favorable by about 10-20 kcal mol~!. We also observe that
the high spin states have higher charges on the iron atom and
the Fe-porphyrin defect shows slightly higher charge values
with respect to Fe-pyridine. Interestingly, a combined exper-
imental and theoretical study has raised similar conclusions
stating that the valence state of Fe in the Fe-porphyrin de-
fect is more positive than that in the Fe-pyridine, pointing to a
higher chemical reactivity of the Fe-porphyrin defect'®. This
demonstrates the importance of using spin-polarized simula-
tions allowing for non-zero spin on the Fe core for bare defects
in vacuum.

We further analyze spin-polarized densities of states pro-
jected on atomic orbitals of the Fe atom (pDOS, schematized
in Fig. 1c-d and shown in Supplementary Figure 3). The Fe-
porphyrin defect pDOS is very similar to the pDOS of the
molecular porphyrin, except that the d,; and d,, degeneracy is
slightly lifted due to the rectangular distortion of the Fe envi-
ronment. For both defects, we find the following occupation
of the d-orbitals: dg) [dyz,dy] (3)512(21 ) (where we cannot assign
the dy; and d,, separately), which is consistent with ligand
field theory and previous calculations for porphyrins®*3>. The
Fe d and the d,(,,) orbitals (drawn in Fig. 1c-d) are therefore
magnetic orbitals i.e containing one unpaired electron each.
In line with the smaller Fe-N distance dp.n in Fe-pyridine, we
measure a higher ligand field splitting in Fe-pyridine: the two
orbitals lie further apart and there is a larger destabilisation
of the d.(,;) magnetic orbital. In contrast, the lengthening of
Fe-N bond in the Fe-porphyrin defect leads to a smaller lig-
and field destabilisation of the d,.(,,) orbital, placing it close
to but below the d > orbital, leading to an energetic inversion
between the two magnetic orbitals.

2. Single adsorbed waters in gas-phase

To investigate the reactivity of these Fe SAC defect in aque-
ous conditions, we first report static DFT results for single
water molecules adsorbed on the catalytic site in gas-phase.
From a chemical point of view, the electron-deficient (pos-
itively charged) Fe core of SAC defects should ligate water

spontaneously via a nucleophilic addition of the lone pair of
the water oxygen, as drawn in Fig. le, and eventually induce
the adsorbed water to auto-dissociate, loose one proton and
form an adsorbed hydroxide anion.

We explore two different situations: the adsorption of two
water molecules on either side of the catalytic site, as in Fig. 1f
and noted H,*O, and the adsorption of a water molecule and
a hydroxide ion, as in Fig. 1g, noted *OH™. (Here and in
the following, *O denotes oxygen atoms adsorbed on the Fe
metal ion). In the case of *OH™, a single proton is added far
from the hydroxide ion to ensure the neutrality of the simu-
lation cell. Note that to ensure a +1 charge on the proton,
no basis set is attributed to the H atom. We prepare different
initial configurations and optimize their ground-state geom-
etry at the PBE-DFT level. The results for these complexes
are similar and the values for the lowest energy configura-
tion are shown in Table II for different spin settings. In the
*OH; configuration, we find distinct low and high spin states
for both defects, with a slightly lower energy reported for the
high spin states (< 5 kcal mol~!). For each system, we com-
pute adsorption energies of the water molecules and/or the
hydroxide ion onto the Fe-defect. The adsorption energy of
two water molecules is about -20 kcal mol~!, while we ob-
serve a very strong adsorption of *“OH™ onto both defects with
as adsorption energy between -110 to -135 kcal mol~!. In-
terestingly, AE,qs is globally more negative for Fe-porphyrin
configurations than for Fe-pyridine ones, i.e. water molecules
and the hydroxide ion adsorb more strongly on Fe-porphyrin
than on Fe-pyridine. Values obtained from PBEQ, given in
Supplementary Figure 5, are in qualitative agreement with
the conclusions above. The relative adsorption energies be-
tween Fe-pyridine and Fe-porphyrin are similar, nevertheless
we find that AE,4 is more negative for PBE, with differences
of about 2.5 kcal mol~! for absorption of water molecules and
10 kcal mol~! for adsorption of *OH™.

Among the different optimized systems, we observe dif-
ferent adsorption geometries on the catalytic site. For 2 ad-
sorbed water molecules, we note that in the low spin states
the distance between Fe and the adsorbed oxygen atom *O
dpexo =~ 2.06 A is smaller than for high spin states, where
it equals 2.3 — 2.4 A. Additionally, we observe that water
molecules carry a positive partial charge, with a total charge
on each water molecule of about 0.2 ¢ in the low spin states
and 0.1 e in the high spin states. This indicates a net electron
transfer from the two water molecules to the graphene sheet
of 0.4 e in the low spin state, and suggests a Lewis acid-type
mechanism for the Fe-*OH; interaction, as pictured in Fig. le.
We also note that high spin states have a weaker interaction
with water, as suggested by the larger Fe-*O distance and the
smaller charge transfer. For the *OH™ configuration, we ob-
serve an intermediary spin state with sge ~ 0.9 — 1.0 (with a
slightly higher value for Fe-pyridine). Upon water deproto-
nation, the Fe-*O distance of the hydroxide oxygen shortens
to dperop- = 1.8 A. At the same time, the Fe-*O distance of
the opposite water molecule lengthens up to d§§£OH2 =235A

for Fe-pyridine and dg::%lﬂz =22 A for Fe-porphyrin, lead-

ing to a reduced positive charge on the water molecule with
respect to the previous calculations, with a charge transfer of



0.1-0.15 e. Such structural asymmetry between axial ligands
is a direct signature of the trans-effect well-known in coordi-
nation chemistry3®. The charge on the hydroxide anion is be-
tween -0.2 and -0.3 e so that a large portion of the additional
negative charge is transferred to the graphene substrate.

Therefore, we observe that the spin state of the Fe core
evolves with water chemisorption and water dissociation,
which confirms the importance of using spin-polarized DFT
simulations to model these gas-phase systems. Both M =1
and M = 3 system spin multiplicities give similar results for
the *OH™ case, leading to an intermediary spin state. In the
H,*0 case in contrast, the setting M = 3 leads to a weaker in-
teraction with water molecules. This is consistent with PBEO
results shown in Supplementary Note 3.

B. SAC in liquid water

In the following, we investigate the activity of the Fe-
embedded graphene structures in liquid aqueous conditions,
using extensive DFT-MD simulations of the hydrated system
shown in Fig. 2a, where the simulation box containing the Fe
SAC defects is filled with liquid water. Although we are aware
that in many experiments the doped graphene sheet is often
exposed to water on one side and to a solid support on the
other side, we choose this model because this configuration is
frequently adopted in the literature and is also computation-
ally advantageous to simulate.

For completeness, we run both UKS simulations with a
system multiplicity M = 1 and M = 3. For a selection of
configurations along these DFT-MD trajectories, we calcu-
late the difference between these two settings and found the
M =1 setting to be the lowest in energy in the vast majority
of the cases (see Supplementary Figure 6, where we also give
a comparison with PBEO results). Therefore, in the following,
we only show results of DFT-MD simulations using a system
multiplicity M = 1. Other spin settings in DFT-MD runs are
analyzed in Supplementary Table 1 and Supplementary Fig-
ure 4. During the equilibration of the DFT-MD simulations,
we observe that two water molecules from both sides of the
liquid slab readily adsorb onto the Fe metal ion at a distance
of approximately 2 A, in agreement with the previous sec-
tion. In the following, we note the related adsorbed oxygens
by *O to differentiate them from the rest of the water solvent
molecules. During the production runs, we do not observe any
exchange of these adsorbed water molecules on the timescale
of our simulations (~ 10— 20 ps - details are given in Tab. III).
Fig. 2c shows the distribution of the *O-H bond length for the
adsorbed water molecules for both defects (solid red line for
the Fe-porphyrin and solid blue line for the Fe-pyridine), com-
pared to the O-H bond length distribution in the bulk region
far from the graphene sheet (dashed black line). We observe
a significant lengthening of the *O-H bonds of the adsorbed
water molecules with respect to the bulk value, which hints
at a weakening of the *O-H bond and a decrease of the free
energy barrier to water dissociation at the defect. It is inter-
esting to note that no *O-H bond lengthening was observed
in the gas phase calculations without surrounding solvent, de-

picted in Fig. le, which suggests that the hydrogen bonding
in liquid water is crucial to facilitate water dissociation via
proton transfer.

Quantifying the free energy barrier of deprotonation in the
adsorbed state is however not possible because no sponta-
neous deprotonation occurs during the limited length of our
unbiased simulations. Thus, we examine the stability of hy-
droxide in aqueous conditions, i.e. of the product of this de-
protonation process. We prepare configurations with a hy-
droxide ion adsorbed on the right side of the catalytic site
(z > 0) and a hydronium ion to ensure charge neutrality,
placed initially as far as possible in the liquid water from the
hydroxide, as shown in Fig. 2b. Fig. 2d indicates the aver-
age Fe-*O distance in the *OH; case by a vertical gray line
(the distribution is identical for both defects). In the *OH™
case, the Fe-*O distance on the hydroxide side (shown by
the solid lines) is shorter, similar to what we observed pre-
viously in single molecule calculations, while for the opposite
adsorbed water it increases slightly (dotted lines). This trans-
effect is larger for Fe-porphyrin (red lines) than Fe-pyridine
(blue lines), indicating a stronger Fe-*OH™ bond in the Fe-
porphyrin case. Fig. 2e shows the total energy distributions
along simulations with two adsorbed water molecules *OH,
(solid lines) and with initially an adsorbed hydroxide anion
*OH™ (dashed lines). Upon water deprotonation we find a
decrease in average energy for Fe-porphyrin but not for Fe-
pyridine. Although the distributions significantly overlap, the
average total energy of the "OH™ simulations for Fe-pyridine
is about 60 kcal mol~! higher than in the pure water simu-
lations, while it is approximately 50 kcal mol~! lower in the
case of Fe-porphyrin, as confirmed in Table III.

Other characteristics of these MD simulations are reported
in Table III. In particular, we find spin states consistent with
the previous gas-phase single molecule calculations, except
for a quenching of the spin in Fe-pyridine with an adsorbed
hydroxide ion, instead of an intermediary spin state with spe ~
1.

In the trajectories reported in Table III, we observe that
the hydroxide ion remains continually adsorbed for the whole
simulation length (18 ps) in the case of Fe-porphyrin. On
the other hand there are several proton transfers from neigh-
bouring water molecules in the case of Fe-pyridine, eventually
leading after 7 ps to the recombination of the hydroxide with
the hydronium ion (such recombination was also observed for
M = 3 for Fe-pyridine). The trajectories are given in Sup-
plementary Figure 7. We follow the proton transfer reaction
(here from liquid water to the adsorbed *OH ™) by computing
the coordination number of the adsorbed oxygen atom *O of
the hydroxide, using the switch function

I 6
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where the sum runs over all hydrogens in the simulation box,
r«on 1s the distance to the adsorbed oxygen and we choose

ro = 1.4 A. The choice of exponents in Eq. 1 and cutoff
value rg influences the average number of hydrogen atoms ac-
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counted for *O but not the shape of the distributions nor its
qualitative behavior. In Fig. 3, we plot a transient free en-
ergy profile, taken as the negative logarithm of the frequency
distributions of 1«0, AFansient = —kgT In(Z(n+p)). For sim-
ulations starting from two adsorbed water molecules (see
Fig. 3a), the coordination number has a single minimum at
1.75, while for simulations with an initial hydroxide ion (see
Fig. 3b) the distributions initially show a minimum at 0.95, as
expected. These simulations have large energy barriers. For
the lack of multiple barrier crossing events the free energies
shown in Fig. 3 (and Fig. 4c) are not converged to equilib-
rium profiles and thus are transient quantities. Nonetheless,
in Fig. 3b, we observe in the case of Fe-porphyrin a single
stretched well corresponding to the hydroxide species, while
for Fe-pyridine we observe a reprotonation of the anion, lead-
ing to a second minimum corresponding to Hy*O. We stress
that for Fe-pyridine only three barrier crossings are observed
during the simulation, so that the height of the energy bar-
rier is not equilibrated and depends on the trajectory length.
These results show that our proposed Fe-porphyrin structure
stabilizes the product of water deprotonation, i.e. the hydrox-
ide anion coordinated to the Fe atom, which adopts an in-
termediary spin state. On the contrary, for the Fe-pyridine
configuration the hydroxide ion is only metastable and will
eventually accept a proton from the liquid water so that the
adsorbed hydroxide and free hydronium recombine on the 5-
10 ps timescale.

C. Biasing the deprotonation with E-fields

To go further in the characterisation of the proton transfer,
we apply a moderate electric field to trigger the water deproto-
nation at the surface, which is both a sampling bias method but
can also be realized experimentally. We use an external elec-
tric field, with a nominal field strength of D/gy =1 V nm !,
which is small enough to avoid the disruption of the hydro-
gen bond network. Due to the way electrostatics are treated in
periodic boundary conditions in conjunction with polarization
of the water in our simulation box the effective electric field is
different from the applied one. We evaluate the effective elec-
tric field in the bulk water to be Epyx = 0.12+£0.02 V nm™!
(see Supplementary Figure 8 for details). Notably, this elec-
tric field stimulus is around 30 times smaller that the one ap-
plied in recent DFT-MD simulations of bulk water in order
to trigger water dissociation’’-38. Upon application of the ex-
ternal field, we observe an asymmetry in the Fe-*O distance,
shown in Fig. 4b: given that the field is applied in the z di-
rection, the right adsorbed molecule in the z > 0 plane aligns
strongly with the field and its Fe-*O distance shortens (solid
lines), while the left molecule is pulled away from the sur-
face, leading to a lengthening of the bond (dashed lines), with
values close to those obtained from the adsorption of a hy-
droxide anion (see Fig. 2d). This bond shift is pronounced for
Fe-porphyrin but weaker for Fe-pyridine. For the Fe-pyridine,
we only observe a low spin state with sg. < 0.5 and no water
deprotonation event occurs over the length of the simulation
(around 17 ps), as shown by the distribution of the coordina-

tion number of the right water molecule in Fig. 4c (blue line),
which displays a single well corresponding to H,*O. We note
that the well is asymmetric and stretched toward the low co-
ordination numbers compared to Fig. 3a, because of the bias
due to the applied electric field. In the case of Fe-porphyrin,
we observe low and intermediary spin states with sge = 0.5
and 0.9.

Most interestingly, for Fe-porphyrin we observe deproto-
nation and reprotonation events, as indicated by the double-
well structure in Fig. 4c. The data is collected along two in-
dependent biased simulations of Fe-porphyrin for a total of
35 ps, during which we detect ~ 120 proton transfer events
(including both deprotonation and protonation events). Here
and in the following analysis, we define a proton transfer event
when a proton’s nearest oxygen changes to or from the ad-
sorbed oxygen *O. In these biased simulations, the created
proton eventually diffuses away, pushed by the electric field,
so that we do not observe any more recombinations between
the adsorbed hydroxide and the solvated hydronium ion on
the timescale of our simulation. An example of such a tra-
jectory is given in Fig. 4d, where we plot the timeseries of
the coordination number n<g along a 20 ps trajectory. We ad-
ditionally plot the lifetime distribution of the *OH™ species
in Fig. 4e. We observe several short-lived proton transfers,
with a lifetime of less than 25 fs, and a few long-lived trans-
fers of a few hundreds of fs. These short proton transfers are
mostly resulting in contact ion pairs (such as in Fig. 4f), or
solvent separated ion pairs (with a single water molecule sep-
arating the hydroxide and the hydronium ions, see Fig. 4g). At
11 ps, there is a water deprotonation event that lasts for 2.5 ps,
where the created hydronium ion hops relatively far from the
adsorbed hydroxide, along an oxygen chain containing 5-6
oxygens, highlighted in blue in Fig. 4h. The hydronium and
the hydroxide ions then recombine by travelling backwards
through the same water chain, but another proton transfer oc-
curs after 1 ps, using once again the same water chain, and
the hydronium ion diffuses away without returning to the cat-
alytic site for at least 6 ps. As known in the literature®* !,
this highlights the importance of hydrogen bond networks for
long-lived water dissociation. In the second independent sim-
ulation we observe qualitatively the same behavior.

Finally, using the simulations for Fe-porphyrin with an ap-
plied electric field, we analyse the proton transfers occurring
at the catalytic site. In Fig. 5, we show four properties as a
function of the time difference to a transfer, by plotting the
timeseries 300 fs before and after each event and aligning
them such that the proton transfer occurs at 0. We show av-
erages over all observed deprotonation (green lines) and pro-
tonation (purple lines) trajectories. Fig. 5 shows, for a proton
transfer between the right adsorbed *O (see Fig. 4a) and a sec-
ond O from the solvent, the *O-H distance (panel a), the *O-O
distance (panel b), the Fe-*O distance (panel c¢) and the Fe
spin polarization sg. (panel d). The plots highlight how these
properties change during the proton transfer: all trajectories
closely overlap, as shown by the small spread of data indicated
by the shaded areas, pointing to a common mechanism. Im-
portantly, there is a time-reversal symmetry between protona-
tion and deprotonation trajectories with respect to t —tpt = 0,



so that there is no time delay in the proton transfer. The *O-H
distance increases from 1.05 A to around 1.6 A upon deproto-
nation (and vice-versa for protonation) as expected, while the
*0-0 distance decreases during the proton transfer, as shown
in Fig. 5b. This mechanism was already pointed out in bulk
water and it was explained by the fact that the proton trans-
fer barrier is sensitive to the oxygen-oxygen distance, so that
shortening the distance favors the proton transfer’®4>43, Con-
trary to the *O-H and *O-O distances, both the Fe-*O distance
and the spin polarization s, are symmetric with respect to the
initial and final states, i.e. they cross ¢ = tpr in the middle be-
tween the two minima: for example, sg. goes from 0.5 to 0.9
during the proton transfer and crosses ¢ = fpr at 0.7.

Finally, for both protonation and deprotonation events, it
takes the system around 100 fs to dissipate the perturbation
created by the proton transfer: all depicted properties start de-
viating from their average value around 50 fs before the event
and reach their new equilibrium value 50 fs after the event,
indicating proton transfer several times faster than what has
been reported for bulk water auto-dissociation in the litera-
ture, where deviations from the average values up to 600 fs
before the proton transfer have been reported®®. This speed
up of reaction time can be interpreted with respect to the cat-
alytic action of the Fe-SAC, combined with the action of the
electric field, as well as a difference in hydrogen bonding of
the adsorbed water molecule.

Ill.  CONCLUSION

In this work, we have used static DFT and DFT-MD with
spin-polarized calculations to thoroughly study the chemical
reactivity of two Fe-SAC defects in aqueous conditions in or-
der to mimic an in-situ electrocatalyst. We showed that both
defects are reactive in liquid water, adsorbing two interfacial
water molecules on both sides. We also highlight a differ-
ent reactivity of both defects with respect to the water disso-
ciative adsorption process. Indeed, the Fe-porphyrin defect
shows a stronger interaction with adsorbed water molecules
and a larger stabilization of the product of water dissociation,
i.e. of hydroxide ions, with respect to Fe-pyridine. The Fe-
porphyrin defect therefore lowers the energy barrier to water
dissociation more than Fe-pyridine. This is confirmed by bi-
ased simulations with an applied electric field, in which we
observe deprotonation of an adsorbed water molecule only in
the case of Fe-porphyrin and not for Fe-pyridine. This points
to a higher intrinsic chemical reactivity of the Fe-porphyrin
defect with respect to deprotonation. Based on our simula-
tions, we therefore recommend that the SAC synthetic route
promotes selectively porphyrin-like defects to catalyze water.

In a more general perspective, very few metal catalysts
are prone to water dissociation in aqueous media**, such as
Ru(0001). Even on the prototypical highly reactive Pt(111)
catalyst, interfacial water molecules are predicted to remain
intact®>. Such favorable water activation into its self-ions per-
mitted by the Fe-porphyrin SAC defect becomes therefore of
great importance to guide the next generation of sustainable
electrocatalysts.

METHODS

The two Fe-SAC considered in this study are composed of
one iron (Fe) atom coordinated by 4 nitrogens embedded in
a single graphene sheet. The geometry of the Fe-porphyrin
and Fe-pyridine defects is optimized with density functional
theory (DFT) to obtain the lateral dimensions of the sim-
ulated box: 19.6896 x 21.3146 A2 for the Fe-pyridine de-
fect and 19.6907 x 21.0636 A2 for the Fe-porphyrin defect.
The hydrated Fe-SAC defects contain 201 additional water
molecules, with a periodic box length of 17.7206 A in the
direction perpendicular to the defects. All the MD simula-
tions are then run with a CSVR thermostat at 323.15 K, with
a timestep of 0.5 fs for at least 10 ps. If not stated other-
wise, DFT calculations (static and MD) are performed with
the software CP2K3, using the PBE-D3 functional®'3? with
Grimme’s dispersion correction*® and the DZVP-MOLOPT-
SR basis set*’, combined with GTH pseudopotentials48, and
with a cutoff of 600 Ry. Extensive simulation details and in
particular for the spin constraints are provided in Supplemen-
tary Methods and Notes 1-5.
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FIG. 1. Bare defects in gas-phase Top views of the DFT-optimized Fe-pyridine (a) and Fe-porphyrin defects (b) embedded in graphene. The
simulation box is cropped in the vertical direction: for snapshots of the entire unit cell, see Supplementary Figure 1. The colors are as follows:
C - gray, Fe - orange, N - blue, O - red, H - white. Pink areas highlight the defect pattern and the yellow areas show the graphene reconstruction
with seven- and five-membered rings. (c-d) Representation of the magnetic d-orbitals of the Fe atom in SAC extracted from spin-polarized
projected densities of states (pDOS, explicitly shown in Supplementary Figure 3), together with corresponding Fe spin polarizations sg.. Water
as a ligand : (e) Mechanism of a single water molecule adsorption on the Fe SAC defect, where the Fe atom acts as a Lewis acid followed
by auto-dissociation of the adsorbed water. Close-up DFT structures of the Fe SAC coordinated by either two water molecules (f) or a water
molecule and a hydroxide ion (g), along with computed total charges of the adsorbed Hy*O or *OH™ and Fe spin polarizations sge. The full
box is shown in Supplementary Figure 1. Both defects yield similar charge and spin values, for more details see Tab. II.
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FIG. 2. Characterisation of the fully hydrated Fe-defects
Schematic representations and snapshots of the simulation boxes
with two adsorbed *OH> (a) or with one adsorbed *OH; on the left
side, one adsorbed *OH™ on the right side and a hydronium ion far
away from the catalytic site (b). The colors are as follows: C - gray,
Fe - orange, N - blue, O - red, H - white, OH™ - dark green, H30™
- cyan. We show results for the Fe-porphyrin (red lines) and the Fe-
pyridine (blue lines) hydrated defects. (c) *O-H distance d-oy distri-
bution for simulations with two adsorbed water molecules (case a),
averaged over the two oxygens atoms *O adsorbed to the Fe atom,
compared to the O-H distance distribution for water molecules in
bulk (black dashed line). (d) Fe-*O distance dpe+o distributions from
simulations with initially a single hydroxide ion adsorbed on the right
side of the catalytic site (case b), for the right adsorbed oxygen (solid
lines) and for the left adsorbed oxygen (dotted lines). The vertical
gray line shows the average distance for the simulations with two
adsorbed water molecules (case a). In the case of Fe-pyridine, the
distribution was computed only on configurations before reprotona-
tion of the hydroxide ion. (e) Total energy distributions for simula-
tions with two adsorbed water molecules (case a - solid lines) and
for simulations with initially a single hydroxide ion adsorbed on the
catalytic site (case b - dashed lines).
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FIG. 3. Characterisation of adsorbed water and hydroxide sta-
bility Transient free energy profile AFjansient> taken as the negative
logarithm of the frequency distribution of the coordination number
of the right adsorbed oxygen atoms n-q, defined in Eq. 1, as a func-
tion of n-g, for simulations with two adsorbed water molecules (a)
and for simulations with initially a single hydroxide ion adsorbed at
the catalytic site (b), for the Fe-porphyrin defect (red lines) and the
Fe-pyridine defect (blue line). These distributions are taken along
the finite length of our simulations (approximately 10-20 ps).
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FIG. 4. Deprotonation under an electric field (a) Schematic representation of fully hydrated simulations with a small applied electric field
D/ey =1 V nm~!, with initially two adsorbed water molecules on the catalytic site. We show results for the Fe-porphyrin (red lines) and
the Fe-pyridine (blue lines) hydrated defects. (b) Fe-*O distance dge+o distributions for simulations with an applied electric field, for the
right adsorbed oxygen (solid lines) and for the left adsorbed oxygen (dotted lines). The vertical gray line shows the average distance for
the simulations with two adsorbed water molecules without electric field. (c) Transient free energy profile AFyansient> taken as the negative
logarithm of the probability distribution of the coordination number of adsorbed oxygen atoms n-g, defined in Eq. 1, as a function of n«g. (d)
Coordination number of the right adsorbed oxygen n+g along a Fe-porphyrin trajectory with an applied electric field (red line). Horizontal
dashed lines indicate the two maxima in the n-q distributions, corresponding to the adsorbed water being protonated (*OHy) or deprotonated
(*OH™). (e) Distribution of the lifetime of the deprotonated species *OH™ along the previous trajectory. (f-h) Snapshots of the proton transfer
atr =11 ps: contact ion pair (f), solvent separated ion pair (g) and snapshot with separated hydroxide and hydronium ions where we highlighted
in blue the water chain through which the proton has hopped (h).
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FIG. 5. Proton transfer dynamics *O-H distance d:gy (a), *O-O
distance d-og (b), Fe-*O distance dpe+o (c) and Fe spin polarization
sre (d) as a function of the time delay to a deprotonation (green line)
or a protonation event (purple line), averaged over all proton trans-
fer events (between an adsorbed oxygen *O and a second oxygen O
from the solvent) in the simulations of Fe-porphyrin under an applied
electric field. Shaded areas correspond to the standard error.
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lSpin Settings \E (kcal mol’l)\ SFe \qpe [e]‘

| [ Fe-pyridine |
UKSM =1 -655501 0.0 0.18
UKSM =3 -655512 2.11| 0.22
| [ Fe-porphyrin ‘
UKSM =1 -640978 2.07| 0.46
UKSM =3 -640984 2.25| 0.49

TABLE 1. Bare Fe SAC defects in gas phase Potential energy E,
Fe spin polarization sg. and Fe charges gr. for different spin settings
(UKS M =1 and UKS M = 1). See Methods section and Supple-
mentary Methods for more details.



H,*O H,*O;, and *OgH™

Spin Settings || AEags | SFe | gFe |qH;0 |dFer0 AEags | SFe | qFe |qu;0, |9+0rH- | dFe 0y |dFe Oy
[kcal mol~!] le] | [e] | [A] ||[kcal mol~!] le] | [el | [e] | [A] | [A]

| I Fe-pyridine ‘
UKSM=1 -22.2 0.0/0.12]0.20 | 2.06 -122.3 1.0/0.21] 0.11 | -0.20 | 2.38 | 1.81
UKSM=3 -14.2 2.110.24]0.08 | 2.50 -110.9 0.9)0.20| 0.12 | -0.20 | 2.32 | 1.81

| [ Fe-porphyrin ‘
UKSM =1 -27.6 0.0/0.40{ 0.20 | 2.07 -135.6 0.9]0.44| 0.15 | -0.19 | 2.18 | 1.80
UKSM =3 -22.3 2.410.52|0.11 | 2.32 -124.8 0.9]044| 0.15 | -0.17 | 2.18 | 1.79
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TABLE II. Water and hydroxide adsorption on Fe SAC defects in gas phase BSSE-corrected adsorption energy AE, 44 of the water molecules
and/or hydroxide ion onto the Fe-defects, Fe spin polarization sg., Fe charges gpe, total charges on the adsorbed H>*O and *OH™ and Fe-*O
distances for different spin settings (UKS M = 1 and UKS M = 3). Data is shown for DFT-optimized configurations coordinated by either
two water molecules or a water molecule and a hydroxide ion in gas phase, corresponding to the structures given in Fig. 1F-G. See Methods

section and Supplementary Methods for more details.

| Initial setup [ Time [ps] [ (SFe) [<11Fe>[“3”
l [ Fe-pyridine ‘

*OH, 17.3 0.0 0.16
*OH™ 114 0.05 0.17
E-field *OH, 16.9 0.0 0.17
| [ Fe-porphyrin ‘
*OH, 20.8 0.4 0.44
*OH™ 18.1 0.8 0.46
E-field *OH, [20.5 + 16.9(0.5 & 0.9| 0.45

TABLE III. Fully hydrated Fe SAC defects Data is given for DFT-
MD simulations (UKS M = 1) of fully hydrated Fe SAC defects with
two adsorbed water molecules (*OH,), with one water and one hy-
droxide ion adsorbed (*OH™) and with an applied electric field: to-
tal running time, average Fe spin polarization sp. and average Fe
charges gr.. When two values are indicated, the distribution has two
peaks during the simulation time, as can be seen in Supplementary
Figure 4.



