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The electrochemical reduction of CO, on single atom catalysts (SAC) has emerged as a highly promising
yet intricate process, requiring an in-depth understanding of each elementary step of the reaction. Most
of the theoretical studies pertaining the screening of new efficient catalysts neglect important effects
such as the capability of the catalytic site to bind and activate CO,, the occurrence of competing reaction
paths via formation of different isomers in the intermediate steps, and the role of water. In this work we
will show that these are key aspects of the CO, reduction reaction (CO,RR). Employing density functional
theory, we investigated a series of Transition Metal atoms (Sc-Cu, Mo-Ag, W-Au) embedded in nitrogen
doped graphene (TM@4N-Gr) and their activity in the CO, reduction. Our results show that water is not
only solvating the reaction intermediates, but it acts as a ligand itself, competing with CO, when binding
to the catalytic site. This coordination chemistry effect largely affects the stability of the chemical inter-
mediates. Furthermore, only a small fraction of the investigated SACs can bind and activate CO,, and that
in most cases the reaction proceeds via formation of the OCHO intermediate and not of the COOH one, as
often assumed.
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1. Introduction

Electro-catalytic reduction of CO, into valuable fuels has
emerged as a promising way to reduce the CO, content in the envi-
ronment and also to address the current energy crisis [1-10]. Since
the conventional catalysts suffer from poor selectivity and stabil-
ity, high cost and low transformation efficiency, the design and
development of new catalysts with better efficiency and stability
becomes imperative [11,12]. In this regard, Single Atom Catalysts
(SAC) [13-15] made by Transition Metals (TM) embedded in car-
bonaceous matrixes, such as nitrogen-doped graphene, have
recently emerged as potential catalysts for the CO, reduction reac-
tion (CO,RR) [16-18]. While single metal atoms have already
shown better activity than their bulk counterparts [14,19-24],
anchoring them in N-doped Graphene (N-Gr) resulted in excellent
stability and tenability [25], in addition to an enhanced activity
[26-36]. Several experimental and theoretical studies on the cat-
alytic activity of TM@N-Gr for CO,RR have been reported. In this
respect, it is crucial to clarify what is the new message that one
wants to convey with another study on this class of catalysts.
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In the following, we will analyse the role of water, an essential
ingredient of the reaction in the liquid phase, showing that water
does not only solvate the reaction intermediates, but can compete
with the weakly bound CO, molecule, acting as a ligand to the cat-
alytic active site. This result can be interpreted in the light of the
reminiscences between SACs and coordination chemistry com-
pounds [37-40]. In addition to the main message, we discuss a
few aspects, often neglected, which are relevant for a credible pre-
diction of the CO,RR on 2D catalysts. CO, thermal or electroreduc-
tion is a complex process that can lead to various products, such as
HCOOH, CH30H, CO, CH4 and others. Furthermore, in water the
process of reducing CO, competes with the hydrogen evolution
reaction (HER), another factor that often limits efficiency. It is
important to mention that our goal is not that to predict a potential
new catalyst for the reaction, but rather to point to some critical
aspects of the process that need to be properly considered in the-
oretical studies. For this reason, we will not study the entire
sequence of reduction steps that, starting from CO,, may lead to
CH4 as one of the final products. Rather, we will concentrate on
the first two steps of the reaction, i.e., CO, binding and activation,
and CO, reduction to COOH. As we will show below, this is suffi-
cient to demonstrate the importance of a few aspects that are often
neglected in the discussion of the activity of SACs in CO2RR.

The first question that we will address is the adsorption of CO,
on the catalyst surface. An efficient catalyst must activate the inert
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CO, molecule causing a significant distortion of the OCO bond
angle. Formation of a sufficiently stable complex where CO, is acti-
vated is an essential prerequisite of an efficient electro-catalysts
for CO,RR. There is a substantial difference for a reaction occurring
in gas-phase or in water: in the gas phase even a weakly adsorbed
and activated species can lead to a catalytic reaction provided that
the partial pressure of that specific reactant is large enough to
move the equilibrium towards the products. But in water solution,
as is the case of electrocatalytic reactions, it is much harder to play
with this parameter. Thus, CO, activation becomes crucial.

Interestingly, in many theoretical studies of CO,RR this is not
considered an important step, and reaction profiles are computed
also for catalysts where CO, does not bind, or binds very weakly,
to the catalytic sites. We will show that only a small minority of
the TM@4N-Gr catalysts considered are able to bind and activate
CO,, the rest being completely inert.

Next, we will consider the role of the formation of different iso-
mers in the first step of CO, reduction. The formation of different
intermediates results in completely different reaction mecha-
nisms; also in this case, most of the reported screening studies con-
centrates only on one kind of intermediates, COOH, thus neglecting
other important reaction paths [41-44]. Based on density func-
tional theory (DFT), we studied 19 TMs anchored on nitrogen-
doped graphene. We will show that CO, activation, stability of
reaction intermediates, and interaction with water are three cru-
cial factors that need to be taken into account in the theoretical
screening of single atom electrocatalysts for CO,RR.

We organized the article as follows: Section 2 provides the com-
putational details. In Section 3.1. we discuss our results on the acti-
vation of CO, and the stability of the reaction intermediates on the
catalyst surface neglecting the presence of water (gas-phase reac-
tions). In Section 3.2, the role of water both as a solvent and as a
ligand will be discussed in detail. The conclusions are summarized
in Section 4.

2. Computational details

Spin-polarized DFT calculations as implemented in Vienna Ab
Initio Simulation Package (VASP) [45,46], were performed employ-
ing the projector-augmented wave (PAW) method [47] and the
valence electrons were expanded with a set of plane waves with
a kinetic cutoff equal to 400 eV. The Perdew, Burke, and Ernzerhof
(PBE) functional [48] within the generalized gradient approxima-
tion (GGA) was used in all our calculations; the Van der Waals
interactions were described using the D3 Grimme’s correction
[49]. The reciprocal space was sampled in order to provide con-
verges results [28]. A working 5 x 5 x 1 Monkhorst-Pack grid
was adopted. The convergence criteria for the electronic and ionic
loops were set at 1076 eV and 103 eV/A respectively.

We fully optimized a 4x4 supercell of graphene, a = b = 9.87 A
and y = 120°. It was used to construct the 4 N-Gr support where
a 15 A vacuum was included along the z direction to avoid interac-
tion between the periodic images. A C-divacancy was created in
the cell, followed by replacement of 4C atoms by N atoms to build
the 4N-Gr (pyridine) support. The TM atom was embedded in the
coordination site resulting in the TM@4N-Gr structure [50-52].
In each case, the atomic coordinates have been fully relaxed. The
approximation of keeping frozen the lattice vectors at those of gra-
phene implies a negligible error, less than 0.1 eV [28], and there-
fore it can be considered acceptable given the purpose of the study.

The adsorption energy (AEu4s) of an adsorbed molecule on the
TM@4N-Gr catalyst is calculated as

AEads = Ecat+mal - Ecat - Emol (])

Where Ecat+mol Ecat and Eo) are the energies of the catalyst with the
molecule adsorbed, of the bare catalyst and of the molecule respec-

Journal of Catalysis 422 (2023) 1-11

tively. To calculate the reaction free energy for each of the reaction
steps, we followed Norskov’'s Computational Hydrogen Electrode
(CHE) approach [53],

AG = AEqgs + Azpg — TAS )

where AE, refers to the DFT reaction energy, Azpg and AS are the
changes in zero-point energy and entropy, respectively. The values
of ZPE and entropic contributions for CO,, H,O and the reaction
intermediates are taken from the literature [18] and NIST database
[54] respectively. The entropy of gas phase molecules was taken
from the NIST database, and that of solid-state species were
neglected [55]. A way to overcome this approximation is to esti-
mate the vibrational entropy of solids by means of the partition
function formalism and working in a harmonic fashion, a rather
crude approximation with hydrogen-containing systems [56]. If
one neglects this contribution the expected error is about 0.1-
0.2 eV, which can be considered acceptable given the specific pur-
pose of the study. It should be mentioned, however, that if one aims
at reproducing the experimental complexity this effect should be
accounted for, together with many other effects such as solvation,
applied voltage and pH. Further details and working equations are
reported in the SI.

An important aspect in the computational study of SACs is their
stability. Besides being active and selective, SACs need to be stable
under reaction conditions. There are various aspects to take into
account, such as sintering resistance, mainly related to the energy
barriers for the SAs to diffuse on the support, or the electrochem-
ical stability that can be evaluated by calculating the dissolution
potential of the SA defined as Ugjss = Ugiss(bulk) - Eg/eN,, where
Ugiss(bulk) and Ef are the standard dissolution potential and the
Fermi level of the bulk metal, respectively, and N the number of
electrons involved [57]. Finally, also the effect of pH and applied
potential can be considered by constructing Pourbaix diagrams
[58]. These aspects are essential in order to predict new potential
catalysts for a given reaction. However, the purpose of this work
is not the prediction of new catalysts but only to show the impor-
tant role of CO, activation and water coordination in CO,RR. Thus,
the stability issue will not be further considered.

3. Results and discussion

3.1. CO; activation and reaction intermediates

3.1.1. CO; activation on bare catalyst (no solvent)

CO, activation is the first key step for CO,RR, where the bending
of the CO, molecule reflects the activation of the molecule. How-
ever, in most of the theoretical studies on this topic, activation of
CO, over the catalyst surface is not discussed, and it is simply
assumed that the reaction can proceed even in the presence of
an extremely weakly bound linear CO, molecule. Thus, as a first
step in our study we analysed the TM@4N-Gr SACs and their capa-
bility to activate CO, (see Table 1 for the binding energies of the
CO, molecule (AE.qs), the free energy for CO, activation (AG), the
geometry of the complex, and the TM atom magnetization). Among
the TM atoms studied, only Sc, Ti, Mo, Ru, W and Os embedded in
4N-Gr activate the CO, molecule, Fig. 1. All the remaining systems,
including Pt, Pd, and other active metals, are totally inert.

If the reaction occurs on a solid-gas interface, with no solvent
involved, then it becomes unclear how it can proceed if the reac-
tant (CO,) binds very weakly to the catalyst, unless elevated CO,
pressures are used. If reaction occurs in aqueous solution, then
the effect of the solvent needs to be included (see Section 3.2).

For the SACs where CO, is spontaneously activated, Fig. 1, we
observe various binding modes and binding strengths of the CO,
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Table 1

Journal of Catalysis 422 (2023) 1-11

Binding properties of a CO, molecule on TM@4N-Gr: adsorption energy, adsorption free energy, O-C-O bond angle, C-O and TM—C distances, magnetization of TM and Bader

charge on CO, for the CO,RR in absence of solvent.

™ AE.qs | eV AG | eV <0-C-0 C-0,/A TM-C /A Ua q(CO,)
Sc -0.84 -0.16 139 1.28 242 0.08 -0.68
Ti —-1.58 —0.90 133 1.34 2.05 0.00 —-0.82
\% —0.08 0.60 177 1.18 3.19 2.09 —0.06
Cr —0.11 0.57 179 1.18 3.40 3.25 —0.02
Mn —0.10 0.58 180 1.21 3.44 2.93 —-0.30
Fe ~0.10 0.58 180 1.18 332 1.86 —0.01
Co 0.93 1.61 180 1.18 3.24 0.70 -0.03
Ni -0.13 0.55 179 1.18 3.24 0.00 -0.03
Cu 0.04 0.72 180 1.17 3.31 0.54 —0.02
Mo ~1.41 -0.73 131 1.37 2.03 0.26 -0.83
Ru —0.11 0.57 147 1.22 2.16 0.75 —~0.41
Rh ~0.18 0.50 176 1.18 3.22 0.00 —0.05
Pd -0.13 0.55 179 1.18 3.32 0.00 -0.03
Ag —-0.17 0.51 179 1.18 4.20 0.00 -0.01
W -1.92 ~1.24 129 1.43 2.02 0.30 —0.93
Os —-0.74 —0.06 139 1.30 2.02 0.00 —0.52
Ir -0.19 0.49 176 1.18 3.28 0.00 —0.04
Pt —0.14 0.54 178 1.18 3.35 0.00 —0.03
Au ~0.12 0.56 180 1.18 3.44 0.00 —0.01

Sc

Fig. 1. Structure of CO, adsorbed on TM@4N-Gr for cases where the molecule is activated for the CO,RR in absence of solvent. Blue, brown and red represents N, C and O
atoms respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

molecule. In particular, Sc, Ti, Mo, W, and Os bind CO, in a side-on
mode, while Ru forms a symmetric M—CO, complex. In all cases
the O-C-O bond is considerably reduced, from 180° to 130-140°.
However, only in three cases the CO,/TM@4N-Gr complex is very
favourable: Ti (AG = —0.90 eV), Mo (AG = —-0.73 eV); W (AG = —
1.24 eV). In the other cases the CO, molecule is activated, but AG
is close to zero (Sc, Os) or even positive (Ru) indicating the forma-
tion of weakly stable or metastable complexes. These results con-
firm the difficulty to activate the CO, molecule and that very few
systems have the required electronic characteristics to properly
bind and distort this very stable molecule.

In the following we will concentrate our attention to these spe-
cies, as it is unlikely that SACs that cannot bind and activate the
CO, molecule can be active in CO,RR.

3.1.2. Role of reaction intermediates

The next step of the CO,RR is the first hydrogenation, and it is
usually assumed that this results in the formation of COOH. Of
course, the carboxylic path is not the only one, as the reaction
can also proceed following the formate path (HCOO) [59], or via
CO, dissociation which can be a main path in methane formation
[60]. Normally the COOH path is preferred, but one should not for-
get the possible formation of another isomer, OCHO. Some recent
studies have shown that the OCHO intermediate can be more
stable than the COOH one [61]. Here we considered the competi-
tive formation of COOH and OCHO for the six TM@4N-Gr SACs that
activate CO, (Sc, Ti, Mo, Ru, W and Os), and for Ni@4N-Gr which is
chosen as representative of inactive SACs (see Table 2 and Fig. 2 for
adsorption and Gibbs free energies and the corresponding struc-
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tures). The properties of some other, less stable, isomers of the
COOH intermediate on the Mo- and W@4N-Gr complexes are given
in Table S1 and Figure S1.

From Table 2 it appears that the formation of OCHO is preferred
over that of COOH for Sc, Ti, Ni, Mo and W, while COOH formation
is energetically preferred only for Ru and Os. Our results are consis-
tent with previous theoretical studies on the same systems [18].
The fact that the OCHO intermediate is more stable than the COOH
one implies, of course, a different reaction path than often assumed
in many computational studies of the CO,RR. Needless to say, this
may lead to completely wrong conclusions about the potential
activity of SACs in this particular reaction.

3.2. Role of water

3.2.1. Water as a ligand

As we mentioned in the Introduction, the CO,RR on SACs occurs
in water and water can have a twofold effect, that of solvating the
various intermediates, but also to act as a ligand that interacts
directly and competes with the CO, molecule to bind to the active
site. TM atoms embedded in 4N-Gr are usually in a positive oxida-
tion state [62] and water can interact electrostatically with these
sites, forming stable aquo-complexes. To the best of our knowl-
edge, the role of water as possible ligand in CO,RR has not been
considered so far.

Electrocatalytic reaction occur on a solid electrode. The surface
of the electrode can be solvated and be in contact with liquid
water. This is what is accounted for in classical solvation models.
However, layered materials such as graphene can also be interca-
lated by small molecules diffusing between the layers. In this con-
text, if a small amount of water can diffuse between two graphene
layers it can also interact chemically with an embedded TM atom.
What we want to address with our model is the possibility for the
TM atoms to bind water molecules on both sides, where on one
side the molecules are coming from the liquid phase, and in the
other they are present as a consequence of an intercalation process.

Since the structures of TM@4N-Gr catalysts are planar or nearly
planar (in some cases the TM atom is protruding from the gra-
phene plane, see Figs. 1 and 2), in principle water can adsorb on
both sides of the graphene plane: if the TM is perfectly aligned
with the planar 4 N-Gr structure the situation is symmetric, but
when the TM atom is displaced from the graphene plane this gives
rise to two different isomers. In Table S2 and Figure S2 we report
the results of the calculations where water has been adsorbed on
the catalysts, either above or below the graphene layer. In some
cases, the binding of water to the TM is quite strong, see for
instance Sc@4N-Gr and Ti@4N-Gr, where AE,qs(H,0) is about —1
eV. For Mo@4N-Gr and W@4N-Gr the adsorption energy of water
is about —0.6/—0.7 eV. Notice that for some catalysts (e.g., Sc) the
binding of water is stronger than that of CO, (see also Table 1).
When H,0 binds strongly it is coordinated to the TM atom via O,
typical of aquo-complexes. In the other cases the binding is via H
and the bonding is weaker, Table S2. Entropic effects considerably
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reduce the strength of the interaction, and the Gibbs free energy
for water adsorption is negative only for Sc, Ti, and, to less extent,
W, Table S2.

These results show that water can act as a labile ligand that, in
some cases, can compete with CO,. Also, water can bind together
with CO,. CO, has been adsorbed on the seven SACs considered
by adding one water molecule on the opposite site of the graphene
plane, see Figure S3 and Table S3. As a general result, the presence
of a water molecule bound to the TM center lowers the strength of
the bond of CO, to the catalyst, suggesting that CO, and H,0 can
compete for adsorption on the catalyst surface; not surprisingly
the effect is more pronounced for TM atoms that bind H,O more
strongly. This is a typical manifestation of the bond order conser-
vation principle [63,64]. Of course, there is hardly any effect of
water on CO, adsorption for Ni and Ru complexes, as both these
TMs bind water very weakly.

Not surprisingly similar trends have been observed for the
COOH and OCHO reaction intermediates, Table S4 and Figure S4
(here water has been adsorbed on opposite site of the active cen-
ter). However, no effect has been found on the relative stability
of the two isomers: the intermediate that is most stable on the
dry catalyst remains the most stable one also in presence of one
water molecule bound to the TM atom.

3.2.2. CO; activation in presence of water: Solvation versus
coordination

In this Section we consider the effect of water. The treatment of
solvent effects is complex, as it implies the simulation of solid/lig-
uid interfaces, including dynamical effects via ab-initio molecular
dynamics [65-67]. Since these are computationally rather inten-
sive, alternative approaches have been suggested, including the
implicit solvent model [68-72], or more accurate models where
the water molecules are considered explicitly. For instance, one
can approximate the solvation environment with a static array of
water molecules; this is sometimes referred to as the water bilayer
model [73-75]. However, also this approach is not free from limi-
tations, such as the problem of strain at the interface. Another, sim-
pler, approach has been proposed recently and assumes that main
effect of the solvent is restricted to a small optimum number of
water molecules. It has been suggested that three water molecules
are enough to provide the most important solvation effects [76,77].
For this reason, the method has been named microsolvation model,
and, according to some estimates, it provides results of comparable
accuracy to those of the water bilayer model [77].

We adopted the microsolvation model to estimate the solvent
effect on the stability of the intermediates considered in the CO,RR
(i.e. the CO,/TM@4N-Gr complexes that bind and activate CO,). In
some cases, water acts only as a solvent and interacts weakly with
the complex without forming a direct bond with the TM atom,
Table 3 and Fig. 3. In the other cases, at least one water molecule
binds sufficiently strongly with the TM center to act as a ligand,
Table 4 and Fig. 4. We classify these systems as “solvation” or
“coordination + solvation” complexes, since water can have a two-

Table 2
Relative stability and TM magnetization of COOH and OCHO intermediates for the CO,RR in absence of solvent.
COOH OCHO

™ AE,q4s | €V AG [ eV Ha E.as | €V AG [ eV Ha
Sc -1.38 -0.35 0.00 -3.01 -2.00 0.00
Ti -1.57 -0.54 0.43 -2.61 -1.61 0.54
Ni 1.04 2.07 0.51 0.78 1.79 0.25
Mo —1.45 -0.41 0.00 -2.21 -1.20 0.39
Ru —-0.99 0.04 0.45 -0.16 0.85 0.82
w -1.96 -0.92 0.00 -2.60 -1.59 0.68
Os -1.12 —-0.09 0.58 -0.71 0.30 0.63
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Fig. 2. COOH versus OCHO reaction intermediates on TM@4N-Gr for the CO,RR in absence of solvent.
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Table 3
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Effect of water on CO, adsorption: adsorption energies, E.,. (CO,), and adsorption free energies, AG (CO,).

Solvation Coordination + Solvation
™ Eg4(CO5) [ eV AG? (COy) eV E%,(CO,) | eV AG (CO, eV
Sc Unstable -0.02 0.66
Ti Unstable -0.79 -0.11
Ni 0.06 0.74 unstable
Mo -1.11 -0.43 —-1.44 -0.76
Ru -0.19 0.49 -0.09 0.60
w -1.36 —0.68 -1.77 —1.08
Os —0.67 0.01 -0.11 0.57

0“7‘0@
T 3
‘o-0-0

ON
oC
00

Fig. 3. Microsolvation models of CO, adsorption on TM@4N-Gr: “solvation” case.

fold effect. It must be underlined that our aim is not to exhaus-
tively describe the solvation of simulated species, but rather to
adopt a simple scheme able to discriminate when water acts a sol-
vent only and when it coordinates to the metal. Indeed, solvation
shells are often complex, and more than just a few water molecules
are usually involved. In addition, static approaches neglect dynam-
ical effects which are important when interfacing with water
[78-80].

In Table 3, we report the energy of adsorption of CO,, E;,(CO5),
when water acts only as a solvent, see “solvation”, while when
water also coordinates to the metal, we refer to “coordination + s
olvation”. The adsorption energies and structures of water on the
bare catalysts (without CO, adsorbed), used as a reference, are
reported in Table S5 and Figure S5 respectively.

From Table 3 it is clear that “solvation” reduces the adsorption

energies for all cases and hence results in a weaker interaction of
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Table 4

Effect of water (“solvation”) on COOH or OCHO adsorption: adsorption energies, E;,, and adsorption free energies, AG. The TM atom magnetization is also given.
Solvation
™ COOH OCHO

AE.qs [ €V AG [ eV La AEaqgs [ €V AG [ eV Ha

Sc -0.19 0.84 0.00 Unstable
Ti -0.89 0.17 0.36 -1.31 -0.30 0.47
Ni 0.50 1.53 0.00 0.37 1.38 0.00
Mo -1.57 -0.54 0.00 -1.02 -0.02 0.00
Ru -0.55 0.48 0.00 -0.18 0.82 0.00
w -1.78 -0.75 0.00 —-1.47 -0.46 0.66
Os -0.63 0.41 0.58 -0.20 0.81 0.67

Sc

-

‘(%

Mo

o

w?-&i

OS%--&?

0

Fig. 4. Microsolvation models of CO, adsorption on TM@4N-Gr: “coordination + solvation” case.

CO, with the catalysts. For instance, on Mo@4N-Gr the adsorption
energy of CO, goes from —1.41 eV on the dry catalyst, Table 1, to
—1.11 eV with the solvent, Table 3; on W@4N-Gr we go from
—1.92 eV to —1.36 eV. The effect is present but smaller on Ni, Ru,
and Os catalysts, see Table 1 and Table 3. Pure solvation is not
observed for Sc and Ti, since the resulting complexes are unstable.
For these two systems (and for all other TMs except Ni) one water
molecule binds directly to the TM center, Fig. 4, and thus acts
simultaneously as solvent and as ligand (see also Table 4,
“coordination + solvation”).

The “coordination + solvation” situation is preferred for Sc, Ti,
Mo and W; all these TMs binds water strongly. On the contrary,
pure “solvation” (Table 3, Fig. 3) is preferable for Ni, Ru and Os,

TMs that bind water weakly. As for the “solvation” case, also for
“coordination + solvation” complexes the presence of water results
in a weaker bonding of CO, to the active site. For SC@4N-Gr, E.qs(-
CO,) goes from —0.84 eV for the dry catalyst, Table 1, to —0.02 eV
when water is considered, Table 4; a similar situation is found for
Ti@4N-Gr where E.q5(CO,) goes from -1.58 eV, Table 1, to
—0.79 eV, Table 4. On the contrary, much less pronounced is the
effect of water on the SACs based on Mo, Ru, W and Os, see Table 1
and Table 3. This suggests that the use of scaling relations may be
problematic since the effect of water as a ligand is not the same for
all complexes.

To summarize, both “solvation” and “coordination + solvation”
cases result in less negative CO, adsorption energies (and conse-
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Se COOH

Ti COOH ||Ti b
- s T,y

MR

Ni COOH Ni

Fig. 5. Microsolvation models of COOH and OCHO reaction intermediates on
TM@4N-Gr: “solvation” case.

quently less favourable adsorption free energies), making CO,
adsorption weaker compared to the dry catalysts.
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3.2.3. Reaction intermediates in presence of water: Solvation versus
coordination

The role of water has also been studied for the two reaction
intermediates considered in this study, COOH and OCHO. Follow-
ing the same lines discussed in the previous Section, water can
act as a solvent only, or as a solvent and a ligand at the same time.
Table 4 reports the adsorption energies, adsorption free energies
and TM magnetization for both COOH and OCHO intermediates
showing cases where water acts exclusively as a solvent (“solva-
tion”); the corresponding structures are shown in Fig. 5. Table 5
and Fig. 6 contain the same info but for the structures where
“coordination + solvation” is observed.

Similarly to CO, adsorption, also for step 2 of the CO,RR, forma-
tion of COOH or OCHO intermediates, the “coordination + solvati
on” case is preferred for TMs that bind water strongly, while pure
“solvation” is preferred for TMs that adsorbs water weakly, Tables
4-5. In general, the presence of water does not alter the relative
stability of the reaction intermediates found for the dry catalyst
(but there are exceptions). However, the effect is not same for all
catalysts. On Ti@4N-Gr, for instance, the difference in stability for
the two intermediates on the dry catalyst, 1.04 eV (AE,qs(OCHO) =
—2.61 eV; AE,4(COOH) = —1.57 eV, Table 2) increases to 1.48 eV
with the solvent (AE,4s(OCHO) = —2.02 eV; AE,4(COOH) = —0.54
eV, Table 5); on Mo@4N-Gr the effect is similar: on the dry catalyst
OCHO is 0.76 eV more stable than COOH (AE,4s(OCHO) = —2.21 eV;
AE.qs(COOH) = —1.45 eV, Table 2), while with the solvent the dif-
ference is 0.94 eV (AE,qs(OCHO) = —2.31 eV; AE,qs(COOH) = —1.3
7 eV, Table 5). However, there are also cases where the order of sta-
bility of the two intermediates is reversed after the addition of
water: on the Os@4N-Gr dry catalyst COOH is more stable than
OCHO by 0.41 eV (AE,4s(COOH) = —1.12 eV; AE,4(OCHO) = —0.7
1 eV, Table 2), while in the presence of water the OCHO intermedi-
ate is 0.09 eV more stable (AE,4s(OCHO) = —0.89 eV; AE,4s(COOH) =
—0.80 eV, Table 5). This shows, once more, that each SAC has a dif-
ferent behaviour, due to the specific interaction of the nd shell of
the TM atom with the ligands.

4. Conclusions

In this work we have investigated the initial steps of the CO,
electro-catalytic reduction on TM atoms embedded in nitrogen-
doped graphene (TM@4N-Gr), by means of density functional the-
ory simulations. We analysed some relevant aspects of the reactiv-
ity of single atom catalysts that are often neglected in the current
studies on the problem. In particular, we have addressed three cru-
cial points.

(1) The role of water. We found cases where water acts not only
as a solvent that binds via hydrogen bonds and dispersion forces,
but also as a ligand when the TM-H,O0 interaction is strong. In this
case water can compete with CO, or with the reaction intermedi-
ates in binding the TM center. In general, the presence of water
in the simulation results in less negative free energies of adsorp-
tion of CO,, COOH, or OCHO species, showing an overall destabiliz-
ing effect with non-negligible consequences on the
thermodynamic barriers of the CO, reduction. Also, the relative
order of stability of the competing COOH and OCHO intermediates
can change going from the dry SAC model (no solvent) to the sol-
vated model. While for most of the cases examined the order of
stability is the same, there are also cases, such as Os@4N-Gr, where
the presence of water has the effect to change the order of stability
and to modify the predicted mechanism of the reaction.

(2) The first step of the reaction consists in binding and acti-
vating the CO, molecule. We found that, out of 19 TM@4N-Gr
complexes considered, only in a minority of cases CO, is signif-
icantly bound and activated (in this case the structure deviates



D. Misra, G. Di Liberto and G. Pacchioni

Table 5

Effect of water (“coordination + solvation”) on COOH or OCHO adsorption: adsorption energies, Eg,
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and adsorption free energies, AG. The TM atom magnetization is also given.

™ Coordination + Solvation
COOH OCHO
AE,qs [ eV AG [ eV Ha AE.qs [ €V AG [ eV La
Sc -0.35 0.69 0.00 -2.05 -1.04 0.00
Ti —-0.54 0.50 0.00 —2.02 -1.02 0.42
Ni unstable 1.63 2.64 1.53
Mo -1.37 -0.33 0.00 -2.31 -1.31 0.00
Ru -0.59 0.45 0.00 —-0.24 0.77 0.00
w -1.62 -0.58 0.00 -2.43 -1.42 0.00
Os -0.80 0.23 0.00 -0.89 0.12 0.00
from that of the linear gas-phase molecule). In water, in order
Sc =G "f COOH Sc OCHO to bind to the TM active site, the CO, molecule needs to dis-
place the water molecules directly bound to the metal center.

Fig. 6. Microsolvation models of COOH and OCHO reaction intermediates on
TM@4N-Gr: “coordination + solvation” case.

This is not easy since in many cases water binds to SACs more
strongly than CO,.

(3) The last aspect investigated is the possible formation of
more than one intermediate in a given reaction step, giving rise
to different reaction paths. We have considered the competing for-
mation of COOH and OCHO intermediates (first reaction step) for a
selected number of TM@4N-Gr complexes, finding that the OCHO
complex is more stable in most cases, at variance with the usual
assumption that the reaction proceeds via formation of COOH. Sim-
ilar results have been reported in the literature [18,61]. However,
as we mentioned before, water has an effect on the relative stabil-
ity of the COOH and OCHO intermediates which varies from case to
case. This is a problem for the identification of scaling relation-
ships, since the behaviour can be markedly dependent on the TM
atom. What remains to be evaluated is the effect of water on the
kinetic barriers for the reaction, an aspect that will be considered
in future studies.

In conclusion, SACs have a rich chemistry and their modelling
with first principles calculations requires to include all variables
in order to reach meaningful conclusions [81]. Screening of large
numbers of potential candidates as catalysts for the reaction that
do not accounts for this complexity can lead to questionable pre-
dictions. Furthermore, the work confirms the similarity of the
chemistry of SACs embedded in graphene-based substrates with
that of coordination compounds.
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