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Abstract

Single Atom Catalysts (SAC) in graphene have been recently gaining more and more attention. They are
usually non-noble transition metal (TM) adatoms getting trapped at the carbon vacancies during the
fabrication of the graphene layer, which then act as active centers for catalysis and adsorption. In this
work we present a systematic and comparative investigation, by means of dispersion—corrected density
functional theory (DFT) calculations, of Fe, Co, Ni, and Cu as possible SACs when they become trapped at
graphene C vacancies. The stability of these TM atoms is further increased by introducing pyridinic
nitrogen (N) atoms and transforming graphene into a giant porphyrin-like macrocyclic ligand. The
structural, electronic and energetics properties of these systems, even under the effect of a metal
substrate (weakly interacting Cu (111) or strongly interacting Ni (111)), are comparatively examined in
great detail by means of crystal/ligand field theories and through ad-hoc energy decomposition analysis
to highlight trends and peculiar behaviors. The position of the TM d-orbitals with respect to the Fermi
level of the whole system is of considerable importance for designing prospective device applications in
catalysis, electrocatalysis and sensors. To this purpose, we also examine how the reactivity of the SACs in
graphene towards the hydrogen evolution reaction (HER) can be tuned with N-doping and with different

substrates.
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1. Introduction

Graphene has proven to be a corrosion-protector of metal electrodes even better than the
conventional anti-corrosion coatings.? The impermeability of graphene to ions as well to all kinds of
gases (with the unique exception of hydrogen) has been indisputably demonstrated.>® This is of
paramount importance for the applications in the field of electrochemistry as such reactions usually
take place in harsh corrosion prone conditions, such as in the presence of an electrolyte.” Until now the
most successfully used electrode material has been the very expensive platinum (Pt). However, if one
needs to replace it with cheaper metals, such as copper (Cu) or nickel (Ni), protecting them from
corroding away in the electrolyte is fundamental and it is here that graphene would play a pivotal role.®
Still the long-term duration of such an anti-corrosion layer under wet conditions is subject to
discussion.’

Once the metal electrode is covered with a layer of graphene and the protection is guaranteed, the
next question that arises is about reactivity. The metal beneath is now unexposed and at the surface
we have pristine graphene that is not very electrochemically active.’® But the electronic and structural
properties of graphene can be suitably varied depending on the substrate on which it is grown and the
fabrication methods used.'*3 On a variety of metal substrates, such as Cu(111), Pt(111) etc., graphene
is weakly interacting and hence retains its intrinsic properties, whereas on others, such as Co(111) or
Ni(111), even the characteristic Dirac cone is lost due to the very strong interaction.!! Hence, the
choice of a specific substrate is a fundamental decision to make, especially in mass-production.

Recently there has been a lot of effort and interest in a new area of research that is capable of
instigating additional attributes to the existing characteristics of graphene by introducing dopant
heteroatoms in the 2D hexagonal matrix.}* A quite interesting response towards the electrochemical
activity has been reported on the non-noble metal atoms getting trapped at carbon vacancies and
defects, the so-called Single Atom Catalysts (SAC) in a graphene layer.’>” These SACs could be either
metal adatoms originating from the substrate and getting trapped in graphene during the growth
process or purposefully incorporated by means of sputtering.'® However, it may happen that the bonds
formed between the C atoms of graphene and the SAC are not very stable in the catalytic conditions. A
solution to this problem is interposing N atoms, which increases the binding strength between the non-

noble metal atom and graphene. Furthermore, the presence of N has proven to reduce the activation



barrier of the reaction at SAC, conceding it to proceed at room temperature. It has been shown that
N doping reduces the overpotential for the hydrogen evolution reaction (HER) at the SAC sites on
graphene.?’ Similarly an increased catalytic activity towards ORR and H,0O: reduction has also been
reported in the presence of N atoms.??2 Fabrication of such structures have been successfully done by
introducing the N atoms in the graphene matrix by CVD employing N containing molecules as
precursors, or first sputtering graphene followed by thermal treatment with N containing precursors,
or very recently from a N-doped nickel substrate.?>2° Hence, by combining metal and non-metal doping
of graphene supported on non-noble metal substrates researchers are able to achieve an optimum
solution for a versatile and cheaper electrode with excellent activity towards catalysis.

In this work, by means of dispersion-corrected density functional theory (DFT) calculations, we
investigate structural, electronic and energetic properties of four non-noble SACs, namely Fe, Co, Ni
and Cu, trapped at the single (1VG) and double (2VG) carbon vacancies in graphene. This is followed by
the N-doping of these structures through substitution of the C atoms at the edges of the defects. In the
2VG hole, the TM atoms acquire a pseudo-square planar coordination, similar to what observed in
macrocyclic ligands, such as porphyrins. Given this analogy, the electronic properties of the SAC
centers are discussed in terms of the TM d-orbitals splitting according to the crystal/ligand field
theories. The resulting molecular orbital (MO) diagrams, when used in combination with the projected
density of states (PDOS), help in understanding not only the bonding between the TM and graphene
but also serves as a fundamental reference for the Cu(111) and Ni(111) supported systems, since the
variations in the TM d-orbital peak position around the Fermi occur due to the interaction with the
substrate. The choice of these two underlying substrates is not only because of their common use in
experiments,'>*® but also because of the weak (with Cu) and strong (with Ni) interactions of the
graphene layer, which allows exploring the two extreme scenarios. Finally, we also compute the
differential Gibb’s free energy (AGu+) for hydrogen adsorption at the SACs to shed light onto its

catalytic activity towards HER under various conditions.

2. Methods
We used density functional theory (DFT) simulations with plane wave basis in this study as

implemented in the Quantum Espresso suite.?’ Ultrasoft pseudo potentials requiring wave-function



and charge density cut-offs of 46 Ry and 401 Ry were used. A 6x6-unit cell was used to model the free-
standing as well as the supported graphene. The Cu(111) and Ni(111) slabs were modelled by using the
lattice constant of 2.46 A, of graphene. Each of these slabs were constructed with three atomic layers
where the bottom-most layer was kept fixed during all relaxations. A vacuum of more than 20 A was
introduced between the slabs to avoid the spurious interactions between the periodic cells in the z-
direction. The energy convergence threshold was set to 10 Ry and forces were converged until they
were as low as 103 Ry. Bohr!. A 3x3x1 Monkhorst-Pack? k-points grid was used to sample the Brillouin
zone. For PDOS we did the convergence test until a 12x12x1 k-mesh and since the PDOS features
remain unchanged, only the ones obtained for 3x3x1 are shown here. To consider the van der Waal’s
interactions all calculations were performed including the vdw-DF2-c09 non-local functional.?*32 The
ball and stick models were produced by using the XCrySDen software,

In order to simulate HER, we followed Ngrskov’'s methodology to model the electrochemical half-
cell®. Applying the computational hydrogen electrode (CHE) approach, the chemical potential of the
electron-hole (H* + e’) pair can be replaced by that of half the hydrogen molecule. When no external
potential is applied, at pH=0, T=298.15 K and 1 bar of H,, the reaction: H* + e 3% H, is in equilibrium;
i.e., the free energy per H atom of the initial state is equal to that of the final state. Employing this
method, first the electronic energy of atomic hydrogen adsorption (AEu-) is calculated as: AEn+ = Egysinn
— Esys+(n-)1 — %2 Eny), where Esys.n is the total energy of the system with “n” H atoms adsorbed, Esys«(n-1jn is
the energy of the system with “n-1” H atoms adsorbed and Ey, is the energy of an H, molecule. Once
we have the electronic energy, the Gibb’s free energy for atomic hydrogen adsorption AGu+, which is
the key descriptor of HER activity used in simulations, can be obtained as follows: AGu* = AEn« + AZPEy+
— TASw+. AZPEw+ is the zero point energy difference obtained as AZPEw+ = ZPEnw — ZPE(n-1jn — % ZPEw,
where ZPEqy is the zero point energy of the “n” adsorbed H atoms present in the system and ZPEy;, is
the zero point energy of the H, molecule. The ZPEs are obtained by computing the vibrational
frequencies (converted to eV) of the adsorbed H atoms in the former and that of the molecular
hydrogen in the latter, computed within the density functional perturbation theory (DFPT) using the PH
code of Quantum Espresso?. Similarly, ASy~ is the difference in entropies between the adsorbed H

atoms and the H, molecule. The entropy of the H, molecule is taken as TSuy,=0.41 eV, under standard



conditions®®. According to Sabatier principle, in the ideal case, the best catalyst has a value of AGu+=0

eV which indicates thermoneutrality.

3. Results and discussion

3.1 Undoped Graphene on Metals
Pristine graphene adsorbed on Cu(111) and Ni(111) has been investigated before in the literature®®.
Here, we report the results obtained with our computational setup to prove the agreement with

previous works,!3¢

as discussed below, but also for comparison with the modified systems in the next
sections. The optimized geometries obtained for these two systems are shown in Figures S3(a) and (e)
of the Supplementary Material. Graphene interacts very differently with these two metals.!! The
interaction is rather weak with Cu, resulting in an adsorption energy of -3.66 eV, whereas, on the
contrary, it is extremely strong with Ni, with an adsorption energy of -7.68 eV. In fact, the electronic
states of graphene remain quite intact on the former while on the latter the characteristic Dirac point
of graphene is strongly modified®® as shown in Figure S1 of the Supplementary Material. This difference
in interaction is also very much evident in the geometry, as the adsorption distances between the
graphene layer and Ni(111) surface or Cu(111) surface are of 2.10 A and 3.24 A, respectively. These
values are in accordance with those measured, as well as with those previously calculated in the
literature.'>3%37 On both of these substrates, graphene is slightly n-doped (see Figure S1).3°

We remark that, as references for our analysis in the next sections, we have also simulated
both the empty carbon single vacancy (1VG) and double vacancy (2VG), with and without substitutional

N doping on free-standing as well as supported graphene, as reported in the Supplementary

Information (see Figures S2, S3, and S4).

3.2 TM (Fe, Co Ni Cu) atoms trapped in free-standing graphene
In this section we present the SAC systems, i.e. the metal atoms trapped at the 1VG and 2VG of
graphene. We have chosen four non-noble transition metal (TM) atoms, namely Fe, Co, Ni and Cu,
which would have great potentials as cheap catalysts. Cu and Ni may even result as trapped intrinsic
adatoms emerging from the substrate itself.

Analyzing these TMs, Fe and Ni have an even number of electrons while Cu and Co have an odd

number. Cu is the only diamagnetic (bulk) material in nature while all the others are ferromagnetic.



Also, Cu is the only one with a completely filled d-orbital among the four. Just with these properties in
mind we can predict beforehand an unalike behavior from Cu compared to the other three.

First, we have considered one TM atom encapsulated at a single C vacancy (1VG) in free-
standing graphene. The optimized geometries obtained for the four TMs are shown in Figure 1(a-d).
From the side views it is evident that none of the metal adatoms are lying in the same plane as
graphene. The TMs in Fe@1VG, Co@1VG, Ni@1VG and Cu@1VG are at heights of 1.37 A, 1.33 A, 1.34
A, 1.46 A with respect to the averaged height of the C atoms in the graphene layer, respectively. We
also computed the energy cost to go through the 1VG, by means of a constrained geometry
optimization of the TM fixed in the plane of the C layer. Depending on the TM the energy cost goes
from 2.1 (Cu) up to 2.8 (Fe) eV. The results are shown in Figure S5 of the Supplementary Information.
All the observations above clearly point to the fact that the 1VG defect is too small to accommodate
(in-plane) any of the TM atoms considered.®

Therefore, we moved to consider a larger sized defect, the double C vacancy (2VG), where the TM
atoms are found to lie in the same plane as graphene, as evident from the side views of the relaxed
geometries of the free-standing TM@2VG systems in Figure 2(a-d). More details of the structural
parameters, such as the values of a, a’; 8, 8’ and TM-C bond lengths are given in Table 1. One can
easily recognize that the structures of the TM@2VG are reminiscent of a square-planar geometry, a
well-known type of coordination in TM complexes. However, in an ideal square planar structure all the
angles marked in Figure 2(a) should be equal to 90° and all the bonds forming these angles should be of
equal length. Our TM@2VG systems show minor variations from these features, except for Co@2VG
exhibiting the largest deviation of +24.2° for a and of -9.3° for 0, followed by Fe@2VG. Ni@2VG and
Cu@2VG instead are very close to ideal and manifest the same angle values, with a slight difference in

TM-C bond length (1.87 vs 1.89 A).



Figure 1: Optimized structures of free-standing (a) Fe@1VG, (b) Co@1VG, (c) Ni@1VG, (d) Cu@1VG,
and supported at the top site of Cu(11l) (e) Fe@1VG/Cu(111), (f) Co@1VG/Cu(111), (g)
Ni@1VG/Cu(111), (h) Cu@1VG/Cu(11l), at the fcc site of Cu (111) (i) Fe@1VG/Cu(111), (j)
Co@1VG/Cu(111), (k) Ni@1VG/Cu(111), () Cu@1VG/Cu(111), at the top site of Ni(111) (m)
Fe@1VG/Ni(111), (n) Co@1VG/Ni(111), (o) Ni@1VG/Ni(111), and (p) Cu@1VG/Ni(111), at the fcc site
of Ni(111) (q) Fe@1VG/Ni(111), (r) CO@1VG/Ni(111), (s) Ni@1VG/Ni(111), and (t) Cu@1VG/Ni(111).



Table 1: The structural parameters of the optimized geometries shown in Figure 2 are reported here.
The angles a, a’ and 6, 8’ are as marked in Figure 2. TM-C is the average bond length between the
metal adatom and the four C atoms to which it is bonded (the standard deviation is given in brackets).
In the case of the supported systems the buckling of the graphene layer, the height of the metal
adatom and the height of the farthest C atom both with respect to the average height of the first layer
atoms of the substrate are also given.

Free-standing Fe@2VG Co@2VG Ni@2VG Cu@2VvG
87.8°, 114.2°, 92.2°, 92.1°,
a, o’ 99.5° 84.5° 92.2° 92.1°
86.4°, 80.7°, 87.8°, 87.9°,
6, 0 86.4° 80.7° 87.8° 87.9°
TM-C Bond Length (A) 1.99 (+0.04) 1.88 (+0.10) 1.87 (£0.00) 1.89 (+0.00)
Magnetism on TM (uB) 2.97 0.58 0.00 0.01

Supported on Cu(111)

88.8°, 89.2°, 90.4°, 91.4°,

a, o 87.8° 89.2° 90.4° 91.4°

84.8°, 86.5°, 87.7°, 88.0°,
8, o 84.7° 86.2° 87.5° 87.9°
TM-C Bond Length (A) 1.92 (+0.04)  1.93 (+0.10) 1.92 (+0.00) 1.92 (+0.00)
Buckling of G (A) 0.99 1.02 1.03 0.97
TM height (A) 1.89 1.94 2.08 2.24
Highest C (A) 3.06 3.06 3.06 3.07
Magnetism on TM (uB) 1.06 -0.00 0.00 -0.00
Supported on Ni(111)

89.8°, 91.5°, 92.4°, 92.4°,
a, o 89.8° 91.5° 92.4° 92.4°

84.6°, 87.0°, 88.0°, 88.0°,
8, o 84.8° 86.2° 87.3° 86.2°
TM-C Bond Length (A) 1.88 (+0.00)  1.87 (+0.00) 1.85 (£0.01) 1.87 (£0.01)
Buckling of G (A) 0.15 0.19 0.15 0.16
TM height (A) 1.65 1.79 2.06 2.19
Highest C (A) 2.20 2.18 2.14 2.14
Magnetism on TM (uB) 0.03 0.48 0.07 -0.01




Figure 2: Optimized structures of free-standing (a) Fe@2VG, (b) Co@2VG, (c) Ni@2VG, (d) Cu@2VG,
those supported on Cu(111) (e) Fe@2VG/Cu(111), (f) Co@2VG/Cu(111), (g) Ni@2VG/Cu(111), (h)
Cu@2VG/Cu(111), and those supported on Ni(111) (i) Fe@2VG/Ni(111), (j) Co@2VG/Ni(111), (k)
Ni@2VG/Ni(111), and (I) Cu@2VG/Ni(111).

According to the crystal field theory, the d-orbitals of a transition metal atom at the center of a square-
planar structure with Dan symmetry are split in the following order: the most stable are the degenerate
dx. and dy,, followed by d.?, dy, and d,>-,% respectively. Following the ligand field theory, the split d-
orbitals, when approached by the orbitals of the ligands with proper symmetry, give rise to o and m
bonding and anti-bonding molecular orbitals. In the present case, where the ligands are C atoms in the
defective graphene network, the ligand orbitals are sp? and p, orbitals of the unsaturated C atoms at
the 2VG center. Hence, the d-orbitals of the TM atom mix up with the in-plane sp? hybridized orbitals
and the p, of the four C atoms in the square planar structure, producing a new set of molecular
orbitals, as sketched in the schemes of Figure 3, where the order and the nature of these resulting
molecular orbitals for each of the TM@2VG systems are presented. The schemes are derived from the
electronic structure calculations in terms of projected densities of states (PDOS) of these free-standing
systems, which will be discussed below and are reported in the first column of Figure 4. In all the PDOS
graph we have highlighted the (dy, - 0*) energy separation because we consider it a reliable descriptor

of the extent of ligand field splitting because, whereas the o states are rather widely spread in energy,



the occupied non-bonding d, state is highly localized and should not be affected by the presence of the

underlying substrate. This descriptor will be often used in the discussion in this and in the next

sections.
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Figure 3: MO diagrams of free standing (a) Fe@2VG (b) Co@2VG (c) Ni@2VG (d) Cu@2VG. Relative
position of the levels is derived from the PDOS in Figure 4.

For the two magnetic systems, Fe@2VG and Co@2VG, both the spin-up and spin-down

components are shown separately in Figure 3 (a and b). We start by examining thoroughly the spin-up

component of the Fe@2VG MO diagram in Figure 3(a). We can observe that the d,%-,? orbital of Fe

overlaps with the four sp? orbitals of neighboring C atoms. This in-plane interaction results in bonding

and anti-binding o orbitals. Next the degenerate dy, d,, orbitals of Fe overlap with the p, of the
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neighboring C atoms, giving rise to bonding and anti-bonding mt orbitals, as marked in the scheme. The
dy, and d,? orbitals remain non-bonding, the latter however gets more stabilized than the former.
Therefore, the resulting orbitals ordering is: o, 1T, d,?, dy,, T* and o*. The same scheme of orbital mixing
occurs for the spin-down components with the only difference in the ordering of the resulting orbitals:
0, dyy, T, d;%, t*, and o*. Hence, the d,, orbital appears to be stabilized.

The case of Co@2VG, even though quite similar to Fe@2VG, still presents some peculiarities. In
the MO diagram of Figure 3(b), we observe that the dy, orbital of Co is found to split into bonding and
anti-bonding orbitals in both the spin-up and spin-down components. This could be attributed to the
heavy in-plane geometrical distortion from a perfect square planar structure as discussed above (see
Figure 2(b)). The very a angle causes the involvement of both the d,2,? and dx in coordination with the
four coordinating C atoms. The d,2 orbital is below the Fermi energy level, hence, it is occupied, both in
the spin-up and in the spin-down. Thus, the orbital ordering for both the spins is: o(dy??), 6(dy), 1T, d;%,
¥, 6*(dyy), and o*( d2,?).

For the non-magnetic Ni@2VG and Cu@2VG systems the MO schemes are shown in Figure 3(c) and
(d), where the resulting orbital ordering is found to be as follows: o, 1, dy, d;4, ¥, and o*. The only
difference between them being that the t*, which is above the Fermi energy (unoccupied) in Ni@2VG,
is almost below the Fermi (occupied) in Cu@2VG.

As mentioned above, the MO schemes have been derived from the projected density of states
(PDOS) of these systems, which are shown in Figure 4(a-d). PDOS provide more quantitative
information than the MO schemes. Since the d-orbitals are the valence orbitals of the TM atom, it is
fundamental to determine their energy level alignment with respect to the Fermi level of the whole
system for their use in technological devices. If we notice carefully, the spin-up component of the ni* of
Fe@2VG is pinned to the Fermi level, whereas that of Co@2VG is filled. In the case of Ni@2VG it
remains unoccupied while for Cu it gets almost filled. This trend confirms that the Cu d states are the
deepest in energy among the TMs considered, since it presents the largest atomic number with the
most attractive nucleus for the 3d states. We explicitly marked the energy difference between the
occupied dy, and the unoccupied o(dy?-y%) because we consider this a reliable parameter to estimate
the extent of the crystal/ligand field splitting and also we expect those two states to be the least
involved in the interaction with the underlying substrate, which will be investigated in Section 3.4. The
largest separation of these orbitals is observed for Fe@2VG with a value of 6.01 eV, followed by 5.91
eV for Cu@2VG, 5.50 eV for Co@2VG and finally 5.35 eV for Ni@2VG.
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Figure 4: PDOS on the d-states of the transition metal adatom in free-standing (a) Fe@2VG, (b)
Co@2VG, (c) Ni@2VG, (d) Cu@2VG, and supported (e) Fe@2VG/Cu(111), (f) Co@2VG/Cu(111), (g)
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Ni@2VG/Ni(111), and () Cu@2VG/Ni(111).
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3.3 TM (Fe, Co Ni Cu) trapped in N-doped free-standing G

It is known that the interposition of nitrogen atoms enhances the stability of the bond between the TM
atom and the graphene network,'® similarly to what is observed in metal porphyrins. Therefore, we
have replaced the C atoms bonded to the TM atom with N atoms.

First, we investigated the N-doped 1VG in free-standing graphene (TM@3N1VG), as shown in
Figure 5(a-d). The side views of these structures show that all the TM atoms lie in the same plane of the
graphene layer, which was not the case in the absence of the N atoms (see Figure 1(a-d)).

Then, we replaced the four C atoms in the 2VG model with four N atoms (TM@4N2VG), as shown
in Figure 6(a-d), where all the TM atoms considered lie in the plane of the graphene layer. Additional
structural parameters of TM@4N2VG are reported in Table 2. The values of the angles a, a’ are the
same, the 6, 0" are the same, as well as all the TM-N bond lengths. These results indicate a more
symmetrical square-planar structure of TM@4N2VG in comparison with those of TM@2VG. In
particular, the most distorted among the TM@2VG systems, Co@2VG, with a of 114° and o’ of 84°, is
now modified to a = a’ = 92° in the presence of N in Co@4N2VG. In short, one can say that the
substitution with N atoms has improved the structural symmetry and hence stability of the TM atoms

in graphene.

In the following, we will discuss the effect of the N-doping on the electronic properties of the free-
standing TM@4N2VG with respect to free-standing TM@2VG. The MO diagrams and the PDOS of these
systems are shown in Figure 7 and 8, respectively. The MO schemes are derived from their
corresponding PDOS as already discussed in the previous section. We first look at the MO diagram of
Fe@2VANG in Figure 7(a). This is the only spin-polarized system among all the free-standing nitrogen-
doped cases. The d-orbitals of the TM atom overlap with the hybridized sp? and with the p; states of
the N atoms (similarly to the C atoms in the previous section) to form ¢ and n bonding and anti-
bonding molecular orbitals. In-plane interactions between the d*-,> orbital of Fe with the four sp?
orbitals of the neighboring N atoms results in bonding and anti-bonding o orbitals. While the out-of-
plane dy, dy, orbitals of Fe interact with the p, of the neighboring N atoms, giving rise to bonding and
anti-bonding 1 orbitals. As for Fe@2VG (without N doping), the dy, and d,? orbitals remain non-
bonding. Hence, the orbital order here for the spin-up is o, i, d,?, ¥, dy, and o* with the Fermi energy
above the dy, with an inversion between dy, and * with respect to what was observed for Fe@2VG,
whereas for the spin-down component it is o, T, dy, d;%, *, and o* with the Fermi energy just above

the dyy, with only an inversion between dy, and 1t with respect to what was observed for Fe@2VG.
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Figure 7 shows the MO schemes of (b) Co@4N2VG, (c) Ni@4N2VG, and (d) Cu@4N2VG where the
orbital ordering for all of them are ¢, dyy, 11, d;%, T*, and o*. We now examine the PDOS of Figures 8(a-
d) from which these MO schemes were derived from. A general comment about the PDOS is that all
the peaks are sharper with slightly higher amplitudes than their non-N-doped counterparts TM@2VG
(see Figures 4(a-d)). This is due to the improved geometrical symmetry brought forth by the N atoms in
the structure, as discussed before.

The PDOS of Fe@4N2VG is shown in Figure 8(a), where the Fe dy,.,> state is found to interact not
just with the sp? states of N but with several band states of the graphene lattice. Hence, the resulting
bonding o states are rather dispersed in energy or in other words, the corresponding peak is extremely
spread over a large energy range (from -7 to -4 eV). The Fe dx, and d, interact with the N p, to form 1t
and * MO. The d,? and dy, remain non-bonding but the dy, gets slightly destabilized with respect to the
situation in Fe@2VG. Regarding magnetism, in Fe@4N2VG it is almost 1 uB smaller than it was in
Fe@2VG (see Tables 1 and 2), which is also visible in their respective PDOS. The (dx, - 0*) separation for
the spin-up component of Fe@4N2VG is only 3.68 eV compared to that of Fe@2VG that was 6.01 eV.
This huge reduction is partly because the dy, has moved to higher energy and mostly because the o*
has been displaced to much lower energy values. The motivation for this behavior is that the ligand
orbitals taking part in the hybridization with the d-orbitals of the TM are the sp? and p, of the N atoms,
unlike those of the C atoms in Fe@2VG. Since, the N states are deeper in energy than the C states, the
o and o* orbitals in Fe@4N2VG are rigidly shifted to lower energies than in Fe@2VG. A reduction of
the (dx - 0*) separation is observed for all the TM@4N2VG cases with respect to the corresponding

TM@2VG by more than 2 eV.

Similarly, to what is observed for Fe@4N2VG, also in the case of CO@4N2VG the o(dx.-y2) is quite
dispersed. The Fermi energy is at the t*. With respect to Co@2VG, which had a clear o peak at around
-3 eV (see Figure 4(b)), in Co@4N2VG (Figure 8(b)) the o peak is of very low amplitude and broadly
spread due to heavy dispersion, as mentioned before. Again here, the (di - 0*) separation in
Co@4N2VG is 2 eV smaller than that in Co@2VG for the same reasons discussed above. Additionally,
the magnetization of 0.58 uB, which was present in Co@2VG is instead completely quenched in
Co@4N2VG, which is non-magnetic, as also evident from the PDOS.

In the case of Ni@4N2VG, the o peak, which was otherwise more pronounced in Ni@2VG, is
shallow and broadly extends over a large energy range (compare Figures 8(c) and 4(c), respectively).
The dy gets stabilized and nt* gets filled. Due to the same reason the (dy, - 6*) separation reduces by

1.77 eV for Ni@4N2VG compared to its non-N-doped counterpart.
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The scheme of Cu@4N2VG is very similar to that of Ni@4N2VG except that the o* orbital is at the
Fermi level since Cu d states are the deepest when compared to Ni, Co and Fe. Here, the (dy, - 0*)
separation reduces by 2.31 eV for Cu@4N2VG compared to its non-N-doped counterpart, Cu@2VG
(see Figures 8(d) and 4(d)).

From this comparative analysis of the PDOS, we conclude that the Cu d states are the deepest with
respect to the Fermi level than any of the other TMs considered in this work. From the approximate
estimation of the Lowdin charges on the TM atoms (reported in Table S1 of the Supplementary
Information) we may also note that Cu atom, when trapped in defective free-standing (also N-doped)
graphene, always presents a positive charge, which most of the times is the highest among the four

TMs considered.

3.4 Metal-supported systems

3.4.1 Fe, Co, Ni,Cu @ Gon Cu(111) and Ni(111)

The study now proceeds with the deposition of the free-standing TM@1VG and TM@2VG structures
over a weakly interacting and a strongly interacting metal substrates, namely Cu(111) and Ni(111).3¢
The presence of the substrate may affect both the structural and electronic properties of the TM-
doped graphene layer. In the most stable configurations, the registry of the C atoms of graphene with
the metal substrate is such that they occupy the top and fcc sites.

For the TM@1VG systems, we consider the TM atom at both top and fcc sites as per the
graphene registry with the metal substrates since the TM atom is a replacement of a graphene C atom.
In the case of Fe@1VG/Cu(111), the top site is favored with respect to the fcc site by -0.35 eV. In the
case of Co@1VG/Cu(111), Ni@1VG/Cu(111) and Cu@1VG/Cu(111), the fcc is more stable than the top
site by -0.23, -0.32 and -0.45 eV, respectively. The optimized configurations of TM@1VG/Cu(111) at top
and fcc sites are shown in Figures 1(e-h) and (i-) respectively. From the side views, it is evident that,
when the TM atom is at the top site, it forms direct bond with the Cu atom below with bond lengths
obtained for Fe-Cu, Co-Cu, Ni-Cu, and Cu-Cu are 2.26 A, 2.24 A, 2.21 A, and 2.18 A, respectively.
Differently, at the fcc site one can observe that the TM atom forms three bonds with the three Cu
atoms underneath. The bond lengths calculated with respect to the averaged heights of the first layer
Cu atoms for Fe-Cu, Co-Cu, Ni-Cu, and Cu-Cu are 1.95 A, 1.98 A, 1.89 A, and 1.80 A, respectively. In all
these cases, however, the TM atom lies between the plane of graphene and the Cu substrate

(downward configuration).
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Figure 5: Optimized structures of nitrogen-doped free-standing (a) Fe@3N1VG,
(b) Co@3N1VG, (c) Ni@3N1VG, (d) Cu@3N1VG, and supported at the top site (e) Fe@3N1VG/Cu(111),
() Co@3N1VG/Cu(111), (g) Ni@3N1VG/Cu(111l), (h) Cu@3N1VG/Cu(11l), at the fcc site (i)
Fe@3N1VG/Cu(111), (j) Co@3N1VG/Cu(111), (k) Ni@3N1VG/Cu(111), (I) Cu@3N1VG/Cu(111), at the
top site (m) Fe@3N1VG/Ni(111), (n) Co@3N1VG/Ni(111), (o) Ni@3N1VG/Ni(111), and (p)
Cu@3N1VG/Ni(111), at the fcc site (g) Fe@3N1VG/Ni(111), (r) Co@3N1VG/Ni(111), (s)
Ni@3N1VG/Ni(111), and (t) Cu@3N1VG/Ni(111).
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Figure 6: Optimized structures of free-standing (a) Fe@4N2VG, (b) Co@4N2VG, (c) Ni@4N2VG, (d)
Cu@4N2VG, and supported (e) Fe@4N2VG/Cu(111), (f) Co@4N2VG/Cu(111), (g) Ni@4N2VG/Cu(111),
(h) Cu®@4N2VG/Cu(111), (i) Fe@4N2VG/Ni(111), (j) Co@4N2VG/Ni(111), (k) Ni@4N2VG/Ni(111), and (1)
Cu@4N2VG/Ni(111).

The scenario is slightly different in the case of the Ni(111) substrate due to its much stronger
interaction with G. The separation between G and Ni(111) is almost 1 A smaller than that between G
and Cu(111). The optimized geometries of TM@1VG/Ni(111) at top and fcc sites are shown in Figures
1(m-p) and (g-t), respectively. The Fe and Co atoms at the top sites lie almost in the graphene plane
while Ni and Cu are out of the plane of the graphene layer (upward configuration). All the TMs are
slightly more out-of-plane when on the fcc sites. While in the case of top sites, the bond lengths for Fe-
Ni, Co-Ni, Ni-Ni, and Cu-Ni are 2.18 A, 2.15 A, 2.49 A, and 2.55 A, in the case of fcc sites the values are
1.85 A, 1.86 A, 1.81 A, and 1.78 A, respectively. The latter is computed with respect to the averaged

heights of the first layer atoms of the Ni surface.

Table 2: The structural parameters of the optimized geometries shown in Figure 6 are reported here.
The angles a, o’ and 6, 8’ are as marked in Figure 6. TM-N is the average bond length between the
metal adatom and the four N atoms to which it is bonded (the standard deviation is given in brackets).
In the case of the supported systems the buckling of the graphene layer considering only the C atoms
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(G) and both the N and C atoms (NG), the height of the metal adatom and the height of the farthest C
atom both with respect to the averaged height of the first layer atoms of the substrate are also given.

Free-standing Fe@4N2VG Co@4N2VG Ni@4N2VG Cu@4N2VG

91.4°, 91.6°, 91.6°, 91.7°,
a, o 91.4° 91.6° 91.6° 91.7°

88.6°, 88.4°, 88.4°, 88.3°,
8, o 88.6° 88.4° 88.4° 88.3°
TM-N Bond Length (A) 1.89 (+0.00) 1.87 (£0.00) 1.87 (£0.00) 1.92 (+0.00)
Magnetism on TM (uB) 2.06 -0.01 -0.00 0.00
Supported on Cu(111)

89.3°, 90.9°, 91.5%9 91.2°,
a, o 89.3° 90.9° 1.5° 91.2°

87.3°, 87.9°, 88.2°, 87.8°,
8, o 87.0° 87.9° 88.4° 87.8°
TM-N Bond Length (A) 1.91 (+0.00) 1.88 (+0.01) 1.87 (+0.00) 1.93 (+0.00)
Buckling of G (A) 0.40 0.28 0.08 0.10
Buckling of NG (A) 0.52 0.37 0.10 0.13
TM height (A) 2.54 2.74 3.10 2.98
Highest C (A) 3.17 3.22 3.25 3.26
Magnetism on TM (uB) 1.29 -0.00 -0.00 0.48
Supported on Ni(111)

91.1°, 91.6°, 91.8°, 92.1°,
a, o 91.1° 91.6° 91.8° 92.1°

87.3°, 87.9°, 88.6°, 86.0°,
8,0 88.5° 88.7° 87.8° 90.0°
TM-N Bond Length (A) 1.88 (+0.02) 1.86 (+0.01) 1.87 (+0.01) 1.92 (+0.02)
Buckling of G (A) 0.16 0.15 0.21 0.18
Buckling of NG (A) 0.33 0.37 0.46 0.51
TM height (A) 2.14 2.29 2.40 2.36
Highest C (A) 2.23 2.22 2.26 2.24
Magnetism on TM (uB) 1.38 0.04 -0.01 0.38
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Energy-wise, for Fe@1VG/Ni(111) and Co@1VG/Ni(111), the fcc site is favoured than the top by -
0.29 eV and -0.43 eV, while for Ni@1VG/Ni(111) and Cu@1VG/Ni(111) the top site is favoured by -0.66
eV and -1.47 eV, respectively. From these results, we may conclude that the more stable structures in
the case of Ni@1VG/Ni(111) and Cu@1VG/Ni(111) are those where the TM atom is protruding away
from the surface (see Figures 1 (o and p)). We have estimated the energy barrier to pass through the
1VG, going from an upward to a downward configuration, when the smallest TM atom (Cu) is on an fcc
site on the Ni(111) surface, see Figure S6 of the Supplementary Information. This is a lower bound limit
for the other TM atoms and it is 1.83 eV. Considering that the corresponding barrier for Cu to go
through 1VG in free-standing graphene was 2.07 eV (in Figure S5), we may conclude that the presence
of the Ni(111) substrate slightly favours this process.

The relaxed structures of the TM adatoms trapped at the double vacancy on Cu(111) are shown in
Figure 2(e-h). The square-planar structures look quite symmetric from the top view. This is indeed
confirmed quantitatively by the values of the bond angles and bond-lengths in Table 1. The square-
planar symmetry is higher here than for the free-standing structures. From the side views, it looks like
the TMs are pulled down by the Cu substrate, thereby pulling along with them also the attached C
atoms of graphene. Hence, the graphene layer is buckled by around 1 A in all the cases. Fe is the

closest adatom to the substrate followed by Co, Ni and Cu.
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Figure 7: MO diagrams of free-standing N-doped (a) Fe@4N2VG, (b) Co@4N2VG, (c) Ni@4N2VG, and
(d) Cu@4N2VG. Relative position of the levels is derived from the PDOS in Figure 8.
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Figure 8: PDOS on the d-states of the transition metal adatom in free-standing nitrogen-

doped (a) Fe@4N2VG, (b) Co@4N2VG, (c) Ni@4N2VG, (d) Cu@4N2VG, and supported (e)
Fe@4N2VG/Cu(111), (f) Co@4N2VG/Cu(111), (g) Ni@4N2VG/Cu(111), (h) Cu@4N2VG/Cu(111), (i)
Fe@4N2VG/Ni(111), (j) Co@4N2VG/Ni(111), (k) Ni@4N2VG/Ni(111), and (I) Cu@4N2VG/Ni(111).

On the strongly interacting Ni(111) instead the TMs are much closer to the surface than in the case
of Cu(111), as evident from the side views. The symmetry of the square-planar geometries on Ni(111)

are not as perfect as on Cu(111) but far better than the free-standing ones for Co@2VG and Fe@2VG.
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The buckling of the graphene layer is around 0.15 A which is definitely smaller than it was on Cu(111)
(1A).

In the following, we discuss the effect of the metal substrates on the electronic structure of the
supported TM@2VG layers. The case of TM@2VG systems on the Cu(111) are shown in Figures 4(e-h).
The analysis is based on the MO-diagrams of the corresponding free-standing cases given in Figure 3.
We start from Fe@2VG/Cu(111), which is the only TM atom retaining some spin-polarization, even
though the magnetic moment is reduced with respect to the free-standing Fe@2VG. The first major
difference is the disappearance of the d,? peak in the PDOS (see Figure 4(e)). This is due to the
presence of the Cu substrate whose surface states mix up with the d,? thereby making it greatly
dispersed. A similar broadening effect is observed also for the m and nt* orbitals. The next difference is
in the separation between the dy, and the o* peaks, which has decreased from 6.01 eV, in the case of
Fe@2VG, to 4.75 eV in the case of Fe@2VG/Cu(111). This is due to the presence of the underlying Cu
substrate and its effect on the magnetization of the Fe adatom. Finally, the spin-down d,, is found at
the Fermi level.

When Co@2VG is supported on the Cu(111), the magnetic character of the system is quenched
(see Figures 4(b and f)) and the separation between the dx, and o* peaks is reduced by 0.94 eV. This
value was 1.26 eV in the case of Fe@2VG/Cu(111). Therefore, the impact of the Cu substrate potential
is slightly less on Co than it was on Fe. There is quite a lot of d-orbital mixing of Co with the surface
states, similar to what we observed for Fe@2VG/Cu(111).

In the case of Ni@2VG/Cu(111), the system is very similar to Co@2VG/Cu(111) (see Figure 4, third
vs second line), except that the Fermi energy has slightly moved closer to the o* in the former and, the
dyy in Ni@2VG/Cu(111) is taller and hence less dispersed than that in Co@2VG/Cu(111). While
comparing with the free-standing Ni@2VG, the (dy, - 0*) energy separation in Ni@2VG/Cu(111) has
decreased by half an eV, which indicates an influence of the potential of the Cu substrate on the Ni
adatom, which is however smaller than what it was on Co and Fe.

Last but not the least, Cu@2VG/Cu(111) is quite different from Ni@2VG/Cu(111) and
Co@2VG/Cu(111) (Figure 4, fourth vs second and third) since we observe huge orbital mixing and
dispersion for all the d-states. The (dyx, - 0*) separation is the largest among all the Cu(111) supported
cases and only 0.28 eV smaller than its respective free-standing Cu@2VG case. Hence, the influence of
the Cu substrate potential manifests to be minimal here among all the other cases. Other than that, the
d,” appears before the d,, (different from its free-standing counterpart) and the Fermi level appears the
closest to o* in this particular case. As a trend, we observe that going from Fe, to Co, Ni and Cu, * gets

closer to the Fermi level of the systems, as the d states are progressively deeper in energy.
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Moving from the Cu(111) to the Ni(111) substrate, since the TM@2VG layer gets much closer to
the metal surface with the adsorption distance shortening by more than one A, one would expect the
orbitals with out-of-plane character, such as the m and n*, to undergo much more mixing and
interaction with the surface states. This is indeed true, as we can observe in Figures 4(i-l). In general,
the black, the red and the green curves, corresponding to d.?, d.x and d,,, are much more dispersed and
spread on Ni(111) than on Cu(111).

In the case of Fe@2VG on Ni(111), the magnetic character of Fe is almost totally quenched and the
(dyy - 0*) separation is further lowered by 0.15 eV with respect to Fe@2VG on Cu(111). On the other
hand, some magnetic character is maintained in Co@2VG/Ni(111), similar to the free-standing
Co@2VG, which was otherwise fully quenched on Cu(111). In the case of Co, Ni and Cu, the (dy, - 0*)
separation is much less affected by the presence of the substrate. In particular and very interestingly,
the values of the (d., - o*) separation of Cu@2VG/Cu(111) and Ni@2VG/Ni(111), which remain very
similar to the corresponding free-standing ones (see Figures 4(c,k) and 4(d,h)); i.e. the substrate
potential felt by the TM is the smallest when the TM adatom is of the same species as that of the

substrate

3.4.2  Fe, Co, Ni, Cu @ N-doped G on Cu(111) and Ni(111)

In this section we present the N-doped systems deposited on the Cu(111) and Ni(111) substrates. The
TM@3N1VG systems can present the TM atom positioned at the top or fcc adsorption sites of the
(111) face of the metal substrates. We start by examining the structures on the Cu(111). The optimized
configurations obtained for TM@3N1VG/Cu(111) at the top site are shown in Figures 5(e-h), whereas
those at the fcc site in Figures 5(i-1). At the top site, the TM atom is found to form a bond with the Cu
atom of the substrate lying directly below, exactly like in the TM@1VG/Cu(111) case (see Figures 1(e-
h)). However, the situation is quite different for the fcc sites of Figures 5(i-k). Here a bond between one
of the three N atoms and the Cu substrate is established, except for the TM Cu. In that case (Figure
5(1)), the Cu atom is out of the graphene plane together with the coordinating N atoms on the opposite
side with respect to the substrate. The fcc site is preferred to the top site for Fe@3N1VG/Cu(111),
Co@3N1VG/Cu(111), Ni@3N1VG/Cu(111), and Cu@3N1VG/Cu(111) by 2.29 eV, 2.10 eV, 2.04 eV, and

1.68 eV, respectively. The lower value for CU@3N1VG/Cu(111) is due to the difference in its structure.
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The behavior of the TM on Ni(111) seems structurally to be more regular in fashion. At the top sites
all the TM in TM@3N1VG/Ni(111) are pushed away from the substrate, together with the N atoms
attached to them (see Figures 5(m-p)). Whereas at the Ni(111) fcc sites the TM atoms are drawn in
towards the substrate. Energy wise, for Fe@3N1VG/Ni(111), Co@3N1VG/Ni(111), Ni@3N1VG/Ni(111)
and Cu@3N1VG/Ni(111) the fcc sites are favored than the top sites by 1.17 eV, 1.09 eV, 1.06 eV and
0.82 eV, respectively.

Next, we discuss the effect of the metal substrates in the TM trapped at the N-doped double
vacancies or TM@4N2VG systems, whose optimized geometries are shown in Figures 6(e-h) and the
structural parameters are reported in Table 2. All of them are found to exhibit quite regular square-
planar structures. As the registry of G with the two metal substrates considered here is top-fcc, at the
2VG the two absent C atoms are from the consecutive top and fcc sites. Hence, the adsorption site of
the TM atom in the 2VG is exactly in the middle of those top and fcc sites. In the case of
Fe@4N2VG/Cu(111) and Co@4N2VG/Cu(111), the TM forms bonds with the top site Cu atom
underneath in Figures 6(e and f), with Fe being the closest to the substrate (2.54 A). Different is the
case for Ni@4N2VG/Cu(111) and Cu@4N2VG/Cu(111), where Niand Cu lie in the G plane in Figures 6(g
and h). Next, on Ni(111) the square-planar structures are not as symmetric as on Cu(111), which could
be due to the stronger interaction of G with the former (see Table 2). The Fe atom is found to bind with
three of the top site Ni substrate atoms as in Figure 6(i) and is as close as 2.14 A to the substrate. The
Co, Ni and Cu adatoms are found to form bond with only the top site Ni substrate atom underneath
(see Figures 6(j-1)).

The density of states of TM@4N2VG/Cu(111) are shown in Figure 8(e-h), which can be
corroborated by means of the MO diagrams of the corresponding free-standing systems of Figures 7.
For all the four TM we notice that the o/c* states are large downward shifted with respect to the Fermi
level with respect to the corresponding structures in Figure 4 where N was not present. As discussed
above, this is because the N sp? and p states are deeper than the C sp? and p states.

The PDOS of Fe@4N2VG/Cu(111) is shown in Figure 8(e), where the orbitals with some z

character, i.e. d,; (black), d. (red) and d,, (green curves), are heavily dispersed and spread over a larger

energy range compared to those of the free-standing Fe@4N2VG (see Figure 8(a)). The (dy, - o%*)
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separation is 1.49 eV smaller than its non-N-doped counterpart, Fe@2VG/Cu(111) of Figure 4(e). This is
because, looking at the spin-up component, the 6* in Fe@4N2VG/Cu(111) has shifted by almost this
same amount towards the Fermi level (hence towards the dy), than in Fe@2VG/Cu(111), thereby
reducing the gap. This is the result of the deeper position of the N states involved in the o/c* orbitals.

The PDOS of Co@4N2VG/Cu(111) is shown next in Figure 8(f). The o* has moved nearer to the
Fermi level by almost 2 eV than it was in the non-N-doped Co@2VG/Cu(111) (see Figure 4(f)), thereby
also reducing the (dyy - 0*) separation by 1.23 eV. This again showcases the role of the four electron
rich N atoms making bonds with Co. Comparing with its free-standing counterpart Co@4N2VG, in
Co@4N2VG/Cu(111) the (dy - 0*) separation has reduced by 0.17 eV, which is due to the influence of
the Cu(111) substrate potential, whereas in Ni@4N2VG/Cu(111) it remains more or less similar as for
Ni@4N2VG. This separation is 1.28 eV smaller than for Ni@2VG/Cu(111). The o* has shifted much
closer to the Fermi level (almost by 3 eV) than the non-N-doped case (see Figure 4(g)), stimulated by
the orbital splitting due to the bond formation with N. In the case of Cu@4N2VG/Cu(111), some spin-
polarization has appeared, which was otherwise absent in the free-standing Cu@4N2VG. Moreover, for
the first time in this study, we observe that the o* in the spin-up component is completely filled and
below the Fermi level for Cu@4N2VG/Cu(111). The reduction in the (dyx, - 0*) separation is the highest,
of 1.64 eV compared to Cu@2VG/Cu(111).

Next we investigate what happens to the N-doped TM@4N2VG supported on Ni(111). Fe remains
spin-polarized also on Ni(111), as seen in Figures 8(a, e, and i), with a (dyx, - 0*) separation close to that
for free-standing. We can observe that Fe@2VG/Ni(111) was non-magnetic whereas
Fe@4N2VG/Ni(111) has a magnetism of 1.38 uB (see Tables 1 and 2). Hence, we can conclude that this
induced magnetism is due to the bonds with the N-atoms alone. For both Co@4N2VG/Ni(111) and
Ni@4N2VG/Ni(111) the (dx, - 0*) separation remains very similar to both the free-standing Cu(111) and
supported cases, as seen in Figures 8(b, f, j) and 8(c, g, k). In the case of Co@4N2VG/Ni(111), the
magnetism, which was present in the non-N-doped Co@2VG/Ni(111), has been quenched due to the
bond with the four neighboring N atoms. In the case of Cu@4N2VG/Ni(111), a magnetism of 0.38 uB
has been induced compared to the non-magnetic non-N-doped Cu@2VG/Ni(111). The o* of the spin-
up component of Cu@4N2VG/Ni(111) gets completely filled, like in the case of CU@4N2VG/Cu(111).

3.5 Comparative analysis of energetics
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In this section, several aspects of the energetics of these systems will be discussed. We will restrict the
analysis to the systems where the TM is trapped at non-N-doped and N-doped double vacancies, for
two reasons: 1) 2VG is a better suited host in terms of the available space for large TM atoms and 2)

2VGs are more commonly present and stable than the 1VGs according to experiments.”’
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Figure 9: The interaction energies in TM@(4N)2VG/M(111) can be broken down into three parts: (a)
AE(any2ve/m(a11) = Eqanjave/maia)frozen = E(an)avairozen = Em(111)frozen, (D) AEtmyanyzve = Etme(an)avefrozen = E(anyavafrozen -
Erm, (€) AErmmin) = Etmmanjfrozen = Em(111)frozen = Em.

In Figure 9 we define three components of the interaction energy in these multicomponent systems,
i.e. TM@2VG/M(111) and TM@4N2VG/M(111). They are computed by keeping the fragments frozen at
the optimized final geometry for the overall TM@2VG/M(111) and TM@4N2VG/M(111) systems,
shown in Figures 2(e-1) and 6(e-l), respectively. This means that the energy required for any kind of
structural deformation or distortion is not included in this type of analysis, but rather we evaluate only
the electronic interactions between the different fragments of these systems. As can be seen in the
Figure 9, the three components of the interaction energies in TM@2VG/M(111) are: (a) AEave/m11)
between the 2VG monolayer sheet and the M(111) substrate, (b) AErm/2ve between the TM adatom and
the 2VG sheet, and (c) AEtm/m111) between the TM adatom and the M(111) substrate. The part of the
system not of interest was simply removed keeping the rest of it intact. For example, (a) is computed
as AEavemuin) = Eave/mit)rozen - Eavefrozen - Em(uinjfrozen, Where Eave/minfrozen is the total energy of
2VG/M(111) after removing the TM, Eavafrozen is the total energy of 2VG without TM and Em11)frozen iS
the total energy of M(111) all with the coordinates fixed as in the final geometry (see Figures 2(e-1) for

the optimized geometries), i.e. single point calculations were run in the absence of TM. Similarly, these
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energies have been computed also for the N-doped systems by simply replacing the 2VG energy with
the N-doped 4N2VG one, as will be discussed later. The values for all the contributions are reported in

Table 3. We will first discuss the non-N doped systems.

Table 3: The values of the interaction energies in “eV” of TM@(4N)2VG/M(111), i.e. (a) AEuanjave/m11),
(b) AEtmyany2ve, and (c) AErwmyman depicted in Figure 9 are given here. The values obtained for the N-
doped systems are given in brackets.

On Cu(111) (a) AEanyvemiry  (B) AEwyanzve  (€) AErmmaay
Fe@2VG
(Fe@4N2VG) -6.41 (-4.04) -10.20 (-8.36)  -1.98 (-2.49)
Co@2VG
(Co@4N2VG) -6.45 (-3.87) -10.50 (-8.97) -2.77 (-2.06)
Ni@2VG
(Ni@4N2VG) -6.55 (-3.68) -10.60 (-8.90)  -3.34(-1.19)
Cu@2VG
(Cu@4N2VG) -5.99 (-3.67) -8.98 (-5.92) -2.58 (-1.31)
On Ni(111) (a) AEanyvemiiy  (B) AEwsanzve  (€) AErmmaay
Fe@2VG
(Fe@4N2VG) 11.23(-9.39)  -9.42(-8.19)  -3.96 (-3.64)
Co@2VG
(Co@4N2VG) 11.36(-9.39)  -9.89(-8.91)  -4.19(-3.13)
Ni@2VG
(Ni@4N2VG) 11.29(-9.39)  -10.01(-8.69) -3.30 (-2.64)
Cu@2VG
(Cu@4N2VG) -10.67 (9.54)  -8.36(-5.77)  -2.09 (-2.43)

On both Cu(111) and Ni(111), Cu@2VG/M(111) is characterized by the least negative values for the (a)
and (b) components of the interaction energy, which agrees with the observed lowest buckling of the
graphene layer. On Cu(111) the interaction energy component (a) between the 2VG sheet and M(111)
substrate is the strongest for Ni@2VG/Cu(111) while on Ni(111) the strongest is in Co@2VG/Ni(111).
This is due to the fact that the buckling in the graphene layer caused by the Ni adatom is the highest
among all the TMs on Cu(111) and by Co on Ni(111) (see Table 1).

The interaction energy component (b) between the TM and the 2VG sheet, computed as
AEtv/ave = Etm@2vGirozen - Eavefrozen - Etm, Where the last term is the energy of a free TM atom, follows the
same trend as (a) on Cu(111) going from the most negative to the less negative: Ni, Co, Fe, and Cu. The

same is true also on Ni(111). The last interaction energy component (c) between the TM adatom and
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the metal substrate is computed as AErwm/m111) = Erm/m(1i1)irozen = Em11)frozen - Etm, Where Ermm(i11)frozen IS
the total energy of the TM/M(111) system without the C atoms and the coordinates fixed as in the final
geometry. The strongest to the weakest interaction of the TMs with Cu(111) is in the order Ni, Co, Cu,
Fe, whereas with Ni(111) is Co, Fe, Ni and Cu.

In the N-doped cases on Cu(111), the most negative value of (a) or AEanave/mi11) is obtained for
Fe@4N2VG/Cu(111), which is in-line with the observed highest level of buckling induced in graphene,
among all the TMs. Whereas Ni and Cu TMs induce the lowest buckling in graphene thereby resulting in
the least negative energy values obtained. On Ni(111), Fe, Co, and Ni give similar values for (a) in
accordance with the similar values of buckling of the graphene layer (see Table 2). The interaction
energy (b) or AEtm/anavs for the N-doped systems gives a measure of the interaction strength of the TM
atom with the four N atoms of the graphene layer. Both on Cu(111) and Ni(111), this is the strongest
for Co and Ni, followed by Fe and the least for Cu. The last energy term (c) or AEmwmq1 i.e. the
interaction of the TMs with the Cu(111) substrate is computed in the same way as for the non-N-doped
cases. The interaction strength from the strongest to the weakest is Fe, Co, Cu, Ni, both on Cu(111) and
Ni(111), which is completely different from that of the cases without N-doping, due to the different
height of the TM atom (see Table 2): the strongest interacting Fe is the closest to the substrate surface
and the least interacting Ni is the farthest.

In Figure 10(a) we discuss the deformation AEgeformation, bond AEwona and adsorption AEagsorption
energies. The deformation energy is defined as AEgeformation = Em(111)frozen - Em(a11) + E(an)2vctrozen - E(anjave,
where Emg11)frozen iS the energy of the deformed metal substrate and Eunjavsfrozen is the energy of the
deformed (4N)2VG sheet, both with the coordinates frozen as in the optimized TM@(4N)2VG/M(111)
geometry. Emaiy) is the energy of the relaxed pristine metal substrate and Eun)avs is the energy of the
relaxed free-standing (4N)2VG sheet (see Figure S2(b and d) for optimized structures). Thus, AEgeformation
takes into account the energy required to structurally deform both the (4N)2VG sheet and the M(111)
substrate into their final geometry in the optimized TM@(4N)2VG/M(111). The values of which are

given in Table 4. As we can see, the deformation energies are always positive for all the systems.
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Figure 10: Energy decomposition analysis. (a) AE deformation = EM(lll)frozen - E|v|(111) + E(4N)2VGfrozen - E(4N)2v(3,
AEpond = Etme@n)ave/m(111) - Ema11)frozen - Eanjaveirozen - Etm, AEadsorption = Etm@an)2ve/m(i11) - Emi11) - E@npave -
Erm. (b) We call the energy required for distorting the G/TM(111) in order to accommodate the TM
adatom as the distortion energy which is a positive value, AEgistortion = E(anj2ve/m(111)frozen - E(anj2ve/m(111).
This is then stabilized enormously just by the insertion of the TM adatom into the frozen geometry,
here represented by the insertion energy, AEinsertion = Etme(an)2ve/m(111) - Eanyj2ve/m(111)frozen - Etm. Whereas
the binding energy is the energy needed for binding the TM adatom to the pristine (4N)2VG/M(111),

AEpinding = Etm@(an)2ve/mi111) - E@anyave/maa) - Erm.

For the non-N-doped systems on Cu(111), the Fe@2VG exhibits the highest AEgeformation followed by
Co@2VG, Ni@2VG and Cu@2VG. This trend is in accordance with the displacement of the TMs towards
the substrate with Fe being the closest at a height of 1.89 A from the Cu(111) surface (with respect to
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the average height of the first layer Cu atoms) as reported in Table 1. Co, Ni and Cu are at 1.94, 2.08
and 2.24 A, respectively. We remark that on Cu(111) the graphene layer is around 3 A high and hence
all the TMs are found more or less around 1 A below the plane of the 2VG towards the substrate. This
appreciable displacement is the reason for the deformation in 2VG and Cu(111) substrate costing
about 4 eV for all the TM@2VG/Cu(111) systems. This is not the case on Ni(111) as all the deformation
energies are much lower, around 1.2 eV (see Table 4). Graphene is 1 A closer on Ni(111) than on
Cu(111), as reported in Table 1. Hence, on Ni(111) the most displaced TM atom (Fe) from the
graphene layer is only 0.5 A below the 2VG, followed by Co, Ni and Cu, which practically lies in the
plane of graphene. Therefore, also the deformation in 2VG and Ni(111) (caused by the TM) is less
compared to that on Cu(111).

In the case of N-doped systems, there is a huge difference in the values of deformation energy.
For the Cu(111) supported cases, AEgeformation IS five times smaller for Fe@4N2VG than Fe@2VG, while
for CU@4N2VG it is ten times smaller than Cu@2VG. This is directly related to the buckling of the
graphene layer which is two to ten orders smaller for TM@4N2VG/Cu(111) than TM@2VG/Cu(111).
Hence, we remark that the major contribution (almost 90%) towards the AEgeformation iS Mainly due to
the deformation of the graphene layer rather than that of the Cu(111) substrate. On the strongly
interacting Ni(111) support, instead, the buckling of the graphene layer (considering the C atoms alone)
itself has not changed much from TM@2VG/Ni(111) to TM@4N2VG/Ni(111). But if you consider also
the N atoms present, the buckling has increased (see buckling of N-doped G on Ni(111) in Table 2),
thence the AEgeformation is slightly higher on TM@4N2VG/Ni(111) than on TM@4N2VG/Cu(111).
However, the deformation energy on Ni(111) has reduced by three to four orders of magnitude for the
N-doped ones than the non-N-doped ones, suggesting that N-doping has brought better stability to the
structures.

The bond energy in Figure 10(a) is defined as AEvond = Etm@(an)2ve/m(111) ~-EM(111)frozen - E(anj2vGfrozen - ETm,
where Ermewun)2ve/miia) is the total energy of the system in the final optimized geometry, Emi11)frozen is
the energy of the deformed metal substrate, E(njavafrozen is the energy of the deformed (4N)2VG sheet,
both with the coordinates frozen as in the optimized TM@(4N)2VG/M(111) geometry. Emm is the
energy of the isolated TM atom. Hence, AEyong gives us the energy required for bonding the TM atom to
the (4N)2VG and M(111) in the final geometry. The values of AEpong 0N Cu(111) and Ni(111) are given in
Table 4. For TM@2VG/Cu(111), the most stable bond energy is obtained for Co and the least for Cu,
whereas on Ni(111) they are Co and Cu, respectively. Ditto in the case of their N-doped counterparts.

The adsorption energy in Figure 10(a) is computed as AEadsorption = Etm@(anj2ve/m(i11) - Emain) - Eanjave -

Erm, where all the terms have been defined previously. The only difference between AEagsorption and

30



AEpong being that the former is computed with respect to the relaxed free-standing (4N)2VG sheet and
pristine M(111) substrate whereas the latter is computed with respect to frozen (4N)2VG and M(111).
Both Cu(111) and Ni(111) supported structures show the same trend as for AEadsorption, With the most
stably adsorbed being Co, followed by Ni, Fe and finally Cu. In the case of TM@4N2VG/M(111), there is

a switch between Ni and Fe in the order of stability, the rest remaining the same.

Table 4: Adsorption energy AEagsorption, bond energy AEpond and deformation energy
AEgeformation in “€V”. The values obtained for the N-doped systems are given in brackets.

On CU(lll) AEadsorption AEpond AE geformation
Fe@2VG
(Fe@4N2VG) -12.15(-12.28)  -17.10(-13.21) 4.95(0.93)
Co@2VG
(Co@4N2VG) -12.76 (-12.79)  -17.65 (-13.56) 4.89 (0.76)
Ni@2VG
(Ni@4N2VG) 12,65 (-12.12)  -17.34(-12.75) 4.69 (0.64)
Cu@2VG
(Cu@4N2VG) -10.25 (-9.33) -14.55(-9.77)  4.30(0.44)
On Nl(lll) AEadsorption AEbond AEdeformation
Fe@2VG
(Fe@4N2VG) -17.99 (-16.69)  -21.68 (-17.61) 3.69 (0.93)
Co@2VG
(Co@4N2VG) -18.54 (-17.11)  -22.10(-18.09) 3.56 (0.99)
Ni@2VG
(Ni@4N2VG) -18.21(-16.21)  -21.58 (-17.41) 3.37(1.20)
Cu@2VG
(Cu@4N2VG) -15.94 (-13.46)  -19.12 (-14.55) 3.18(1.09)

In Figure 10(b) we investigate the distortion AEgistortion, binding AEpinding and insertion AEinsertion
energies. The values of these terms, for both Cu(111) and Ni(111) substrates, are reported in Table 5.
The distortion energy is calculated as AEgistortion = E(anj2ve/m(111)frozen - Eanyave/miai1), where Eqanjave/m(i11)frozen
is the total energy of the (4N)2VG/M(111) in the final TM@(4N)2VG/M(111) geometry without the TM
atom and Eunjve/miin is the total energy of the optimized empty (N-doped) double vacancy G
adsorbed on M(111) (see Figure S3 (d and h) for non-N-doped and Figure S4 (c and f) for N-doped
optimized geometries). The distortion energy is the counterpart of the deformation energy when the
two units (4N)2VG and M(111) are bonded together. In other words, it is the distortion occurring in the
(4N)2VG/M(111) system when considered as a single unit. Similar to the case of deformation energy
also the AEgistortion ON Ni(111) is around 1 eV smaller than on Cu(111). This is because of the difference

in the adsorption heights of G in the two systems. The highest distortion energy is found for Fe@2VG
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on Cu(111) followed by Co@2VG, Cu@2VG and Ni@2VG. On Ni(111) instead the highest value is found
for Cu@2VG followed by Fe@2VG, Co@2VG and Ni@2VG. As one can see from Table 5, for the N-
doped cases, the AEgistortion iS almost ten orders of magnitude smaller on Cu(111) and four orders of
magnitude smaller on Ni(111) with respect to the respective non-N-doped ones. The reason for this
remarkable difference is as follows. First of all if we compare the optimized geometries of the
reference systems on Cu(111), i.e. 2VG/Cu(111) of Figure S3(d) and 4N2VG/Cu(111) of Figure S4(c),
there is a huge difference between them. In the former the dangling bonds at the empty 2VG is so
strongly interacting with Cu(111) that one of the substrate atoms is pulled out of the substrate, hence
heavily distorting the graphene layer. While in the latter, when the N atoms are present at the double
vacancy, this is not the case. On the other hand, for TM@4N2VG/Ni(111), the AEgistortion is almost twice
of that for TM@4N2VG/Cu(111) due to the higher buckling of N-doped G in the former (see Table 2).

Table 5: Binding energy AEpinging, insertion energy AEinsertion and distortion energy
AEgistortion in “eV”. The values obtained for the N-doped systems are given in brackets.

On Cu(111) AEbinding AEinsertion AEgistortion
Fe@2VG
(Fe@4N2VG) -6.07 (-8.68) -10.70 (-9.17) 4.62 (0.48)
Co@2VG
(Co@4N2VG) -6.68(-9.20) -11.10(-9.68) 4.43 (0.48)
Ni@2VG
(Ni@4N2VG) -6.57 (-8.53) -10.90(-9.07) 4.32(0.55)
Cu@2VvG
(Cu@4N2VG) -4.17 (-5.74) -8.56 (-6.11) 4.39(0.37)
On Ni(111) AEbinding AEinsertion AEgistortion
Fe@2VG
(Fe@4N2VG) -6.81(-7.39) -10.45(-8.22) 3.64(0.83)
Co@2VG
(Co@4N2VG) -7.36(-7.81) -10.74(-8.71) 3.37(0.90)
Ni@2VG
(Ni@4N2VG) -7.03(-6.91) -10.29(-8.02) 3.26 (1.10)
Cu@2VvG
(Cu@4AN2VG) -4.76 (-4.16) -8.45(-5.01)  3.68(0.85)

The binding energy is instead determined as AEpinding = Etm@2va/m(111) - E2ve/miia1) -Evm, where all the terms
are as already defined. The values for both Cu(111) and Ni(111) are reported in Table 5. Hence, this
energy defines the adsorption of the TM atom to fill the otherwise empty 2VG/M(111) in its relaxed

configuration. The most stable binding energy among the four TM@2VG/Cu(111) is Co@2VG, followed
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by Ni@2VG, Fe@2VG and Cu@2VG. The behavior is the same on Ni(111) i.e. in the order from the most
to the least stable: Co@2VG, Ni@2VG, Fe@2VG and Cu@2VG. In Table 5 the binding energy of the N-
doped systems on Cu(111) and on Ni(111) are also provided in brackets. This quantity is calculated as
Ermeanave/m(111) - Eanavemiain) - Etm. We can see that the binding energy of Fe@4N2VG/Cu(111) is 2.53 eV
more stable than that of Fe@2VG/Cu(111). Similarly the other systems containing Co, Ni and Cu as TM
on Cu(111) exhibits binding energies less stable than for their N-doped counterparts by 2.29 eV, 1.99
eV and 1.55 eV, respectively. On Ni(111), we do not observe such different behavior: Fe and Co are less
stable than their N-doped counterparts by only 0.58 eV and 0.45 eV, respectively. Instead Ni and Cu
TM@2VG/Cu(111) are more stable than their corresponding N-doped systems by only 0.12 eV and 0.60
eV, respectively. As we often mention, Ni(111) is a strongly interacting support, therefore, it is less
sensitive to chemically different graphene layers.

The last energy of interest is the insertion energy, which is AEinserton = Etme@n2ve/miaiy -
E(anj2ve/m(111)frozen - Etm. Therefore, the only difference with respect to AEpinging is that the energy of the
(4N)2VG/M(111) in the frozen final optimized geometry in TM@(4N)2VG/M(111) is considered. In
other words AEisertion is the energy lost or gained in order to insert the isolated TM atom into the
(4N)2VG/M(111) when the coordinates are fixed as in the optimized final TM@(4N)2VG/M(111)
structure. Here, for the non-N-doped cases, the most stable one on Cu(111) is always Co@2VG. The
next stable ones are Ni, Fe, and Cu. On Ni(111) the order is slightly different, the most to the least
stable ones are Co@2VG, Fe@2VG, Ni@2VG, and Cu@2VG. For the N-doped cases,
Co@4N2VG/Cu(111) is the most stable one, followed by Fe@4N2VG/Cu(111), Ni@4N2VG/Cu(111) and
Cu@4N2VG/Cu(111). Whereas on Ni(111), the stability order is the same as the non-N-doped cases.

In this section we have discussed in detail the energetics of the SAC atoms trapped in defects of
free-standing and supported graphene, however we have not discussed the kinetics of migration of
these TM atoms as it has been already investigated in previous studies, where both static and dynamic
calculations clearly indicated that they are immobile up to very high temperatures, even in the

presence of an underlying metal substrate.3>*

3.6 Hydrogen Evolution Reaction (HER) at SACs trapped in defective graphene: role of N-dopants

and of the metal substrate
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The activity of the SACs towards HER was studied by adsorbing atomic H at the TM atom in the
TM@(4N)2VG free-standing as well as the supported systems. The computed Gibb’s free energy for
atomic H adsorption (AGu+), which is the best descriptor of HER activity, is reported in Table 6 (see
Methods section for more details). The H atom was positioned on top of the TM in all the initial
configurations and optimized to obtain the final configurations when free-standing (Figure S7),
supported on Cu(111) (Figure S8) or on Ni(111) (Figure S9). We would like to remark that only in the
particular case of free-standing Cu@2VG, even though in the initial configuration the H atom was
positioned on the Cu, it moved onto the neighbouring C atom in the optimized final geometry (see
Figure S7(d)). This suggests that H adsorption is not favoured on Cu. Given that the closer the AGy+is to
zero (isoenergetic step), the better the HER performance of the catalyst, we observe that, upon N-
doping of graphene, trapped Fe and Co improve whereas Ni and Cu (with the H atom now adsorbed on
Cu) worsen.

When adsorbed on Cu(111) and on Ni(111), the AGy+ values for Fe@2VG and Co@2VG are
observed to improve compared to their free-standing counterparts. For Ni@2VG/Cu(111) and
Ni@2VG/Ni(111) the situation remains similar to Ni@2VG, and Cu@2VG/Cu(111) is worst among the
four. N-doping has a negative effect on the catalytic activity of the supported systems. This is because
the binding energy between TM and the defective graphene (see Table 5) increases through N
interposition, thereby reducing the TM binding with H.

Concluding, the best candidates for HER catalysis among the ones considered in this study are Co-

containing systems, in particular free-standing Co@4N2VG and supported Co@2VG/Ni(111).

Table 6: Gibb’s free energy for hydrogen adsorption (AGx+) on the TM in “eV”. The values obtained for
the N-doped systems are given in brackets. For optimized geometries see Figures S7, S8 and S9 in the
Supplementary Information. *In Cu@2VG the H atom does not adsorb on the Cu but the neighboring C

atom.

AGy+ Free-standing On Cu(111) On Ni(111)
Fe@2VG

(Fe@4N2VG) 0.38 (0.19) 0.18 (0.70) 0.21(0.73)
Co@2VG

(Co@4N2VG) 0.22 (0.12) 0.19 (0.53) 0.13 (0.76)
Ni@2VG

(Ni@4N2VG) 0.44 (1.67) 0.48 (1.65) 0.40 (1.59)
Cu@2VG*

(Cu@4N2VG) -0.16* (1.75)  1.26 (1.90) 1.17 (1.54)
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4. Conclusions

In this work we have presented a systematic and comparative investigation of the structural, electronic
and energetics properties of several transition metal atoms of the first raw (Fe, Co, Ni, Cu) when they
become trapped at carbon vacancies in defective graphene. We have also considered the possibility
that these vacancies become decorated by N atoms since it is found that there is a driving force for N
dopants to migrate to the defect edges during preparation, forming pyridinic species.?® Finally, we have
studied the effect of the presence of a weakly/strongly interacting metal underlying substrates, i.e.
Cu(111) and Ni(111).

First of all, we have learnt that carbon monovacancies are too small sites for TM trapping. The
TM atoms do not well fit and they lie either above or below the graphene layer. On the contrary,
carbon divacancies provide a hosting site of the proper size. The TM atom results to be coordinated
either to four C atoms or to four N atoms (if the graphene is N-doped). The coordination is totally
analogous to a square planar in molecular complexes. Here, the coordinating ligand is an infinite
macrocycle made up by the graphene network surrounding the trapped TM atom. The TM d states
become split according to a pseudo square planar geometry and then establish molecular orbitals with
the sp, and p; states of the coordinated C (or N) atoms from the surrounding graphene lattice. The dy,
and d,? are non-bonding orbitals, whereas d,*,*> forms ¢ bonds with sp, C (or N) states and dy, and d,
form 7 bonds with p, C (or N) states. N 2p states are deeper than C ones, therefore the o/c* pair also
results to be deeper in energy when TM is coordinated to N atoms. The c* state is always found to be
above the Fermi level, even if much less for the N-doped systems.

The presence of an underlying metal surface is to cause quenching of the residual
magnetization on the metal center in most of the cases. Additionally, we observe that the d states with
some z component mix up with the metal substrate band states becoming very broad. The non-
bonding states remain very localized and can be used as reference states to understand modifications,
shifts and trends along the period. There are not big differences between systems supported on
Cu(111) or on Ni(111), except that on Ni we observe a slightly higher degree of mixing.

The Cu d states are very deep, with the o* state just above the Fermi level in the free-standing
N-doped system. When a metal substrate is present underneath, electron charge is donated to the TM-
graphene layer and even the c* state becomes partly occupied. However, Fe and Co d states,
especially those not involved in x,y plane interactions with graphene are closer to the Fermi level and,

therefore, lend themselves as potentially active sites for (single atom) catalysis.
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From the energetics analysis, we have gained a lot of information on the relative role played by
the different types of interactions (TM-G, TM-M(111), G-M(111)) in the balance between energy gain
and energy loss. The main conclusion is that the Cu(111) substrate, being a weakly interacting support
for the pristine graphene, is a more sensitive substrate to different chemically modified graphene
layers (defective, with or without N, different TM trapped in the defects, etc.) than the Ni(111), which
being strongly interacting, basically attracts anything which is laid over it. The cost of deformation or
distortion is mostly paid by the graphene layer, especially when it is not N-doped. We have also learnt
that SAC atoms mostly interact with the defective graphene and much less with the underlying
substrate, even when the substrate is Ni(111), which keeps the graphene layer more tight and close to
the surface. Finally, the energy decomposition analysis has highlighted that Cu is the least stable
trapped metal atoms among those considered in this study, with the systematically lowest gain in the
interactions, adsorption and binding.

Regarding HER, N-doping has improved the Gibb’s free energy values only for Fe@4N2VG and
Co@4N2G, with respect to the undoped cases, but worsened in all the rest of the cases. The
interaction with the substrate improves the activity for the undoped cases and worsens for the N-

doped cases. The best catalysts are Co@4N2VG and Co@2VG/Ni(111) among the systems studied here.

Supplementary Material

Graphene PDOS when adsorbed on Cu(111) and Ni(111), Optimized structures of free-standing
undoped and N-doped 1VG and 2VG, 1VG and 2VG supported on Cu(111) and Ni(111), N-doped 1VG
and 2VG supported on Cu(111) and Ni(111), Energy cost for TM to go through free-standing TM@1VG,
Loéwdin charges, Energy cost for Cu atom to pass from the up configuration through the C monovacancy
to the down configuration for Cu@1VG/Ni(111) in fcc position with Ni(111) substrate, Optimized

geometries of HER studies.
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