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Pršlja, P. and N. López, ACS Catal., 2020, 11 (1), 88-94.

3. Temperature dependent selectivity of CO2 electrochemical re-
duction on CoTPP/MWCNT catalyst.
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Abstract

Global climate change caused by anthropogenic emission of CO2 is a growing
threat to society. Clean CO2 electrochemical conversion (eCO2RR) to pro-
duce value-added chemicals and fuels using renewable electricity is a promising
strategy for closing the carbon cycle. However, this early-stage technology is
challenged by the low activity and selectivity and the competing hydrogen evo-
lution reaction (HER). Thus, it is important to design catalysts with econom-
ically viable current density at low overpotential and high selectivity toward
certain products. Single-site carbon-based materials are alternative candidates
to typical metal catalysts for the CO2RR. This thesis aims to model carbon
materials under electrochemical conditions using Density Functional Theory
(DFT) for CO2 reduction. DFT can be applied to systems under electro-
chemical conditions coupled with Computational Hydrogen Electrode (CHE)
formalism to investigate their selectivity and activity. The main goal is to
establish experimental and theoretical correlations between physicochemical
and catalytic properties for the eCO2RR over different types of catalysts. One
of the promising single-site catalysts is metal-nitrogen-carbon (MNC) mate-
rial with metal atom present as atomically dispersed metal-Nx centers and
it was investigated as a model catalyst. The distinct activity for CO forma-
tion (JCO) observed along the series of catalysts is attributed to the nature
of the transition metal in MNx moieties. Furthermore, I identified the vol-
cano trend between their activity toward CO formation and the CO binding
energy for different MNx sites, with Fe and Co at the top of the volcano.
Among the atomically dispersed moieties the Nickel Nitrogen Carbon (NiNC)
single-atom catalyst exhibits the highest efficiency for producing CO at dif-
ferent 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 oxida-
tion states depending on the cavity nature. I have computationally evaluated
the activity and selectivity of a wide potentially active sites for single atoms
and nanoparticles, where the best performing reactivity is found for N-doped
models. In addition, the electrochemical stability of the reconstruction and
redispersion of supported nanoparticles is addressed. To dissect the possible
disintegration of Ni nanoparticles by Ni(CO)2-like species Ostwald formalism
was applied. I developed process of Ni nanoparticles reconstruction by form-
ing Ni(CO)4 species that can redisperse into active single atoms at high CO
coverages. Moving to different systems, I also unravelled the production of
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C1 hydrocarbons with molecular catalysts. I focused on the potential and
temperature influence of the product selectivity of CO2 reduction reaction
over Cobalt(II)-tetraphenylporphine and Co(II)-phthalocyanine deposited on
multiwalled carbon nanotubes and carbon nanotubes. I identified the key dif-
ferences between the bonding energies of CH2O via O atom or CHOH via
C atom, the binding strength of CO, and the protonation of ∗CHO. Taken
together, this thesis presents a computational understanding of activity and
selectivity of single-site carbon-based catalysts for CO2 reduction.
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Chapter 1

Introduction

1.1 Fossil fuels dependency

Fossil fuels (coal, oil, and natural gas) have been the driving force behind the
industrialized world and its economic growth. Such energy has grown from
insignificant levels in 1800 to an annual output of nearly 10,000 million tons
of oil equivalents Mtoe. At present, about 80% of all primary energy in the
world is derived from fossil fuels with oil accounting for 32.8%, coal for 27.2%,
and natural gas for 20.9%. Combustible biomass and waste (10.2%), nuclear
power (5.8%), and hydroelectric dams (2.3%) are the largest contributors to
the global energy system after fossil based energy, but they account for only
a minor share of the global primary energy supply.1 Fossil fuels have powered
our world for 250 years, they are inexpensive and accessible energy.2 There
are plenty of coalfields and petrol stations, besides they are still used today to
make the majority of plastic products.3 However, such non-renewable sources
lead to energy crises and concomitant environmental issues:

� Acid rain is formed by a chemical reaction between sulfur dioxide (SO2)
and nitrogen oxides (NOx) combined with water, oxygen (O2), and other
chemicals high in the atmosphere. Most of the SO2 originates form
coal combustion, while NOx can be derived from natural gas and motor
fuels.4,5 As CO2 dissolves into carbonic acid, pH of rain is about 5.6,
while Acid rain has a pH between 4.2 and 4.4.

� Combustion of coal also enhance the emission of Mercury (Hg), which
is toxic and extremely damaging to the environment. The main driv-
ing force for increased emissions is the expansion of coal-fired electricity
generation in the developing world. From 2008 to 2050 elemental Hg
emission will only reduce from 65% to 50-55%.6
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� The major cause of greenhouse gasses (GHG) emission into the at-
mosphere is global warming or climate change.7 The burning of coal
is thought to contribute 44% of the world’s carbon dioxide emissions.
Around the world, petrol (gasoline) alone is said to be responsible for a
third of the carbon emissions. Though cleaner than both coal and crude
oil, natural gas is responsible for around 20% of our carbon emissions.
Since 2015 400ppm of CO2 was relesed into the atmosphere.8

Only 0.8% of the world’s primary energy is derived from geothermal, wind,
solar, or other alternative energy sources. More specifically, wind power ac-
counted for only 0.2% of the global primary energy supply with its 23 Mtoe
contribution while direct solar energy accounted for 0.1% with a 12 Mtoe out-
put.1 Making the switch to clean energy sources will help us to reverse the
effects of global warming.

1.2 CO2 capture, utilization and storage

CO2 is a greenhouse gas that originates as waste from the burning of fossil
fuels, the production of electricity, fertilizers, chemicals, steel, and cement.

Figure 1.1: The schematic representation of carbon capture, utilization and
storage (CCUS) concept, adapted from Ref.9

Carbon dioxide capture, utilization, and storage (CCUS) is a challenging de-
mending issue, see scheme in the Figure 1.1. The captured CO2 is diluted at
about 95% purity, therefore it can be injected underground where the earth
can store it. The earth has around 300 billion tons of storage capacity in oil
and gas reservoirs, un-mineable coal seams, and deep saline reservoirs. Other
than storing CO2 it can also be utilized, where it can be divided into two
parts. First, CO2 alone without any conversion has certain uses, such as, en-
hanced oil recovery (EOR) by CO2 flooding.10 Indeed, the injection of CO2

into an oil reservoir increases the production due to the high mutual dissolving
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capability of supercritical CO2 and hydrophobicity of oil. Also, the increase
in pressure lowers the viscosity of the CO2 oil mixture. Consequently, CO2

flooding can raise production by about 15%. The oil containing dissolved CO2

is then brought to the surface and the gases are flashed and CO2 is separated
for reinjection. In the second class of utilization, CO2 is converted to chemicals
and fuels9 via carboxylation or electrochemical avenues.

Indeed, using CO2 as a viable feedstock for the chemical industry has been
the prediction of visionary scientists and their studies of converting CO2 to
C1 building block chemicals, which significant achievements have already been
established. Already, around 130 Mt (mega or millions of tons) CO2 are used
annually to manufacture urea, salicylic acid, cyclic carbonates, and polycar-
bonates. Among them, the urea process consumes most of the CO2 industri-
ally. Urea is produced at around 185-190◦C and a pressure range of 180-200
atm by reacting CO2 with ammonia. Several other, potentially more sustain-
able alternatives to fossil fuels are being researched. For example, significant
progress is being made in the production of biofuels from algae and woody
biomass.11,12 Wind, solar, and tidal powers are also very popular and expand-
ing rapidly along with increased interest in expanding nuclear energy.13,14

1.3 Electrochemical CO2 reduction

One of the solutions is an electrochemical conversion of CO2 into useful chem-
icals (see Figure 1.2). The result is that greenhouse gas is transformed into
products that can replace plastics and chemicals that are now produced from
fossil feedstock. Heterogeneous electroreduction of carbon dioxide is an impor-
tant energy conversion reaction of chemical products using renewable energy
as an input.15 Important is that the electricity used for conversion must be
renewable, or at least from a carbon-neutral source such as nuclear; otherwise,
more CO2 would be emitted in producing the electricity than would be used
in the process. A result of CO2 reduction is a variety of possible products
such as carbon monoxide (CO),16–20 formate (HCOO−)19,21–25 , formaldehyde
(CO2H), methane (CH4),

19,26,27 methanol (CH3OH),28–30 and C2 hydrocar-
bons19,31–35 and oxygenates, where these products can be used as commodity
chemicals as well as fuels, thus allowing CO2 to be recycled into compounds
that can act as energy carriers (see Table 1.1).15 The cathodic process of the
CO2RR can be coupled to the oxygen evolution reaction at the anode side
or to the anodic chlorine production, which is technologically used for Cl2
production from NaCl via aqueous electrolysis.36
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Table 1.1: CO2 reduction products with equilibrium potential E0 in V vs. RHE

Reaction E0

2H+ + 2e− → H2(g) 0

CO2 + 2H+ + 2e− → HCOOH(aq) -0.12

CO2 + 2H+ + 2e− → CO(g) + H2O -0.10

CO2 + 6H+ + 6e− → CH3OH(aq) + H2O 0.03

CO2 + 8H+ + 8e− → CH4(g) + 2H2O 0.17

2CO2 + 12H+ + 12e− → C2H5OH(aq) + 3H2O 0.09

2CO2 + 12H+ + 12e− → C2H4(q) + 4H2O 0.08

2CO2 + 14H+ + 14e− → C2H6(q) + 4H2O 0.14

3CO2 + 18H+ + 18e− → C3H7OH(aq) + 5H2O 0.10

The production of syngas (synthesis gas) will play an important role in
the 21st century. Syngas is a fuel gas mixture consisting of hydrogen and
carbon monoxide, which can be produced from many sources, including natural
gas, coal, biomass, or virtually any hydrocarbon feedstock, by reaction with
steam (steam reforming), carbon dioxide (dry reforming), or oxygen (partial
oxidation). Syngas is a crucial intermediate resource for the production of
hydrogen, ammonia, methanol, and synthetic hydrocarbon fuels. Natural gas
to liquid (GTL) and coal to liquid (CTL) technology yield syngas, which is
then converted into liquid fuels via the Fischer-Tropsch process. CTL and GTL
would allow the use of relatively abundant coal and natural gas to decrease
our dependence on imported oil for transportation fuels, however the solution
does not address the non-renewable nature of fossil fuels.15

For CO2 electrochemical conversion to become feasible, two norms need to
satisfy, (i) high energy efficiency and (ii) high reaction rates. The energetic
efficiency defines the energy cost of producing the product, where it can be
achieved through a combination of high selectivity towards a certain product
(Faradaic or current efficiency) and low overpotentials. The equilibrium po-
tentials for most of the carbon dioxide reduction half-reactions are close to 0
V vs. RHE, making the HER an additional competing reaction beyond those
toward unwanted carbon-based by-products. The main challenge lays in in-
creasing the energy efficiency, where the limiting step is the formation of a
•CO−2 radical anion intermediate. This step has a standard potential of -1.9
V versus SHE and is the reason for the high overpotentials.37,38

10

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL STUDIES OF SINGLE-SITE CATALYSTS FOR EFFICIENT ELECTROCHEMICAL CO2 REDUCTION 
Paulina Pršlja 



Figure 1.2: Overall picture of capturing CO2 to electrochemical converting into
commodity chemical feedstocks or fuels. Adapted from Ref.39

The major challenge of CO2 utilization is its high thermodynamic stability
and so reactions that involve CO2 conversion require high activation energy
inputs. Therefore a catalyst is required, so it lowers the kinetic barrier and
allow the reaction to occur under reasonable reaction conditions. For this
reason focus of this issue is on CO2 catalysis to valorize this waste material
into potential new products, and to improve the efficiency of already existing
technologies. Research contributions to this issue, have been supplied by some
of the leading researchers in this area, considering either heterogeneous or
homogeneous catalysis approaches.

1.4 Heterogeneous catalysis

In 1835 Baron J. J. Berzelius described catalysis as the property of substances
that facilitate chemical reactions without being consumed in them.40,41 Cat-
alytic reaction controls the changes of the route to equilibrium, where the focus
is on reaction kinetics, and not thermodynamics. Catalysts do not change the
thermodynamic equilibrium, the reaction thermodynamics describe your en-
ergy at your starting point and your destination.42 Catalysts can be either
heterogeneous or homogeneous, depending on whether a catalyst exists in the
same phase as the substrate. In heterogeneous catalysis, the catalyst is in a
solid phase and then acts on substrates in a gaseous or liquid reaction mixture.
The chemical reactions take place at the surface of the material, where at the
interphase between the solid surface and the gas or liquid phase, atoms and
molecules are exchanged. The catalyst has to be able to: adsorb reactants from
the gas phase, make a bond and create a product molecule. And the newly
formed molecule has to be able to desorb from the surface. Interaction between
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a molecule and a surface can be classified as physisorption and chemisorption.
Physisorption is a weak intermolecular (van der Waals) interaction, which do
not involve a significant change in the electronic orbital patterns of the species
involved. Chemisorption means that atoms form a chemical bond with the
surface upon adsorption.

Figure 1.3: Schematic presentation of reaction steps in heterogeneous catalysis.

Catalytic reaction only happens on the active sites of the catalyst. A
schematic representation is shown in Figure 1.3. Consequently, heterogeneous
catalysts should have large surface area. So then, the catalytic materials can
be made with a high surface area or the same support, can be used to stabilize
active material (nanoparticles). Pure metals and metal oxides are the repre-
sentatives of typical heterogeneous catalysts. The advantages of heterogeneous
catalysis include, amongst others, easy catalyst separation in gas-liquid/solid
systems (the catalyst is easily cleaned, or filtered), convenient handling in a
fixed-, fluidised- or moving bed reactors, regeneration of catalyst and above all
established reactor design principles. These are the reasons why heterogeneous
catalysts are important for industry.43
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1.5 Motivation and objectives

The main objective of this thesis is to theoretically study CO2 electrochemical
conversion towards CO and higher products over single-site catalysts, in par-
ticular well defined and undefined carbon N-doped materials. In particular, I
focused on understanding the activity and selectivity of these materials and
the possibility of supported Ni nanoparticle reconstruction and disintegration.
The objectives for each chapter are detailed below.

Chapter 3 Single atom catalyst for eCO2RR
Supported metal nanostructures are the most widely used type of heteroge-
neous catalyst in industrial processes. The size of metal particles is a key
factor in determining the performance of such catalysts. The ultimate small-
size limit for metal particles is the single-atom catalyst (SAC), which contains
isolated metal atoms singly dispersed on supports. SACs maximize the ef-
ficiency of metal atom use, which is particularly important for noble metal
catalysts. Moreover, with well-defined and uniform single atom dispersion,
SACs offer great potential for achieving high activity and selectivity.

� To describe the importance of single-atom catalysts as an alternative
to metal nanoparticles; due to structural motifs, they may increase the
selectivity of the CO2RR over the competitive HER.

� To explain the application of coordination chemistry to homogeneous-
like defects.

Chapter 4 Volcano trend in electrocatalytic CO2 reduction activity
over atomically dispersed metal sites on Nitrogen-doped carbon
The development of catalysts for electrochemical reduction of carbon dioxide
with high activity and selectivity remains a grand challenge to render the tech-
nology usable. As promising candidates, metal-nitrogen-carbon (MNC) cata-
lysts with metal atoms present as atomically-dispersed metal-Nx moieties (M
= Mn, Fe, Co, Ni and Cu) were investigated as model catalysts. The distinct
activity for CO formation observed along the series of catalysts is attributed
to the nature of the transition metal in MNx moieties, due to otherwise similar
composition, structure, and morphology of the carbon matrix.

� To obtain the oxidation states, on which eCO2RR occurs, using compu-
tational models of MN4 moties with computed Pourbaix diagram.

� To explain experimental activity with CO binding energy gained from
DFT simulations as a descriptor.

� To obtain RDS of calculated eCO2RR to CO Gibbs free reaction energies
for each active site.

� To explain selectivity with the relationship between the adsorption(∗CO−2 ,
∗H)/desorption (CO) as a function of the d-antibonding occupation at
electrochemical conditions.
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Chapter 5 Stability and redispersion of Ni nanoparticles supported
on N-doped carbons for the electrochemical CO2 reduction
Electrocatalysts based on Ni supported on N-doped carbon materials have
been computationally analyzed for the reduction of CO2 considering both
nanoparticles and single atom supports. In particular, there is a need for
understanding the processes that happen under electrochemical conditions.

� To obtain the optimal activity and selectivity over different saturated
and unsaturated N-doped carbon materials.

� To obtain surface energies of Ni NPs for nanoparticle shape.

� To investigate if the disintegration of Ni nanoparticles with Ni(CO)2 can
happen on studied materials, using Ostwald formalism.

� To develop a mechanism of Ni(211) surface reconstruction that is possible
by the formation of Ni(CO)4 species and which could redisperse into
active single atoms.

� To study the influence of high CO coverages on the limitation of the
HER.

Chapter 6 Temperature dependent selectivity of CO2 electrochemi-
cal reduction on CoTPP/MWCNT catalyst
Electrochemical reduction of CO2 to hydrocarbons on molecular catalysts is
possible due to their structural tunability, selectivity, and low amount of load-
ing on the support. Here we focus on the potential and temperature influ-
ence of the CO2 reduction reaction product selectivity over cobalt porphyrin
(CoTPP)/multiwalled carbon nanotube (MWCNT) hybrid catalyst.

� To describe the interaction between the CoTPP complex and graphene
layer with DFT.

� To obtain Gibbs free reaction energies of calculated eCO2RR to CH3OH
and CH4 for CoTPP/MWCNT.

� To understand activity and selectivity with DFT simulations, where the
difference between the binding energies of CH2O oxygen bonding, the
strength of ∗CO, and protonation of ∗CHO intermediate are analyzed.

� To explain the difference in selectivity with increasing negative potential.

� To explain the temperature influence on the product distribution.
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Chapter 2

Theoretical methods

2.1 Schrödinger equation

The modern approach to describe atomistic properties of systems is based
on quantum mechanics, namely molecules and atoms can be described with
wave function, where we get the Schrödinger equation solution. It describes
how the quantum state of a physical system changes in time and it has form
of eigenvalue equation. For a set of atomic nuclei and electrons, according
to Born Oppenheimer approximation the motions of nucleus and electrons
are treated separately.44 Thereby a fundamental time independent electronic
equation follows as:

ĤΨ = EΨ (2.1)

Where Ĥ is the Hamiltonian operator, Ψ-many-body wave function depending
on the spatial coordinates of the electrons and are a set of solutions (Ψn) or
eigenstates of the Hamiltonian , E presents electronic energy of the system (to
each set of solutions correspond an eigenvalue (En)).

Because of the electron - nuclei, and electron - electron interaction the
complete Schrödinger equation is written as:[

− h̄2

2me

N∑
i=1

∇2
i +

N∑
i=1

V(ri) +
N∑
i=1

U(ri, rj)

]
Ψ = EΨ (2.2)

me - electron mass
1st term - kinetic energy of each electron
2nd term - the interaction energy between electrons and the atomic nuclei
3rd term - the interaction energy between electrons

Ψ = Ψ1(r1, r2, ..., rn) is the electronic wave function which is a function of
each coordinates of all N electrons and can be approximated as a product
of individual wave functions. If we want to solve the Schrödinger equation
for CO2 molecule, which has N=22 electrons in total, the full wave function
is going to be 66 dimensional function. When we adsorb the CO2 molecule
to a solid surface with 66 Carbon atoms, the full wave function becomes 1254
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dimensional many-body function. Therefore Schrödinger equation still remains
a many-body issue which is too complex to solve for a simple catalytic systems.
The term that describes the electron-electron interaction is one of the most
critical and it is worth realizing that the wave function for any particularly
set of coordinates cannot be directly observed and is also difficult to give
the wave function any physical significance. A basic idea to simplify the N-
electron problem consists in finding some physical quantity that defines the
system uniquely without growing in complexity as a function of the number of
electrons N. Here is where the Density functional theory is introduced, which
focuses on measuring the probability of electron density at a certain position
in space. The equation is then written as individual electron wave function:

n(r) = 2
∑
i

ψ∗i (r)ψi(r) (2.3)

2.2 Density Functional Theory

2.2.1 The Hohenberg-Kohn approach

In 1964 Density functional theory was developed.45 The method of applying
electron density to solve Schrödinger equation was developed by Hohenberg
and Kohn (HK). Thereby the number of variables is reduced from 3N to 3.

Theorem 1 The first theorem proved by HK is: The ground state energy
from Schrödingers equation is a unique functional of the electron density. Re-
stated the ground state energy can be expressed as a functional of the electron
density n(r):

E0 = F[n(r)0] = E[n(r)0] (2.4)

Therefore the ground state electron density uniquely determines all properties
including the energy and wave function. The theorem says that such a func-
tional F of the electron density exists, but does not tell which mathematical
expression it has.

Theorem 2 The second HK theorem defines a property of the functional:
The electron density that minimizes the energy of the overall functional is
the true electron density corresponding to the full solution of the Schrödinger
equation:

E0 = minE[n(r)] (2.5)

2.2.2 The Kohn-Sham approach

A convenient way to rewrite a functional described by Hohenberg–Kohn the-
orem is in terms of single electron wave functions Ψi(r).

ĤKSΨi = EiΨi (2.6)
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The energy functional can be now written as:

EKS[Ψi] = − h̄
2

m

∑
i=1

∫
Ψ∗i∇2

i Ψid
3r +

∫
V (r)n(r)d3r+

e2

2

∫ ∫
n(r)nr

′
)

|r− r′ |
d3rd3r

′
+ EXC[Ψi]

(2.7)

Where 1st term-is the electron kinetic energy

2nd term-the Coulomb interaction between electrons and nuclei (exter-
nal potential)

3rd term-the Coulomb interactions between pairs of electrons

EXC[Ψi] is the exchange correlation functional that include all the many
body effects that are not included in the ’known’ terms. But however the
exact form of the 3rd term in equation 2.8 is not known. This problem could
be solved by applying the next approach. Kohn and Sham turn the many
body problem to single electron problem.46 Hence the task of finding the
right electron density can be expressed in a way that involves solving a set of
equations and each equation only involves a relation for a single electron:

[− h̄
2

2m
∇2

i + V(r) + VH(r) + VXC(r)] Ψi(r) = εiΨi(r) (2.8)

This is similar to equation 2.2 but without summation terms since are single
electron wave functions and depend on only three spatial variables.
Where, V(r)-the potential which defines the interaction between an electron
and the
atomic nuclei.
VH-the Coulomb repulsion between the considered electron and the total elec-
tron density defined by all electrons in the problem (Hartree potential):

VH(r) = e2
∫

n(r
′
)

|r− r′ |
d3r

′
(2.9)

Therefore corrections of the many body effects of electrons have to be included
in the final potential VXC which defines exchange and correlation contribution
to the single electron equations:

VXC(r) =
δEXC(r)

δn(r)
(2.10)

2.2.3 Exchange correlation energy

In the Kohn Sham scheme the expression for the exchange correlation func-
tional EXC is unknown, for which several approximations has been developed.
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Figure 2.1: Perdew’s classification ladder of DFT functionals. Adapted from Ref.[45]

In Figure 2.1 the hierarchy of accuracy in the exchange correlation functionals
has been defined by John Perdew as ”the Jacobs ladder of DFT”.45,47

Local density approximation (LDA), exchange correlation energy is
approximated to the one of an homogeneous electron gas, where the electron
density is constant at all points in space, n(r). EXC energy can be written as:

EXC, LDA =

∫
εhomXC (n(r))n(r)dr (2.11)

Where εhomXC (n(r)) is the energy of the exchange correlation hole in the ho-
mogeneous electron gas of density n. The LDA describes properties such as
lattice constants, vibrational frequencies and equilibrium geometries for bulk
materials. Other properties such as dissociation energies of molecules, cohesive
energies are not very well described using this functional. The spin-polarized
version (LSDA) can be applied for magnetic materials.

EXC, LSDA =

∫
εhomXC (n(r))n↑,n↓(r)dr (2.12)

Generalized gradient approximation (GGA), uses information about
the local electron density and the local gradient in the electron density. GGA
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has a good accuracy and reasonable computational cost, so this approximation
is used to describe many systems in homogeneous and heterogeneous catalysis.
Also, it corrects the overbinding tendency of LDA functionals. With GGA
approach EXC energy can be written as:

EXC, GGA =

∫
εhomXC (n(r),∇n(r))dr (2.13)

The gradient of the electron density can be included in a GGA functional in
different ways, therefore a large number of functionals has been developed.
The most widely used functionals for bulk solids and surfaces are Perdew-
Wang (PW91),48 Perdew-Burke-Ernzerhof (PBE)49,50 and revieved RPBE.51

For molecules, hybrid functional B3LYP can be used. Thereby the best choice
of functional will depend on the system of interest.

Meta-Generalized gradient approximation (Meta-GGA), calcula-
tions are computationaly demanding, and the improvement of the results
from GGA-type functionals is often negligible. EXC energy can be written as:

EXC, GGA =

∫
εhomXC (n(r),∇n(r),∇2n(r))dr (2.14)

2.2.4 Implementation of DFT

In order to find the right electron density an iterative method is applied:

1. We start with a trial electron density n(r)

2. The trial n(r) is used to solve the Kohn-Sham equations to obtain the
single electron wave functions Ψi(r).

3. The single electron wave functions is used to calculate an electron density,
nKS(r) = 2

∑
i

Ψ∗i (r)Ψi(r)

4. Finally the calculated electron density nKS(r) is compared with the trial
electron density n(r). If they are different, the trial electron density is
updated and the loop is repeated again. If they are the same (with small
tolerances), the ground state density is obtained.

2.2.5 Periodic systems

Plane wave basis sets

A basis set is a set of functions that is used to represent the electronic wave
function in density-functional theory. The one-electron Kohn–Sham orbitals
Ψi(r) (Equation 2.6), can be expanded using different basis:

� spatially localized functions (Slater- or Gaussian-type orbitals)
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� spatially extended functions (plane waves)

For the periodic crystalline solids, plane wave approach is used. In order
to satisfy Bloch’s Theorem,52 the electronic wave function can be expressed in
form of a plane wave ei·kr with wave vector k multiplied by a periodic function
unk(r) with the same periodicity as the crystalline lattice:52,53

Ψi, k(r) = eik·ruik(r) (2.15)

The cell periodic function (uik(r)) is periodic in space with the same periodicity
of the supercell. The electronic wave function is written as a sum of plane
waves (Equation 2.16):

ui,k(r) =
∑
G

Ci,(k+G)e
ik·r (2.16)

Where Cik+G, are the expansion coefficients, k is the wave vector in the first
Brillouin zone and G is the reciprocal in the reciprocal wave vectors. The total
plane wave expansion can now be writen as:

Ψi, k(r) = Ci,k+Geik+Gr (2.17)

Reciprocal space

A crystal is defined as a three dimensional periodic structure and can be de-
scribed as a Bravais lattice, which shows its periodicity as a display of repeated
discrete points with lattice vector R (Equation 2.18). The lattice vectors ~ai
are linearly independent. The parametres ni are integer number, because the
translations are discrete.53,54

~R = i1~a1 + n2~a2 + n3~a3 (2.18)

With operations shown in Equation 2.19 we can define reciprocal lattice
with cell vectors ~bj for a Bravais lattice with cell vectors ~aj. Reciprocal space

(k-space) is periodic for translations over ~b1, ~b2, and ~b3. The primitive cell of
the k-space is known as Brillouin zone.

~b1 = 2π
~a2 ×~a3
〈~a1,~a2,~a3〉

~b2 = 2π
~a3 ×~a1
〈~a1,~a2,~a3〉

~b3 = 2π
~a1 ×~a2
〈~a1,~a2,~a3〉

(2.19)

k-points

In order to choose appropriate k-points for calculations of periodic structures,
Monkhorst-Pack method should be used.55,56 Larger lattice vectors in real
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space correspond shorter lattice vectors in reciprocal space. Therefore increas-
ing the volume of the cell reduces the number of k-points. Exploring the
symmetries in the k-points can significantly reduce the computational time
and cost.

Energy cutoff

Another way to lower computational cost is by limiting the number of plane-
waves by setting a kinetic energy cutoff. The kinetic energy of the systems
is:

E = − h̄
2

2m
|k + G|2 (2.20)

Next step is to reduce the infinite sum from Equation 2.20 and to include only
the solutions that have the kinetic energy lower than a certain value:

Ecut = − h̄
2

2m
G2

cut (2.21)

And the infinite sum from equation (2.21) reduces to:

Ψk(r) =
∑

|G+k|<Gcut

Ck+Ge
[i(k+G)r] (2.22)

This parameter has to be defined whenever a DFT calculation is performed.
Convergence tests should be done for each system. In general many packages
provide default values. A key point to remember is whenever a DFT calculation
is performed for multiple systems that are going to be compared, the same
energy cutoff should be used for all systems.

Pseudopotentials

Electrons in atoms can be divided into valence and core electrons. Valence elec-
trons responsible for most of the chemical bonding, while the core electrons are
tightly bound to the nuclei. Pseudopotential approximation is introduced to
replace the electron wave function from a set of core electrons with a smoothed
wave function. This is established so as to match various important physical
and mathematical properties of the true ion core. This approach is greatly
necessary to reduce the computational cost when plane waves are used as ba-
sis set. The properties of the core electrons are fixed in all calculations, which
is known as the frozen core approximation. In the DFT codes typically a li-
brary of pseudopotentials that includes an entry for almost each element in the
periodic table is provided. There has to be defined a minimum energy cutoff
that has to be used in calculations. Most used families of pseudopotentials are
the Vanderbilt ultrasoft pseudopotentials (US-PP)57 and the Projector Aug-
mented Wave ones (PAW).58,59 In this thesis PAW approximations are used,
as they describe transition metals better.60
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General computational details

All electronic structures were performed using spin-polarized Density Func-
tional Theory (DFT) as implemented in the Vienna Ab initio Simulation Pack-
age (VASP).58,61 The GGA PBE-D3 was the functional of choice, where D3
stands for Grimme despersion.62,63 Core electrons were described by projector
augmented wave (PAW),58,59 and valence electrons were expanded by plane
wave basis sets with a kinetic energy cut-off of choice. In each chapter of
the thesis the details of calculations are given. They includes the sizes of the
unit cell, k-point sampling, kinetic energies cutoffs and the cutoff for the den-
sity grid. 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). Gas-
phase molecules that were used in the thesis as a reference were calculated
with PBE functional. Zero-point, entropic, and heat capacity contributions
are shown in Table 2.1.64 The solvation correction to adsorbate energy was
applied to ∗COOH (-0.25 eV) and ∗CO (-0.1 eV).64 Corrections of DFT-based
gas-phase errors for standard PBE Gibbs free energies of CO2 (ε=-0.19 eV)
and CO (ε=0.24 eV) were applied. The corrections were calculated as:

∆G◦DFTcorr = ∆G◦DFTcorr − (
∑

εPT −
∑

εRT) (2.23)

where the εRT is the sum of all errors for reactants and εPT for the products.65

solvation and error correction were added for studied materials in Chapters
4 and 5. The optimized structures can be retrieved from ioChem-BD.66 A
unique ioChem-BD link of the DFT calculations for each of the projects will
be provided in according chapters.

Table 2.1: Zero-point, entropic, and heat capacity contributions (in eV) for gas-phase
molecules used as a reference.

Molecule ZPE TS Cp

CO2 0.31 -0.66 0.10

CO 0.13 -0.61 0.09

H2O 0.57 -0.67 0.10

H2 0.28 -0.40 0.09

NiCO4 0.81 -0.45
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2.3 Basic concepts of computational electrochem-
istry

2.3.1 The Computational Hydrogen Electrode

Electrochemical reactions, where electrons and protons are transfered, can
be modelled by applying the computational hydrogen electrode (CHE),67–69

where simplification of combined chemical potential of protons and electrons
is applied. Schematic representation of CHE is presented in Figure 2.2. CHE
approach is based on the following hypotheses:

1. The Standard Hydrogen Electrode (SHE) is taken as reference electrode
and is define as 0 V and pH=0. The chemical potential for the reaction

H+ + e− can be related to the Gibbs free energy of
1

2
H2. Therefore, at

standard conditions (298 K, 1 bar of gas phase H2)

∆GH+ =
1

2
GH2,DFT (2.24)

2. Proton Gibbs free energy is corrected by pH:

GpH = −kBTln(H+) = kBTln10 · pH (2.25)

3. The effect of the electric potential is included adding to a thermodynamic
state the energy of each transferred electron, -neU, where U is the applied
potential.

4. The electrostatic field caused by the electrical double layer is neglected.

Hydrogen can easily be calculated and then referenced back to the chem-
ical potentials of the electrons and protons in solutions. Once the hydrogen
molecule energy is calculated and then add the potential URHE, free energy
GCHE can be written as:

GCHE(n,URHE) = ∆G = ∆E−T∆S +

∫ T

0
CpdT + ∆ZPE−n(

1

2
µH2 − eURHE),

(2.26)
where n is the number of proton-electron transferred and GCHE is a function
of both potential and proton-electron pair transfers. The thermodynamic con-
tributions to GCHE from the support are typically neglected, and only the
contributions from the gas phase and vibrational entropy of the adsorbate are
included. The simplicity of the computational hydrogen electrode is obtained
by the choice of references and the assumption of electrolyte and electrode in
equilibrium. One could include solvation contribution either through explicit
water model68 or implicit model based on solvent dielectric permittivity.70 As
will be shown in the next sections, the CHE is applicable for calculating many
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interesting properties in electrochemical reactions, such as surface Pourbaix di-
agrams and free energy diagrams. The application of CHE model to decouple
proton-electron transfers, such as CO2 adsorption, has intrinsic limitations.71

An alternative model derived from Marcus theory (Ref.72) has been proposed
to account for the transition between sequential and concerted proton-electron
transfer.73–75

Figure 2.2: Schematic representation of the computational hydrogen electrode (CHE).
The hydrogen reaction is in equilibrium with the reference electrode. The protons for
both the working and the reference electrode have the same chemical potential, while
the electrons at the working electrode are affected by the applied potential (URHE).
In this case URHE is negative. Adapted from Ref.69

Pourbaix diagram

Classical Pourbaix diagram, also known as a potential/pH diagram, is a plot of
possible thermodynamically stable states of an compound as a function of pH
and potential. As noted above, these diagrams are essentially phase diagrams
that map these conditions, most typically in aqueous solutions where different
redox species are stable (see Figure 2.3).
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Figure 2.3: Pourbaix diagram. The blue lines correspond to the water oxidation
and reduction reactions, the red lines separate the different phases, and the orange
line corresponds to pH 7.

Areas in the Pourbaix diagram mark regions where a single species is stable,
while lines mark places where two species exist in equilibrium. Reaction of
numbered lines in Figure 2.3 are presented below;

(1) O2 + 4H+ + 4e− ↔ H2O

(2) O2 + 2H2O + 4e− ↔ 4OH−

(3) 2H+ + 2e− ↔ H2

(4) 2H2O + 2e− ↔ H2 + 2OH−

(5) electron reaction: A ↔ A+ + e−

(6) proton reaction: AH ↔ A− + H+

(7) and (8): Proton electron reaction: AH ↔ ∗A + H+ + e−

The proton reaction (vertical line) is reaction that only depend on pH. Pure
redox reaction (horizontal line) depends on applied potential. The proton-
electron reaction depends on pH and potential and has a slope of -0.0592
V/pH (RHE scale). To construct the surface Pourbaix diagram, we take into
consideration DFT formation energies of the clean surfaces with according
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experimental oxidation states. The aim was to identify the possible oxida-
tion states on which CO2 reduction reaction could happen at experimental
condition. Furthermore, the surface Pourbaix diagrams assume that no other
reaction occur, for example HER, where on metals such as Au, Ag, or Cu
hydrogen gets produced. However on single-site materials, because of their
unique structure, HER is limited.

Computed surface Pourbaix diagrams were constructed for FeN4-, CoN4-,
and Ni4- species (see Chapter 4). Figure 2.4 shows an example of computed
diagram for FeNC catalyst, for which two different oxidation states were ob-
served (2+ and 3+). Therefore, Fe(II)N4-H2O, Fe(II)N4-O, and Fe(III)N4-OH
species were chosen.

Figure 2.4: Computed Pourbaix diagram The red lines separate the different
states of FeN4-, and the orange line corresponds to pH 7. Gray line corresponds to
-0.5 V vs. RHE.

The oxidation states were determined based on calculated magnetization
of the metal using crystal field theory (see Chapter 3). Once the formation
energies of the the chosen species were obtained the Pourbaix diagram was
build. Numbered reactions in Figure 2.4 are presented below:

(1) Fe(II)N4-H2O ↔ Fe(II)N4-O + 2H+

(2) Fe(III)N4-OH + e− ↔ Fe(II)N4-O + H+

(3) Fe(III)N4-H2O ↔ Fe(II)N4-O + H+ + e−
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This approach is very simple and in particular it can be applied to screening
projects and to study trends. With these trends we show the correlation
between experimental and theoretical results.

2.3.2 Explanation of electrocatalytic reactions and trends

Gibbs free energy diagrams

A way to compare the experimental result with theoretical prediction is the
Gibbs free energy diagram. It allows us to interpret different reaction path-
ways by calculating the reaction intermediates. Once the intermediates for
certain reaction are calculated we can get theoretical onset potential, which is
numerically equivalent to the additive inverse of the largest positive reaction
energy considering electrochemical steps. Onset potential can be calculated
by

Uonset = −max(∆G1,∆G2)/e
− (2.27)

where the ∆G is Gibbs free energy for certain intermediate.67,76 For construct-
ing free diagram for CO2 reduction towards CO, we can follow two different
mechanisms;

� First mechanism, CO2 may be activated by an electron transfer prior to
its adsorption, and the adsorbed species is stabilized by a proton close to
the surface (one decoupled and coupled proton-electron transfers):77–81

Step 1 : ∗ + CO2 + e− → ∗CO−2

Step 2 : ∗CO−2 + H+ → ∗COOH

Step 3 : ∗COOH + H+ + e− → ∗CO + H2O

Desorption : ∗CO → CO(g) + ∗

� Second mechanism (two coupled proton-electron transfers).82

Step 1 : ∗ + CO2 + H+ + e− → ∗COOH

Step 2 : ∗COOH + H+ + e− → ∗CO + H2O

Desorption : ∗CO → CO(g) + ∗

In order to construct Gibbs free energy diagram (see Figure 2.5), the energy
of each reaction step was calculated with respect to the energies of reactants,
CO2 and support. ∆G for each step was calculated as shown in Equation 2.26:
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Figure 2.5: The Gibbs free energy diagram for CO2 reduction towards CO, at 0 V
(solid gray line) and -0.6 V (dashed gray line) vs. RHE. In addition, the light orange
area indicates ∗CO2 intermediate, which is not part of CHE formalism.

G1 = ∆G∗CO2 −∆GCO2 −∆G∗ + (eURHE) (2.28)

G2 = ∆G∗COOH −∆GCO2 −∆G∗ + (
1

2
H2 + eURHE) (2.29)

G3 = ∆G∗CO −∆GCO2 −∆G∗ + (H2 + 2eURHE) (2.30)

Gdes = ∆GCO + ∆G∗ −∆G∗CO (2.31)

Since the modelling of decoupled proton-electron transfers is challenging
from a DFT point of view, in this thesis second mechanism was used only
when theoretical onset potential was calculated. An example of how it was
calculated is shown below:

G1ons = ∆G3 −∆G2 (2.32)

G2ons = ∆Gdes −∆G3 (2.33)

Furthermore, the free energies calculated for the free energy diagram can be
used to find scaling relations and construct Sabatier activity volcanoes as a
function of reactivity descriptors.
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Scaling relation

Once the adsorption energies of intermediates are calculated, the question is
whether different adsorption energies are related to one another and how. One
of the solution for understanding relation would be scaling relationship, which
corresponds to sets of binding energies through linear functions (example in
Figure 2.6), and have been found between C-, N-, S-, and O- derived adsorbates
on catalyst surfaces.83–85 Furthermore scaling relationships are not limited to
the binding energies of adsorbed atoms and their hydrogenated species but
they hold for a broader group of adsorbates that fulfil certain conditions related
to the electronic structure of the surface and the adsorbates.86

Figure 2.6: Linear scaling relation between ∗COOH and ∗CO binding energy.

Toward the electrocatalytic CO2RR, it is difficult to attain a low over-
potential because of the adsorbate (particularly, ∗COOH, ∗CO and ∗CHO or
∗COH) scaling relations. Cu electrodes are good example because the pro-
tonation of ∗CO is the rate determining step toward CH4 with the highest
free energy change. Protonation from ∗CO to ∗CHO or ∗COH is determined
by the electrode surface structure, electrode potential, acidic or alkaline en-
vironment, standard strategy to reduce the free energy change of this step is
to strengthen the binding energy of ∗CHO or ∗COH and weaken the binding
strength of ∗CO. The optimal conversion of CO2 with the lowest limiting po-
tential can be achieved by tuning the free energy change of each elementary
reaction to minimum. The way to break the above scaling relations, would
be with introducing p states, reducing metal coordination numbers, tethering
active ligands, alloying metal catalysts, and designing dual functional sites.87
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On the other hand, we can use the scaling relations, without breaking them
by using single-site catalysts. They have a structural advantages over typical
metal and metal oxide catalyst, because intermediate can only bind on the top
site of the catalyst. Mostly it can be useful for eCO2RR, as the competitive
HER can be limited by lacking the hollow site.88

Volcano plot

French chemist Paul Sabatier qualitatively described the adsorption properties
of the optimal catalyst, where the best catalysts should bind adsorbate with
an intermediate strength: not too weakly in order to be able to activate the
reactants, and not too strongly to be able to desorb the products. Today
this statement is known as the Sabatier principle of catalysis,89 however the
quantitative description was portrayed in Balandin-Sabatier volcano-shaped
curves, which consider the implication of the rate (catalyst activity) relative
to a descriptor of substrate binding.90,91 Balandin developed a theory mainly
concerned with the steric relation between reactant and the surface structure
of the catalyst. Figure 2.7 presents illustration of volcano plot, where the top
of the volcano corresponds to the highest activity and the intermediate bond
strength.

Figure 2.7: The catalytic volcano plot. Illustration of the qualitative Sabatier
principle.
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For electrochemical reactions such as oxygen evolution reaction
(OER)/oxygen reduction reaction (ORR) and HER, Sabatier principle
coupled with scailing relations can be used to desribe activity with overpo-
tential or current density as fuction of a potential-determining binding energy
of intermediates.43,69,92–99 Volcano trends have been generated for numerous
other catalytic reactions such as NOx decomposition, ammonia synthesis, and
CO oxidation.94
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Chapter 3

Carbon based single atom
catalyst

The green conversion of CO2 to fine chemicals calls for a new generation of
efficient and robust catalysts. Herein I present single-atom catalysts (SACs),
in which all metal species are atomically dispersed on a solid support, and
which often consist of well-defined mononuclear active sites and enables 100%
atom utilization. They are a bridge between homogeneous and heterogeneous
catalysts and often show outstanding performance in many industrially impor-
tant reactions, including thermochemical, electrochemical and photochemical
conversions. The relationship between catalytic performance and the active
site structure is discussed in terms of the valence state, coordination environ-
ment and anchoring chemistry of single atoms to the support, in an effort to
guide the rational design of SACs, which has traditionally been dominated by
homogeneous catalysis.
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3.1 Decreasing size particle toward single atom

In heterogeneous catalysis, enormous efforts have been devoted toward im-
proving the performance of supported metal catalysts by downsizing the metal
particles. The supported metal particles have multiple active sites with differ-
ent performances. Such heterogeneity affects the efficient utilization of metal
active sites and thus reduces selectivity toward a specific product. The size of
metal particles therefore becomes one of the most critical factors determining
the reactivity and specificity of supported metal catalysts. The bulk materi-
als can be turned into nanoparticles, subnanoclusters, and finally single metal
atoms (see Figure 3.1). The size reduction generates an increase of unsaturated
coordination environment of the metal species. Accordingly, the surface free
energy of the metal components increases, and the metal sites become more
and more active for chemical interactions with the support and adsorbates,
which accounts for the size effects of metal nanocatalysts.

Figure 3.1: Schematic diagram illustrates minimizing the metal size from bulk to
single atom.

Despite their small sizes, subnanoclusters still contain multiple active cen-
ters and are not always the most desirable active sites for specific catalytic
processes.100 Extreme downsize of particles would be SACs, which incorpo-
rate many advantageous features of homogeneous and heterogeneous catalysts.
Typical homogeneous catalysts have well defined structures but are not easily
recycled because they are difficult to separate from reaction media. Hetero-
geneous catalysts can have high stability and are easily separated from reac-
tants and products. However, their active sites may be non-uniform in nature,
and only now there are technologies emerging that enable their in operando
study.101 Thanks to SACs unique structural properties, not only they have
a maximal atom utilization efficiency but also offer opportunities for tuning
reaction rates and selectivity, thus presenting them as bridge between ho-
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mogeneous and heterogeneous catalysts. Therefore, SACs may provide a good
platform for understanding structure-activity relationships on an atomic scale.
Searching for catalysts with well defined single active centers is necessary for
improving the performance and understanding of catalytic mechanisms.

3.2 Single sites design for eCO2RR

Ion-exchanged metals supported on porous materials such as metal-organic
frameworks (MOFs) and zeolites, as well as organometallic complexes an-
chored to supports, can also be viewed as SACs.?, 102–104 Furthermore the
development of the concept of single-atom catalysis is confirmed with both
atomic-resolution characterization techniques and theoretical modelling. The
use of these methods provides a clear picture of the dispersion of the atoms, the
bonding between single atoms and the support, and even in operando dynam-
ics of single atoms during catalysis. The stabilizing effect of bonding between
single transition metal atoms and/or ions and the support is not limited to
materials containing oxo ligands. Other donor atoms can also be effective,
particularly when carbon-rich supports are concerned. For example, N atoms
in carbon-rich supports not only strongly anchor individual metal centres but
also modify the electronic properties of the metal (see Figure 3.2). Relative to
metals deposited on undoped supports, metal sites on N-doped carbon materi-
als can exhibit higher activity and/or selectivity in a variety of electrocatalytic
processes.

Figure 3.2: Model for carbon-rich single-site catalyst, particularly MNC materials.

In this thesis, the research focus on designing the models for (i) defined
MOFs, (ii) various unsaturated N-doped carbon based materials, and (iii)
molecular catalyst. MOFs have been one of the most researched type of single
site catalyst.105–109 They can be constructed through the periodic coordination
of metal ions and organic ligands to form one- to three-dimensional networks.
The organic linkers in MOFs are enormously diverse and possess a variety of
configurations. In addition, MOFs possess ordered pore structures, uniform
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pore sizes and high specifc surface areas, making them ideal substrates for the
deposition of single atoms. For the preparation of single atoms, the pyrolysis of
MOFs can serve as an important route to fabricate N-doped carbon materials,
which are ideal substrates for the dispersion. Such materials were initially
developed for catalyzing the oxygen reduction reaction (ORR), in particular
in acidic medium, with focus on the FeNx and CoNx since other MNx motives
have much lower ORR activity.106,110,111 This has for a long time impeded the
elucidation of the MNx site structures and their ORR catalytic activities.106 In
the context of eCO2RR, the presence of metal clusters along with MNx moieties
may, depending on the nature of the metal, catalyze the HER,112–115 and/or
other pathways of eCO2RR. This has prevented establishing clear experimental
structure-to-property relationships between the nature of the metal in MNx

and their activity and selectivity toward eCO2RR.116

Validation of DFT predictions on a reasonably large series of model materi-
als is highly important to speed up the rational identification of more promising
MNC candidates for eCO2RR,117 given that the library of metal demonstrated
to form MNx sites in carbon has been recently expanded also to heavier el-
ements such as Sn,118 Ru,119 Pt,120 Pd,120 etc. The investigation of model
MNC catalysts exclusively comprising atomically-dispersed MNx sites is thus
critical to understand their structure-performance relationships and to identify
the proper activity/selectivity descriptor(s). While numerous studies have now
reported the eCO2RR selectivity of some atomically-dispersed MNC catalysts
prepared by different synthetic approaches,120–123 only one single study, to the
best of our knowledge, has compared the trends in activity and selectivity for
a narrow family of three MNC catalysts prepared identically except for the
nature of the metal element.124 The synthesis leaned on silica templating of
o-phenylenediamine and Fe, Co or Ni salts. While metal particles formed in
parallel to MNx sites during the first pyrolysis, they could be removed during
subsequent NaOH etching and acid-wash steps. However, the formation of
metallic particles during the first pyrolysis lead to markedly different pore size
distributions, in particular for CoNC. This rendered the comparison of the
materials more complex due to expectedly different utilizations of the MNx

sites for different pore size distributions.
For an example, in Chapter 4 a robust synthesis approach involving a sac-

rificial Zn(II) zeolitic imidazolate framework and a metal salt (Mn, Fe, Co, Ni
and Cu) was applied, which resulted in the complete integration of the metal
atoms as atomically-dispersed MNx moieties in the N-doped carbon matrix
derived from the MOF, without formation of metallic particles. Diversity of
these ligand pockets changes with a different type of synthesis depending on
the reaction precursors and conditions. In addition, in Chapter 5 Ni saturated
and unsaturated N-doped materials are investigated, where Ni-N coordination
number can be tuned by changing pyrolysis temperatures in which different
atomically dispersed Ni catalysts with different NiNx numbers can be selec-
tively prepared at 923 and 1223◦C. Once the metal is embedded in to satu-
rated and unsaturated N-doped cavities these single atoms can present different
metal oxidation states depending on the cavity nature. Nickel Nitrogen Car-
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bon (NiNC) single-atom catalyst exhibits the highest efficiency for producing
CO, at different potentials.121,125–137 Molecular catalyst with a well-defined
metal coordination counts as another type of SACs. Organometallic complexes
can be anchored either covalently or non-covalently to the support. Macro-
cyclic ligands can be divided into different classes, such as phthalocyanine,
porphyrin, cyclam, and so on. A number of transition-metal complexes have
been utilized as electron-transfer mediators to achieve electrochemical reduc-
tion of CO2.

20,138–145 In Chapter 6 a model of Cobalt(II)-tetraphenyl porphine
(CoTPP) complex deposited on the multiwalled carbon nanotube (MWCNT)
is constructed along whit Cobalt(II)-phthalocyanine (CoPc) anchored to car-
bon nanotube (CNT).

3.3 Basic concept of crystal field theory

Single site carbon materials, which contain homogeneous-like defects, namely
MNx centers, resemble coordination compounds. The d-block metal (Mn, Fe,
Co, Ni, Cu, and Zn) complexes can be described by bonding theories that
rationalize experimental facts such as electronic spectra and magnetic prop-
erties. Once the geometry of the catalyst is determined (see section d-block
geometries), computed magnetic data, particularly magnetization of embed-
ded metal atom in SACs material, is used to determine unpaired electrons,
where coupled with crystal field theory oxidation state of the metal atom
is established. Continuing with the description of bonding in d-block metal
complexes can be described with applications of valence bond theory, the elec-
trostatic model and molecular orbital (MO) theory. However valence bond
theory may rationalize stereochemical and magnetic properties, but only at a
simplistic level. Furthermore, the model implies a distinction between high-
and low-spin complexes that is actually misleading and it cannot tell us why
certain ligands are associated with those formation. Molecular orbital and the
electrostatic model concept differentiated once we move to complexes with ML
π-bonding.

Therefore I used a second approach, the crystal field theory,146,147 which
describes the bonding in coordination compounds of d-block metals. It is an
electrostatic model and uses the electrons from the ligands to create an electric
field around the metal centre. Ligands are considered as point charges and
there are no metal-ligand covalent interactions. This may lead to a change in
magnetic properties as well as color. Hybridization schemes are explained for
octahedral, square planar, square pyramidal, and trigonal planar geometries,
where applications of these hybridization schemes that can be used to describe
the bonding in d-block metal complexes. The shapes of the molecular orbitals
may be obtained without difficulty from the shapes of the fragment orbitals.
Given the greater electronegativity of the ligands, the bonding MOs are more
concentrated on them, whereas the antibonding MOs are more concentrated
on the metal. Among them, seven involve contributions from the metal d
orbitals: the two bonding MO 1eg, the three nonbonding t2g MO and the two
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antibonding MO 2eg. The term ’d block’ of an octahedral complex (and also
for other types of complexes) is used to refer to the five molecular orbitals that
are mainly concentrated on the d orbitals of the metal. The three nonbonding
MO of t2g symmetry clearly belong to the d block, since they are formed from
pure d orbitals (xy, xz, and yz). For the MO of eg symmetry, the bonding
combinations (1eg) are mainly concentrated on the ligands while the largest
coefficient for the antibonding combinations (2eg) is on the metal.

3.3.1 d-block geometries

An isolated metal atom has five d orbitals with the same energy. In octa-
hedral complex the five fold degeneracy of the d orbitals is lifted, to give
three nonbonding degenerate (t2g) MO and two antibonding degenerate MO
(eg). The three nonbonding orbitals are then xy, xz, and yz, and the two an-
tibonding orbitals are x2-y2 and z2 (see Figure 3.3a). The energy separation
(∆0) between the t2g orbitals and the eg orbitals depends on the strength of
the σ interactions between the metal and the ligands. The value of this energy
gap allows us to distinguish, in the family of octahedral complexes, strong field
(large ∆0) from weak-field complexes (small ∆0). Measurement of the energies
of d-d transitions allows us to estimate the value of ∆0 in a large number of
complexes, and to establish a spectrochemical series, in which the ligands are
ranked according to the strength of the field (value of ∆0) that they create:
I− < Br− < Cl− < F− < OH− < O2− < H2O < NH3 < NO−2 < CH−3 < C6H

−
5

< CN− < CO
Organometallic complexes, which contain one or several metal-carbon bonds,
are thus strong-field complexes.

One can therefore consider, at least formally, that a square-planar com-
plex is formed by removing two ligands from an octahedral complex, for exam-
ple, those situated on the z-axis (see Figure 3.3b). To establish the structure
of the d block, it is convenient to start from the results already obtained for
octahedral complexes. Notice that while the three nonbonding orbitals xy,
xz, and yz are degenerate from the energetic point of view, only two of them
(xz and yz) are degenerate by symmetry. The main difference between the
d blocks of octahedral and square planar complexes concerns the number of
nonbonding or weakly antibonding orbitals: there are three in the former but
four in the latter.

A complex which adopts a square-based pyramidal geometry, four lig-
ands are located at the corners of a square which is the base of the pyramid,
while the fifth ligand, or apical, is placed on the summit of the pyramid (see
Figure 3.3c). In the octahedral complex, the coefficients of the xy, xz, yz, and
x2-y2 orbitals are zero for the ligands located on the z-axis. The removal of
one of these ligands therefore makes no change to the shape or energy of these
four orbitals: in the d block of the square-based pyramidal complex, we there-
fore find that the three orbitals xy, xz, and yz are nonbonding, while x2-y2

is a strongly antibonding orbital. This result is just the same as that found
when studying the square-planar geometry as a derivative of the octahedron.
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Figure 3.3: Derivation of the orbitals of the d block for (a) octahedral (b) square
planar (c) square-based pyramidal and (d) trigonal-planar configurations. Gray line
shows center of gravity. Ligands are represented with white spheres, and metal with
yellow sphere.

The z2 orbital is stabilized by the elimination of one of the two antibonding
interactions with the ligands placed on the z-axis. But this stabilization is not
as large as that observed when passing from an octahedral to a square-planar
complex, since in this latter case, both the antibonding interactions along the
z-axis are removed.

A trigonal-planar complex can be formed by removing the two axial
ligands from a trigonal-bipyramidal complex. The d-block orbitals may there-
fore be readily deduced from those established in the preceding section. The
variations in energy for the five d orbitals are shown in Figure 3.3d. The xz
and yz orbitals of a trigonal-bipyramidal complex have zero coefficients on
the axial ligands, as do xy and x2-y2. The removal of these two ligands does
therefore not change either the shapes or the energies of these four orbitals.
But the z2 orbital, which was strongly antibonding due to interactions with
the axial ligands, is substantially stabilized by their removal, becoming almost
nonbonding. Only three weak antibonding interactions with the ligands in the
xy plane are left, and the amplitude of the z2 orbital in this plane is small.
The d-block for trigonal-planar geometry thus contains two nonbonding de-
generate orbitals (xz and yz), a very weakly antibonding orbital (z2), and two
weakly antibonding degenerate orbitals (xy and x2-y2). These five orbitals are
sufficiently low in energy to be doubly occupied.
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Chapter 4

Volcano trend in
electrocatalytic CO2 reduction
activity over atomically
dispersed metal-sites on
Nitrogen-doped carbon

In this project, theoretical and experimental results are joint to explain electro-
chemical carbon dioxide reduction reaction trends for Metal-Nitrogen-Carbon
(M-N-C) like catalyst. High-throughput computing for series of atomically
dispersed moieties MNx (M = Mn, Fe, Co, Ni, and Cu) were performed. In
order to model oxidation states of metal atoms ligands such as H2O, OH,
and O were added. Computational models then led to the identification of
M2+N4-H2O as the most active centers in FeNC and CoNC, whereas Ni1+N4

was predicted as the most active one in NiNC at the experimental potentials
of -0.5 and -0.6 V versus the reversible hydrogen electrode. The experimental
activity and selectivity could be rationalized from DFT results, identifying in
particular the difference between the binding energies for ∗CO−2 and ∗H as
a descriptor of selectivity toward CO. This work has been published in the
Paper I and the optimized structures can be retrieved from ioChem-BD link
(https://doi.org/10.19061/iochem-bd-1-115).
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4.1 Methodology

4.1.1 Computational details

The valence electrons were expanded by plane waves basis sets with a kinetic
energy cut-off of 500 eV. To model atomically-dispersed MNx carbon struc-
tures, we used graphene layer expanded in a (6×6) supercell replacing four C
atoms by nitrogens and removing two C atoms to compensate for the valence.
These layers were interleaved by 12 Å vacuum along the Z direction. Various
transition metal atoms (M = Mn, Fe, Co, Ni, Cu, Zn) where placed in the
cavity left on the carbon sheet. In this configuration, two axial positions are
empty. However, most of these atoms prefer octahedral coordinations, and
thus ligands (L = none, H2O, OH, O) typically occupy one of the axial posi-
tions in aqueous electrolyte, see Figure 4.1. The empty coordination site is then
employed to investigate the eCO2RR and competitive HER. Structures were
relaxed with a force threshold of 0.05 eV/Å. The Brillouin zone was sampled
using a 3×3×1 k-point mesh generated with the Monkhorst–Pack method.55

The speciation of the different oxidation states of the metals in the carbon
lattice was performed via a Pourbaix diagram derived with Phonopy.148 The
computed extended X-ray absorption fine structure (EXAFS) of MNC models
were obtained with Demeter software.149

4.2 Structural characterization

The Metal-Nitrogen-Carbon (MNC) materials were characterized by different
experimental techniques. Multiple areas of the samples were examined, and
no metallic particles could be observed. To confirm experimental findings I
modelled MNC catalyst, where the single metal atom (M = Mn, Fe, Co, Ni, Cu,
and (Zn)) is coordinated with four pyridinic nitrogen atoms, and the ligands
(L = none, H2O, OH, O) were used (see Figure 4.1). The (Zn)NC catalyst was
used as a control sample and it was synthesized according to used synthesis
process, except that no separate metal acetate was added. The models for
ZnN-4- species did not present low binding energies of eCO2RR intermediates.
Extended X-ray absorption fine structure spectra were fitted with in-plane
MN4 structures, with an axial oxygen atom needed to obtain a best-fit only
for FeNC, and obtained results were confirmed with computed EXAFS (see
Figure 4.2). The metal-nitrogen bond distance and K-edge EXAFS spectra
were also calculated ab initio for MN4C model sites (10 in-plane carbon atoms
in the second coordination sphere) in graphene sheets, with or without axial
oxygen adsorbate. Considering water coordination via O atom, MnN4 (2.40
Å), FeN4 (2.33 Å), CoN4 (2.31 Å) and (Zn)N4 (2.35 Å) exhibited similar M-O
bond distance between 2.31-2.40 Å. No water could be stabilized on the CuN4

and NiN4 models. The DFT-calculated EXAFS spectra shown in Figure 4.2
have characteristic features analogous to those of the experimental FT-EXAFS
spectra with a main peak assigned to N or O back-scattering from the first
coordination sphere.
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The calculated and experimental M-N distances are also in good agreement,
except for Fe, for which the EXAFS fitting is complicated by the presence of
axial oxygen ligands (see Table 4.1).

Figure 4.1: Computational models for the atomically-dispersed MN4 sites, and
when axial ligand is present (L = H2O, OH, O). C is represented by grey spheres, N
by purple, the metal in gold, O in red and H in white.

Table 4.1: Structural parameters obtained from the analysis with MNx moieties of
the metal K-edge EXAFS spectra and DFT calculations. Errors are given in brackets
(1.89(1) means 1.88-1.90). CN stand for coordination number.

R(M-N)/Å CN RDFT(M-N)/Å CNDFT

MnNC 1.89(1) 4 1.91 4

FeNC 2.01(2) 5/6 1.89 5

CoNC 1.96(2) 3.8(6) 1.89 4

NiNC 1.92(1) 4.3(3) 1.88 4

CuNC 1.94(1) 3.9(3) 1.93 4

ZnNC 2.00(1) 4.1(4) 1.96 4

The oxidation state of the atomically-dispersed metal centers before the re-
action were investigated with X-ray photoelectron spectroscopy (XPS). They
identify the coexistence of M2+ and M3+ species for FeNC, and the coexis-
tence of M1+ and M2+ species for CuNC.150,151 Only the 2+ oxidation state
is observed in CoNC, NiNC and ZnNC, while for MnNC, the three different
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oxidation states 2+, 3+ and 4+ seem to be present.152–154 The existence of
different oxidation states of the metal in a same catalyst reveals a structural
and/or a topological heterogeneity of MNx moieties. For example, higher ox-
idation states of the metal cation might be triggered by oxygen (O2, OH)
adsorbates, which is possible only for MNx moieties located on the top sur-
face, while those located in the bulk of the nitrogen-doped carbon matrix are
not accessible. Chemical heterogeneity might also lead to different oxidation
states for a same structure. For example, while an average MN4 structure
was identified from our EXAFS analysis for all materials except FeNC (with
additional oxygen adsorbates on top of the FeN4 site itself), EXAFS cannot
distinguish between N, O and C atoms in the first coordination sphere, im-
plying that e.g. MN2O2 moieties or any other combination with a total of
4 in-plane ligating atoms among C, N and/or O are also possible structural
candidates from an EXAFS viewpoint. For MnNC in particular, the presence
of high valence-state metal (4+) suggests that there might be some O atoms
replacing N atoms in MnN4 moieties even during the reaction. This will be
re-discussed later.

4.3 Selectivity and activity towards eCO2RR

Over all studied MNC catalyst CO was the major eCO2RR product produced,
where the highest FEs were observed over the Fe-, Ni- and Mn-NC mate-
rials. High FEs have been reported previously for other FeNC155–158 and
NiNC121,127,133,159,160 materials synthesized via different approaches but shar-
ing a key common structural feature, namely the atomically dispersed MNx

moieties. Also in agreement with other recently published results, the major
product over CoNC is H2.

124,157,161 On the contrary, high selectivity (more
than 90%) toward CO in a wide potential range (-0.57 to -0.88 V vs. RHE) over
atomically dispersed CoNx was reported as well162,163 but with slightly differ-
ent coordination environment. Since the present series of MNC and (Zn)NC
catalysts has, except for the nature of the metal element in MNx moieties,
negligible difference in morphology and structure, the different activity and
selectivity toward eCO2RR to CO can be mainly ascribed to the nature of the
metal in MNx sites. Last, (Zn)NC shows a selectivity for CO being in-between
the low value of CoNC and the high values of MnNC, FeNC and NiNC. A
catalytic synergy between MNx and (Zn)N4 moieties is also unlikely when the
main considered product of CO2 reduction is CO. The process requires only a
2 electron transfer and the steps are stated in Chapter 2, section explanation
of electrocatalytic reactions and trends for reaction steps.
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Figure 4.2: Simulated metal K-edge EXAFS. (a) MnNC, (b) FeNC, (c) CoNC,
(d) NiNC, (e) CuNC, and (f) (Zn)NC. For Mn, Fe, and Co all the relevant computed
structures are presented.
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If a synergistic effect between MNx and (Zn)N4 moieties occurs, there are
two possibilities: a) MNx catalyzes step 1 (∗ + CO2 + H+ + e− → ∗COOH)
and (Zn)N4 catalyzes step 2 (∗COOH + H+ + e− → ∗CO + H2O); or b) the
opposite. Assuming the synergy case a), the FE for formate on FeNC, CoNC
and NiNC should be significantly higher than that on (Zn)NC, which is not
the case (Figure 4.3a). Assuming the synergy case b), (Zn)NC should have a
JHCOO− value comparable to JCO observed on the active catalysts NiNC, FeNC
and CoNC. However, this is also in contrast with experimental results, where
JHCOO− on (Zn)NC being negligible compared to JCO on NiNC, FeNC and
CoNC (Figure 4.3b). Thus, we can rule out any significant catalysis synergy
between MNx and (Zn)N4 moieties.

Figure 4.3: Product analysis over the MNC catalysts (M = Mn, Fe, Co, Ni,
and Cu), plotted against the embedded metal center sorted by the atomic number.
(a) Faradaic efficiency and (b) partial current densities at -0.6 V vs. RHE for CO,
HCOO− and H2 products. The data were obtained by Chronoamperometry (CA) for
90 min, in 0.1 M KHCO3 saturated with CO2 (pH 6.7) at room temperature.

Operando X-ray absorption near edge structure (XANES) spectroscopy
was employed to track possible changes in the oxidation state of MNx sites
during eCO2RR. The DFT simulations were performed on the most likely
oxidation state and environment for each metal. Combined with the ex situ
XPS, we can infer that the oxidation state of Fe was modified from 2+/3+ to
only 2+, that of Ni reduced from 2+ to 1+, and that of Cu reduced from 2+/1+
to 0.161,164 The oxidation state of Mn remained a mixture of 2+/3+/4+, and
that of Co remained as 2+, even at -1.0 V vs. RHE. It can further be observed
that Fe was reduced from a mix of 2+/3+ to only 2+ already at 0 V vs.
RHE, in line with the redox potential identified for FeNC at ca 0.75 V vs.
RHE in acidic electrolyte.165,166 This may explain the high onset potential for
eCO2RR over FeNC, while NiNC is possibly inactive for eCO2RR as long as
it is in 2+ oxidation state. The changes in oxidation states of the three most
active MNC catalysts (namely Fe, Co and Ni) with applied potential agree
well with the calculated Pourbaix speciation diagrams (see Figure 4.4), which

46

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL STUDIES OF SINGLE-SITE CATALYSTS FOR EFFICIENT ELECTROCHEMICAL CO2 REDUCTION 
Paulina Pršlja 



show that in a pH 7 electrolyte, the oxidation state of Fe and Co in MN4

corresponds to M2+ at any potential 0 V vs. RHE, while there is a reduction
from Ni2+ to Ni1+ below 0 V vs. RHE at pH 7, in line with the Ni-reduction
experimentally observed between 0 and -0.5 V vs. RHE experimentally (see
Figure 4.5).

Figure 4.4: Simulated Pourbaix diagrams. Computed Pourbaix diagram for
FeN4-, CoN4- and NiN4- species. The blue lines corresponding to the water oxidation
reactions, the wine red lines separate the different phases, and the area between two
gray lines corresponds to the experimental potential window at which eCO2RR was
evaluated (-0.5 and -0.6 V vs. RHE).
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Figure 4.5: Change in the absorption edge of metal K-edge XANES spectra
of MNC catalysts with applied potential. The electrolyte was CO2-saturated
0.1 M KHCO3, and the OCP was around 0.7 V vs. RHE. The x-axis is the difference
between the X-ray energy and the absorption edge of MNC (E0).
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4.4 Explanation of observed volcano trends

The observation of volcano trends in the electrochemical activity reactions
among a series of metal-based catalysts with similar site structures is gener-
ally explained by Sabatier’s principle. With the binding energy of the metal
sites being tuned by the metal’s atomic number, and leading to too weak, op-
timum and too strong binding of the key intermediate adsorbed species when
moving in a given direction in the series of transition metal.167,168 We per-
formed DFT calculations with MN4C model (M = Mn, Fe, Co, Ni and Cu, with
axial oxygen adsorbates for all the metals) with the CHE model at -0.6 V vs.
RHE. The reaction energy profiles for each elementary step of eCO2RR show
that the particular transition metal present in the N4 lattice has a tremen-
dous effect on reactivity. I will focus on the Gibbs free energy diagrams at
-0.6 vs. RHE (Figure 4.6a and 4.7), potential at which the eCO2RR activity
and selectivity of MNC catalysts are experimentally measured. Overall, the
calculated Gibbs free energy diagrams demonstrate that MnN4C and FeN4C
bind CO too strongly and their CO production rate is determined by the ∗CO
desorption step. In contrast, NiN4C and CuN4C have weak CO binding en-
ergy, and the CO2 activation and first electron transfer then becomes the RDS
(Table 4.2). In this series of model sites, CoN4 shows the optimum balance
between the energy barriers for CO2 activation and CO desorption (steps 1
and 4 (desorption) in Table 4.2, respectively).

Figure 4.6: Gibbs free energy profile over MnN4- model for (a) eCO2RR and
(b) HER at -0.6 V vs. RHE (pH 7) according to the different oxidation state and
ligand coordination.
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Figure 4.7: Gibbs free energy profiles for eCO2RR over (a) FeN4-, (b) CoN4-,
(c) NiN4-, and (d) CuN4 model sites at -0.6 V vs. RHE (pH 7) according to the
different oxidation state and ligand coordination.

We have also investigated how axial adsorbates (H2O, OH and O) affect
the reaction energies on MnN4, FeN4 and CoN4 (no oxygen adsorbates could
be stabilized on CuN4 and NiN4). Particularly, the H2O molecule axially
adsorbed on FeN4 lowers the reaction barrier for the first electron transfer to
form ∗CO-

2 (Figure 4.7a) and thus promotes the eCO2RR to CO over FeNC.
In this case, FeN4 sites are approachable from both axial directions (one side
for adsorbing H2O, while the other side for activating CO2 gas molecule).
Moreover, for the case of NiNC, NiN4C with oxidation states of 1+ and 2+
are both used in the DFT simulations, since a reduction of Ni2+ to Ni1+ was
observed from operando X-ray absorption spectroscopy (XAS) (Figure 4.5).
In contrast to the high energy barrier for the CO2 activation on Ni2+N4C (the
first step for eCO2RR), Ni1+N4C binds CO2 more strongly (Figure 4.7c). This
explains that the onset potential of eCO2RR over NiNC is highly correlated
to the Ni2+/1+N4 redox potential (Figure 4.5). The CO2 activation energies
are also highly correlated to the geometries of the CO2 coordination over MN4

sites, as depicted in Figure 4.8 showing how CO2 is activated in the Fe, Co and
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Figure 4.8: Linear scaling relation. Linear angle α(O-C-O) and distances d(M-
C) of CO2 scaling relations for adsorption of CO molecule. Fe presents an η2-C,O
hapticity, while Co and Ni prefer the η1-C configuration.

Ni sites. While both a M-C and a M-O bond can simultaneously form with the
FeN4 active site, only a M-C bond appears for the CoN4 and NiN4 sites. In
addition, the O-C-O angle departs from the 180◦ value in the gas phase to only
145◦ when adsorbed on FeN4-H2O. This explains the lower activation energy
of CO2 over FeNC vs. other MNC catalysts and the higher onset potential for
FeNC. The activity trends for CO2 reduction to CO can be estimated from
DFT calculations on the basis of the exergonic value of the reaction energy at
the RDS. Table 4.2 reports the reaction energy calculated for each elementary
step for MN4(-H2O) moieties according to the Gibbs free energy profiles for
eCO2RR over MNC catalysts (M = Mn, Fe, Co, Ni and Cu) at -0.6 V vs.
RHE. For each MN4 site, the structure (with/without H2O adsorbate) with
lowest reaction energy at the RDS is considered in Table 4.2. To compare DFT
results to the experimental eCO2RR activity trend, we assumed an Arrhenius
type law of the form Aexp(−ERDS/RT), where ERDS is the free energy change
at the RDS and A is a pre-exponential factor, assumed the same for all MNC
catalysts investigated due to similar metal content and similar carbon porosity,
chemistry and morphology.
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Table 4.2: Gibbs free energies at -0.6 V vs. RHE for the elementary steps of eCO2RR
to CO. The RDS values correspond to energies corrected by CO and CO2 gas entropies.
All metal cations in 2+ oxidation state unless otherwise indicated. FeN4-H2O with a
high spin state (S=2) is used

Step 1 Step 2 Step 3 Step 4 RDS

MnN4 0.49 -0.91 -1.48 0.63 0.63

MnN4-O 1.51 -0.57 -1.31 -0.81 1.51

FeN4-H2O 0.06 -0.58 -1.77 1.02 1.02

CoN4-H2O 0.36 -1.17 -0.69 0.24 0.36

NiN4 0.68 -0.07 -1.06 -0.83 0.68

Ni(I)N4 0.28 -0.07 -1.25 -0.24 0.28

CuN4 0.64 0.01 -1.44 -0.48 0.64

Figure 4.9 shows that the trend of reaction rate predicted from DFT ac-
cording to this approach matches well the experimentally observed volcano
trend in the present work, except for MnN4 and CuN4. Among all the MN4(-
H2O) active sites, Ni1+N4 is predicted to show the highest activity toward
eCO2RR to CO, with lowest maximum for the free reaction energy at any of
the elementary steps. However, the experimental oxidation states of NiN4 sites
are most likely in a mix of 1+/2+ at -0.6 V vs. RHE (see Figure 4.5). Thus, the
experimental activity of NiNC should fall between those predicted for Ni1+N4

and Ni2+N4. Experimentally, the eCO2RR activity of NiNC is even lower
than that estimated from DFT for Ni2+N4. We assign this to a lower onset
potential for NiNC than for CoNC, but once the reaction has started, recent
studies have shown that NiNC catalysts with single metal atom sites are the
most active and selective MNC catalysts reported to date.?, 133,159,160,169 The
calculated activity trends for MN4 sites are as following FeN4-H2O < MnN4 <
CoN4-H2O < Ni1+N4 > Ni2+N4 ≈ CuN4, with metals on the left hand-side of
Co or Ni binding CO too strongly, and metals on the right hand-side binding
CO2 too weakly.
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Figure 4.9: Relation between theoretical and experimental data. The com-
parison of CO partial current density at -0.6 V vs. RHE for pyrolyzed MNC materials
and DFT calculated trends (at -0.6 V vs. RHE). ERDS is the calculated free reaction
energy at the specific RDS of eCO2RR to CO for each active site (see Table 4.2).

One discrepancy between the experimental and theoretical results is
MnNC, for which our experimental data show much lower CO partial current
density than FeNC while the DFT calculations predicted that MnN4 and FeN4

sites are both limited by the ∗CO desorption step, but with lower desorption
barrier for MnN4. This results in a predicted eCO2RR activity higher for
MnN4 than FeN4 moieties (Figure 4.9). Given that a higher oxidation state of
Mn (a mixture of 4+, 3+ and 2+) was observed by ex situ XPS and operando
XANES than can be assumed with a MN4 model site, and given that MnNx

has a higher predicted affinity to oxygen,150 we re-evaluated the possible
active site structure of MnNC. We assumed MnN2O2 as an alternative model
site (Figure 4.10b). Both MnN4 and MnN2O2 structures converged and
optimized under the same conditions, confirming similar energy stabilities of
these two structures. Moreover, the experimental FT-EXAFS spectrum of
MnNC could be properly fitted with the MnN2O2 model site, and its DFT
calculated EXAFS spectrum exhibits the same characteristic peak at 1.5
Å (Figure 4.10a) assigned to both N and O back-scattering from the first
coordination sphere. According to our DFT calculations, this MnN2O2 model
can not coordinate CO2 and is therefore predicted to be inactive toward
eCO2RR. Even with a single oxygen adsorbate, the MnN4 site becomes poorly
active toward eCO2RR, as indicated by the very high energy barrier for
CO2 adsorption for the MnN4-O model (Figure 4.6a). Of all the Mn models
investigated, only Mn2+ without oxygen ligands can effectively coordinate
CO2. However, as identified by ex situ XPS and operando XANES (see Figure
4.5), this species is uncommon at the investigated potentials, explaining why
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Figure 4.10: MnN2O2 site. (a) Computed simulated metal K-edge EXAFS spec-
trum and (b) computational model of MnN2O2 model site.

no activity is experimentally found for MnNC. Last, for CuNC, our operando
XANES data show that Cu switches from 2+ to zero oxidation state early
on (Figure 4.5), explaining the mismatch between DFT predictions and the
experimental CuNC activity. In summary, with the MnN4-O model site for
MnNC and MN4(-H2O) model sites for other MNC catalysts (M = Fe, Co,
Ni), the experimental volcano trend in the eCO2RR to CO activity of MNC
catalysts can be nicely explained by our DFT calculated Gibbs free energy
for the RDS (Figure 4.9).

4.5 Selectivity toward CO over MN4

As another critical factor for a good eCO2RR catalyst, selectivity is highly
correlated to the ∗H and ∗CO-

2 binding energies over MNx active sites. Thus,
we investigated the Gibbs free energy profiles of HER over MN4C model sites
(M = Mn, Fe, Co, Ni and Cu) at -0.6 V vs. RHE (Figure 4.6b and 4.11).
These binding energies can be rationalized from simple coordination chemistry
rules. The adsorption behaviour for the metals in the first transition series
depends on the occupation of antibonding d-orbitals coming from the crystal
field splitting for the resting square pyramidal structure. Therefore, we use
the number of d-antibonding electrons (0 for FeN4-H2O, 1 for CoN4-H2O, 2
for Ni1+N4 and 3 for Ni2+N4) to explain the selectivity toward eCO2RR to
CO over MN4 sites (Figure 4.12). The population of the antibonding states
results from counting the number of electrons in the d-orbitals of the ground
state configuration according to the crystal field splitting theory. Figure 4.12
indicates that there is a linear scaling relationship between the ∗CO-

2 and ∗CO
binding energies, which determines the CO activity. Thus, the CO binding
energy can serve as a key descriptor for eCO2RR to CO activity.
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Figure 4.11: Gibbs free energy profiles for HER over (a) FeN4-, (b) CoN4-, (c)
NiN4-, and (d) CuN4 model sites at -0.6 V vs. RHE (pH 7) according to the different
oxidation state and ligand coordination.
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Figure 4.12: Relationship between the adsorption/desorption energies and
the local electronic configurations on the Fe, Co and Ni (1+ and 2+).
(a) ∗CO−

2 (wine), ∗H (grey) adsorption energies and CO (red) desorption (at pH 7
and -0.6V) as a function of the d-antibonding occupation in the active site. In (b)
the symmetry descent from the octahedral configuration to either square pyramid
or square planar are shown (orange indicates the antibonding states). For the most
common Fe species under potential Fe and Co are in MN4-H2O (square pyramid with
0 and 1 antibonding electrons). Instead Ni is in the square planar configuration with
already two electrons in the antibonding state. At high negative potential the highest
antibonding dx2−y2 would be occupied, which could trigger the distortion of the planar
pocket (Ni1+ state).
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The volcano trend with CO binding energy as a descriptor (JCO measured
experimentally vs CO binding energy calculated from DFT simulations) is
shown in Figure 4.13, with Fe located at the strong binding branch, whereas
Ni and Cu are on the weak binding branch. CoN4-H2O sites possess the
optimum binding energies with ∗CO, which are neither too strong nor too weak.
On the other hand, good selectivity toward CO requires high ∗CO-

2 binding
energy and low ∗H binding energy (the more negative value in Figure 4.12a,
the higher the binding energy). Thus, we utilized the difference of ∗CO-

2 and
∗H binding energies (E(∗CO-

2)-E(∗H)) as the descriptor for selectivity (Figure
4.14). In that figure, we show only the experimental data for FeN4-H2O,
Ni2+/1+N4, and CoN4-H2O and did not include the other MNC materials,
whose eCO2RR activity and selectivity can originate in whole or in part from
metal-free nitrogen functional groups.170 The CoN4-H2O site has an optimum
binding energy with ∗CO-

2, but, unfortunately, the binding energy of ∗H is
much higher than that of ∗CO−2 which leads to a low selectivity toward CO,
in line with the experimental result on CoNC (48%, Figure 4.14).

Figure 4.13: Volcano plot of CO partial current density at -0.6 V vs. RHE with
CO binding energy obtained from DFT simulations as descriptor.
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Figure 4.14: Selectivity analysis. The experimental selectivity at -0.6 V vs RHE
over FeNC, CoNC, and NiNC vs. the DFT simulated E(∗CO−

2 )-E(∗H).

The high selectivity of eCO2RR to CO over NiN4 benefits from the lower
∗H binding energies compared to other metal MN4 sites (Figure 4.14). For
FeN4-H2O, even though the high binding energy to ∗H suggests a high HER
activity (Figure 4.12), the reduction of CO2 to ∗CO also occurs with zero
energy barrier, and the binding energy of ∗CO on FeN4-H2O is much stronger
than that of ∗H on FeN4-H2O. Thus the majority of FeN4 sites are occupied by
∗CO in CO2-saturated electrolyte. This site-blocking effect probably supresses
the binding of such active sites with HER related species, resulting in high
experimental selectivity toward CO over FeNC. As can be seen in Figure 4.14,
the selectivity of eCO2RR toward CO over MNx moieties can be explained
with the DFT-calculated ∗CO-

2 and ∗H binding energies, that in turn are highly
correlated to the number of d-antibonding electrons. The latter descriptor can
thus be used to screen for more promising eCO2RR candidate MNC materials.
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4.6 Conclusions

We have employed Density Functional Theory to understand experimental re-
sults and establish clear correlations between physicochemical and catalytic
properties for the eCO2RR of atomically-dispersed MN4 centres (M = Mn,
Fe, Co, Ni, and Cu). With computed Pourbaix diagrams we supported the ex
situ XPS and in situ XANES results that were used to identify and monitor
changes of the metal oxidation state at rest and under operating conditions,
respectively. Mn and Co did not change oxidation state down to -1.0 V vs.
RHE while Fe and Ni were partially reduced and Cu was largely reduced to
metallic state. Over these highly controlled systems, catalytic tests revealed
a volcano-like dependency between eCO2RR activity and the atomic number
of the transition metal, with Fe and Co as the most active centres. Computa-
tional models led to the identification of active centres and finally to descriptors
rationalizing the distinct activity and selectivity patterns observed. To this
end, different configurations were studied according to the speciation of the
metal atom, its charge, spin, and coordination sphere. Among the best per-
forming materials, Fe2+N4-H2O and Co2+N4-H2O centres were found as the
most likely active catalytic centres at considered potentials (-0.5 and -0.6 V
vs. RHE), whereas Ni1+N4 was predicted as the most active Ni-based one.
The Gibbs free energy change at the RDS accounted for the experimentally
determined activity volcano, with Co-, Fe-, and Ni-based systems showing the
best compromise between ∗CO and ∗CO−2 binding energies. Regarding selec-
tivity, the difference between the binding energies for ∗CO−2 and ∗H, directly
related to the number of d-antibonding electrons, described successfully the
high selectivity observed on Fe- and Ni catalysts and the more favoured HER
observed over the Co-based one.
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Chapter 5

Stability and redispersion of
Ni nanoparticles supported on
N-doped carbons for the
electrochemical CO2
reduction

The Nickel-Nitrogen-Carbon (Ni-N-C) catalyst exhibits the highest efficiency
for producing CO, at different potentials. The variation in the material synthe-
sis 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. The research
in this study was based on experimental findings from aricle[137]. We explored
the possibility of Ni nanoparticle redispersion by Ni(CO)2-like disintegration,
when supported on saturated and unsaturated N-doped carbon materials. The
binding energies of intermediates towards CO on seven different models (NiN4,
NiN3C, NiN3, NiNC3, NiNC2, NiC4, NiC3, Ni(100), Ni(111), and Ni(211))
were obtained from DFT taking the most stable conformations for each in-
termediate on each support. Besides nanoparticle shape was obtained from
Ni(100), Ni(111), and Ni(211) facets. This work has been published in the
Paper 2 and the optimized structures can be retrieved from ioChem-BD link
(http://dx.doi.org/10.19061/iochem-bd-1-168).
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5.1 Methodology

5.1.1 Computational details

This project is divided in two parts. The first part contains calculations of
various N-doped carbon materials (see Figure 5.1), were the kinetic energy
cut-off was set at 500 eV. N-doped carbon materials are represented with a
graphene layer expanded in a (6×6) supercell and replacing carbon atoms by
nitrogen atoms to design desired models. These layers were interleaved by
12 Å 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/Å. The Brillouin zone was sampled using a (3×3×1) k-point mesh
generated with the Monkhorst–Pack method.171

The second part focuses on Ni nanoparticles represented by three metal sur-
faces with the lowest Miller indexes Ni(100), Ni(111), and Ni(211). High qual-
ity surface energy calculations ((10×10×1) k-point mesh) were performed to
build the nanoparticle structure using the Wulff model172,173 with VESTA.174

The vacuum between slabs was larger than 10 Å and the structures were re-
laxed with a force threshold of 0.025 eV/Å. 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 Ni175,176 thus different coverages
were considered: from 1/12 to 1 ML for Ni(100) and Ni(211) and from 1/16 to
1 ML for Ni(111). The Brillouin zone was sampled using a (3×4×1), (3×3×1)
and (5×3×1) 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 nanoparticle. Ni(CO)x species can be formed in rich
CO environments, which can then redisperse and reconstruct the Ni nanopar-
ticle. 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 cal-
culated 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.
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5.1.2 Ostwald disintegration formalism

We applied the energetic formalism from Ouyang and co-workers177 to evaluate
whether the disintegration of Ni(CO)x from Ni NPs is possible on N-doped
carbon materials.

Energetics of Ni nanoparticle

To study this, we start from the energetics of a metal particle in the absence
of reactants. Average energy ∆ENP (per atom) with respect to infinite size
particle (bulk) can be calculated by

∆ENP =
3Ωγ

R
(5.1)

where Ω is the molar volume of bulk metal atom, γ is the overall surface energy
of the Ni nanoparticle, and R stands for radius of the nanoparticle. Considering
that metal particles may expose different facets i with surface energy γi and
corresponding area ratio fi over the whole surface area, the overall surface
energy γ could be rewritten as:

γ =
∑
i

fi × γi (5.2)

The chemical potential ∆µNP of the supported metal particle can be derived

∆µNP =
2Ωγ

R
(5.3)

Under reaction conditions, CO may adsorb on the Ni particles, and corre-
sponding Gibbs free energy of the adsorption would reduce the surface energy
and stabilize the metal particles. The reduction of surface energy ∆γi on the
facet i at given temperature T and partial pressure p can be calculated

∆γi(T, p) = θ × [ECO(θ)−∆µCO(T,p)]/Ai (5.4)

where θ and Ai is the coverage of adsorbed CO and surface unit area of the
facet i. ECO(θ) is the average binding energy of CO and coverage dependent.
The effective surface energy γ’ of supported metal particles with CO adsorbate
becomes

γ’(T, p) =
∑
i

fi[γi + ∆γi(T, p)]. (5.5)

By substituting γi in equation 5.1 and 5.3 average energetics ∆E’
NP and chem-

ical potential ∆µ’NP of supported metal particles under reactants can be ob-
tained, respectively.
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CO induces disintegration

Following the criteria of reactant induced dynamics, the stability of Ni
nanoparticle can be explained by the Gibbs free energy of disintegration
(∆Gdis

NP). First, we compute the formation energy of isolated metal adatom
(Ef

Ni) with respect to Ni bulk reference supported on the different carbon
defects by

Ef
Ni = Esur-Ni − Esur − EB (5.6)

where Esur-Ni is the energy of anchored Ni on the support, Esur is the energy
of support, and EB is the energy of Ni bulk reference. From the results (see
Table 5.1), we can see that formation energies are exothermic, as Ni atoms
are anchored to a defect. Second, we calculate the energy of the Ni atom
coordinated to the N-doped carbon substrate, where they should be able to
form a chemical bond with the Ni atom, and corresponding binding energy
Ef
nCO must be negative.

Ef
nCO = Esur-nCO − Esur-Ni − n× ECO (5.7)

Table 5.1: Formation Energy of Ni anchored atom (Ef
Ni) (with respect to Ni bulk

energy), Binding Energy of CO on Ni atom (Ef
nCO), and Formation Energy of the

Ni-CO complexes on the support with respect to the infinite size metal particle (CO
in gas phase) (Ef

surf-nCO). All energies in eV.

Ef
Ni Ef

1CO Ef
surf-1CO Ef

2CO Ef
surf-2CO

NiN3 -1.97 -0.55 -2.51 -0.84 -2.80

NiNC2 -2.71 -0.89 -3.60 -1.33 -4.04

NiC3 -3.51 -0.72 -4.23 -0.84 -4.35

NiC3C -3.52 0.21 -3.31 1.81 -1.76

NiN4 -3.00 0.77 -2.24 2.18 -0.82

NiNC3 -3.25 -0.38 -3.62 1.04 -2.20

NiC4 -1.69 -0.45 -2.14 -0.12 -1.81

where n is the number of CO molecules coordinated to the Ni adatom, Esur-Ni

is the total energy of the Ni-CO complexes on support, Esur-Ni is the total
energy of the Ni adatom on support, and ECO is the total energy of CO in
gas phase. Furthermore we calculate Gibbs free energy for the CO-decorated
nanoparticle, (∆Gdis

NP), following the equation:
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∆Gdis
NP(R, T, p) = Ef

surf-nCO − nCO− n∆µCO(T, p)−∆’ENP(R)− TS (5.8)

where, Ef
surf-CO = Ef

nCO + Ef
Ni is the formation energy of the Ni-CO complexes

on support with respect to the infinite size metal particle and reactants in gas
phase, and ∆µCO(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 thresh-
old. The excess chemical potential was set to ∆µCO(T, p) = -0.76 eV178

corresponding to experimental conditions of 300 K and 0.10 mbar. The bind-
ing energy of nCO (Ef

nCO) needs to be negative and lower than ∆µCO(T, p) =
-0.76 eV. When both requirements are fulfilled, nanoparticle disintegration is
thermodynamically possible by realising Ni(CO)2 complexes.

5.2 Types of N-doped carbon materials

We modelled saturated and unsaturated N-doped carbon materials under re-
action conditions. The DFT simulations were performed on a number of 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.137

In the Figure 5.1 we show three families of models: (a) saturated N-doped
carbon materials (NiNxC) representing NiN4 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
(NiNP-NCx). This approximation allows us to provide a holistic chain of mod-
els 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 on the dynamic behaviour or the different
synthetic preparations.
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Figure 5.1: 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.

5.3 Activity and selectivity of the materials

The activity and selectivity of the modelled catalysts can be discussed in terms
of the corresponding Gibbs free energy profiles presented in Figure 5.2. The
electrochemical activity was analyzed by calculating the binding energies of
the intermediates according to the most agreed mechanism for CO2 to CO
reduction (see Chapter 2). Notice that once CO2 is adsorbed, activated, and
polarized with partial charge transfer (see Table 5.2) from the host material
and thus step (i) does not correspond to any extra electron added to the
simulation box. In agreement with the previous results, we can see that the
highest activity towards CO is shown by unsaturated N-doped materials125

and metal surfaces, as they bind CO strongly. Regarding the selectivity, it
can be discussed by comparison to the competing HER (Figure 5.2d–f). Satu-
rated N-doped materials reach the highest selectivity towards CO, where NiN4

and NiN3 are representative models, while NiN3C model binds ∗H strongly.
Therefore, NiN3C model is ruled out, because it does not account for the
experimental selectivity.137
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Figure 5.2: Gibbs free energy profiles for (a, b, and c) eCO2RR and (d, e,
and f) HER over different model sites at -0.6 V vs. RHE (pH 7). (a,d) Saturated
nitrogen-doped carbon materials. (b,e) Unsaturated or free N-doped carbon materials.
(c,f) Metal surfaces.

For a catalyst to be selective towards CO, the binding of ∗COOH and ∗CO2

intermediates needs to be strong to reduce the onset potential. Also, selec-
tivity can be compared with ∗H binding energy and CO desorption energy.
The correlation between adsorption energies of ∗COOH and ∗H is shown in
Figure 5.3. We can see that NiN4 and NiN3 bind ∗H weakly, therefore satu-
rated 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 NiN3. The computed onset potentials are presented in Table 5.3, where
NiN3 has a lower onset potential than NiN4 because it binds ∗COOH stronger.
Ni(211) and NiNC2 bind strongly ∗H and ∗COOH, 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.
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Table 5.2: Bader charge of adsorbed ∗CO−
2 molecule on all computational model

catalysts.

q(CO2)(|e−|)

NiN4 -0.05

NiN3C -0.08

NiN3 -0.11

NiNC3 -0.34

NiC4 -0.09

NiNC2 -0.08

NiC3 -0.27

Ni(100) -0.59

Ni(111) -0.55

Ni(211) -0.47

Figure 5.3b represents a correlation between adsorption energies of ∗CO2

and desorption of CO, where CO2 activation can relate to Bader charges of the
adsorbed CO2 molecule (see Table 5.2). NiN3, NiNC3, and Ni(100) bind ∗CO2

relatively strong, where Ni(100) binds ∗CO strongly, which means the rate of
CO formation would be low. The strong adsorption energy of ∗H for Ni(100)
and NiNC3 can be related to low selectivity, where HER and eCO2RR compete.
The most interesting systems is NiN3, 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 Ni2+ oxidation state, while
that in the NiN3 trigonal planar configuration is in the Ni1+ oxidation state
(see Chapter 3).
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Figure 5.3: Linear scaling relationship. (a) Linear COOH binding energy scal-
ing relations for adsorption of H atom. (b) CO2 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.

This special role of Ni1+ is long known in organometallic chemistry179

and even in thermal catalysis.180 The change in the oxidation state has an
impact on the geometries of the activated CO2 intermediate as both the O-C-
O angle and Ni-C(CO2) distance indicate the degree of activation of the CO2

molecule in the N-doped saturated materials. In Figure 5.4, the linear scaling
relationship of CO2 geometry and adsorption of ∗CO shows that the activation
in NiN3 correlates with medium binding of ∗CO, while the lowest activation
appears in NiN4 with a O-C-O angle of 170.2◦. All these fingerprints point out
to 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.
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Table 5.3: DFT calculated onset potentials (in eV vs. RHE) for eCO2RR to CO on
N-doped carbon materials and Ni surfaces.

Uonset

NiN4 -1.27

NiN3C -0.57

NiN3 -0.61

NiNC3 -0.29

NiC4 -0.31

NiNC2 -0.38

NiC3 -0.29

Ni(100) -0.49

Ni(111) -0.45

Ni(211) -0.63

Figure 5.4: Linear scaling relationship. Linear angle α(O-C-O) and distances
d(Ni-C) of CO2 scaling relations for adsorption of CO molecule.
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5.4 Reconstruction of Ni NPs on N-doped carbon
materials

Electrocatalysts can be affected by the presence of different variables. In our
case, because of disintegration of Ni(CO)2 complexes later the reconstruction
of Ni NPs influences the activity and selectivity. Once the reconstruction
happens experimentally, the partial current density of H2 drastically drops
compared to that of CO, thus favoring the disintegration process. Such dy-
namic 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 nanopar-
ticle based on the lowest-energy surfaces through a Wulff construction. This
is straightforward for metal nanoparticles and can be extended when adsor-
bates, like CO, are present.175,181In addition, we apply the atomistic version
of Ostwald ripening theory177,182 by the formation of Ni(CO)2-like complexes
to show when the disintegration of nanoparticles can occur on such N-doped
carbon materials.

5.4.1 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 (see Figure 5.5). The average surface energy
for the nanoparticle is 0.126 eV/Å. In the Table 5.4 surface enrgies and ratios
of coresponding facet are presnted. To assess the change in the nanoparticle
induced by the environment, we consider CO adsorption on all three facets
separately.175 We calculated average binding energies E’

CO, for a range of
coverages 1/12 to 1 ML for Ni(100) and Ni(211) facets, and Ni(111) from
1/16 to 1 ML (Figure 5.6). In all cases, at low to medium coverages, all the
modified surface energies (γ’x) 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
less favourable sites. At 0.25 ML we are left with Ni(100) and Ni(111) surfaces,
while at full coverage of 1 ML the extent of Ni(211) facet in the nanoparticle
increases and Ni(111) reconstructs (see Appendix Chapter B).
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Figure 5.5: 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.

In summary, the average surface energy for the decorated nanoparticle (γ’)
at CO coverage 0.25 ML is 0.095 eV/Å2, which is 0.031 eV/Å2 less than for
the bare one (see Appendix Chapter B). Therefore, the nanoparticle under
product-rich conditions has more surface Ni atoms with less Ni-Ni average
coordination.

Table 5.4: Calculated surface energies γi (in eV/Å2 ) of Ni nanoparticle and ratios
fi (in %) of considered facets of infinite size Ni, based on Wulff construction.

Facet γi fi

Ni(100) 0.139 18

Ni(111) 0.120 70

Ni(211) 0.138 12

γ
′

(T,P) 0.126
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Figure 5.6: The calculated average binding energy for a CO molecule on
the different Ni surfaces versus CO coverage. The DFT results are polynomial fitted.

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 (θ =0.92ML)
Ni surfaces (see Figure 5.7). Once Ni surfaces are covered with CO, ∗H binds
weaker (lowering the selectivity for HER), see Figure 5.8. This agrees with the
experimental observations showing a drastic drop of H2 partial current density.
Thus, high CO coverage minimizes the HER path and increases selectivity.

Figure 5.7: Schematic representation of ∗H intermediate on Ni(211) surface
at 0.92 ML CO coverage.
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Figure 5.8: Gibbs free energy profiles for HER over clean metal (solid
lines) and 0.92 ML CO coverage (dashed lines) sites at -0.6 V vs. RHE (pH
7).

5.4.2 Gibbs free energy of Ni(CO)2 complexes disintegration
on N doped carbon materials

We applied the energetic formalism (see the section Methodology) from
Ouyang and co-workers177 to evaluate whether the disintegration of Ni(CO)2
from Ni NPs is possible on N-doped carbon materials. 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 5.1. The anchored Ni atom in saturated N-doped models
is coordinated either to pyridinic or 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 condition. Therefore, single Ni metal atoms with little
aggregation are expected in agreement with experiments.128 Finally, we
show that the redispersion of Ni NPs on NC2 defect (unsaturated N-doped
model) is thermodynamically possible. NiNC2 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 NC2 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
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five times in a row for nanoparticles supported on unsaturated N-doped
carbon materials.137

Figure 5.9: Gibbs free energy of Ni(CO)2 complexes disintegration. (a) Size
dependence of the Gibbs free energy (∆Gdis

NP) of Ni(CO)2, when Ni NPs is supported
on NC2 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 NC2 cavity.

Redispersion is thus possible on unsaturated materials; however, the nature
of the carrier would affect catalytic performance. 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 NiNP-
NC2 model as cavity and have calculated the ∆Gdis

NP(R, T, p) considering the
formation of Ni(CO)2 sitting at these pockets at experimental temperature
and pressure. Figure 5.9 presents the ∆Gdis

NP corresponding to Ni(CO)2 vs.
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 ∆Gdis

NP decreases at smaller R
and crosses the reference level (-2.7 eV, adsorption energy of an isolated Ni
atom in the cavity) at about 40 Å for 1 ML and 20 Å 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 4nm will disintegrate into Ni(CO)2 when supported on the NC2 at 300
K and 0.1 mbar.
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5.4.3 The mechanism for Ni NPs reconstruction

The dense layers that we have identified in section Nanoparticle shape 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 (see Fig-
ure 5.1) indicate that below a certain size, Ni(CO)x spices 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)4 that can be soluble under the reaction
conditions. We have calculated the energy needed for the formation of these
species. On nanoparticles, CO2 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 reac-
tion 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 facet with concomi-
tant elimination of Ni atoms. Figure 5.10a presents the average 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 curve).

Figure 5.10: Reconstruction of Ni(211) metal surface.(a) CO coverage de-
pendence of the average Gibbs free energy (red curve) of CO adsorption at -0.6 V
vs. RHE (pH 7) and (gray curve) desorption of Ni(CO)4. (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)4-like complexes can desorb.
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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 vi-
able. Therefore, high CO coverages would affect the stability of the edge sites
starting around 0.78 ML coverage 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 5.10b. All the data is presented in Ap-
pendix Chapter B. Once the reaction is under electrochemical potential again,
these complexes react with non-occupied defects on the unsaturated N-doped
carbon (NiNP-NC2) and effectively redisperse. This process could potentially
lead to higher activity, as shown in the experiments.137

5.5 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 Ni1+ oxidation state. NiN3 exhibits the-
oretically 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 NC2. 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 com-
plete 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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Chapter 6

Temperature dependent
distribution of CO2
electrochemical reduction on
CoTPP/MWCNT catalyst

Among the various classes of catalytic materials, molecular catalysts that con-
sist of ligands bound to metal ions have chemically modifiable structures that
allow their activity to be tuned quite precisely. In this chapter DFT was
used to understand experimental findings on the selectivity of molecular cata-
lyst, Cobalt(II)-tetraphenyl porphine (CoTPP)/multiwalled carbon nanotube
(MWCNT) towards different eCO2RR products. Cobalt(II)-phthalocyanine
(CoPc) deposited on carbon nanotube (CNT) and FeN4C models were used to
benchmark the obtained results. Calculations for HER were performed for all
three materials while intermediates toward CH2OH, and CH4 were performed
for CoTPP/MWCNT, toward CH3OH for CoPc/CNT and toward CH4 for the
FeN4C.
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6.1 Methodology

6.1.1 Computational details

To model CoTPP/MWCNT and CoPc/CNT catalysts, a graphene layer ex-
panded in a (9×9) supercell was used and embedded complexses. These layers
were interleaved by 18 Å vacuum along the Z-direction. In order to model
atomically-dispersed FeN4C carbon structures, graphene layer expanded in
a (6×6) supercell replacing four C atoms by nitrogens and removing two C
atoms. These layers were interleaved by 12 Å vacuum along the Z direction.
The kinetic energy cutoff was set at 500 eV for all the models. We investi-
gated competitive eCO2RR and HER, where structures were relaxed with a
force threshold of 0.05 eV/Å. The Brillouin zone was sampled using a 2×2×1
k-point mesh for CoTPP/MWCNT and CoPc/CNT, and 3×3×1 k-point mesh
for FeN4C generated with the Monkhorst–Pack method.55

6.2 Characterization of CoTPP/MWCNT catalyst

The CoTPP/MWCNT catalyst was characterized by high-resolution transmis-
sion electron microscopy (HRTEM) and scanning electron microscopy (SEM).
Both methods suggest a strong interaction existing between MWCNT and
CoTPP as intended. Raman spectroscopy was employed for further charac-
terization of the CoTPP/MWCNT catalyst. The Raman spectra of MWCNT
exhibit two characteristic peaks the D-band (ca. 1314 cm−1) is assigned to
the sp3 hybridized carbon or the disordered nanotube structure183,184 and
the G-band (ca. 1575 cm−1) correspond to the sp2 hybridized carbon atoms
which are generated by tangential vibrational mode of the nanotubes. CoTPP
peaks in a range of 300-1600 cm−1 are visible and originate from the sym-
metric and asymmetric stretching and bending molecular vibrational modes
of chemical species.185 The existence of such interactions can also be experi-
mentally proven with 1H NMR.186 In that study a Ru complex, with aromatic
ligands, was deposited on MWCNT, where the experimental and DFT results
show existence of CH-π interactions, therefore we suggest a similar behavior
for our system. The formation of the catalyst is observed from the change in
the intensity ratio (ID/IG), which are 0.40 and 0.46 for pristine MWCNT and
the catalyst, respectively. The intensity ratio of the D band to the G band
(ID/IG) corresponds to the amount of sp3-hybridized carbon atoms on the sp2

conjugated carbon materials.187

Co in CoTPP is in a square planar configuration, while phenyl groups
are in perpendicular configuration, where hydrogen atoms of the phenyl rings
interact with the π system of the MWCNT forming multiple CH–π inter-
actions186,188,189 (see Figure 6.1a). Each of the four aromatic rings form
two CH-π interactions, where the H···C distances go from 2.65Å to 3.33Å.
In order to benchmark experimental findings over CoTPP/MWCNT cata-
lyst, CoPc/CNT190(see Figure 6.1b) and FeN4C (see Figure 4.1) are modelled.
CoPc complex is in a square planar configuration; where phenyl rings interact
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with the π system of the MWCNT forming multiple π–π interactions. Inter-
action between both π systems are around 3.5Å, adsorption energies of clean
CoTPP and CoPc complexes on the graphen layer are -1.94 eV and -2.28 eV,
respectively.

Figure 6.1: Computational models. Structures of the (a) CoTPP/MWCNT
catalyst and (b) CoPc/CNT, where C is in grey, N in purple, Co in blue, and H in
white.

6.3 Catalytic performance of CoTPP/MWCNT
catalyst

From the experimental results we can conclude that the CoTPP is active to-
ward CO2 reduction reaction when deposited on MWCNT. From Cyclic volta-
mograms is evident that water reduction is occurring at elevated temperature
and increased potential. As a result of simultaneous electrocatalytic reduc-
tion of CO2, H2O, and subsequent reduction of CO the gas chromatography
(GC) detected H2, CO and CH4 as gaseous products. At the end of the con-
trolled potential electrolysis, catholyte was collected and analyzed with high-
performance liquid chromatography (HPLC). In these measurements, HCOO−

and CH3OH were detected as liquid products. HCOO− is generated with a low
Faradaic efficiency, and thus low partial current density, therefore formate is
excluded from the discussion. Furthermore, CV experiments were performed
at room temperature (20◦C), 30◦C, 40◦C and 50◦C in N2 and CO2 saturated
electrolytes to elucidate the direct proton and H2O reduction mechanism. At
40◦C and 50◦C H2O reduction becomes predominant.191

Regarding the selectivity in terms of Faradaic efficiencies, we noticed
two trends in the product distribution influenced by the temperature over
CoTPP/MWCNT catalyst. With increasing temperature, the formation of
H2 is increasing, while for the CH3OH, CO, and CH4 the opposite trend is
observed. An exception is observed at -0.6 V vs. RHE, where FE of CO is
increasing with the temperature until 40◦C and at 50◦C when it decreases.
Figure 6.2 shows the FE of detected products, while partial current densities
are shown in Figure 6.3. FE and partial current density of H2 both increase
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Figure 6.2: Product analysis. Faradaic efficiency of the detected products at
studied temperatures at (a) -0.6 V, (b) -0.8 V, and (c) -1.0 V vs. RHE over the
CoTPP/MWCNT catalyst, plotted against the obtained products. The data were
obtained by CA for 4 hours, performed in 0.1 M KHCO3 aqueous electrolyte saturated
with CO2 (pH 6.8).
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with temperature and potential, with FE being close to 60% at 50◦C and -1.0
V vs. RHE. One of the reasons could be solubility which is a function of the
temperature, where CO2 with increasing temperature is getting less soluble
in water, while the solubility of H2 is constant and low.192

Consenquently, the H2 formation is increasing beacuse of the low CO2 sol-
ubility in water. A large contribution to the current generation comes from
the direct reduction of H+ and/or H2O to H2. The highest CO formation was
observed at room temperature and -0.8 V vs. RHE with FE of 57%. Syngas
was produced at 30◦C and higher temperatures and at -0.8 V vs. RHE, where
the ratios of CO and H2 are close to 1:1. The temperature influence could
be a way to control ratios for syn-gas formation. Significantly in the design
of metgas plants, ratios of CO and H2 are accommodated to be 1:2 to drive
CH3OH synthesis.?, 193 At room temperature and -0.6 V vs. RHE the main
product is CH3OH, while at the same potential production of CH3OH is de-
creasing with increasing temperature. eCO2RR proceeds in such a way that
adsorbed CO2 reduces via parallel pathways to liquid and gaseous products
CH3OH and CO. Therefore, a considerable amount of CO is desorbed from
the electrocatalyst surface before further reduction and it is suggested to be
an intermediate species during the formation of the liquid products. An inter-
esting trend occurs with decreasing the potential, at -0.6 V the FE of CH3OH
and CO is relatively the same, 40% and 38% respectively. Once the potential
decreases to -0.8 V vs. RHE, the FE for CH3OH reduces to 10%, while for CO
enlarges to 57 %. The formation of CH4 was observed only at -1.0V vs. RHE
and elevated temperatures (40◦C and 50◦C), with FE being more than 35%.

Figure 6.3: Partial current analysis. Partial current densities of the detected
products at studied temperatures at (a) -0.6 V, (b) -0.8 V, and (c) -1.0 V vs. RHE
over the CoTPP/MWCNT catalyst, plotted against the obtained products. The data
were obtained by CA for 4 hours, performed in 0.1 M KHCO3 aqueous electrolyte
saturated with CO2 (pH 6.8).
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6.4 CO2 reduction pathway

Upon adsorption and reduction of CO2, the first main intermediate is ∗CO
(Figure 6.4a). Releasing CO would regenerate the catalyst; otherwise, ∗CO
can further hydrogenate to ∗CHO. This is a key intermediate from which
different products can be obtained. On the one hand, hydrogenation of the
C atom yields formaldehyde ∗CH2O through a O–M bond, which can either
desorb or keep reacting to eventually form CH3OH (Figure 6.4b). On the other
hand, hydrogenation of the O atom produces ∗CHOH via a C–M bond, which
can evolve to CH3OH (two proton and electron transfers) or CH4 and H2O
(four proton and electron transfers) depending on the hydrogenation pathway
(Figure 6.4c). Alternatively, the initial ∗CO could also hydrogenate to ∗COH
(Figure 6.4d). Additional hydrogenation with concomitant water elimination
could produce ∗C.194 This intermediate can accept up to four protons and
electrons to finally yield CH4. However, this mechanism is not chemically
possible for single atom metals as carbon needs to form four bonds.

Figure 6.4: Electrochemical CO2 reduction network. Reaction mechanism
towards (a) CO, (b) CH3OH, (c) CH4 and side product CH3OH, and (d) CH4 on
CoTPP/MWCNT.
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6.5 Understanding product selectivity

There are ways to understand product selectivity based on the DFT results.
One way would be to determine the oxophilicity of the catalyst, which corre-
lates with the binding energy of Oads, and is the main descriptor for selectivity
between CH4 and CH3OH.195 In that work, the authors studied selectivity over
transition metals. CH3OH was detected on the poorly oxophilic Au metal sur-
face, while CH4 was found for the strongly oxophilic Fe. To benchmark this
approach we applied this theory to our case, CoTPP/MWCNT and a reference
FeN4 catalyst, see Figure 6.5. The bonding energy of ∗O to CoTPP/MWCNT
is -2.65 eV, and to the reference FeN4 model is 1.18 eV more exothermic.
Indeed, on FeN4 active sites the formation of CH4 was detected196 thus re-
inforcing the validity of the approach. A second descriptor for selectivity
corresponds to energy of oxygen bonding ∗OCH2, where the most exothermic
energy has CoTPP/MWCNT. All three materials have exothermic ∗H bind-
ing energy with CoTPP/MWCNT having the lowest -1.07 eV at -0.6 V vs.
RHE. From all of this findings we can conclude that CoTPP/MWCNT and
CoPc/CNT are able to produce CH3OH, while FeN4 forms CH4.

Table 6.1: Gibbs free energies of ∗OCH2, ∗OCH3, ∗CHOH, and ∗CH2OH at -0.6
V vs. RHE , where energies were obtained with the respect to reactants (CO2 and
support(∗)). OCH2 binding energy was calculated respect to OCH2 molecule and
∗.(colored row)

CoTPP/MWCNT CoPc/CNT FeN4

∗OCH2 -4.26 -2.26 -2.98

∗OCH3 -4.52 -3.36 -4.55

∗CHOH -3.09 -1.47 -3.87

∗CH2OH -5.41 -4.31 -4.68

∗OCH2 -1.21 -0.32 -0.37

Furthermore to investigate the product formation pathway, electrolysis of
HCOOH acid and CH2O was performed. Interestingly, when HCOOH was re-
duced only H2 formation is observed, while CH2O is producing both CH3OH
and CH4. From CH2O reduction, we get ∗OCH3, where oxygen bonding gives
alcohols while ∗CH2OH the carbon bonding leads to fully reduced hydrocar-
bons.197 The difference in these systems can be noticed between oxygen bond-
ing ∗OCH2 and carbon bonding ∗CHOH intermediates. For CoTPP/MWCNT
and CoPc/CNT the ∗OCH2 is more exothermic than ∗CHOH, while for FeN4

the opposite trend is observed (see Table 6.1). Furthermore the electrochem-
ical activity and selectivity were analyzed by calculating the binding energies
of the possible intermediates. The Gibbs free energy network for the different
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Figure 6.5: Gibbs free energy profiles for eCO2RR over CoTPP/MWCNT and
FeN4 towards CH4 at -1.0 V vs. RHE (pH 6.8).

product pathways is presented in Figure 6.6. Compared to previous results
in the literature, at room temperature different Co complexes predominately
produce CO, except for the CoPc/CNT190 catalyst which produces CH3OH.
When the CoTPP was used but supported in a different material, CNT insted
of MWCNT, CoTPP/CNT198 90% of CO production at -0.68 V vs. RHE were
reported.

Figure 6.6: Gibbs free energy profiles. Energy diagrams for eCO2RR over
CoTPP/MWCNT. (a) Towards CH3OH at -0.6 V vs. RHE, (b) CO and at -0.8 V vs.
RHE, and (c) CH4 at -1.0 V vs. RHE (pH 6.8).
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In contrast, in this study at room temperature (20◦C) and -0.6 V vs. RHE
we observe the production of CH3OH. From simulations, ∗CO is determin-
ing intermediate to produce higher value products and in Figure 6.6b the
pathway towards CO is shown at -0.8 V. In the Figure 6.5 we can see that
CoTPP/MWCNT binds CO weaker than FeN4C does.

At the lower potential region, desorption of CO is accelerated by higher
temperature as indicated by the increasing total yield of CO (total current
times FE) with the temperature.185,199 The protonation of ∗CO to ∗CHO
is exothermic for CoTPP/MWCNT catalyst, which makes CO easier to pro-
tonate towards CH3OH. As mentioned at room temperature with reducing
potential, FE and J of CO increases at -0.8 V comparing to -0.6 V vs. RHE.
According to the DFT at -0.8 V vs. RHE, more exothermic, which means it
would make CO harder to desorb (Figure 6.7). The reason for a difference
in results could be a structural change of an active site during the reaction,
porphyrin complexes have a reductive decomposition of the macrocycle.200,201

The influence of structural features of catalytic sites, meaning the number of
coordinated N atoms, and configuration of phenyl groups, plays an impor-
tant role. The results for CO2 reduction obtained over CoPc/CNT catalyst190

show that at -0.82 V around 80 % of CO gets produced, and at -0.94 V vs.
RHE around 44% of CH3OH is formed (see Figure 6.8). Figure 6.7 presents
Gibbs free energy diagram for CoTPP/MWCNT and CoPC/CNT molecular
catalysts at -0.6 V vs. RHE. Comparing ∗CO binding energies between sys-
tems, a difference of 2.43 eV. CoTPP/MWCNT catalyst binds CO stronger
than CoPc/CNT, that is the reason why at -0.6 V CH3OH gets produced.
According to binding energy of ∗CO to CoPc/CNT at -0.8 V potential. CO
gets desorbed rather than going further to produce CH3OH.

Figure 6.7: Gibbs free energy profile for eCO2RR over CoTPP/MWCNT and
CoPc/CNT towards CH4 at -0.6 V vs. RHE (pH 6.8).
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In the Figure 6.6a the pathways towards forming CH3OH are presented
for CoTPP/MWCNT. As we confirmed the oxygen bonding of CH2O is more
favourable for CoTPP/MWCNT catalyst, the reduction will continue through
∗OCH3 intermediate. Based on our result the ∗OCH3 and ∗CH2OH are similar
in energy, thereby both possibilities would be possible. In the case of CH4

formation (Figure 6.4d), we can go through ∗COH or ∗CHO intermediate,
where the ∗COH intermediate is higher in energy by 1.94 eV, therefore the
pathway is excluded. As CH4 is traced at elevated temperatures and low
potential, there is a way it can be produced from reduction of CH3OH or can
be reduced to CH4 through ∗CH2OH and ∗CH3 intermediates.

Figure 6.8: Comparison of catalytic performance. Product selectivity (FE)
and partial current densities of CH3OH and CO over (a) CoTPP/MWCNT and (b)
CoPc/CNT (Ref.190) at different potentials.

Increasing temperature to 30◦C seems to favor the production of CO and
CH3OH, because the mass transport of CO2 can be improved by increasing its
solubility by adjusting the pressure and the temperature.202 Mass transfer can
be enhanced with the modulation of the H2O surface tension that occurs at
elevated temperatures. The modulation of surface tension may help to increase
the wettability of the electrode surface, which may contribute to decrease of
the diffusion layer thickness and hence the mass transfer.203
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6.6 Conclusions

In this chapter, study supported with both experimental and theoretical results
is presented which helped to unravel two interesting features (i) the improved
activity for the liquid product formation compared to earlier published studies,
and (ii) the temperature dependent products distribution favouring hydrogen
production at elevated temperatures. It has been shown that improved activity
of the hybrid catalyst is due to the interaction between the CoTPP catalytic
active centers and electron conducting MWCNTs. Furthermore comparing the
structure of the CoTPP and CoPc complex plays an important role in activ-
ity of the catalyst. Temperature affects both the gaseous and liquid product
formation, making differences in the balance of energy of the different routes
in the mechanism that impact product distribution. Notably, FE of CH3OH
decreases with temperature and in contrary FE of CO increases which in-
dicates that the temperature enhances the desorption of CO before further
reduction. CoTPP/MWCNT is poorly oxophilic comparing to FeN4, indeed it
has an affinity to produce CH3OH. Also, the efficiency of the competing HER
increases with the increasing temperature and overpotential. It is suggested
from CVs that the H2 is produced from both direct proton and H2O reduction.
The outstanding methanol production observed at room temperature and low
potential points toward a interface design to improve product selectivity.
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Chapter 7

General conclusions

Electrocatalysis plays an important role in clean energy conversion, because
it would allow sustainable production of a broad range of chemicals and
fuels. Electrochemical CO2 reduction reaction over single site catalysts was
investigated using DFT simulations coupled with Computational Hydrogen
Electrode formalism. In Chapter 3 I described the importance of understand-
ing the fundamental mechanisms of single-atom catalysis to design systems
with improved performance and stability. In addition the crystal field theory
within coordination chemistry is explained for anchored homogeneous-like
MNx centers. In Chapter 4 I establish experimental and theoretical correla-
tions between physiochemical and catalytic properties for the CO2 reduction
towards CO for MNC catalyst. In Chapter 5 I explained the process of
Ni nanoparticles reconstruction by the disintegration of Ni(CO)2 complex,
by applying Oswald formalism, on N-doped carbon materials. Finally, in
Chapter 6 I unravelled the CO2 reduction product influenced by changing
potential and the temperature over modelled CoTPP/MWCNT catalyst. The
conclusions specified by Chapter are summarized below.

With respect to the volcano trend in electrocatalytic CO2 reduction activity
over atomically dispersed metal sites on Nitrogen-doped Carbon:

� Among the best performing materials, Fe2+N4-H2O and Co2+N4-H2O
catalyst were theoretically found as the most likely active catalytic cen-
ters at studied potentials, whereas Ni1+N4 was predicted as the most
active Ni-based one.

� The Gibbs free energy change at the RDS accounted for the experimen-
tally determined activity volcano, with Co-, Fe-, and Ni-based systems
showing the best compromise between ∗CO and ∗CO−2 binding energies.

� Regarding selectivity, the difference between the binding energies for
∗CO−2 and ∗H, directly related to the number of d-antibonding electrons,
described successfully the high selectivity observed on Fe and Ni catalysts
and the more favoured HER observed over the Co based one.
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With respect to the stability and redispersion of Ni nanoparticles supported
on N-doped carbons for the electrochemical CO2 reduction

� The optimal activity and selectivity are found for NiN3 model, in which
Ni is in Ni1+ oxidation state.

� NiN3 exhibits theoretically low onset potential in agreement with CO
high rates.

� Saturated N-doped materials are selective towards CO formation.

� Redispersion of Ni nanoparticles happens by disintegration of Ni(CO)2-
like complex, when Ni nanoparticles are supported on N-doped unsatu-
rated support such as NC2.

� A mechanism of Ni(211) surface reconstruction was developed. Recon-
struction is possible only at high CO coverages around 8/12 ML by the
formation of Ni(CO)4 species.

� At 0.92ML CO coverage (Θ=0.92ML) Ni surfaces bind ∗H weaker, which
means the selectivity for HER is decreasing.

With respect to the temperature dependent selectivity of CO2 electrochemical
reduction on CoTPP/MWCNT catalyst

� The improved activity of CH3OH at lower overpotential (-0.6 V vs. RHE)
is achieved.

� Increasing temperature to 30◦C favours production of CO and CH3OH,
while H2 formation gets produce at elevated temperatures.

� Employing temperature could be a way of controlling the ratio of CO
and H2 for syngas production.

� The CoTPP/MWCNT catalyst is poorly oxophilic, which correlates with
the binding energy of Oads, thus making the catalyst selective towards
CH3OH.

� The ∗OCH2 intermediate is for -1.17 eV more exothermic than ∗CH2OH.
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Appendix A

Structural characterization
data

A.1 Structural parameters for studied models

Tables A.1-A.3 list structural parameter such as distance between metal and
local environment for MN4-, Ni saturated and unsaturated N-doped, CoTPP,
and CoPc materials. The label RM-N or RM-C, stands for distance between
certain metal and Nitrogen or Carbon atom.

Table A.1: Structural metal-nitrogen/oxygen distances obtained for MN4- calculated
model structures (in Å).

RM-N RM-O

MnN4-H2O 1.91 2.40

FeN4-H2O 1.89 2.33

CoN4-H2O 1.89 2.31

ZnN4-H2O 1.97 2.35

FeN4-OH 1.90 1.81

MnN4-O 1.95 1.58
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Table A.2: Structural Ni-nitrogen/carbon distances obtained for Ni saturated and
unsaturated N-doped calculated model structures (in Å).

RNi-N/C

NiN4 1.88

NiN3 1.80

NiN3C 1.89

NiC4 1.88

NiNC3 1.89

NiC3 1.74

NiNC2 1.77

Table A.3: Structural Co-nitrogen distances obtained for CoTPP and CoPc calcu-
lated model structures (in Å).

RCo-N

CoTPP 1.97

CoPc 1.91

A.2 Oxidation sate of embedded metals

A.2.1 Magnetization and Bader charge

Tables A.4-A.6 list magnetization and Bader charges of the embedded metal
in studied materials such as MN4-, Ni saturated and unsaturated N-doped,
CoTPP/MWCNT, and CoPc/CNT.
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Table A.4: Magnetisation and Bader charges for MN4-like catalysts.

∗ ∗CO−2
∗COOH ∗CO ∗H+

MnN4 µn 2.89 2.89 2.08 1.14 2.12

q(Mn)(|e−|) 1.36 1.36 1.35 1.35 1.33

FeN4 µn 1.82 0.00 0.81 0.00 0.92

q(Fe)(|e−|) 1.13 1.11 1.09 1.06 1.07

CoN4 µn 0.82 0.57 0.00 0.00 0.00

q(Co)(|e−|) 0.94 0.95 0.94 0.96 0.93

Ni(I)N4 µn 0.78 0.00 0.38 0.89 0.37

q(Ni)(|e−|) 0.75 0.82 0.93 0.92 0.89

NiN4 µn 0.00 0.00 0.38 0.00 0.37

q(Ni)(|e−|) 0.86 0.82 0.93 0.88 0.89

CuN4 µn 0.54 0.44 0.00 0.54 0.52

q(Cu)(|e−|) 0.95 0.93 0.90 0.96 1.05

ZnN4 µn 0.00 0.00 0.00 0.00 0.00

q(Zn)(|e−|) 1.14 1.08 1.17 1.16 0.97

MnN4-H2O µn 2.96 1.58 2.04 1.12 2.11

q(Mn)(|e−|) 1.42 1.33 1.39 1.32 1.41

FeN4-H2O µn 0.00 0.00 0.01 0.00 0.90

q(Fe)(|e−|) 1.19 1.11 1.19 1.06 1.14

CoN4-H2O µn 0.88 0.61 0.00 0.40 0.00

q(Co)(|e−|) 1.05 0.96 1.02 1.03 0.99

MnN4-O µn 0.46 0.45 2.07 2.03 0.02

q(Mn)(|e−|) 1.57 1.54 1.46 1.64 1.49

FeN4-OH µn 1.04 0.29 0.86 0.00 0.92

q(Fe)(|e−|) 1.28 1.26 1.30 1.24 1.22
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Table A.5: Magnetisation and Bader charges for MN4-like catalysts.

∗ ∗CO−2
∗COOH ∗CO ∗H+

NiN4 µn 0.00 0.00 0.00 0.96 0.34

q(Ni)(|e−|) 0.86 0.85 0.93 0.92 0.90

NiN3C µn 0.02 0.01 0.00 0.10 0.12

q(Ni)(|e−|) 0.75 0.72 0.86 0.82 0.87

NiN3 µn 1.27 1.23 0.74 1.10 0.73

q(Ni)(|e−|) 0.84 0.93 1.05 0.72 0.88

NiC4 µn 0.00 0.00 0.00 0.00 0.10

q(Ni)(|e−|) 0.64 0.61 0.65 0.64 0.61

NiNC3 µn 0.36 0.19 0.00 0.00 0.00

q(Ni)(|e−|) 0.67 0.68 0.72 0.70 0.65

NiC3 µn 0.00 0.00 0.00 0.00 0.10

q(Ni)(|e−|) 0.58 0.63 0.49 0.48 0.45

NiNC2 µn 1.26 0.00 0.00 0.00 0.00

q(Ni)(|e−|) 0.72 0.56 0.72 0.73 0.53
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Table A.6: Magnetisation and Bader charges for CoTPP/MWCNT catalysts.

µn q(Co)(|e−|)

∗ 0.98 1.12

∗H 0.00 1.01

∗CO2 0.84 1.09

∗COOH 0.00 1.02

∗CO 0.70 1.10

∗CHO 0.00 0.99

∗OCH2 0.97 1.14

∗OCH3 1.34 1.23

∗CHOH 0.26 1.07

∗H2CHO 0.00 1.03

∗COH 0.00 0.98

∗C 0.79 0.99

∗CH 0.39 1.06

∗CH2 0.00 1.14

∗CH3 0.00 1.06

∗O 1.75 1.36

∗OH 1.41 1.28

A.2.2 Determining oxidation state

The computed magnetization of embedded metal and geometry of chosen de-
fect becomes useful to determine oxidation state of the metal using crystal
field theory. Figures A.1-A.3 present the crystal field energy splitting for the
studied materials.
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Figure A.1: The crystal field theory splitting of the metal d block for (a) FeN4-
H2O (square-based pyramidal) (b) CoN4-H2O (square-based pyramidal) (c) Ni(II)N4

(square planar) and (d) Ni(I)N4 (square planar). Ligands are represented with white
spheres, and metal with yellow sphere.
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Figure A.2: The crystal field theory splitting of the metal d block for (a) Ni(II)N4

(square planar) and (b) Ni(I)N4 (trigonal planar). Ligands are represented with white
spheres, and metal with yellow sphere.
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Figure A.3: The crystal field theory splitting of the metal d block for CoTPP and
CoPc complexes (square planar). Ligands are represented with white spheres, and
metal with yellow sphere.

102

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL STUDIES OF SINGLE-SITE CATALYSTS FOR EFFICIENT ELECTROCHEMICAL CO2 REDUCTION 
Paulina Pršlja 



Appendix B

Additional methodological
details

B.1 Construction of Ni nanoparticle at different CO
coverages

In order to calculate surface energy of Ni NPs at certain CO coverage, than
CO adsorption should be considered on all three facets separately. Therefore
I calculated average binding energies E

′
CO for all three facets at 0.25 ML, 0.50

ML, 0.75 ML, and 1 ML CO coverage (see Table B.1). Table B.2 lists the
reduction of surface energy ∆γi and effective surface energy γ

′
i of supported

Ni particles with CO adsorbate. Once the the reduction of surface energies is
calculated, than the surface energy of Ni NPs at certain CO coverage can be
calculated by

γ’(T, p) =
∑
i

fi[γi + ∆γi(T, p)]. (B.1)

Table B.3 lists the surface energy and ratios at certain CO coverage of the
facetes and surface energy of the Ni NP. Figure B.1 presents Wullf construction
of Ni NP at CO coverages 0.25 ML, 0.50 ML, 0.75 ML, and 1.00 ML.
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Table B.1: Average adsorption energies of CO (in eV/CO molecule) for different
coverages and surface unit area of the facet ”i” (in Å2)

Ni(100) Ni(111)) Ni(211)

A 74.44 85.95 60.84

Ai 6.20 5.37 5.07

ECO-0.25 ML -1.34 -1.37 -1.28

ECO-0.50 ML -1.29 -1.21 -1.13

ECO-0.75 ML -0.98 -0.71 -0.69

ECO-1.00 ML -0.36 0.55 0.14

Table B.2: Calculated surface energies of Ni particle before γi and after CO ad-
sorption γ

′

i and ratio fi, f
′

i of considered facets of infinite size Ni based on Wulff
construction. Ratios are presented in (%) and γi in (eV/Å2)

θ 0.25 ML 0.50 ML 0.75 ML 1.00 ML

∆γ100(T,p) -0.024 -0.042 -0.027 0.064

∆γ111(T,p) -0.028 -0.042 0.007 0.243

∆γ211(T,p) -0.024 -0.036 0.011 0.178

γ
′
100(T,p) 0.016 0.015 0.068 0.201

γ
′
111(T,p) 0.078 0.067 0.050 0.000

γ
′
211(T,p) 0.000 0.000 0.000 0.004
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Table B.3: Calculated surface energies of Ni facets after CO adsorption γ
′

i and ratio

f
′

i of considered facets of infinite size Ni based on Wulff construction. Ratios are
presented in (%) and γi in (eV/Å2)

θ 0.25 ML 0.5 ML 0.75 ML 1.00 ML

γi fi γi fi γi fi γi γi

Ni(100) 0.116 14 0.102 15 0.149 61 0.203 99

Ni(111) 0.092 86 0.078 85 0.127 39 0.363 0

Ni(211) 0.114 0 0.102 0 0.149 0 0.316 1

γ
′

(T,P) 0.095 0.081 0.118 0.204

Figure B.1: Wulff construction based on the surface energies calculated by first
principle theory. (a) Ni nanoparticle with 0.25 ML coverage of CO. (b) Ni nanoparticle
with 0.5 ML coverage of CO. (c) Ni nanoparticle with 0.75 ML coverage of CO. (d)
Ni nanoparticle with 1.0 ML coverage of CO. Ni(100) surface is represented in green
color, Ni(111) surface with gray color, and Ni(211) surface with blue color.
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B.2 Reconstruction of Ni(211)

Tables B.4 and B.5 present Gibbs free energies of CO molecule adsorption and
desorption, while desorption energies of Ni(CO)4 compound are presented in
Table B.6. CO adsorption follows as ∗ + nCO + n2H+ + n2e− → ∗CO +nH2O
and is calculated with applied CHE formalism as:

∆GDFT = nG(∗CO) + nG(H2O)− nG(∗)− nG(CO2)− nG(H2) (B.2)

Table B.4: Gibbs free energies of CO molecule adsorption depending on the coverage
of Ni(211) metal surface at -0.6 V vs. RHE and pH 7. All energies in eV.

θ (ML) ∆Ga-nCO ∆Ga-nCOave

∆Ga-1CO 0.08 -2.50 -2.50

∆Ga-2CO 0.17 -5.31 -2.66

∆Ga-3CO 0.25 -7.76 -2.59

∆Ga-4CO 0.33 -10.18 -2.54

∆Ga-5CO 0.42 -12.59 -2.52

∆Ga-6CO 0.50 -14.59 -2.43

∆Ga-7CO 0.58 -15.70 -2.24

∆Ga-8CO 0.67 -17.80 -2.23

∆Ga-9CO 0.75 -17.90 -1.99

∆Ga-10CO 0.83 -17.04 -1.70

∆Ga-11CO 0.92 -16.13 -1.47

∆Ga-12CO 1.00 -13.94 -1.16
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Table B.5: Gibbs free energies of CO molecule desorption depending on the coverage
of Ni(211) metal surface at -0.6 V vs. RHE and pH 7. All energies in eV.

θ (ML) ∆Gd-nCO ∆Gd-nCOave

∆Gd-1CO 0.08 1.15 1.15

∆Gd-2CO 0.17 2.22 1.11

∆Gd-3CO 0.25 3.13 1.04

∆Gd-4CO 0.33 4.00 1.00

∆Gd-5CO 0.42 4.87 0.97

∆Gd-6CO 0.50 5.33 0.89

∆Gd-7CO 0.58 4.90 0.70

∆Gd-8CO 0.67 5.45 0.68

∆Gd-9CO 0.75 4.01 0.45

∆Gd-10CO 0.83 1.61 0.16

∆Gd-11CO 0.92 -0.84 0.08

∆Gd-12CO 1.00 -4.58 -0.38

Table B.6: Gibbs free desorption energies of Ni(CO)4 (in eV).

θ (ML) ∆GNi(CO)4
∆GNi(CO)4

ava

0.09 4.29 1.07

0.18 3.73 0.93

0.27 2.16 0.54

0.36 2.19 0.55

0.45 -0.69 -0.17

0.55 -3.66 -0.91

0.64 -6.37 -1.59

0.73 -9.57 -2.39
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art and challenges in theoretical simulations of heterogeneous catalysis
at the microscopic level, Catal. Sci. Technol. 2012, 2, 2405–2417.

[48] Wang, Y.; Perdew, J. P. Correlation hole of the spin-polarized electron
gas, with exact small-wave-vector and high-density scaling, Phys. Rev.
B 1991, 44, 13298–13307.

[49] Ernzerhof, M.; Scuseria, G. E. Assessment of the Perdew-Burke-
Ernzerhof exchange-correlation functional, J. Chem. Phys. 1999, 110,
5029–5036.

[50] Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized gradient approxi-
mation made simple, Phys. Rev. Lett. 1996, 77, 3865–3868.

112

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL STUDIES OF SINGLE-SITE CATALYSTS FOR EFFICIENT ELECTROCHEMICAL CO2 REDUCTION 
Paulina Pršlja 



[51] Hammer, B.; Hansen, L. B.; Norskov, J. K. Improved adsorption en-
ergetics within density-functional theory using revised Perdew-Burke-
Ernzerhof functionals, Phys. Rev. B 1999, 59, 7413–7421.
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[59] Blöchl, P. E. Projector augmented-wave method, Phys. Rev. B 1994,
50, 17953–17979.

[60] Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method, Phys. Rev. B 1999, 59, 1758–1775.

[61] Kresse, G.; Furthmüller, J. Efficiency of ab-initio total energy calcula-
tions for metals and semiconductors using a plane-wave basis set, Com-
put. Mater. Sci. 1996, 6, 15–50.

[62] Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accu-
rate ab initio parametrization of density functional dispersion correction
(DFT-D) for the 94 elements H-Pu, J. Chem. Phys. 2010, 132,.

[63] Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized gradient approxi-
mation made simple, Phys. Rev. Lett. 1996, 77, 3865–3868.

[64] Chan, K.; Tsai, C.; Hansen, H. A.; Nørskov, J. K. Molybdenum sul-
fides and selenides as possible electrocatalysts for CO2 reduction, Chem-
CatChem 2014, 6, 1899–1905.

[65] Granda-Marulanda, L. P.; Rendón-Calle, A.; Builes, S.; Illas, F.;
Koper, M. T.; Calle-Vallejo, F. A semiempirical method to detect and
correct DFT-based gas-phase errors and its application in electrocataly-
sis, ACS Catal. 2020, 10, 6900–6907.

113

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL STUDIES OF SINGLE-SITE CATALYSTS FOR EFFICIENT ELECTROCHEMICAL CO2 REDUCTION 
Paulina Pršlja 
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Montpellier Cedex 5, France
‡Institute of Chemical Research of Catalonia, ICIQ, The Barcelona Institute of Science and Technology, Av. Països Catalans, 16,
43007 Tarragona, Spain
§Institute for Chemical and Bioengineering, Department of Chemistry and Applied Biosciences and ∥Laboratory of Inorganic
Chemistry, Department of Materials, ETH Zurich, Vladimir-Prelog-Weg 1, 8093 Zurich, Switzerland
⊥The Department of Chemical and Biological Engineering, Center for Micro-Engineered Materials (CMEM), University of New
Mexico, Albuquerque, New Mexico 87131, United States
#Chemical and Biomolecular Engineering, University of California Irvine, Irvine, California 92697, United States
¶Synchrotron SOLEIL, L’Orme des Merisiers, BP 48 Saint Aubin, 91192 Gif-sur-Yvette, France

*S Supporting Information

ABSTRACT: The development of catalysts for electrochemical reduction of carbon
dioxide (eCO2RR) with high activity and selectivity remains a grand challenge to
render the technology useable. As promising candidates, metal−nitrogen−carbon
(MNC) catalysts with metal atoms present as atomically dispersed metal−Nx moieties
(MNx, M = Mn, Fe, Co, Ni, and Cu) were investigated as model catalysts. The
distinct activity for CO formation observed along the series of catalysts is attributed to
the nature of the transition metal in MNx moieties because of otherwise similar
composition, structure, and morphology of the carbon matrix. We identify a volcano
trend between their activity toward CO formation and the nature of the transition
metal in MNx sites, with Fe and/or Co at the top of the volcano, depending on the
electrochemical potential. Regarding selectivity, FeNC, NiNC, and MnNC had Faradaic efficiency for CO >80%. To correctly
model the active sites in operando conditions, experimental operando X-ray absorption near edge structure spectroscopy was
performed to follow changes in the metal oxidation state with electrochemical potential. Co and Mn did not change the
oxidation state with potential, whereas Fe and Ni were partially reduced and Cu largely reduced to Cu(0). Computational
models then led to the identification of M2+N4−H2O as the most active centers in FeNC and CoNC, whereas Ni1+N4 was
predicted as the most active one in NiNC at the considered potentials of −0.5 and −0.6 V versus the reversible hydrogen
electrode. The experimental activity and selectivity could be rationalized from our density functional theory results, identifying
in particular the difference between the binding energies for CO2*

− and H* as a descriptor of selectivity toward CO. This in-
depth understanding of the activity and selectivity based on the speciation of the metals for eCO2RR over atomically dispersed
MNx sites provides guidelines for the rational design of MNC catalysts toward eCO2RR for their application in high-
performance devices.

KEYWORDS: CO2 electroreduction, CO2 activation, MNC catalyst, single-atom catalyst, metal−N4, electrocatalysis

1. INTRODUCTION

Global climate change triggered by anthropogenic emission of
CO2 is a growing threat to society. Direct electrochemical
reduction of CO2 (eCO2RR) to produce value-added
chemicals and fuels using renewable electricity is a promising
strategy for closing the carbon cycle. However, this early-stage
technology is challenged by the low activity and selectivity
because of the extremely stable CO bond (806 kJ mol−1) in
CO2 and the competing hydrogen evolution reaction (HER) in
aqueous electrolytes.1,2 Thus, it is of paramount importance to

identify robust catalysts with economically viable current
density at low overpotential and high selectivity toward
eCO2RR.
Large ensembles of crystallographically ordered metal atoms

(reduced metals, metal-oxides, chalcogenides, metal-oxide@
metal core@shell, etc.) have hitherto been the most studied
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family of eCO2RR catalytic sites. They can be categorized into
four types, according to their main eCO2RR products and/or
selectivity:3−5 (1) formate or formic acid for catalytic sites with
low binding energy for CO2*

− (typical examples are ensembles
based on Sn or Pb); (2) CO for catalytic sites with strong
COOH* binding but weak CO* binding (typical examples are
metallic surfaces such as Au, Ag); (3) products corresponding
to 4−12 electron reduction (HCHO, CH3OH, CH4, C2H4,
C2H5OH) for catalytic sites with less weak CO* binding
energy (metallic Cu is an outstanding material for achieving
this); (4) catalytic sites with low selectivity toward eCO2RR,
with H2 as the main product (such as Pt or Ni metallic
surfaces).
A second family of eCO2RR catalysts involves active sites

based on a single metal-atom coordinated only with nonmetal
elements. In this family, the subgroup of molecular catalysts
with a well-defined metal coordination have been studied since
the 1970s and have shown promising properties for eCO2RR.

5

In particular, some transition-metal phthalocyanines and
porphyrins with well-defined square-planar MN4 structure
presented high selectivity toward CO formation.6−9 The
electroreduction of CO2 to CO (CO2 + 2H+ + 2e− → CO
+ H2O) with standard electrochemical potential of −0.11 V
versus a reversible hydrogen electrode (RHE) is attractive as it
requires the transfer of only two electrons, leading to lower
activation barriers than for hydrocarbon formation.4 Together
with formic acid, CO has thus been identified as the
economically most appealing product of eCO2RR.

2,4 More-
over, the simultaneous production of CO and H2 (syngas) in
appropriate composition during eCO2RR on surfaces with
multiple catalytic sites may be used to prepare synthetic fuels
via a downstream Fischer−Tropsch process.10 Molecular
catalysts however have several disadvantages, such as cost
related to their synthesis, lower operando stability because of
metal leaching or chemical degradation, and poor electrical
connection with the conductive support, impeding reaching
high current densities in a CO2/water electrolyzer.

11,12

As a second subgroup of catalysts with single metal-atom
sites for eCO2RR, metal−nitrogen−carbon (MNC) materials
exclusively comprising atomically dispersed transition-metal
cations covalently bonded with nitrogen atoms (MNx
moieties) hold promise to overcome the above disadvantages
of molecular catalysts while retaining high activity and
selectivity toward CO formation.13−21 The metal-ion coordi-
nation in MNC materials resembles the local patterns existing
in metal−N4 macrocycles. Such materials were initially
developed for catalyzing the oxygen reduction reaction
(ORR), in particular in acidic medium, with focus on the
FeNx and CoNx as other MNx motives have a much lower
ORR activity.22−25 MNC materials are prepared via the self-
assembly of metal, nitrogen, and carbon atoms at a high
temperature. However, the elevated temperature and excess of
metal often lead to the formation of clusters of metal atoms
(metallic, metal-oxide, metal-carbide, etc.) along with the MNx
sites.26−28 This has for a long time impeded the elucidation of
the MNx site structures and their ORR catalytic activities.25 In
the context of eCO2RR, the presence of metal clusters along
with MNx moieties may, depending on the nature of the metal,
catalyze the HER10,29−31 and/or other pathways of eCO2RR.
This has prevented establishing clear experimental structure-
to-property relationships between the nature of the metal in
MNx and their activity and selectivity toward eCO2RR. In
addition, the presence of even a minute amount of metallic

clusters in MNC catalysts also impedes a reliable comparison
between experimental eCO2RR activity/selectivity trends for
such materials and density functional theory (DFT) results
obtained on MN4 sites.

32−34 Validation of DFT predictions on
a reasonably large series of model materials is highly important
to speed up the rational identification of more promising MNC
candidates for eCO2RR,

2 given that the library of metals
demonstrated to form MNx sites in carbon has been recently
expanded also to heavier elements such as Sn,35 Ru,36 Pt,37

Pd,37 and so on. The investigation of model MNC catalysts
exclusively comprising atomically dispersed MNx sites is thus
critical to understand their structure−performance relation-
ships and to identify the proper activity/selectivity descrip-
tor(s). Whereas numerous studies have now reported the
eCO2RR selectivity of some atomically dispersed MNC
catalysts prepared by different synthetic approaches,13,16,20,38

a single study has, to the best of our knowledge, compared the
trends in activity and selectivity for a narrow family of three
atomically dispersed MNC catalysts prepared identically except
for the nature of the metal element.21 The synthesis leaned
toward silica templating of o-phenylenediamine and Fe, Co, or
Ni salts. Whereas metal particles formed in parallel to MNx
sites during the first pyrolysis, they could be removed during
subsequent NaOH etching and acid-wash steps. However, the
formation of metallic particles during the first pyrolysis leads to
markedly different pore size distributions, in particular for
CoNC. This rendered the comparison of the materials more
complex because of expectedly different utilizations of the MNx
sites for different pore size distributions.
Herein, we applied a robust synthesis approach involving a

sacrificial Zn-based metal−organic framework (MOF) and a
metal salt (Mn, Fe, Co, Ni, or Cu) that resulted in the
complete integration of the metal atoms as atomically
dispersed MNx moieties in the N-doped carbon matrix derived
from the MOF, without formation of metallic particles. With
this series of five model MNC catalysts, a volcano trend in
their catalytic activity toward CO2 electroreduction to CO
could be revealed for the first time, with the CoN4 moieties
exhibiting the highest intrinsic activity at −0.6 V versus RHE.
Our operando spectroscopy characterization and DFT models
further reveal the importance of the speciation of the metal
center under reaction conditions in order to correctly interpret
and predict the competition between CO2 activation, CO and
H adsorption, thus providing a more accurate understanding of
the activity of eCO2RR toward CO over MNx motives.

2. EXPERIMENTAL METHODS

2.1. Catalyst Synthesis. All catalyst precursors were
prepared via dry ball-milling of the Zn(II) zeolitic imidazolate
framework (Basolite Z1200 from BASF, labeled ZIF-8), M2+

acetate (M = Mn, Fe, Co, Ni, and Cu), and 1,10-
phenanthroline. 1,10-phenanthroline (200 mg), 800 mg of
ZIF-8, and a certain amount of M2+ acetate corresponding to
0.5 wt % transition metal in the total precursor were weighed
and poured into a ZrO2 crucible with 100 zirconium-oxide
balls of 5 mm diameter. The ZrO2 crucible was then sealed
under air and placed in a planetary ball-miller (Fritsch
Pulverisette 7 Premium, Fritsch, Idar-Oberstein, Germany).
The powders were milled for four cycles of 30 min at 400 rpm
milling speed. The catalyst precursors resulting from the
milling were pyrolyzed at 1050 °C in Ar for 1 h. The obtained
catalysts were labeled MNC. A control sample was also
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synthesized according to this process, except that no separate
metal acetate was added (labeled (Zn)NC).
2.2. Scanning Transmission Electron Microscopy. For

the scanning transmission electron microscopy (STEM)
investigations, the material was dispersed in ethanol and a
few drops of the suspension deposited onto a perforated
carbon foil supported on a copper grid. After evaporation of
the ethanol, the grid was mounted on the single tilt holder of
the microscope. STEM images were recorded on an
aberration-corrected HD2700CS (Hitachi) with a high-angle
annular dark-field detector (HAADF). CuNC was measured
on a Mo grid to avoid the Cu stray radiation from the TEM
grid. STEM combined with energy-dispersive X-ray (EDX)
spectroscopy was performed on a Talos F200X microscope
(ThermoFisher) with a high brightness field emission gun
operated at an acceleration potential of 200 kV. The EDX
system of this microscope consists of four silicon drift
detectors, which enables one to record EDX maps with good
signal to noise ratio in a relatively short collection time (here
10−20 min).
2.3. X-ray Diffraction. X-ray diffraction (XRD) patterns

were obtained using a PANanalytical X’Pert Pro powder X-ray
diffractometer with Cu Kα radiation.
2.4. X-ray Absorption Spectroscopy. Metal K-edge X-

ray absorption spectroscopy (XAS) was conducted at room
temperature at SAMBA beamline (Synchrotron SOLEIL). The
beamline is equipped with a sagittally focusing Si 220
monochromator and two Pd-coated mirrors that were used
to remove X-rays harmonics. The catalysts were pelletized as
disks of 10 mm diameter with 1 mm thickness using Teflon
powder (1 μm particle size) as a binder. The detailed analysis
method for the extended X-ray absorption fine structure
(EXAFS) data can be found elsewhere.24,25

For operando XAS measurements, catalyst inks were
prepared by mixing 10 mg of catalyst with 50 μL of deionized
water and 100 μL of 5 wt % Nafion solution with ultrasound. A
50 μL aliquot was then pipetted on a ∼3 cm2 circular area of a
100 μm thick graphite foil (Goodfellow cat. C 000200/2),
resulting in a catalyst loading of ∼1 mg cm−2. The graphite foil
then served as a working electrode, and was installed in an
electrochemical cell24 (PECC2, from Zahner) with an Ag/
AgCl (saturated KCl) reference electrode, a Pt counter
electrode, and CO2-saturated 0.1 M KHCO3 electrolyte.
Operando measurements were performed by recording the
Kα X-ray fluorescence of Fe with a Canberra 35-elements
monolithic planar Ge pixel array detector.
2.5. X-ray Photoelectron Spectroscopy. X-ray photo-

electron spectroscopy (XPS) spectra were acquired on a Kratos
Axis DLD Ultra-X-ray photoelectron spectrometer using an Al
Kα source monochromatic operating at 150 W with no charge
compensation. The base pressure was about 2 × 10−10 Torr
and the operating pressure was around 2 × 10−9 Torr. Survey
and high-resolution spectra were obtained at pass energies of
80 and 20 eV, respectively. Acquisition times were 2 min for
survey spectra, 3 min for C 1s spectra, and 40 min for N 1s and
M 2p spectra. Data analysis and quantification were performed
using CasaXPS software. A linear background subtraction was
used for quantification of C 1s, O 1s, and N 1s spectra, whereas
a Shirley background was applied to the M 2p spectra.
Sensitivity factors provided by the manufacturer were utilized
to obtain atomic percentages of Fe, N, C, and O present in
samples, and the elemental percentage reported was the
average of five spots per sample. A 70% Gaussian/30%

Lorentzian line shape was utilized in the curve fitting. Averages
from three areas per sample were presented. N 1s spectra were
fitted with a set of components with a fixed energy position, in
accordance with a previous study.39 The fitting components
are assigned to pyridinic N (398.8 eV), N in MNx moieties
(398.8−399.9 eV), pyrrolic and hydrogenated N (400.7 eV),
graphitic N (401.8 and 402.7 eV), and N-oxide (404.3 and
405.6 eV).

2.6. Scanning Electron Microscopy. Scanning electron
microscopy (SEM) micrographs were obtained with a Hitachi
S-4800 apparatus (Hitachi, Tokyo, Japan).

2.7. N2 Physisorption. N2 physisorption analysis was
performed at liquid nitrogen temperature (77 K) with a
Micromeritics ASAP 2020 instrument. Prior to the measure-
ments, MNC materials were degassed at 200 °C for 5 h in
flowing nitrogen to remove guest molecules or moisture.

2.8. Raman Spectroscopy. Raman spectra were collected
using a LabRAM ARAMIS Raman microscope with a 473 nm
laser.

2.9. Linear Scan Voltammetry. Catalyst powders were
deposited on glassy carbon as the working electrode. Catalyst
inks were prepared by dispersing 10 mg of catalyst in a mixture
of Millipore water (36.5 μL, 18.2 MΩ cm) and ethanol (300
μL, Sigma-Aldrich, 99.8%), into which 5 wt % Nafion solution
(108.5 μL, Sigma-Aldrich) was added as a binder. The ink was
sonicated for 60 min, and an aliquot of 7 μL was dropcast onto
glassy carbon (0.196 cm2, Pine instrument), to reach 800 μg
cm−2 loading. The resulting working electrode was used in a
three-electrode cell setup connected to a bipotentiostat
(Biologic SP 300) and rotator (Pine Instruments). A graphite
rod and Ag/AgCl (saturated KCl) were used as counter and
reference electrodes, respectively. eCO2RR activity was
measured in CO2-saturated 0.1 M KHCO3 (pH = 6.7), and
a 0.1 M N2-saturated KH2PO4/K2HPO4 buffer solution (pH =
6.7) was used as CO2-free blank. Linear scan voltammetry
(LSV) was carried out from −0.6 to −1.4 V versus Ag/AgCl
with a scan rate of 5 mV s−1 at 1600 rpm. The change of
potential scale versus RHE was done according to the
following equation

E E

E

(V vs RHE) (V vs Ag/AgCl)

(V of Ag/AgCl vs NHE)

0.059 pH

=

+

+ × (1)

where E (V of Ag/AgCl vs NHE) = 0.199 V.
2.10. Chronoamperometry and Product Analysis.

Catalysts were deposited on carbon gas diffusion layers
(GDLs) by airbrushing. The ink was prepared by dispersing
50 mg of catalyst powder in a mixture of Millipore water (4
mL, 18.2 MΩ cm) and 2-propanol (4 mL, Sigma-Aldrich,
99.8%), into which 5 wt % Nafion solution (50 μL, Sigma-
Aldrich) was added as a binder. The ink was sonicated for 15
min, and then sprayed onto the GDL (Sigracet 39BC, SGL
Group) with an airbrush (Iwata Eclipse HP-SBS) at 353 K.
The loading was 0.64 mg cm−2 in average, with a standard
deviation of 0.03 for all prepared electrodes.
A custom gas-tight glass cell with two compartments

separated by a Nafion 212 membrane (Alfa Aesar, 0.05 mm
thickness) was employed for the electrochemical study. Both
catholyte and anolyte chambers were filled with 40 cm3 of a 0.1
M KHCO3 solution (Sigma-Aldrich, 99.95% trace metals
basis) prepared with ultrapure water. Before (20 min) and
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during the measurement, CO2 (Messer, purity 4.8) was
supplied to the catholyte at a flow rate of 20 cm3 min−1,
resulting in a pH level of 6.7. A Pt wire and an Ag/AgCl (3.0
M KCl) electrode were used as counter and reference
electrodes, respectively. The geometric surface area of the
working electrodes was in the range of 1−6 cm2, accurately
quantified for each electrode with the ImageJ image processing
and analysis software (Wayne Rasband, National Institutes of
Health). All measurements were performed using an Autolab
PGSTAT302N potentiostat at room temperature. The double
layer capacitance of the electrodes was assessed by cyclic
voltammetry (CV) at varying scan rates in the potential range
of open circuit potential (OCP) ±15 mV and performing a
linear fit only in the region of scan rates where a straight line
between electric charge and scan rate is observed. The
performance of the prepared electrodes for eCO2RR was
investigated by chronoamperometry (CA) at −0.5 and −0.6 V
versus RHE for 1.5 h. These potentials were chosen because
they result in sufficient currents to quantify the formed
eCO2RR products with high precision while at the same time
avoiding excessive Faradaic reduction currents, which would
otherwise lead to mass-transport limitations and local pH
changes, implying that the measured current would not only be
controlled by electrochemical kinetics but by other factors as
well.40 CAs were performed with the iR compensation function
set at 85% of the uncompensated resistance (Ru), which was
determined before the start of the CAs and updated every 10
min by potentiostatic electrochemical impedance spectroscopy
at the electrolysis potential (100 kHz, 10 mV amplitude). The
remaining 15% of the iR loss was corrected manually by the Ru
measured by the impedance spectroscopy. Current densities
were normalized by the geometric surface area.
Gaseous products were analyzed using an on-line gas

chromatograph (SRI 8610C, Multi-Gas #3 configuration)
with Ar as a carrier gas, which was equipped with a HayeSep D
column and a Molecular Sieve 13× column. Gas samples were
injected through a sampling loop and analyzed 10 min after the
start of the electrolysis and thereafter every 15 min. The
Faradaic efficiency (FE) for the gaseous products was
calculated with the following equation

nF

FE
gas flow through the cell concentration of the product

electric current at sampling time/

100

=
×

× (2)

Liquid products were examined with a high-performance
liquid chromatograph in a Merck LaChrom system equipped
with a Bio-Rad Aminex HPX-87H column heated at 333 K and
a refractive index detector (Hitachi Chromaster 5450), using 5
mM H2SO4 as eluent. The FE for the liquid products was
quantified by analyzing the catholyte after the test using the
following equation

nF
FE

catholyte volume concentration of the product
total charge passed during the electrolysis/

100

=
×

× (3)

In the above equations, n is the number of electrons
transferred and F is the Faraday constant.
2.11. Computational Details. All calculations were

performed using spin-polarized DFT as implemented in the
Vienna Ab initio Simulation Package (VASP).41,42 The GGA

PBE-D3 was the functional of choice.43,44 Core electrons were
described by the projector augmented wave,42,45 and valence
electrons were expanded by plane wave basis sets with a kinetic
energy cut-off of 500 eV. To model atomically dispersed
metal−Nx carbon structures, we used graphene layer expanded
in a (6 × 6) supercell replacing four C atoms by nitrogens and
removing two C atoms to compensate for the valence. These
layers were interleaved by 12 Å vacuum along the z direction.
Various transition metal atoms (M = Mn, Fe, Co, Ni, Cu, Zn)
were placed in the cavity left on the carbon sheet. In this
configuration, two axial positions are empty. However, most of
these atoms prefer octahedral coordinations,46 and thus water-
derived ligands (L = none, H2O, OH, O) typically occupy one
of the axial positions in aqueous electrolytes. The empty
coordination site is then employed to investigate the
competitive eCO2RR and HER. Structures were relaxed with
a force threshold of 0.05 eV/Å. The Brillouin zone was
sampled using a 3 × 3 × 1 k-point mesh generated with the
Monkhorst−Pack method.47 To obtain the energies of the
relevant intermediates in the electrochemical environment, the
computational hydrogen electrode (CHE) was used.48,49 The
speciation of the different oxidation states of the metals in the
carbon lattice was performed via a Pourbaix diagram derived
with Phonopy.50 The optimized structures can be retrieved
from ioChem-BD.51,52

3. RESULTS
3.1. Structural Characterization of Pristine Catalysts.

Leaning on the synthetic route developed by our group for the
preparation of FeNC and CoNC materials that exclusively
comprise MNx moieties,24,25 we expanded it to prepare
MnNC, NiNC, and CuNC materials. A control sample was
synthesized by the same approach without the addition of
divalent metal acetate, and was labeled (Zn)NC, with (Zn)
indicating the possible presence of residual Zn from ZIF-8, as
discussed later. The MNC materials were first characterized by
HAADF-STEM. Multiple areas of the samples were examined,
and no metallic particles could be observed (Figure 1). The
absence of crystalline metallic species in as-prepared MNC
materials was further confirmed by powder XRD (Figure S1),
exhibiting only two broad reflection peaks typical for
nanometric graphite-like domains present in amorphous N-
doped carbon materials. Elemental mapping with EDX
spectroscopy showed a homogenous distribution of the
metal, C and N atoms in the catalysts, revealing also the
presence of residual Zn from ZIF-8 in all five MNC catalysts
(Figure S2). These STEM and EDX analyses indicate that the
metals are probably atomically dispersed in the nitrogen-doped
carbon matrix. However, because of limited resolution of the
EDX mapping, nano- or sub-nano-sized metal clusters cannot
be excluded at this stage.
In order to unambiguously demonstrate the absence of

metal clusters and to identify the metal coordination and bond
distances in atomically dispersed MNx sites, we resorted to
EXAFS spectroscopy (Figure 2). The Fourier transform (FT)
of the ex situ EXAFS spectra [κ2 weighted χ(κ)] of all MNC
catalysts at their respective metal K-edge energy exhibited a
major peak at ∼1.5 Å, attributed to the backscattering by light
atoms (C, N, or O) situated in the first coordination shell of
the absorbing metal. The secondary peak(s) at 2−3 Å is
associated with the contribution of carbon (or N, O) atoms in
the second coordination sphere of the metal center. The FT-
EXAFS spectra of the MNC catalysts agree well with those of
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some atomically dispersed MNC materials previously reported
by other groups.13,20

The metal K-edge EXAFS spectra were then fitted with the
model structures depicted in the insets of Figure 2. For CoNC,
NiNC, and CuNC, a variable number of in-plane nitrogen

atoms binding the metal−cation center were allowed for the
fitting, while the spectra of FeNC and MnNC were fitted
assuming the presence of four in-plane nitrogen atoms, and
either one or two oxygen atoms as axial ligands. This approach
was used to reduce the number of EXAFS parameters in the fit,
as FeNx and MnNx moieties have a higher affinity to oxygen
compared to other metal−N4 moieties.53 The structural
parameters obtained from the fittings are shown in Table 1,
including the coordination number (CN) and M−N bond
distances. The best-fit results show a CN-value of ∼4 for
MnNC, CoNC, NiNC, and CuNC, suggesting that the vast
majority of metal cations in these catalysts could be involved in
MN4 moieties. EXAFS alone however cannot distinguish
between N, C, and O atoms, which means that the CN value of
4 may also be acceptable, from a structural viewpoint, with a
mix of N, C, and O atoms. From a chemical viewpoint
however, metal−nitrogen bonds in the first coordination
sphere are more likely than metal−carbon or metal−oxygen
ones. For Fe and Co, time-of-flight secondary-ion mass
spectroscopy revealed the major presence of MN2Cy

+,
MN4Cy

+.54 Experimentally, it has also been shown that
nitrogen is critical for the formation of single Fe atom site in
a carbon support during pyrolysis, only metallic Fe particles
being observed in the absence of nitrogen in the synthesis.55

For other metals of the 3d row, although less experimental
characterization has been reported yet, DFT predicts higher
energy stability for metal−N4 defects in graphene than metal−
C4 defects.

56 For those reasons, we started by investigating in-
plane MN4 sites in our DFT study to explain the reactivity, as
reported in Section 4.2. With the starting hypothesis of the in-
plane FeN4 site, the higher average CN-value of 5−6 for
FeNC22,25 strongly suggests that one or two axial O atoms are
adsorbed on top of FeN4 moieties, resulting in coordinatively
saturated iron cations, in line with the high oxophilicity of Fe.
It should be noted that ZnNx moieties with an average CN

of ∼4 are present not only in the control sample (Zn)NC
(Figure 2f and Table 1) but also in all five MNC samples. The
Zn K-edge X-ray absorption near edge structure (XANES) and
EXAFS spectra of the five samples are identical to that
recorded for (Zn)NC (Figure S3), implying that the ZnNx
coordination is unaffected by the presence of a second metal.
The coexistence of ZnNx and MNx moieties is another
indication that the metal content (from metal acetate) is not
saturating the material, explaining the absence of metallic
particles. In summary, the EXAFS spectra were fitted with in-
plane MN4 structures, with an axial oxygen atom needed to
obtain a best-fit only for FeNC. Most important, no M−M
backscattering signal was needed to get an excellent EXAFS fit,
unambiguously indicating the isolated nature of the metal
centers.
The metal−nitrogen bond distance and K-edge EXAFS

spectra were also calculated ab initio for MN4C10 model sites
(10 in-plane carbon atoms in the second coordination sphere)
in graphene sheets, with or without axial oxygen adsorbates
(Figure S4). Considering water as an oxygen ligand, MnN4
(2.40 Å), FeN4 (2.33 Å), CoN4 (2.31 Å), and ZnN4 (2.35 Å)
exhibited similar M−O bond distance between 2.31 and 2.40 Å
(Table S1). No water could be stabilized on the CuN4 and
NiN4 models. The DFT-calculated EXAFS spectra shown in
Figure S5 have characteristic features analogous to those of the
experimental FT-EXAFS spectra in Figure 2 with a main peak
assigned to N or O back-scattering from the first coordination
sphere. The calculated and experimental M−N distances are

Figure 1. MNC catalyst morphology: high-resolution TEM character-
ization. TEM images and EDX elemental mappings for N and the
respective metal derived from the metal-acetate precursor of (a)
MnNC, (b) FeNC, (c) CoNC, (d) NiNC, and (e) CuNC.

Figure 2. Atomically dispersed MNx sites: metal K-edge EXAFS
analysis. (a) MnNC, (b) FeNC, (c) CoNC, (d) NiNC, (e) CuNC,
and (f) (Zn)NC. The black curves represent the experimental spectra,
whereas the red curves represent calculated spectra based on the
depicted structures. The dashed gray curves are the difference
between experimental and calculated spectra. Metal, nitrogen, and
oxygen atoms are represented in purple, blue, and red, respectively
(carbon atoms in the second coordination sphere are not shown). No
phase-shift correction was applied to the FTs.
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also in good agreement, except for Fe, for which the EXAFS
fitting is complicated by the presence of axial oxygen ligands
(Tables 1 and S1).
The oxidation state of the atomically dispersed metal centers

was then investigated with XPS. No signal related to metal(0)
state could be observed in the M 2p spectra. The narrow-scan
spectra in the binding energy regions corresponding to the M
2p3/2 spin−orbit couplings are shown in Figure 3. They

identify the coexistence of M2+ and M3+ species for FeNC, and
the coexistence of M+ and M2+ species for CuNC.57,58 Only
the 2+ oxidation state is observed in CoNC, NiNC, and
(Zn)NC, whereas for MnNC, the three different oxidation
states 2+, 3+, and 4+ seem to be present.59−61 The existence of
different oxidation states of the metal in a same catalyst reveals
a structural and/or a topological heterogeneity of MNx
moieties. For example, higher oxidation states of the metal−
cation might be triggered by oxygen (O2, OH) adsorbates,
which is possible only for MNx moieties located on the top
surface, whereas those located in the bulk of the nitrogen-

doped carbon matrix are not accessible. Chemical hetero-
geneity might also lead to different oxidation states for a same
structure. For example, whereas an average MN4 structure was
identified from our EXAFS analysis for all materials except
FeNC (with additional oxygen adsorbates on top of the FeN4
site itself), EXAFS cannot distinguish between N, O, and C
atoms in the first coordination sphere, implying that, for
example, MN2O2 moieties or any other combination with a
total of four in-plane ligating atoms among C, N, and/or O are
also possible structural candidates from an EXAFS viewpoint.
Whereas the energetic stability of such moieties is usually
lower than MN4,

62,63 their existence as minor species cannot
be excluded. For MnNC in particular, the presence of high
valence-state metal (4+) suggests that there might be some O
atoms replacing N atoms in MnN4 moieties. This will be re-
discussed later.
The elemental content of the catalysts was quantified from

XPS signals. All MNC catalysts have similar C, N, and O
absolute contents, whereas the metal contents are in the range
0.16−0.27 at. %, except Zn in the range of 0.11 to 0.38 at. %
(Table S2). The average nitrogen chemistry is similar for all
five MNC catalysts with similar relative concentrations of
different N species observed, as shown in Figure S6 and Table
S3. Nitrogen−transition metal interactions are being expressed
as a singular peak in the N 1s fine resolution spectra.
Interactions of transition metal with 2, 3, or 4 co-planar N
atoms are indistinguishable within the resolution of the peak
composition analysis, as well as different transition metals
studied here produce a de-facto identical shift, and the spectral
component is commonly addressed here as M−Nx (Figure S6).
Nevertheless, a positive correlation was found between the N
content and the total metal content of selected samples (Figure
S7), with the linear fitting results for selected samples CuNC,
ZnNC, NiNC and CoNC. MnNC was not included as we
demonstrate that the first sphere coordination of Mn probably
involves both O and N atoms (details will be discussed in
Section 4.2), and FeNC was excluded from the linear fitting as
it is, for an unknown reason, an outlier. Most interestingly, the
fitted line in Figure S7 has a slope of 3.34 N atoms per metal
atom, nicely supporting the fixation of close to four nitrogen
atoms during pyrolysis per each single metal atom, and the
major presence of MeN4 sites for the (Zn)NC, CoNC, NiNC,
and CuNC materials. The position of MnNC data point below
the line also supports the mix of O and N in the first
coordination sphere of Mn.
SEM (Figure S8) and N2 physisorption isotherms (Figure

S9) indicate a similar porous carbon structure in the six
materials. The isotherm shape indicates a high microporosity
(vertical rise at low P/P0) and the existence of small mesopores
that are responsible for the hysteresis. Similar porous structures
had been observed on analogous ZIF-8-derived materials,22,23

Table 1. Structural Parameters Obtained from the Analysis with MNx Moieties of the Metal K-Edge EXAFS Spectra and DFT
Calculationsa

MnNC FeNC CoNC NiNC CuNC (Zn)NC

RM−N (Å) 1.89(1) 1.99(2)/2.01(2) 1.96(2) 1.92(1) 1.94(1) 2.00(1)
σ2 (Å2) 0.0033(4) 0.008(2) 0.008(2) 0.007(1) 0.0072(7) 0.0056(3)
CN 4 5/6 3.8(6) 4.3(3) 3.9(3) 4.1(4)
RM−N* (Å) 1.91 1.89 1.89 1.88 1.93 1.96

aRM−N is the metal−nitrogen bond distance, σ2 the Debye−Waller factor, and CN the coordination number, obtained from EXAFS fitting, whereas
RM−N* is the DFT simulated metal−nitrogen bond distance for MN4C10 model sites. Errors are given in brackets, for example, 1.89(1) means 1.88−
1.90.

Figure 3. XPS characterization. Metal 2p spectra of (a) MnNC, (b)
FeNC, (c) CoNC, (d) NiNC, (e) CuNC, and (f) (Zn)NC.
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and micropores were shown to be important to host MNx
active sites.64,65 The Brunauer−Emmett−Teller surface areas
of the catalysts are similar, in the range of 220−330 m2 g−1

(Table S4). Similar double layer capacitances according to CV
further confirm that MNC and (Zn)NC materials possess a
similar electrochemical surface area (Figure S10 and Table S4).
As shown in Figure S1, the XRD patterns of the MNC catalysts
revealed only two broad reflection peaks attributed to the
(002) and (101) facets of nanometric graphitic structures.22,66

In the Raman spectra (Figure S11), all samples showed the
same ratio of D to G band intensity (ID/IG ≈ 0.8), suggesting
the same degree of disorder of the carbon phase. In summary,
the five MNC catalysts have similar structure and composition,
with the only significant difference being the nature of the
metal and its exact coordination and oxidation state in MNx
moieties.
3.2. Selectivity and Activity of MNx Sites for eCO2RR.

The catalytic activities of MNC and (Zn)NC toward eCO2RR
were first screened with LSV. The five MNC materials and also
(Zn)NC exhibit higher current densities in CO2-saturated 0.1
M KHCO3 than in N2-saturated 0.1 M K2HPO4/KH2PO4
buffer electrolyte (Figure S12). The onset potential is highest
for FeNC, whereas the current density reached with NiNC
surpassed that reached with FeNC below −0.8 V versus RHE
(the reasons for the high onset of FeNC will be discussed
later).14 CoNC shows even higher current density than NiNC
at a low potential but, because of similarity in the polarization
curves in CO2-saturated and CO2-free electrolytes (Figure
S12c), this might mostly be attributed to HER. These trends
agree with previous reports.14,15,20,21 The identification and
quantification of the eCO2RR products were then carried out
under potentiostatic control. The FEs obtained from CA at
−0.5 and −0.6 V versus RHE vary with the embedded metal
center, as shown in Figure 4. Although CO was the major

eCO2RR product over all MNC, the highest FEs were
observed over the Fe−, Ni− and Mn−NC materials. High
FEs have been reported previously for other FeNC10,17,20,67

and NiNC13,16,18,19,38 materials synthesized via different
approaches but sharing a key common structural feature,
namely, the atomically dispersed MNx moieties. Also, in
agreement with other recently published results, the major

product over CoNC is H2.
14,15,20,21 On the contrary, high

selectivity (more than 90%) toward CO2 reduction to CO in a
wide potential range (−0.57 to −0.88 V vs RHE) over
atomically dispersed CoNx was reported as well,68,69 but with
slightly different coordination environment. As the present
series of MNC and (Zn)NC catalysts has, except for the nature
of the metal element in MNx moieties, negligible difference in
morphology and structure, the different activity and selectivity
toward eCO2RR to CO can be mainly ascribed to the nature of
the metal in MNx sites. Last, (Zn)NC shows a selectivity for
CO being in-between the low value of CoNC and the high
values of MnNC, FeNC, and NiNC.
Although Figure 4 indicates the relative fraction of all

products formed during CA on each of the catalysts, it does
not convey any information on the rate at which these
products formed. Therefore, the partial current densities for
each of the products (CO, HCOO−, and H2) were calculated
from the CA data, and are reported in Figure 5. They were

calculated from the knowledge of (i) the average current
density on each catalyst during the CA experiment and (ii) the
product quantification averaged during the CA (see Exper-
imental Methods). Looking at the results obtained at −0.6 V
versus RHE (Figure 5a), it should first be noted that, whereas
(Zn)NC shows non-zero activity toward CO2 reduction, it is
negligible compared to the activity observed for FeNC, CoNC,
and NiNC. The low activity of (Zn)NC is attributed to ZnN4
moieties8,70 and/or nitrogen groups not bonded to any
metal.71,72 Given that MNC catalysts and (Zn)NC share a
similar carbon matrix with similar amounts of ZnN4 moieties
and nitrogen functionalities, we assign the higher partial
current densities for CO formation (JCO) of MNC samples to
the presence of MNx moieties (Fe-, Co-, and NiNx moieties in
particular). A catalytic synergy between MNx and ZnN4
moieties is also unlikely when the main considered product
of CO2 reduction is CO (only two electrons transferred, with
COOH* as the only possible intermediate species). There are
generally three steps for the eCO2RR to CO: (i) CO2 + H+ +
e− → COOH* (this first electron and proton transfer can be

Figure 4. Product analysis. FE at (a) −0.6 V and (b) −0.5 V vs RHE
obtained over the MNC catalysts (M = Mn, Fe, Co, Ni, and Cu),
plotted against the embedded metal center sorted by the atomic
number. The data were obtained by CA for 90 min, performed in 0.1
M KHCO3 aqueous electrolyte saturated with CO2 (pH 6.7) at room
temperature.

Figure 5. Volcano trend in eCO2RR activity. Partial current densities
at (a) −0.6 V and (b) −0.5 V vs RHE over the MNC catalysts for
CO, HCOO−, and H2 products. The data were obtained by CA for 90
min, in 0.1 M KHCO3 saturated with CO2 (pH 6.7) at room
temperature.
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further decoupled into two steps: (i-a) CO2 + e− → CO2*
−,

and (i-b) CO2*
− + H+ → COOH*, as discussed in the

following DFT simulations), (ii) COOH* + H+ + e− → CO*
+ H2O and (iii) CO* desorption. If a synergistic effect
between MNx and ZnN4 moieties occurs, there are two
possibilities: (a) MNx catalyzes step (i) and ZnN4 catalyzes
step (ii); or (b) the opposite. Assuming the synergy case (a),
the FE for formate on FeNC, CoNC and NiNC should be
significantly higher than that on (Zn)NC, which is not the case
(Figure 4). Assuming the synergy case (b), (Zn)NC should
have a JHCOO− value comparable to JCO observed on the active
catalysts NiNC, FeNC, and CoNC. However, this is also in
contrast with experimental results, where JHCOO− on (Zn)NC is
negligible compared to JCO on NiNC, FeNC, and CoNC
(Figure 5). Thus, we can rule out any significant catalysis
synergy between MNx and ZnN4 moieties.
Interestingly, with increasing atomic number from Mn to

Co, JCO monotonically increases, whereas with further
increasing atomic number of the metal, the JCO value decreases
(Figure 5a). A volcano-shaped trend is thus identified in the
electrocatalytic activity for the reduction of CO2 to CO. A
similar volcano trend is also apparent at −0.5 V versus RHE,
but with FeNC exhibiting a slightly higher JCO value than
CoNC at this potential (Figure 5b). The same volcano trends
are observed if JCO is normalized by the electrochemical double
layer capacitance (Figure S13b) or by the metal content
obtained from XPS (Figure S13c). These observations indicate
that MNx moieties embedded in the nitrogen-doped carbon
matrix exhibit not only different selectivity but also distinct
activities toward eCO2RR. Herein, we for the first time reveal a
volcano-shaped trend in the electrocatalytic activity for the
CO2 to CO reduction over a series of pyrolyzed MNC
catalysts, with CoNC and FeNC located at the volcano peak at
−0.6 and −0.5 V versus RHE, respectively. The underlying
reasons for this volcano-trend are discussed in the next section.
The DFT simulations were performed on the most likely

oxidation state and environment for each of the metals.
Although it was characterized via ex situ XPS, the oxidation
state under operating conditions might be very different.24,67

We therefore resorted to operando XANES spectroscopy to
track possible changes in the oxidation state of MNx sites
during eCO2RR. The overlapping XANES spectra at OCP
before and after CA at 0.0, −0.5, −0.6 and −1.0 V versus RHE
demonstrate that no irreversible structural change occurred for
the MNx sites during eCO2RR (Figure 6a), in agreement with
operando XAS results on other MNC catalysts previously
reported.24,67 The position of the absorption edge at the metal
K-edge XANES spectra is generally recognized to correlate, for
a given coordination environment of the metal, to the metal
oxidation state. The absorption edge position was therefore
determined as the maximum of the first derivative of the
XANES spectra, and is shown as a function of the
electrochemical potential in Figure 6b. The figure indicates
that a reduction occurred for Fe, Ni, and Cu sites when
decreasing the potential from OCP to −0.5 V versus RHE,
whereas the oxidation state of Mn and Co sites remained the
same. Combined with the ex situ XPS oxidation state
identification, we can infer that the oxidation state of Fe was
modified from 2+/3+ to only 2+, that of Ni reduced from 2+
to 1+, and that of Cu reduced from 2+/1+ to 0.14,73 The
oxidation state of Mn remained a mixture of 2+/3+/4+, and
that of Co remained as 2+, even at −1.0 V versus RHE. It can
further be observed that Fe was reduced from a mix of 2+/3+

to only 2+ already at 0 V versus RHE, in line with the redox
potential identified for FeNC at ca. 0.75 V versus RHE in
acidic electrolyte.22,74 This may explain the high onset
potential for eCO2RR over FeNC, whereas NiNC is possibly
inactive for eCO2RR as long as it is in 2+ oxidation state
(discussed later in combination with DFT). The changes in
oxidation states of the three most active MNC catalysts
(namely Fe, Co, and Ni) with applied potential agree well with
the calculated Pourbaix speciation diagrams, which shows that
in a pH = 7 electrolyte, the oxidation state of Fe and Co in
MN4 corresponds to Co2+ at any potential < 0 V versus RHE,
whereas there is a reduction from Ni2+ to Ni1+ below 0 V
versus RHE at pH = 7 (Figure S14), in line with the Ni-
reduction experimentally observed between 0 and −0.5 V
versus RHE experimentally (Figure 6b). It should be noted
that XAS is a bulk technique and therefore the signal and
values reported in Figure 6 are an average of all metal atoms of
the same nature in the sample, regardless of whether they are
on the surface (sensitive to the electrochemical potential) or in
the bulk (possibly insensitive to the electrochemical potential).

4. DISCUSSION
4.1. Explanation for the Slightly Different Volcano

Trends at −0.5 and −0.6 V Versus RHE. Figure 5 reveals
that the most active catalyst for eCO2RR to CO depends on
the electrochemical potential. In the general case, such a
potential-dependent volcano trend can be expected, as the
electrochemical kinetics of even a simple one-electron reaction
is governed by at least two parameters, namely, the exchange
current density (i0) and the Tafel slope. Only if the Tafel slope
for eCO2RR to CO is the same on all MNC catalysts can one
expect a potential-independent activity trend. This is clearly
shown in Figure S15, constructed from Tafel laws and

Figure 6. (a) Metal K-edge XANES spectra of MNC catalysts at OCP
before and after the CA measurements at different potentials (solid
curve: before; dashed curve: after), and (b) change in the absorption
edge of metal K-edge XANES spectra of MNC catalysts with applied
potential. The electrolyte was CO2-saturated 0.1 M KHCO3, and the
OCP was around 0.7 V vs RHE. In (a), the x-axis is the difference
between the X-ray energy and the absorption edge of MNC (E0). In
(b), the y-axis (ΔE) is (E0 − E0,metal).
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assuming different i0 values and either a common Tafel slope
(Figure S15a) or slightly different Tafel slopes (Figure S15b).
The plot of the kinetic current density versus potential show
the same trends at −0.5 and −0.6 V versus RHE when the
Tafel slope is assumed to be the same for all three catalysts
(Figure S15c), whereas the trends differ when different Tafel
slopes are assumed (Figure S15d). Thus, the simplest
explanation to account for the slightly different volcano trends
in Figure 5a,b is a variation of the eCO2RR Tafel slope from
one catalyst to another. This may, in turn, be related to
different rate-determining steps of eCO2RR on those different
catalysts. From the theory of electrokinetics of multielectron
reactions, higher Tafel slopes are generally expected when the
rate-determining step (RDS) is the first electron transfer than
when it is the second electron transfer or any reaction step
after the second electron transfer.75

4.2. Underlying Reason for the Volcano Trends. The
observation of volcano trends in the electrochemical activity
for various reactions among a series of metal-based catalysts
with similar site structures is generally explained by Sabatier’s
principle, with the binding energy of the metal sites being
tuned by the metal’s atomic number, and leading to too weak,
optimum, and too strong binding of the key intermediate-
adsorbed species when moving in a given direction in the series
of transition metal.76,77 We then performed DFT calculations
with MN4C10 model (M = Mn, Fe, Co, Ni, and Cu, with axial
oxygen adsorbates for some of the metals) with the CHE
model at U = −0.6, −0.5, and 0.0 V versus RHE, to investigate
the binding energy of the key reaction intermediates for HER
and eCO2RR according to the following elementary steps
Step A: CO2(g) + e− → CO2*

−

Step B: CO2*
− + H+ → COOH*

Step C: COOH* + e− + H+ → CO* + H2O
Step D: CO* → CO(g)
The reaction energy profiles for each elementary step of

eCO2RR (Figure 7 (U = −0.6 and −0.5 V vs RHE), Figure
S16 (U = 0.0 V vs RHE) and Tables S5−S7) show that the
particular transition metal present in the N4 lattice has a
tremendous effect on reactivity. As eCO2RR does not occur at
U = 0.0 V versus RHE, we focus in our discussion on the free
energy diagrams at U = −0.6 and −0.5 V versus RHE (Figure
7), potentials at which we experimentally measured the
eCO2RR activity and selectivity of MNC catalysts. Overall,
the calculated Gibbs free energy diagrams demonstrate that
MnN4 and FeN4 bind CO too strongly and their CO
production rate is determined by the CO* desorption step.
In contrast, NiN4 and CuN4 have weak CO binding energy,
and the CO2 activation and first electron transfer then becomes
the RDS (Table S8). In this series of model sites, CoN4 shows
the optimum balance between the energy barriers for CO2
activation and CO desorption (steps A and D in Table S8,
respectively).
We also investigated how axial adsorbates (H2O, OH, and

O) affect the reaction energies on MnN4, FeN4, and CoN4 (no
oxygen adsorbates could be stabilized on CuN4 and NiN4).
Particularly, the H2O molecule axially adsorbed on FeN4
lowers the reaction barrier for the first electron transfer to
form CO2*

− (Figures 7b and S14) and thus promotes the
eCO2RR to CO over FeNC. In this case, FeN4 sites are
approachable from both axial directions (one side for
adsorbing H2O, and the other side for activating CO2 gas
molecule). Moreover, for the case of NiNC, NiN4C10 with
oxidation states of 1+ and 2+ are both used in the DFT

simulations, as a reduction of Ni2+ to Ni1+ was observed from
operando XAS (Figure 6). In contrast to the high energy
barrier for the CO2 activation on Ni2+N4C10 (the first step for
eCO2RR), Ni

1+N4C10 binds CO2 more strongly (Figure 7d).
This explains that the onset potential of eCO2RR over NiNC is
highly correlated to the Ni2+/1+N4 redox potential (Figures 6b
and S11d). The CO2 activation energies are also highly
correlated to the geometries of the CO2 coordination over
MN4 sites, as depicted in Figure S17 showing how CO2 is
activated in the Fe, Co, and Ni sites. Whereas both a M−C and
a M−O bonds can simultaneously form with the FeN4 active
site, only a M−C bond appears for the CoN4 and NiN4 sites.
In addition, the O−C−O angle departs from the 180° value in
the gas phase to only 145° when adsorbed on FeN4. This
explains the lower activation energy of CO2 over FeNC versus
other MNC catalysts and the higher onset potential for FeNC.
The activity trends for CO2 reduction to CO can be

estimated from DFT calculations on the basis of the exergonic
value of the reaction energy at the RDS. Table S8 reports the
reaction energy calculated for each elementary step for
MN4(−H2O) moieties according to the Gibbs free energy
profiles for eCO2RR over MNC catalysts (M = Mn, Fe, Co, Ni,
and Cu) at U = −0.6 V versus RHE. For each MN4 site, the
structure (with/without H2O adsorbate) with lowest reaction
energy at the RDS is considered in Table S8. To compare DFT
results to the experimental eCO2RR activity trend, we assumed
an Arrhenius type law of the form A exp(−ERDS/RT), where
ERDS is the free energy change at the RDS and A is a pre-

Figure 7. Gibbs free energy profiles for eCO2RR over MN4 model
sites ((a−e) M = Mn, Fe, Co, Ni, and Cu) at U = −0.5 V (left) and
−0.6 V (right) vs RHE (pH = 7) according to the different metal
speciation (oxidation state and ligand coordination).
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exponential factor, assumed the same for all MNC catalysts
investigated because of similar metal content and similar
carbon porosity, chemistry, and morphology. Figure 8 shows

that the trend of reaction rate predicted from DFT according
to this approach matches well the experimentally observed
volcano trend in the present work, except for MnN4 and CuN4,
which will be discussed later. Among all the MN4(−H2O)
active sites, Ni1+N4 is predicted to show the highest activity
toward eCO2RR to CO, with lowest maximum for the free
reaction energy at any of the elementary steps. However, the
experimental oxidation states of NiN4 sites are most likely in a
mix of 1+/2+ at −0.6 V versus RHE (Figures 6 and S12).
Thus, the experimental activity of NiNC should fall between
those predicted for Ni1+N4 and Ni2+N4. Experimentally, the
eCO2RR activity of NiNC is even lower than that estimated

from DFT for Ni2+N4 however. We assign this to a lower onset
potential for NiNC than for CoNC, but once the reaction has
started, recent studies have shown that NiNC catalysts with
single metal atom sites are the most active and selective MNC
catalysts reported to date.13,16,18,19,38 The calculated activity
trends for MN4 sites are as following FeN4−H2O < MnN4 <
CoN4−H2O < Ni1+N4 > Ni2+N4 ≈ CuN4, with metals on the
left-hand side of Co or Ni binding CO too strongly, and metals
on the right-hand side binding CO2 too weakly.
One discrepancy between the present experimental results

and theoretical results is MnNC, for which our experimental
results show much lower CO partial current density than
FeNC, whereas the DFT calculations predicted that MnN4 and
FeN4 sites are both limited by the CO* desorption step, but
with lower desorption barrier for MnN4. This results in a
predicted eCO2RR activity higher for MnN4 than FeN4
moieties (Figure 8).
Given that a higher oxidation state of Mn (a mixture of 4+,

3+, and 2+) was observed by ex situ XPS and operando
XANES than can be assumed with a MN4 model site, and
given that MnNx has a higher predicted affinity to oxygen,

53 we
re-evaluated the possible active site structure of MnNC. We
assumed MnN2O2 as an alternative model site (Figure S18a).
Both MnN4 and MnN2O2 structures converged and optimized
under the same conditions, confirming similar energy stabilities
of these two structures. Moreover, the experimental FT-
EXAFS spectrum of MnNC could be properly fitted with the
MnN2O2 model site (Figure S18b), and its DFT calculated
EXAFS spectrum (Figure S18c) exhibits the same character-
istic peak at ∼1.5 Å assigned to both N and O back-scattering
from the first coordination sphere. According to our DFT

Figure 8. Comparison of experimental CO partial current density at
−0.6 V vs RHE for pyrolyzed MNC materials and DFT calculated
trends (U = −0.6 V vs RHE). ERDS is the calculated free reaction
energy at the specific RDS of eCO2RR to CO for each active site (see
Table S8).

Figure 9. Relationship between the adsorption/desorption energies and the local electronic configurations on the Fe, Co, and Ni (1+ and 2+). (a)
CO2*− (wine), H* (gray) adsorption energies and CO (red) desorption (at pH = 7, U = −0.6 V) as a function of the d-antibonding occupation in
the active site. In (b), the symmetry descent from the octahedral configuration to either square pyramid or square planar is shown (orange indicates
the antibonding states). For the most common Fe species under potential Fe and Co are in MN4−H2O (square pyramid with 0 and 1 antibonding
electrons). Instead, Ni is in the square planar configuration with already two electrons in the antibonding state. At high negative potential the
highest antibonding dx2−y2 would be occupied, which could trigger the distortion of the planar pocket (Ni1+ state). (c) The experimental selectivity
at −0.6 V vs RHE over FeNC, CoNC, and NiNC vs the DFT-simulated E(CO2*−) − E(H*).
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calculations, this MnN2O2 model can however not coordinate
CO2 and is therefore predicted to be inactive toward eCO2RR.
Even with a single oxygen adsorbate, the MnN4 site becomes
poorly active toward eCO2RR, as indicated by the very high
energy barrier for CO2 adsorption calculated by DFT for the
MnN4−O model (Figure 7a). Of all the Mn models
investigated, only Mn2+ without oxygen ligands can effectively
coordinate CO2. However, as identified by ex situ XPS and
operando XANES (Figures 3 and 6), this species is uncommon
at the investigated potentials, explaining why no activity is
experimentally found for MnNC. Last, for CuNC, our
operando XANES data show that Cu switches from 2+ to 0
oxidation state early on (Figure 6), explaining the mismatch
between DFT predictions and the experimental CuNC activity.
In summary, with the MnN4−O model site for MnNC and
MN4C10(−H2O) model sites for other MNC catalysts (M =
Fe, Co, Ni), the experimental volcano trend in the eCO2RR to
CO activity of MNC catalysts can be nicely explained by our
DFT-calculated Gibbs free energy for the RDS (Figure 8).
The volcano-shaped trend in eCO2RR activity to CO over

various MNC catalysts could not be identified in other reports,
where CoNC exhibited lower JCO values relative to other MNx
moieties (Ni and Fe in particular) in a broad potential
range.14,15,21 The reason for this seems to be that previous
reports either lacked evidence for the exclusive atomically
dispersed nature of transition metals (the XRD for some of the
MNC catalysts exhibited sharp peaks arising from metallic
nanoparticles, which might alter the carbon structure),14,15 or
studied the activity of MNC catalysts varying not only in the
nature of the transition metal but also in the carbon matrix
structure (as shown in XRD and/or N2 adsorption/desorption
isotherms).21

4.3. Selectivity toward CO over MN4. As another critical
factor for a good eCO2RR catalyst, selectivity is highly
correlated to the H* and CO2*

− binding energies over MNx
active sites. Thus, we investigated the Gibbs free energy
profiles of HER over MN4C10 model sites (M = Mn, Fe, Co,
Ni, and Cu) at −0.5 and −0.6 V versus RHE (Figure S19).
These binding energies can be rationalized from simple

coordination chemistry rules. The adsorption behavior for the
metals in the first transition series depends on the occupation
of antibonding d-orbitals coming from the crystal field splitting
for the resting square pyramidal structure. Therefore, we use
the number of d-antibonding electrons (0 for FeN4−H2O, 1
for CoN4−H2O, 2 for Ni

1+N4, and 3 for Ni
2+N4) to explain the

selectivity toward eCO2RR to CO over MN4 sites (Figure 9).
The population of the antibonding states results from counting
the number of electrons in the d-orbitals of the ground-state
configuration according to the crystal field splitting theory.
Figure 9a indicates that there is a linear scaling relationship
between the CO2*

− and CO* binding energies (Figure S20),
which determines the CO activity. Thus, the CO binding
energy can serve as a key descriptor for eCO2RR to CO
activity. The volcano trend with CO binding energy as a
descriptor (JCO measured experimentally vs CO binding energy
calculated from DFT simulations) is shown in Figure S21, with
Fe located at the strong binding branch, whereas Ni and Cu
are on the weak binding branch. CoN4−H2O sites possess the
optimum binding energies with CO*, which are neither too
strong nor too weak. On the other hand, good selectivity
toward CO requires high CO2*

− binding energy and low H*
binding energy (the more negative value in Figure 9a, the
higher the binding energy). Thus, we utilized the difference of

CO2*
− and H* binding energies (E(CO2*

−) − E(H*)) as the
descriptor for selectivity (Figure 9c). In that figure, we show
only the experimental data for FeNC, NiNC, and CoNC and
did not include the other MNC materials, whose eCO2RR
activity and selectivity can originate in whole or in part from
metal-free nitrogen functional groups.78 The CoN4−H2O site
has an optimum binding energy with CO2*

−, but, unfortu-
nately, the binding energy of H* is much higher than that of
CO2*

−, which leads to a low selectivity toward CO, in line with
the experimental result on CoNC (48%, Figure 9c). The high
selectivity of eCO2RR to CO over NiN4 benefits from the
lower H* binding energies compared to other MN4 sites
(Figure 9c). For FeN4−H2O, even though the high binding
energy to H* suggests a high HER activity (Figure 9a), the
reduction of CO2 to CO* also occurs with zero energy barrier,
and the binding energy of CO* on FeN4−H2O is much
stronger than that of H* on FeN4−H2O. Thus, the majority of
FeN4 sites are occupied by CO* in CO2-saturated electrolyte.
This site-blocking effect probably suppresses the binding of
such active sites with HER-related species, resulting in high
experimental selectivity toward CO over FeNC. As can be seen
in Figure 9c, the selectivity of eCO2RR toward CO over MNx
moieties can be explained with the DFT-calculated CO2*

− and
H* binding energies, that in turn are highly correlated to the
number of d-antibonding electrons. The latter descriptor can
thus be used to screen for more promising eCO2RR candidate
MNC materials.

5. CONCLUSIONS
The careful integration of experimental and theoretical
methods allowed us to establish clear correlations between
physicochemical and catalytic properties for the eCO2RR of
atomically dispersed MN4 centres (M = Mn, Fe, Co, Ni, and
Cu). The ex situ characterization demonstrates the incorpo-
ration of the metal exclusively in MN4 centers over otherwise
similar nitrogen-doped carbon matrices. Ex situ XPS and in situ
XANES were applied to identify and monitor changes of the
metal oxidation state at rest and under operating conditions,
respectively. Mn and Co did not change oxidation state down
to −1.0 V versus RHE, whereas Fe and Ni were partially
reduced and Cu was largely reduced to a metallic state. Over
these highly controlled systems, catalytic tests revealed a
volcano-like dependency between eCO2RR activity and the
atomic number of the transition metal, with Fe and Co as the
most active centers. In contrast, no clear trend was observable
for the FE toward CO, for which Fe, Mn, and Ni-based
materials showed the highest values (>80%). Computational
models led to the identification of active centers and finally to
descriptors rationalizing the distinct activity and selectivity
patterns observed. To this end, different configurations were
studied according to the speciation of the metal atom, its
charge, spin, and coordination sphere. Among the best
performing materials, Fe2+N4−H2O and Co2+N4−H2O centers
were found as the most likely active catalytic centers at
considered potentials (−0.5 and −0.6 V vs RHE), whereas
Ni1+N4 was predicted as the most active Ni-based one. The
Gibbs free energy change at the RDS accounted for the
experimentally determined activity volcano, with Co-, Fe-, and
Ni-based systems showing the best compromise between CO*
and CO2*

− binding energies. Regarding selectivity, the
difference between the binding energies for CO2*

− and H*,
directly related to the number of d-antibonding electrons,
described successfully the high selectivity observed on Fe- and
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Ni catalysts and the more favored HER observed over the Co-
based one. All in all, these results describe the influence of the
particular metal species existing at relevant potentials on the
catalytic activity and selectivity, laying down the path for a
rational optimization of single-atom catalysts for eCO2RR.
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Fred́eŕic Jaouen: 0000-0001-9836-3261
Present Address
∇School of Engineering, Department of Chemical System
Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-
ku, 113-8656, Tokyo, Japan.
Author Contributions
J.L. and F.J. designed, synthesized, and physically characterized
the materials. T.S., A.J.M.F., and J.P.-R. performed the
eCO2RR electrochemical measurements and product analysis.
P.P., Y.Z., R.G.-M., and N.L. performed the DFT simulations.
F.K. conducted the (S)TEM and EDX characterizations. A.Z.
conducted the XAS analysis and computation. K.A. and P.A.
conducted the XPS measurement and analysis. J.L. and F.J.
wrote and edited the paper with input from all authors. All
authors read and approved the final version of the paper.
Funding
The research leading to these results has received funding from
the A-LEAF Project, which is funded by the European Union’s
H2020 Programme under grant agreement no. 732840. We
thank the BSC-RES for providing generous computational
resources. Additionnal financial suppport was generously
provided by the MCIU/AEI/FEDER/UE RTI2018-101394-
B-I00 and AGAUR 2017-SGR-90 projects. P.P. thanks ITN-
ELCOREL (funded by the European Union’s H2020
Programme under grant agreement No. 722614) for a
predoctoral grant.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We acknowledge Synchrotron SOLEIL (Gif-sur Yvette,
France) for provision of synchrotron radiation facilities at
beamline SAMBA (proposal number 20180635) and the
Scientific Center for Optical and Electron Microscopy
(ScopeM) of ETH Zurich for access to its facilities.

■ REFERENCES
(1) Zheng, T.; Jiang, K.; Wang, H. Recent Advances in Electro-
chemical CO2 to CO Conversion on Heterogeneous Catalysts. Adv.
Mater. 2018, 30, 1802066.
(2) Larrazab́al, G. O.; Martín, A. J.; Peŕez-Ramírez, J. Building
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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 CO2 reduction reaction (eCO2RR). Further-
more, with maximum atom efficiency and low coordination
metal centers, they show high selectivity toward producing
CO1−4 even with the 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 hydro-
carbons.3,5,6 The experimentally most studied example of these
types of materials, even proposed to be industrially efficient,
comes from Ni−N−C, which is highly selective to producing
CO.7−20

The efficiency of these materials can be controlled by
synthetic and postsynthetic treatments. Their nitrogen content
can be controlled in several ways, such as changing the doping
temperature.20 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.21

The vacancies can be synthetically tailored by employing MOF
scaffolds,4,22 by oxidizing carbon materials and further doping
with nitrogen to form undefined motifs,20,23 and by depositing
porphyrin-like complexes.5,24−26 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;20 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.

20 To be concrete, these catalysts
include (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 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.19 Ni particles and Ni single active
sites supported on carbon nitrides27 featured high selectivity
toward CO. These authors demonstrated that the materials can
boost the conversion of CO2 into CO.10 All these works
highlight the role of the nature of the support and how its
detailed characterization allows fine-tuning the chemical
properties of these materials.
To shed light and rationalize such catalytic behavior, we turn

to simulations at the atomic level to explore different N-doped
carbon materials, both saturated and unsaturated, as reported
in previous experiments.20 Then we 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 reconstruction and redispersion under electrochemical
conditions when supported on unsaturated N-doped carbon
materials.

2. COMPUTATIONAL DETAILS
All simulations were performed using spin-polarized density
functional theory (DFT) as implemented in the vienna ab
initio simulation package (VASP)28,29 using the GGA PBE-D3
density functional.30,31 Core electrons were described by
projector augmented wave (PAW),29,32 while valence electrons
were expanded by plane wave basis sets with a kinetic energy
cutoff of at least 500 eV.
N-doped carbon materials are represented with a graphene

layer expanded in a (6 × 6) supercell and replacing carbon
atoms by nitrogen atoms to design saturated and unsaturated
N-doped carbon models. These layers were interleaved by a 12
Å vacuum along the z direction. A nickel atom was placed in
the cavity left on the carbon sheet. Structures were relaxed with
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a force threshold of 0.050 eV/Å. The Brillouin zone was
sampled using a (3 × 3 × 1) k-point mesh generated with the
Monkhorst−Pack method.33

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 ((10 × 10 × 1) k-point mesh)
were performed to build the nanoparticle structure using the
Wulff model34,35 with VESTA.36 The vacuum between slabs
was larger than 10 Å, and the structures were relaxed with a
force threshold of 0.025 eV/Å. 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,37,38 and 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 (3 × 4 × 1),
(3 × 3 × 1), and (5 × 3 × 1) 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 leaves 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 that experimentally
reported, and 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).39,40 The inter-
mediates’ energies were corrected with calculated zero point
and entropic contributions. Notice that for the first step where
CO2 adsorbs on the metals, it drags charge from the system,
thus the notation then implies that it is activated. Notice that
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 contribu-
tions are shown in Table S1.41 Solvation effects were added to
CO and COOH intermediates following the values employed
in ref 41. We have tested and compared the results of our in-
house implicit solvent model (VASP-MGCM)42 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.43 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 NiN3 and NiN4 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-BD44 via
the following link,45 which contains a unique and labeled list of
the DFT calculations in this project.

3. RESULTS AND DISCUSSION
3.1. 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 and Ni
nanoparticles can be supported, to represent the species
characterized in experiments.20 In Figure 1, we show three

families of models: (a) saturated N-doped carbon materials
(NiNxC) representing NiN4 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 (NiNP−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.20 DFT structural parameters are presented in Table S4.

3.2. 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 two-electron transfer, and the steps are (i) CO2 + e− →
*CO2, (ii) *CO2 + H+ → *COOH (also, the first two steps in
the literature are combined into: CO2 + H+ + e− → *COOH),
(iii) *COOH + H+ + e− → *CO + H2O and (iv) *CO →
CO(g) + *. Notice that once CO2 is adsorbed, activated, and
polarized with partial charge transfer (see Table S10) from the
host material, step (i) does not correspond to any extra
electron added to the simulation box.

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 gray spheres, N in blue, and Ni in
green.
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In agreement with previous results, we can see that the
highest activity toward CO is shown by unsaturated N-doped
materials7 and metal surfaces, as they bind CO strongly.
Regarding selectivity, it can be discussed by comparison to the
competing HER (Figure 2d−f). Saturated N-doped materials
reach the highest selectivity toward CO, where NiN4 and NiN3
are representative models, while NiN3C model binds *H
strongly. Therefore, based on the experimental selectivity20 of
single-atom catalysts, the NiN3C model is not representative.
For a catalyst to be selective toward CO, the binding of
*COOH and *CO2 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 NiN3 bind *H weakly,
and 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 NiN3. The
computed onset potentials are presented in Table S11, where

NiN3 has a lower onset potential than NiN4 because it binds
*COOH stronger. Ni(211) and NiNC2 bind strongly *H and
*COOH, 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
*CO2 and desorption of CO, where CO2 activation can relate
to Bader charges of the adsorbed CO2 molecule (see Table
S10). NiN3, NiNC3, and Ni(100) bind *CO2 relatively
strongly, 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 NiNC3 can be
related to low selectivity, where HER and eCO2RR compete.
The most interesting system is NiN3 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 Ni2+ 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 chemistry46 and even in thermal catalysis.47

The change in the oxidation state has an impact on the
geometries of the activated CO2 intermediate as both the O−
C−O angle and Ni−C(CO2) distance indicate the degree of
activation of the CO2 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 NiN4 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.

4. 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)2 complexes change the activity and
selectivity. Once the reconstruction happens experimentally,
the partial current density of H2 drastically drops compared
with 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.37,48 In addition, we
apply the atomistic version of Ostwald ripening theory49,50 by
the formation of Ni(CO)2 complexes to show when the
disintegration of nanoparticles can occur on such N-doped
carbon materials.

4.1. 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 (Figure 4), which
corresponds to the equilibrium structure for a medium-to-large
nanoparticle and 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/Å. All

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.

Figure 3. Linear scaling relationships. (a) Linear dependence for the
COOH binding energy scaling as a function of the adsorption of a H
atom. (b) CO2 binding energy and corresponding linear-scaling
relationships for desorption of the CO molecule. Saturated N-doped
carbon materials are represented with red symbols, unsaturated N-
doped carbon materials with gray symbols, and metal surfaces with
blue symbols.
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surface energies and ratios of the corresponding facets are
presented in Table S17.
To assess the change in the nanoparticle that is induced by

the environment, we consider CO adsorption on all three
facets separately.37 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 (γx′) 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 nonlinear 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 1 ML 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 (γ′) at CO coverage 0.25
ML is 0.095 eV/Å2, which is 0.031 eV/Å2 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 toward
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 (θ = 0.92
ML) Ni surfaces (see Figure S10). Once Ni surfaces are
covered with CO, *H binds more weakly, thus lowering the
selectivity for HER (see Figure S11). This agrees with the
experimental observations showing a drastic drop of H2 partial
current density. Thus, selectivity is triggered by minimizing the
HER path.
4.2. Gibbs Free Energy of Disintegration Ni(CO)x

Complexes on N-Doped Carbon Materials. We applied
the energetic formalism from Ouyang and co-workers50 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 (ΔGdis

NP).
First, we compute the formation energy of isolated metal
adatom (EfNi) 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, ΔGdis

NP, following
the equation:

G R T p E n

T p E R TS

( , , )

( , ) ( )
n

dis
NP

f
surf CO CO

NP

Δ = − × Δμ

− Δ ′ −
‐

(1)

where Ef
surf‑nCO is the energy of the Ni atom coordinated to the

N-doped carbon substrate and n remaining CO molecules,
ΔE′NP(R) is the energy of the CO-covered nanoparticle with
radius R, and ΔμCO(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 ΔμCO(T,p)
= −0.76 eV,51 corresponding to experimental conditions of
300 K and 0.10 mbar. The binding energy of nCO (Ef

1CO)
needs to be negative and lower than ΔμCO(T,p) = −0.76 eV.
When both requirements are fulfilled, nanoparticle disintegra-
tion 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 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.10

Finally, we show that the redispersion of Ni NPs on the NC2
defect (unsaturated N-doped model) is thermodynamically
possible. NiNC2 is also one of the most active and nonselective
eCO2RR configurations, with strong bindings for *CO,
*COOH, and *H intermediates. Once Ni NPs are supported
on NC2, they can disintegrate, as the experimentally partial
current density drops drastically compared with CO partial
current densities. That is how the combination of the two
results (activity and stability against 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.20 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 NiNP-NC2 as cavity and have
calculated the ΔGdis

NP(R, T, p) considering the formation of
Ni(CO)2 sitting at these pockets at experimental temperature
and pressure. Figure 5 presents the ΔGdis

NP corresponding to

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.
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Ni(CO)2 versus the radius R of a Ni nanoparticle at two
different coverages, 0.25 and 1 ML (nonwetting conditions for
the nanoparticle were considered, thus the Young angle was set
to 180°). We found that ΔGdis

NP decreases at smaller R and
crosses the reference level (−2.7 eV, energy of an isolated Ni
atom in the cavity) at about 40 Å for 1 ML and 20 Å 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 NC2 at 300 K and 0.1 mbar.
4.3. Mechanism for Ni Nanoparticle Reconstruction.

The dense layers that we have identified in Section 4.1 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 4.2 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)4 that can be soluble under the reaction conditions.
We have calculated the energy needed for the formation of
these species.
On nanoparticles, CO2 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 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 nonoccupied defects on the
unsaturated N-doped carbon (NiNP-NC2) and effectively
redisperse. This process could potentially lead to higher
activity, as shown in the experiments.20

Figure 5. (a) Size dependence of the Gibbs free energy (ΔGdis
NP) of Ni(CO)2, when NiNP is supported on NC2 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 NC2 cavity.

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)4. (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)4-like complexes can desorb.
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5. 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 the NiN3 model,
in which Ni is in Ni1+ oxidation state. NiN3 exhibits
theoretically low onset potential in agreement with experi-
ments and a high rate toward CO. However, rather, saturated
N-doped materials are more selective toward CO formation.
As single atoms can be prepared from nanoparticles, we show
through the Ostwald formalism that disintegration of Ni(CO)x
can happen if Ni nanoparticles are supported on N-doped
unsaturated support such as NC2. 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
toward 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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García-Muelas, R.; Loṕez, N.; Peŕez-Ramírez, J.; Jaouen, F. Volcano
Trend in Electrocatalytic CO2 Reduction Activity over Atomically
Dispersed Metal Sites on Nitrogen-Doped Carbon. ACS Catal. 2019,
9, 10426−10439.
(5) Varela, A. S.; Ranjbar Sahraie, N.; Steinberg, J.; Ju, W.; Oh, H. S.;
Strasser, P. Metal-Doped Nitrogenated Carbon as an Efficient
Catalyst for Direct CO2 Electroreduction to CO and Hydrocarbons.
Angew. Chem., Int. Ed. 2015, 54, 10758−10762.
(6) Varela, A. S.; Ju, W.; Bagger, A.; Franco, P.; Rossmeisl, J.;
Strasser, P. Electrochemical Reduction of CO2 on Metal-Nitrogen-
Doped Carbon Catalysts. ACS Catal. 2019, 9, 7270−7284.
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