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Abstract

N-doped carbon systems constitute a unique platform for the isolation of metal atoms that have
been proposed as active species in the electrocatalytic CO> reduction reaction (eCO2RR).
Among them the Nickel Nitrogen Carbon (NiNC) single-atom catalyst exhibits the highest
efficiency for producing CO, at different potentials. The variation in the material synthesis
produces defects with coordinatively saturated and unsaturated N-doped cavities, and once the
metal is placed there these single atoms can present different metal oxidation states depending
on the cavity nature. Synthetic protocols to produce single atoms from metal nanoparticles have
been put forward, then the so-synthetized materials are complex as contain a variety of metal
environments. Thus, although many studies have been devoted to NiNC materials, there are
still discussions on the true nature of the active sites and particularly their coordination
environment. In the present work, we have computationally evaluated experimental activity and
selectivity of a wide potentially active sites for the single atoms and nanoparticles, where the
optimal reactivity is found for N-doped models. The second aspect addressed here concerns the
electrochemical stability of the reconstruction and redispersion of supported nanoparticles. At
high CO coverages, Ni nanoparticles reconstruct by forming Ni(CO)s species that can
redisperse on the host into active single atoms. In summary, the complexity of these metal-
doped carbon systems needs to be considered holistically to understand their real

electrocatalytic behavior.
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1. Introduction

Single Metal Nitrogen Carbon materials (M-N-C) have been proposed as one of the most
attractive catalysts for electrocatalytic CO- reduction reaction (eCO2RR). Furthermore, with
maximum atom efficiency and low coordination metal centers, they show high selectivity
towards producing CO even with competing hydrogen evolution reaction (HER). Combined
products or syngas can be used to produce liquid hydrocarbons via Fischer-Tropsch synthesis.
Moreover, the M-N-C materials can further reduce CO to hydrocarbons.®>® The experimentally
most studied example of these types of materials, even proposed to be industrially efficient,

come from Ni-N-C, which is highly selective to producing CO.”%

The efficiency of those materials can be controlled by synthetic and post-synthetic treatments.
Their nitrogen content can be controlled in several ways, such as changing the doping
temperature?®. All these approaches change the nature of the cavities present both in terms of
size and coordination environment. Therefore, we can classify the hosts according to these
cavities as saturated and unsaturated N-doped carbon materials. Homogenous-like confinement
of the metal in the cavities plays an important role in preventing the migration as the material
goes through high-temperature carbonization.?! The vacancies can be synthetically tailored by
employing MOF scaffolds,*?? by oxidizing carbon materials and further doping with nitrogen
to form undefined motifs,?>? and by depositing porphyrin-like complexes.>?*2% The ultimate
(i) size and structure of the defect in which the metal is embedded; (ii) the nitrogen content
which can be controlled with the doping temperature?® and (iii) the reaction conditions
determine the nature of the metal sites, their coordination environment, and the size of the metal
nanoparticles thus affecting the electronic structure of the active metal. Targeting activity and
selectivity require adapting the anchoring sites to the metal electronic properties so that they

can synergistically act.

To understand the efficiency and selectivity of the materials, different types of catalysts were
synthesized and tested under electrochemical eCO2RR.?° To be concrete, (i) Ni nanoparticles
supported on carbon material, (ii) single metal atom in saturated N-doped carbon material, (iii)
sample containing both particles and single atoms, and (iv) Ni nanoparticles supported on
unsaturated N-doped carbon materials. Importantly, significant changes in efficiency and
product distribution were observed when repeating the electrochemical reaction five times in a
row. This effect was particularly acute for the Ni-containing colloidal nanoparticle samples on
the unsaturated N-doped materials. With the colloidal particle method, the size and particle

loading can be controlled, and this preparation method is crucial for the stability of the catalyst

2



and depends on the support. High efficiency can also be seen in the Ni single atoms induced by
thermal atomization in N-doped carbon but it does not occur over pure carbon support.t® Ni
particles and Ni single active sites supported on carbon nitrides?’ featured high selectivity
towards CO. These authors demonstrated that the materials can boost the conversion of CO>
into CO.1% All these works highlight the role of the nature of the support and how its detailed

characterization allows to fine tune the chemical properties of these materials.

To shed light and rationalize such catalytic behavior, we turn to computational simulation at
the atomic level of detail. In the present work, we explore different N-doped carbon materials,
both saturated and unsaturated, as reported in previous experiments.?® We then compute the
activity of Ni catalysts for eCO2RR, both as a nanoparticle and as single atoms embedded in
different coordination environments. Furthermore, we report a model nanoparticle to link the
possible redispersion and reconstruction under electrochemical conditions when being

supported on unsaturated N-doped carbon materials.

Computational details

All simulations were performed using spin-polarized Density Functional Theory (DFT) as
implemented in the Vienna Ab initio Simulation Package (VASP)?%?° using the GGA PBE-D3
density functional.>>3! Core electrons were described by projector augmented wave (PAW)?%:32
while valence electrons were expanded by plane wave basis sets with a kinetic energy cut-off
of at least 500 eV.

N-doped carbon materials are represented with a graphene layer expanded in a (6x6) supercell
and replacing carbon atoms by nitrogen atoms to design saturated and unsaturated N-doped
carbon models. These layers were interleaved by 12 A vacuum along the z direction. A nickel
atom was placed in the cavity left on the carbon sheet. Structures were relaxed with a force
threshold of 0.050 eV/A. The Brillouin zone was sampled using a (3x3x1) k-point mesh
generated with the Monkhorst—Pack method.?

Ni nanoparticles were represented using three metal surfaces with the lowest Miller indexes
(and thus lowest surface energies) Ni(100), Ni(111), and Ni(211). High quality surface energy
calculations ((10x10x1) k-point mesh) were performed to build the nanoparticle structure using
the Wulff model®*2® with VESTA.%¢ The vacuum between slabs was larger than 10 A and the



structures were relaxed with a force threshold of 0.025 eV/A. They contained five layers, where

the two uppermost were fully relaxed and the rest were fixed to the bulk structure.

CO can adsorb in very dense phases on Ni®"%® thus different coverages were considered: from
1/12 to 12/12 ML for Ni(100) and Ni(211) and from 1/16 to 16/16 ML for Ni(111). The
Brillouin zone was sampled using a (3x4x1), (3x3x1), and (5%3x1) k-point meshes for Ni(100),
Ni(111), and Ni(211) respectively. The Wulff construction was also employed on the CO-dense
phases to explain the restructuring of the nanoparticles. Ni(CO)x species can be formed in rich
CO environments, which can then redisperse and reconstruct the Ni nanoparticle. The Ni(211)
surface edge has enough space to accommodate more than one CO molecule, allowing the
formation of Ni(CO)4 complexes. We thus calculated the formation and elimination of Ni(CO)4
with different CO coverages on that surface, where the elimination of this species forms a
vacancy at the edge of the Ni(211) steps. The Ni(CO)4 formation enthalpy computed with PBE
starting from CO is more exothermic than the experimentally reported, the implications for this

deviation are evaluated in the text.

For all the systems described before, we obtained the energies of the relevant intermediates in
the electrochemical environment under eCO2RR conditions by considering the computational
hydrogen electrode (CHE).3%4° The intermediates energies were corrected with calculated zero
point and entropic contributions. Notice that for the first step where CO, adsorbs on the metals
it drags charge from the system, the notation then implies that it is activated, and the calculations
were done in boxes with zero net charge. Gas-phase molecules used as a reference were
calculated with PBE functional. Zero-point, entropic, and heat capacity contributions are shown
in Table S1.** Solvation effects were added to CO and COOH intermediates following the
values employed in ref. 4. We have tested and compared the results of our in-house implicit
solvent model (VASP-MGCM)*2 to the values in the literature, Table S5-S6. Solvation of N-
doped carbon systems are known to depend on the N-concentration and we have evaluated these
effects in our case. ** However, in our models the N-doping occurs close to a single point in the
cavity and thus the effect by changing the stoichiometry of the cavity is reduced, for the NiNs
and NiNs models -0.39 and -0.35 eV, respectively. Further details on thermodynamic
corrections are discussed in the Supporting Information. All structures can be retrieved from
the database ioChem-BD** via the following link®, which contains a unique and labeled list of

the DFT calculations of this project.



Results and Discussion
1. Computational characterization of the materials.

To understand the selectivity and activity of N-doped or N-free carbon materials, we modeled
them under reaction conditions. The DFT simulations were performed on several N-doped
defects where the Ni atoms can be anchored, as well as Ni nanoparticles can be supported, to
represent the species characterized in experiments.?’ In Figure 1 we show three families of
models: (a) saturated N-doped carbon materials (NiNxC) representing NiNs and similar
undefined N-doped materials made at low doping temperature, (b) unsaturated N-doped
(NINCx) and N-free materials (NiCx) typically occurring for carbons at high doping
temperatures, when the nitrogen content decreases, and (c) Ni metal surfaces composing the
supported nanoparticles on the unsaturated N-doped supports (Nine-NCx). This approximation
allows us to provide a holistic chain of models that accounts for the complexity of the N-doped
carbon support and the metallic nature of the nanoparticle. The ultimate aim is to show the role
of the speciation (charge, oxidation state, and coordination environment) on the electrochemical
activity and the dynamic behavior or the different synthetic preparations. We simulated EXAFS
spectra for all catalysts (Figure S1), where NiNxC (saturated N-doped materials) agreed well

with experimental data.?® DFT structural parameters are presented in Table S4.
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Figure 1. Computational models for different systems. (a) Saturated N-doped carbon material.
(b) Unsaturated N-doped or N-free carbon material. (c) Metal surfaces. C in grey spheres, N in

blue, and Ni in green.



2. Activity and selectivity of the materials.

The activity and selectivity of the modeled catalysts can be discussed in terms of the
corresponding Gibbs free energy profiles, presented in Figure 2. The electrochemical activity
was analyzed by calculating the binding energies of the intermediates according to the most
agreed mechanism for CO2 to CO reduction (Figure 2a—c). The process requires only a 2
electron transfer and the steps are: (i) CO2 + e — *COg, (ii) *CO, + H" — *COOH (also, the
first two steps in the literature are combined into: CO2 + H" + e~ — *COOQOH), (iii) *COOH +
H* +e — *CO + H20 and (iv) *CO — CO) + *. Notice that once CO; is adsorbed, activated,
and polarized with partial charge transfer (see Table S10) from the host material and thus step
(1) does not correspond to any extra electron added to the simulation box.
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Figure 2. Gibbs free energy profiles for (a, b, and c) eCO2RR and (d, e, and f) HER over
different model sites at U = —0.6 V vs. RHE (for reference the experimental pH was 7). (a,d)
Saturated nitrogen-doped carbon materials. (b,e) Unsaturated or free N-doped carbon materials.

(c,f) Metal surfaces.



In agreement with the previous results, we can see that the highest activity towards CO is shown
by unsaturated N-doped materials’ and metal surfaces, as they bind CO strongly. Regarding the
selectivity, it can be discussed by comparison to the competing HER (Figure 2d-f). Saturated
N-doped materials reach the highest selectivity towards CO, where NiNs and NiN3z are
representative models, while NiN3C model binds *H strongly. Therefore, based on the
experimental selectivity?® of single-atom catalysts the NiN3sC model is not representative. For
a catalyst to be selective towards CO, the binding of *COOH and *CO. intermediates need to
be strong to reduce the onset potential. Also, selectivity can be compared with *H binding
energy and CO desorption energy. The correlation between the adsorption energies of *COOH
and *H is shown in Figure 3a. We can see that NiN4 and NiNsz bind *H weakly, therefore
saturated N-doped materials are selective. NiN4 binds *CO2 and *COOH weakly, which means
it has a higher onset potential, while the opposite trend is seen for NiNsz. The computed onset
potentials are presented in Table S11, where NiNz has a lower onset potential than NiN4
because it binds *COOH stronger. Ni(211) and NiNC> bind strongly *H and *COQOH, which
means they will not be selective toward CO. Ni(100) would be the best candidate among the
metal surfaces as it binds *H weakly and *COOH relatively strongly. Figure 3b represents a
correlation between adsorption energies of *CO and desorption of CO, where CO- activation
can relate to Bader charges of the adsorbed CO, molecule (see Table S10). NiNs, NiNC3z, and
Ni(100) bind *CO2relatively strong, where Ni(100) binds *CO strongly (see Figure S3), which
means the rate of CO formation would be low. The strong adsorption energy of *H for Ni(100)
and NiNCsz can be related to low selectivity, where HER and eCO2RR compete. The most
interesting system is NiNs, because of the optimal *CO binding and the weakly *H binding.
From an electronic structure point of view, the Ni atom in the NiN4 square planar confinement
is in the Ni%* oxidation state, while that in the NiN3 trigonal planar configuration is in the Ni*
oxidation state (see Figure S4). This special role of Ni* is long known in organometallic
chemistry*® and even in thermal catalysis.*” The change in the oxidation state has an impact on
the geometries of the activated CO> intermediate as both the O-C-O angle and Ni-C(CO)
distance indicate the degree of activation of the CO> molecule in the N-doped saturated
materials. In Figure S5, the linear scaling relationship of CO2 geometry and adsorption of *CO
shows that the activation in NiN3 correlates with the medium binding of *CO, while the lowest
activation appears in NiNs with a C-O-O angle of 170.2°. All these fingerprints point out the
relevance of understanding the organometallic structures when trying to identify the most
suitable defects for a given metal and the importance of the charge state for the encapsulated

metal ions.



l(a) NiN, - _-(b)
1o . 1 NiN,
= > 164 =
—~ ) -
= 0.8 - X 14
S 04 ] - NN, S 1.2- . aNiC,
S 04 NiqqNiNe, - 2 ] s
L | N|(111L ’,”ANiCA \LL_'I' 10 | NINC:’,}\\\ A NiNCZ
4 NiC 1 e
Qo004 .Nioo) ~os ] Ninm A #Ni(111)
-~ *Ni(211) - * Ni(100) ¢~
. 06 - .
0.4 .NiNC, ] Ni(211)
| ! | ! | ! 1 ! | ! | ! | ! I ! | ! | !
40 05 00 05 10 15 10 -05 00 05 10 15
AE (*H) / eV E(CO,)/eV

Figure 3. Linear scaling relationship. (a) Linear COOH binding energy scaling relations for
adsorption of H atom. (b) CO- binding energy and corresponding linear-scaling relationships
for desorption of CO molecule. Saturated N-doped carbon materials are represented with red
symbols, unsaturated N-doped carbon materials with grey symbols, and metal surfaces with

blue symbols.

3. Reconstruction of Ni NPs on N-doped carbon materials.

Electrocatalysts can be affected by the presence of different variables. In our case, the
reconstruction of Ni NPs and the disintegration of Ni(CO). complexes change the activity and
selectivity. Once the reconstruction happens experimentally, the partial current density of H.
drastically drops compared to that of CO, thus favoring the disintegration process. Such
dynamic behavior of electrocatalysts is crucial for their performance and thus we here address

these aspects by simplified models.

To investigate the role of the reaction products in the stability of the Ni NPs, we model a
nanoparticle-based on the lowest-energy surfaces through a Wulff construction. This is
straightforward for metal nanoparticles and can be extended when adsorbates, like CO, are
present.348 In addition, we apply the atomistic version of Ostwald ripening theory*®° by the
formation of Ni(CO). complexes to show when the disintegration of nanoparticles can occur on

such N-doped carbon materials.



3.1. Nanoparticle shape

To address the role of nanoparticles we first focus on their structure. The size of the synthesized
Ni NPs was 2.5 to 7 nm, and thus they can be represented via the Wulff construction that
corresponds to the equilibrium structure for a medium-to-large nanoparticle and it is obtained
from the surface energies. We calculated the surface energies for three orientations Ni(111),
Ni(100), and Ni(211), and, employing the Wulff construction, we then extracted the
corresponding areas for each facet. The average surface energy for the nanoparticle is 0.126

eV/A. All surface energies and ratios of the corresponding facets are presented in Table S17.

Figure 4. Wulff construction based on the surface energies calculated by DFT. Surface legend:
Ni(100) in green, Ni(111) in gray, and Ni(211) in blue.

To assess the change in the nanoparticle-induced by the environment, we consider CO
adsorption on all three facets separately.” We calculated average binding energies E’co, for a
range of coverages 1/12 to 12/12 ML for Ni(100) and Ni(211) facets, and Ni(111) from 1/16 to
16/16 ML (Figure S7). In all cases, at low to medium coverages, all the modified surface
energies (yx’) are smaller, but the reduction in surface energies depends on the particular facet
orientation. The detailed balance between adsorption sites and CO-CO repulsion contributes to
the surface energy in a non-linear way, as to achieve higher CO densities the molecules need to
go to rather unstable sites. At 0.25 ML we are left with Ni(100) and Ni(111) surfaces, while at
full coverage of 1ML the extent of Ni(211) facet in the nanoparticle increases and Ni(111)
reconstructs (see Figure S6). In summary, the average surface energy for the decorated
nanoparticle (y’) at CO coverage 0.25 ML is 0.095 eV/A?, which is 0.031 eV/A? less than for



the bare one (Table S16). Therefore, the nanoparticle under product-rich conditions has more
surface Ni atoms with less Ni-Ni average coordination. This could be the first step towards
disintegration. In addition, this high product coverage influences the selectivity as it limits the
HER reaction. The effect can be explained with the Gibbs free energies of the *H intermediate
for the clean and on the CO covered (6=0.92ML) Ni surfaces (see Figure S10). Once Ni
surfaces are covered with CO, *H binds weaker (lowering the selectivity for HER), see Figure
S11. This agrees with the experimental observations showing a drastic drop of Hz partial current
density. Thus, selectivity is triggered by minimizing the HER path.

3.2. Gibbs free energy of Ni(CO)x complexes disintegration on N doped carbon materials

We applied the energetic formalism from Ouyang and co-workers*® to evaluate whether the
disintegration of Ni(CO)x from Ni NPs is possible on N-doped carbon materials. We followed
the criteria of reactant induced dynamics, where feasibility can be explained by the Gibbs free
energy of disintegration (AG%\p). First, we compute the formation energy of isolated metal
adatom (E';) with respect to Ni bulk reference supported on the different carbon defects (Table
S18). From these results, we can see that formation energies are exothermic, as Ni atoms are
anchored to a defect. Second, we calculate the Gibbs free energy for the CO-decorated

nanoparticle, AG¥\p, following the equation:
AGH\p(R,T,p)= Efsurt-nco -nxApco(T,p)-AE ne(R)-TS Eq. (1)

Where, Efsur-nco is the energy of the Ni atom coordinated to the N-doped carbon substrate and
n remaining CO molecules, AE’np(R) is the energy of the CO-covered nanoparticle with radius
R, and Apco(T,p) is the excess chemical potential of CO (T, p). In our case, the configurational
entropy S was not included because the number of cavities is difficult to assess; however, it will
favor dispersed species. Therefore, the values obtained here for the transition correspond to a
maximum threshold. The excess chemical potential was set to Apco(T,p)= —0.76 eV>!
corresponding to experimental conditions of 300 K and 0.10 mbar. The binding energy of nCO
(Efico) needs to be negative and lower than Apco(T,p)=—0.76 eV. When both requirements are

fulfilled, nanoparticle disintegration is thermodynamically possible.

The nature of the cavities in the support provides a large versatility regarding the stability
against disintegration. In our investigations, we have considered all 7 types of defects in Figure

1. The anchored Ni atom in saturated N-doped models is coordinated either to pyridinic or
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pyrrolic N atoms, which are strong ligands able to easily trap metal atoms. This is in line with
experiments where they do not observe nanoparticles on those materials. We observe an
opposite trend for the unsaturated N-doped materials, where Ni NPs can redisperse into single-
atom cavities. The reason for that is the decreased N-content and increased C-content in the
materials, which makes Ni dynamic and prone to aggregate and disintegrate in the presence of
dense CO phases and electrochemical conditions. Therefore, single Ni metal atoms with little
aggregation are expected in agreement with experiments.’® Finally, we show that the
redispersion of Ni NPs on NC> defect (unsaturated N-doped model) is thermodynamically
possible. NiNC:; is also one of the most active and non-selective eCO2RR configurations, with
strong bindings for *CO, *COOH, and *H intermediates. Once Ni NPs are supported on NC;
they can disintegrate, as the experimentally partial current density drops drastically compared
to CO partial current densities. That is how the combination of the two results (activity and
stability for dispersion) can support the fact that enhanced Faradaic efficiency was observed
when the reaction was performed five times in a row for nanoparticles supported on unsaturated
N-doped carbon materials.?° Redispersion is thus possible on unsaturated materials; however,
depending on the nature of the carrier that would imply a different performance. As the
performance of the single atoms depends on the properties of the cavity, redispersion would
only be more favorable provided that the right cavity exists, and it is occupied. The
electrochemical cycling from the nanoparticles does enhance the selectivity in unsaturated hosts

but not up to the levels found for the saturated materials.

To investigate the size (R) dependence of the disintegration induced by CO, we have used Nine-
NC: as cavity and have calculated the AG%\p(R, T, p) considering the formation of Ni(CO)»
sitting at these pockets at experimental temperature and pressure. Figure 5 presents the AG¥yp
corresponding to Ni(CO)2 versus the radius R of a Ni nanoparticle at two different coverages,
0.25 ML and 1ML (non-wetting conditions for the nanoparticle were considered, thus the
Young angle was set to 180°). We found that AG%\p decreases at smaller R and crosses the
reference level (—2.7 eV, energy of an isolated Ni atom in the cavity) at about 40A for 1 ML
and 20A for 0.25 ML. The lower value found for lower coverage is a direct consequence of the
simplicity of the model and shall be taken with caution as kinetic constraints related to the need
of concentrating CO molecules to extract the surface atoms could play an important role. At
high coverage, our results imply that Ni NPs smaller than 4 nm will disintegrate into Ni(CO)2
when supported on the NC: at 300 K and 0.1 mbar.
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Figure 5. (a) Size dependence of the Gibbs free energy (AG%*xp) of Ni(CO)2, when Ninp is

supported on NC> at 300 K and 0.1 mbar. The horizontal dashed line indicates the limit for
stability. (b) Schematic representation of Ni(CO)2 bound to the NC> cavity.

3.3. The mechanism for Ni nanoparticle reconstruction.

The dense layers that we have identified in Section 3.1 show that after eCO2RR, CO extensively
covers the surface and over long times has the potential to increase the fraction of Ni atoms in
low-coordinated sites as stepped Ni(211) surfaces. Moreover, the thermodynamic models in
Section 3.2 indicate that below a certain size, Ni(CO)x clusters can be stable in some particular
motifs of the N-doped carbons. To merge these two scenarios, a viable route for decomposition
needs to be described. Ni can form volatile species with CO in the form of Ni(CO)a that can be
soluble under the reaction conditions. We have calculated the energy needed for the formation

of these species.

On nanoparticles, CO> is reduced to CO at —0.6 V vs. RHE and pH 7, and the resulting CO
drives the reconstruction toward Ni(211). Once the reaction is stopped at open circuit potential
(OCP), Ni(CO)4 species can be formed as the CO coverage is very high. Thermodynamically,
the formation energy of a metal vacancy (with respect to Ni bulk) in Ni(100), Ni(111), and
Ni(211) surfaces are 0.59, 1.04, and 0.33 eV, respectively. Strong kinetic limitations can likely
appear due to geometric constraints on Ni(111) and Ni(100), but for the fully CO adsorbed
Ni(211) surface the step edges can present very high CO concentration. Thus Ni(CO)4 can be

formed in this face with concomitant elimination of Ni atoms. Figure 6a presents the average
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adsorption energy for CO at different coverages (red curve) on the Ni(211) facet and it is
compared to the formation-elimination of the Ni(CO)4 complex (gray curves). The crossing
between these two lines can be interpreted as the coverage at which the elimination of Ni atoms
in the form of the species becomes viable. Therefore, high CO coverages would affect the
stability of the edge sites starting around 0.78 ML coverage (when using DFT or experimental
value for Ni(CO)4) promoting the formation of the species that can then redisperse on the
cavities of the N-doped carbon. The process of reconstruction is sketched in Figure 6b. All the
data is presented in Tables S21-23. Once the reaction is under electrochemical potential again,
these complexes react with non-occupied defects on the unsaturated N-doped carbon (Nine-
NC>) and effectively redisperse. This process could potentially lead to higher activity, as shown

in the experiments.?°
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Figure 6. Process of Ni(211) metal surface reconstruction. (a) CO coverage dependence of
the average Gibbs free energy (red curve) of CO adsorption at U =—0.6 V vs. RHE (pH = 7)
and (gray curves) desorption of Ni(CO)a. (b) Schematic process of clean Ni(211) metal surface
fully adsorbing CO at electrochemical conditions. When the reaction is stopped at the open

circuit potential (OCP) to assess the material recyclability, Ni(CO)s-like complexes can desorb.

Conclusions

Electrocatalysts based on Ni supported on N-doped carbon materials have been computationally
analyzed for the reduction of CO2 considering both nanoparticles and single atoms. The optimal

activity and selectivity are found for NiN3 model, in which Ni is in Ni'* oxidation state. NiN3
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exhibits theoretically low onset potential in agreement with experiments and high rate towards
CO. However, rather saturated N-doped materials are more selective towards CO formation.
As single atoms can be prepared from nanoparticles, we show through the Oswald formalism
that disintegration of Ni(CO)x can happen if Ni nanoparticles are supported on N-doped
unsaturated support such as NC,. We present a mechanism of Ni(211) surface reconstruction
that is possible only at high CO coverages around 8/12 ML by the formation of Ni(CO)4 species,
which then redisperse into active single atoms. The complete understanding of the Ni-N-C
materials points towards a very dynamic behavior where considering the full complexity of the
material in terms of Ni nuclearity and environment is needed. This is likely a common feature

for such type of electrocatalysts.
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