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Abstract
The planets atmospheric CO2 mean concentration has reached more than 400 ppm and is
constantly growing leading to worldwide concern about the changing ecosystem. The
electrochemical reduction of CO2 is a chemical reaction that breaks CO2 into various products
depending on the reaction conditions. Lately, nitrogen-doped carbon nanotubes have gained
attention as a promising catalyst for the reaction.

The objective of this thesis was to provide a brief computational study about the potential catalytic
sites of a nitrogen-doped carbon nanotube. The work was carried out by a literature study of related
calculations and techniques followed by the computational part. Different sites were investigated
and the most promising site was further studied varying the reaction conditions. The calculations
were simplified using a graphene sheet to model a carbon nanotube surface. The results indicated
the most promising 2N-edge site is energetically favourable for binding CO2.

This thesis also included the evaluation between the CO2 reduction and the hydrogen evolution
reaction (HER) at the catalytic sites as HER is a competing reaction. The results showed that the
competition between the two reactions is close to even. However, because of the limited scoped of
the work, this thesis leaves still out the related reaction barrier calculations, which gives further
information about the actual catalytic activity.

Keywords Carbon nanotubes, Density functional theory, nitrogen-doping, computational
chemistry, graphene, CO2 reduction
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1 Introduction
Growing industrialization, population, agricultural practices and the usage of energy from fossil
fuels sources have continuously increased the global carbon dioxide (CO2) concentration in
the atmosphere. Despite CO2 being a natural by-product of living organisms and having had
even multiple direct applications throughout history, it has practically become a waste product
as enormous excess of it mainly functions as a climate warming agent, that is, a greenhouse
gas absorbing and emitting infrared radiation. The average temperature of Earth is affected
by the amount of greenhouse gases and would be close to -18 ℃ without them [18], but the
balance between the atmospheric gases has increased significantly by human activities.
According to the annual greenhouse gas bulletin of 2017 published by World Meteorological
Organization (WMO), the global atmospheric abundance of CO2 have reached the
concentration 403.3 ±0.1 ppm (parts per million). The annual absolute increase during the last
ten years was reported to be 2.21 ppm per year. In general, the growth of the global
concentration has had a relatively linear direction from multiple decades. [1] Needless to say,
global warming have already started to cause dramatic changes on our planets ecosystem
leading to issues such as dirtier air, rising sea levels, extinction of rare species and agricultural
problems.
The reduction reaction of CO2 can lead to not only cleaner air but also useful products. The
most probable compounds formed in the reaction are formic acid and carbon monoxide (CO).
In addition to formic acid being a major ingredient for hydrocarbons, livestock preservation
and having applications in textile manufacturing, it has had new interesting areas of application
including the function as a fuel for vehicles [3]. The second product, carbon monoxide is widely
used industrial gas for the manufacturing of bulk chemicals. It is important to underline the fact
that from the atmospheric point of view, any product is better than CO 2 left on its own, as the
atmospheric CO2 contributes approximately 60% to the climate change [2].
Lately, nitrogen-doped carbon nanotubes (N-CNT) have had noticeable attention as a
promising material for CO2 reduction. The use of nitrogen could provides a highly cost-effective
alternative to replace metal-based catalysts such as Au, Ag and Ni used for CO2 reduction
[45, 46, 47, 48]. The CNT structures have been investigated using modern computational
methods such as density functional theory (DFT) and ab initio molecular modeling. These
structures seem to provide highly effective binding sites for the CO2 molecule depending on
the placement of the molecule on different regions or binding sites of the surface. [4], [5], [6]
The round structure of a carbon nanotube (CNT) can be modeled using a of sheet of graphene
and folding it slightly. The amount of the curvature added to the graphene structure seem to
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be a considerable factor when it comes to the adsorption energies of CO2 to the surface [6].
The use of graphene in the first place is a tool to make the computational calculations a lot
less time consuming as the graphene represents just a segment of the whole nanotube, that
is, having much less atoms to consider in the calculation. [6]
However, there is a competing reaction to the reduction of CO 2, which is the so called
“hydrogen evolution reaction” (HER). The reduction reaction requires protons after CO2
binding, but acidic conditions enhances also HER as a proton itself can occucpy a binding site
leading to the competing outcome. All the experimental data in this thesis is obtained by using
DFT based computational calculations. The aim of this thesis is to provide information about
adequate binding sites for CO2 on an N-doped graphene surface that models a larger N-CNT
system and to find out if HER can be displaced to a degree sufficiently enough to make the
process worthwhile.
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2 Review of Literature
2.1.1 Carbon nanotubes and graphene
As nanotechnology can be viewed as a field of the day and future, carbon nanotube which
was discovered in 1991 [26], is a material of high interest today. The use of nanotechnology
is based on benefiting from materials, which consist of units that have the length of only
nanometers. The possibility of repeating a functional unit in such a small scale can provide
significant efficiency in any property of the material. Nanotechnology is a still emerging field
providing plenty of useful materials for medicine, electronics, and atmospheric applications
and before long, to everyday applications. The unique electric, thermal and mechanical
properties of CNTs give them vital role in the field of nanotechnology. The development of
CNTs have already reached many of applications such as electronic components [23],
biosensors [24], field-emission devices and electrically conducting components in polymer
composites [25].
The conversion of CO2 to more valuable compounds and the deposition of nanotubes as thin
films on various substrates have had a lot attention lately [8, 9]. Graphene and nanotubes are
both allotropes of carbon consisting of similar bonds between sp2-hybridized orbitals so that
each carbon is bonded to three others forming hexagonal rings one after another. The
structures of a pristine SWCNTs and a graphene sheet are shown in figures 1 and 2.

Figure 1. The structure of a single-walled carbon nanotube
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Figure 2. The structure of a graphene ribbon sheet used in the simulations.

CNTs are further categorized into single-walled CNTs (SWCNTs) and multi-walled CNTs
(MWCNTs) because of nanotubes tendency to have multiple nanotubes inside one another.
However, this thesis will mainly be focus on SWCNTs as the related articles of computational
calculations are based on similar structures. The electronic, mechanical and optical properties
of a nanotube depend on how they are manufactured. The method determines the diameter,
length and the chirality of the tube. The different structures and electrical properties are more
discussed in chapter 2.1.2. Various methods for CNT synthesis are presented including the
widely used of chemical vapor deposition (CVD) for a large scale production [20, 21, 22, 23,
32]. Most of the CVD methods use hydrocarbons such as methane, octane or acetylene as a
source to produce CNTs. The equation for decomposition of a hydrocarbon can be written as
follows
𝐶𝑛 𝐻𝑚 ↔ 𝑛𝐶 +

𝑚
𝐻
2 2

(1)

A hydrocarbon decomposes easily on many surfaces that are heated to 600-700 ℃. However,
the decomposition may lead to the formation of amorphous carbon or graphitic deposits on
the CNT. These kind of impurities need to be removed in subsequent procedures. An
alternative source for fabricating CNTs is using CO as a source. The disproportionation of CO
can be written as follows
𝐶𝑂 + 𝐶𝑂 ↔ 𝐶 + 𝐶𝑂2
4

(2)

One advantage of using CO is that one can add CO2 to balance the reaction, which can be
seen from the equation. Furthermore, CO disproportionation is claimed to have a suitable
range of temperature for producing SWCNT. [9]

2.1.2 The structure and electronic properties of CNT
As mentioned in 2.1.1, a synthesis of a CNT can lead to various different structures having
varying length, diameter and chirality. The structure of a CNT can be expressed
mathematically with a vector Ch drawn on a graphene sheet to point out how the ends of a
sheet meet when folded to a tube. Figure x visualizes the vector representation of a nanotube.

Figure 3. The chiral indices of a CNT. Picture taken from [54].

Here a1 and a2 are unit cell vectors, n and m are integers n being > 2. The integer d determines
the diameter and m determines the chirality of the CNT as the structure can also be viewed
5

as wrapping a slightly twisted graphene sheet into a tube form. CNTs can be categorized into
three different forms based on the n and m integers; so called “zigzag” when m = 0, So called
“armchair” when n = m, and “chiral” when m ≠ 0 and n. This means that the chiral form lies in
between the two others and can be closer to either zigzag or armchair structure. The stability
of the tube depends much on the size leading to the fact that the commercial SWCNTs usually
end up with n > 10 and closer to the armchair structure, m being closer to n than 0 [9].
However, the output of a synthesis depends on the fabrication method [29] and future methods
might provide a wider variety of stable CNTs.

The electronic structure of a SWCNT depends on the diameter and chirality, and can either
show metallic or semiconducting properties. The bandgap for the semiconductor is either very
small or moderate in size. The zigzag structure shows metallic conduction when n is the
multiple of three. Otherwise, the structure is semiconducting. The chiral type is metallic when
(2n+m)/3 is an integer, otherwise semiconducting (Figure X). The armchair type is always
metallic. [28, 29] Although the electrical properties are the point of interest here, it is sensible
to point out the extraordinary thermal conductivity that the material possess. This property
makes SWCNTs excellent candidates also for thermally conductive composites [30]. Van der
Waals interactions between adjacent nanotubes make them stick together and form bundles
or “ropes” [9].

6

Figure 4. Different forms of CNT. Picture taken from [28].

2.1.3 N-doping of CNT
Nitrogen has been successfully introduced to CNTs by various methods with varying amounts
of nitrogen content [31, 33, 34, 35]. N-doped CNTs have been prepared by a single step
pyrolysis process using a ferrocene/melamine mixture at 900-1050 ℃ in the presence of Ar
gas was introduced to produce large arrays of nanotubes with 2-10 % of nitrogen content [31].
In other studies study, ammonia and carbon monoxide was utilized to form n-doped SWCNTs
with an average of 1,7 % nitrogen content [34]. Also, hybrid nanostructures combining n-doped
CNTs and graphene were synthesized successfully with a one-step water assisted CVD
method [33]. A study provides nanoscale images revealing the presence of single nitrogen
substitutions and defects in a n-doped SWCNT [44]. Figure X shows and example of an Ndoped CNT having defects and nitrogen atoms (blue colored) replacing carbon-atoms.
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Figure 5. An N-doped CNT

2.2. Carbon dioxide and hydrogen
2.2.1 Carbon dioxide reduction reactions
The reduction of CO2 can generate different products depending on the environment and the
reaction conditions. There are multiple pathways for CO2 reduction on a CNT surface
depending on the various factors such as the acidity of the environment, position of the
molecule, possible defects or dopants in the surface. A proton can attach to either the carbon
or the oxygen of the CO2 molecule, which both can be considered as different reaction
pathways or mechanisms. The products that are most likely to be generated are discussed
briefly here with the related reaction mechanisms. A mechanism for CO2 to CO has been
proposed [4]:

𝐶𝑂2 (𝑎𝑞) + ∗ + 𝐻 + (𝑎𝑞) + 𝑒 − ↔ 𝐶𝑂𝑂𝐻 ∗

(3)

𝐶𝑂𝑂𝐻 ∗ + 𝐻 + (𝑎𝑞) + 𝑒 − ↔ 𝐶𝑂∗ + 𝐻2 𝑂(𝑙)

(4)

𝐶𝑂∗ ↔ 𝐶𝑂(𝑎𝑞) + ∗,

(5)

where * stands for the binding site in the surface. It is important to underline that here the
reaction take place in an aqueous environment and the proton transfers in the first and the
second step are due to free protons in the solution. However, the calculations in this work will
leave out the water solution for simplicity. In the last step of the mechanism, CO gas is
released and the site is left as it was in the beginning. Carbon monoxide is not the most desired
8

product as it is a toxic for human [17]. CO is a very weak direct greenhouse gas, but indirectly
contributes towards global warming as a precursor for ozone and also can react with hydroxyl
radicals reducing their abundance. Hydroxyl reduces the lifetime of many greenhouse gases
and thus, CO possess an indirect effect on the atmosphere. [38,39] However, CO is an
important compound for many industrial applications including metal fabrication, bulk chemical
processes, pharmaceutical manufacture and electronics [36, 37]. It is also the main reagent
for the Fischer-Tropsch process, which is a collection of chemical reactions that converts CO
and hydrogen into liquid hydrocarbons [43].
The second major product and the more desirable one is formic acid. This can occur if the first
hydrogen attaches to the carbon instead of oxygen. The reaction mechanism can be written
as follows [6]
𝐶𝑂2 (𝑎𝑞) + ∗ + 𝐻 + (𝑎𝑞) + 𝑒 − ↔ ∗𝑂𝐶𝑂𝐻
∗

𝑂𝐶𝑂𝐻 + 𝐻 + (𝑎𝑞) + 𝑒 − ↔ ∗ +𝐻𝐶𝑂𝑂𝐻

(6)
(7)

First, formic acid is not a greenhouse gas, which directly leads to healthier balance for the
atmosphere. Secondly, studies have shown that it is an excellent fuel for fuel cells. [40, 41]. A
study shows that a miniaturized direct formic acid fuel cell (DFAFC) can compete with batteries
in portable applications [42]. In addition to the useful applications, the liquid form of formic acid
makes it a practical product as it is easy to store and transport. Both CO and formic acid are
relatively cheap reagents and useful for multiple processes, but this thesis leaves out the
commercial comparison between the two candidates. The profitability for tuning the selectivity
towards one or another depends not only on its market price but also on the process it is used
in.
2.2.2 Catalysis
Catalysis can be defined as the increase of the rate of a chemical reaction. A catalyst itself is
an additional substance in the reaction that enhances the process, but is not consumed in it.
The main function of a catalyst is to lower the activation energy of the reaction and thus, to
speed up the reaction. A catalyst can be divided to two categories: in a homogeneous catalyst
the molecules are in the same phase as the reactants, while a heterogeneous catalyst is one
whose molecules are in a different phase. The basic idea for a catalytic reaction is illustrated
in Figure 6. The red dotted line represents the energy when a catalyst is used. When the state
of the reaction coordinate reaches the highest potential energy, the reacting molecules have
a particular configuration called “transition state”
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Figure 6. Catalytic reaction. Picture taken from [55].

A basic catalytic reactions between two reactants and a catalyst can be expresses with a
typical reaction scheme as follows:
𝐴 + 𝑪 → 𝐴𝑪

(8)

𝐵 + 𝐴𝑪 → 𝐴𝐵𝑪

(9)

𝐴𝐵𝑪 → 𝑪𝑍

(10)

𝑪𝑍 → 𝑪 + 𝑍 ,

(11)

where A and B are the reactants, C is the catalyst and Z is the product. The last equation
shows that the catalyst separates from the products and therefore is not consumed in the
reaction. In this work, the N-doped CNT is studied as a catalyst. The idea in this work is to find
one or more potential sites from the surface where the electrochemical reduction of CO2 would
occur with a lower activation energy than without the catalytic surface. Examples of catalytic
studies of N-doped CNTs are discussed in chapter 2.2.3.

2.2.3 Catalytic reduction of CO2
The article by Mistry et al. report computational results of high catalytic activity for Au
nanoparticles in CO2 reduction to CO. in aqueous solution. DFT calculations show that the
selectivity of the CO2 reduction towards H2 or CO can be tuned by varying the size of catalytic
particles. [45] Another paper by Lu et al. reports a similar process using nanoporous silver
electrocatalyst with a high activity and selectivity towards CO. The high activity is speculated
to occur due to the highly curved surface of the materials resulting in active sites with a lower
10

thermodynamic barrier. The reported activity is claimed to be 20 times more than in
polycrystalline silver. This is highly interesting as one of the parameters studied also in this
work is the effect of curvature. The article addresses the advantages of silver as a CO 2
reduction agent; it provides a good selectivity but is still much cheaper than other precious
metals. According to the article, silver is also expected to be more stable under harsh catalytic
environment than homogenous catalysts due to its inorganic nature. The porous structure of
the particles in the experiment create a very large surface area, which is ca. 150 times larger
than in polycrystalline silver. [46].
The article by Mathiram et al. presents the efficient use of copper nanoparticles supported on
glassy carbon to convert CO2 to methane. The current densities for the nanoparticles are more
than twice as high as with often largely used copper foil electrodes leading to much greater
yield of methane. The Faradaic efficiency of the nanoparticles is reported to be 76 % when
polycrystalline copper reaches only 44 %. [53]
Recently, great effort has been put into the research of metal-free catalysts for CO2 reduction.
The article by Wu & Yadav gives promising results on the use of N-doped CNT as a catalyst.
[4] A remarkably low overpotential of -0,18 V and a selectivity of 80 % was observed within
experiments using N-doped CNTs including defects. The binding sites having so called
“pyridinic N defects” proved to be the most efficients ones. The nanotubes were synthesized
using the CVD method, with acetonitrile as a precursor and dicyandiamide with ferrocene in
Ar/H2 atmosphere at 850 ℃. The scanning electron microscope (SEM) image and a
Transmission electron microscope (TEM) image of the synthesized nanotubes in different
scales are shown in figure 7.

Figure 7. SEM-images (a, b) and a TEM-image (c) of Syntesized N-CNTs in different scales.
Picture taken from [4].
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The experimental binding energies for different sites, their atomic contents and relative
percentages in the synthesized structure are illustrated in figure 8. The third picture (i) shows
the three different types of sites; Pyridinic (blue, nitrogen on the edge of a six membered ring),
pyrrolic (red, nitrogen on the edge of a five-membered ring), and the graphitic (nitrogen in the
bulk “graphene”).

Figure 8. Binding energies for different sites (g), atomic contents and relative percentages (h)
and image of different sites (i). Picture taken from [4].

The image (g) shows that the pyridinic site indeed produces a broad peak in the lower register
of the energy. For comparison, the graphitic site remains at a much higher energy state, but
is also the greatest abundance in the structure. However, it is important to note that, these 1senergies of the sites are not proportional to their catalytic activities. In other words, there is no
evidence here to show that for example the pyridic site would be more active than the others.
Nevertheless, the possibilities and potential of including defects is an important branch of
study within the CNTs and can make all the difference in the end. However, this work leaves
out the study concerning defects and focuses instead on sites that have nitrogen on the edge
of a tube. An edge site can still more or less model a pyridinic or pyrrolic site as they are all
on an edge.
In the past, many different catalytic materials for CO2 reduction has been used with successful
results. High selectivity have been reported for many products including CO and formic acid,
but the main reason for the research on CNTs is their cost-efficiency compared to metal-based
materials.
Another experimental study reports a metal-free carbon nanofiber (CNF) showing also low
overpotential for CO2 reduction and higher for HER. However, the article claims that the active
sites are rather graphitic nitrogens instead of the pyridinic nitrogens as the article above
12

suggests. [54] There are not yet that many papers about CO2 reduction within N-doped sites
as the topic is quite new. As the CO2 reduction at N-doped sites is a quite new topic, there is
not yet that many papers about it and thus, there is not yet one solid opinion about the exact
mechanisms.

2.2.4 Hydrogen evolution reaction
The CO2 reduction will be competing with HER which is a simple water splitting reaction
producing hydrogen gas and oxygen. The reaction for HER is written as
1

𝐻2 𝑂 → 𝐻2 + 2 𝑂2

(12)

The participation of HER is a crucial factor when it comes to investigating the chances of CO2
reduction. A catalytic surface such as an n-doped CNT has a limited amount of binding sites,
which in our case, can be occupied by either a proton or a CO2 molecule. As the CO2 needs
a proton for the reduction, one has to perform the reactions in at least slightly acidic conditions
to achieve a sensible yield. Nevertheless, the more acidic the conditions, the more protons
will be floating around and thus, more protons can participate in HER.

2.2.5 CO2 activity towards different sites
The absorption of CO2 to the surface depends on the electronic properties of the surface.
Pristine CNT and graphene does not really show activity for CO2 absorption [6, 7]. However,
a site having one or more carbons replaced with nitrogen shows immediately more activity
according to the absorption energies. The excess electrons that nitrogens bring to the system
cause this. Graphene structures and nanotubes can also be modified with different kind of
defects to provide binding sites with varying potentials for creating a bond. There seem to be
a clear interplay between N-doping the number of defects. N-doping seems to be energetically
more favorable closer to certain defects, especially the five-membered rings [2]. Different
alternatives for N-doping sites are investigated giving varying results for CO2 absorption
activity. A structure named as “Edge-2gN” having two nitrogens at the edge of the graphene
was reported to be the most active site out of a set of variations. [4, 6]
Despite the fact that a highly active site has a strong tendency to bind a molecule, it is
important to have a broader understanding of the logic for a catalytic process. What makes
catalytic studies difficult is the fact that sometimes there is more than one site that should be
counted in. Studies have shown that the binding barrier for CO2 binding depends on the type
13

of the site, which may include one or more nitrogen-atoms. During the process of introducing
nitrogen to a CNT, one can estimate that the distribution of nitrogen atoms around the surface
is close to arbitrary. If the probability of a successful substitution of an atom would be for
instance 0,01, then the probability of ending up with two adjacent nitrogen atoms would not
be far from (0,01)2. If a substitution of a single nitrogen has a small tendency of working as a
catalytic site, it might actually have a much greater impact on the overall reduction than first
thought. The sum of all single substitutions is close to hundred times more than of the sites
with two adjacent nitrogens. To take this a step further, if the bulk surface with no substitutions
or defects possess even a tiny activity, it can end up being the most productive site for the
reaction. Overall, catalytic studies can be a challenging field as sometimes a complex catalytic
process may leave you with nothing and from time to time, the answer is in the pristine material
itself.
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3 Review of theoretical methods
3.1 Density functional theory
Density functional theory (DFT) is a computational quantum mechanical method for the
investigation of the electrical structure of a many-body system. The quantum mechanical
wave-function contains all the information about a given system. For a hydrogen atom, one
can solve the Schrödinger equation exactly in order to obtain the wave function. Unfortunately,
the required calculations gets heavier as variable n grows for an n-body system. DFT provides
certain approximation to bypass this problem. The theory behind it is built on the two theorems
of Hohenberg and Kohn, which show that the electron density alone determines the total
ground-state energy of an electronic system and that two different electron densities in their
ground-states cannot possess the same ground-state energy. [10, 11] The approximation or
so called, “functional” for the ground-state energy can be compressed into a sum of four
components as follows
𝐸[𝜌(𝑟)] = 𝑉𝑛𝑒 [𝜌(𝑟)] + 𝐽[𝜌(𝑟)] + 𝑇𝑠 [𝜌(𝑟)] + 𝐸𝑥𝑐 [𝜌(𝑟)],

(13)

where 𝑉𝑛𝑒 [𝜌(𝑟)] represents the interaction potential energy of electrons and nuclei, 𝐽[𝜌(𝑟)] is
the Coulomb interaction, 𝑇𝑠 [𝜌(𝑟)] is the kinetic energy of non-interacting electrons and
𝐸𝑥𝑐 [𝜌(𝑟)] is the so called “exchange-correlation energy”. The functional is mathematically a
function of a function and thus presented in parentheses and brackets and the term 𝜌(𝑟) is
the function for electron density, where r stands for a specific coordinate in space. The three
first terms for the ground state energy can always be calculated, but 𝐸𝑥𝑐 [𝜌(𝑟)] is the one where
the approximations of DFT take place and thus, where the limitations for accuracy appear.
The exchange and correlation energy is more discussed in chapter 3.1.3.
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3.1.1 Basis sets
An orbital of single electron can be defined as a wave function. However, because we are
often considering molecular systems, we need to define molecular orbitals as the wave
function of the electrons in a molecule. We use so called “basis functions” to construct a wave
function. There are several different types of basis functions but the most common ones are
so called “Slater functions” and “Gaussian functions”. Slater functions are very close to the
solution of a hydrogen atom and thus, are important as other basis functions are built using
them. Nevertheless, Slater functions can only provide numerical solutions to a calculation,
which makes them inconvenient for a large system. Gaussian function are the most widely
used ones and provide analytical solutions, but a one needs to implement more Gaussian
functions than Slater functions to achieve good accuracy. A set of basis functions is called “a
basis set”. The minimal basis sets that utilize Gaussian functions are the “STO-nG” –type
basis sets, where n represents the number of Gaussian functions. These kind of basis sets
work decently with atoms but not accurate enough for molecules. For molecular systems there
are basis sets with so called “double-zeta´”, “triple-zeta”, “quadruple-zeta etc., where zeta or
“Z” stands for the amount of Gaussian functions used for a single orbital. A minimal basis set
can be considered as a “single-zeta” basis set. The higher the multiple of zeta is, the more
accuracy it provides, but heavier the calculation gets.

3.1.2 Cp2k
Cp2k is a versatile quantum chemistry and solid state physics computational software package
that was used for the calculations in this work. It provides atomic simulations for a large
number of systems and a base for many modeling methods such as DFT. Cp2k uses the so
called “Gaussian-plane wave” method to solve the necessary DFT equations and includes
supporting functionals such as LSD and GGA and RPA which are briefly discussed in chapter
3.1.3. [15, 16]. Cp2k solves the functions by using easily integrated Gaussian functions as
basis sets combined with planewaves, which are convenient for periodic systems.
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3.1.3 The exchange and correlation energy
The accuracy of DFT is strongly dependent on the term 𝐸𝑥𝑐 [𝜌(𝑟)] (eq. 13) since its exact form
is practically unknown for the enormous calculations that need to take all the interaction
between electrons under consideration. The energy considers both the effect of the Pauli
Exclusion Principle and the fact that each electron has an impact on the movement of each
other because of electrostatic repulsion. The Pauli Exclusion Principle is a quantum
mechanical law stating that two or more identical fermions such as electrons cannot possess
the same quantum state simultaneously [12]. However, there is a growing number of
approximations for the value of 𝐸𝑥𝑐 [𝜌(𝑟)] and these approximations are divided into five
categories or so called “rungs”, which describe how the functionals are constructed and what
kind of assumptions they include. [10]. The five different rungs will be briefly presented without
going to deeper details. The set of different rungs are known as the “Jacob’s ladder” which is
illustrated in figure 9. Jacob’s Ladder presents the different levels of density functional
approximations for the 𝐸𝑥𝑐 [𝜌(𝑟)] so that the higher the approximation is in the ladder, the more
accurate and complex it gets.

Figure 9. Jacob’s ladder
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At the bottom is the so called “local spin-density” (LSD) approximation which basically
assumes that the electron density is constant in the vicinity of a given coordinate. However,
because of a strong assumption, this is considered nowadays a rather weak method. The next
rung consist of so called “generalized gradient approximations (GGA), which are probably the
most used ones. GGA takes the gradient of electron density into account consisting valuable
information of how the electron density grows or levels off towards different directions. The
meta-GGA is an improved version where the kinetic energy density is included. The fourth
rung, hyper-GGA is about hybrid approximations which provide a mix between
computationally heavier Hartree Fock theory and DFT theory. The fifth and the last level
include the non-occupied orbitals and thus require an enormous amount of basis sets. [13, 10,
15] All DFT calculations concerning this thesis use the PBE functional, which is a GGA
approximation.
3.1.4 Dispersion Correction
To properly describe a chemical or a physical system, one needs to include the effect of
dispersion interactions, which are weak interactions between atoms and molecules. Many of
the functionals do not include these interactions, so they will have to included as an additional
energy Ed to the DFT ground state energy 𝐸[𝜌(𝑟)]. The new total energy can be expressed as
[14 sivu 2]
𝐸𝐷𝐹𝑇+𝑑 = 𝐸[𝜌(𝑟)] + 𝐸𝑑 ,

(14)

where 𝐸𝐷𝐹𝑇+𝑑 is the ground state energy with the dispersion interactions and Ed is the energy
from the dispersion interactions. In this work, we use the so called “Grimme D3 method” for
the dispersion interactions.

18

3.2 Computational electrochemistry
3.2.1 Equations of adsorption
The absortion of a molecule to a surface can be investigated with the following equation:
∆𝐺𝑎𝑑𝑠 = ∆𝐸𝑎𝑑𝑠 + 𝐸𝑧𝑝𝑒 − 𝑇∆𝑆𝑎𝑑𝑠 ,

(15)

where ∆𝐺𝑎𝑑𝑠 is the Gibbs free energy of the reaction, ∆𝐸𝑎𝑑𝑠 is the absorption energy of the
reaction, 𝐸𝑧𝑝𝑒 is the change of the zero point energy, T is the temperature and ∆𝑆𝑎𝑑𝑠 is change
of entropy. Additionally, ∆𝐸𝑎𝑑𝑠 consists of the energies of different components of the system
as follows:
∆𝐸𝑎𝑑𝑠 =

1
(𝐸𝐶𝑁𝑇+𝐶𝑂2
𝑛

− 𝐸𝐶𝑁𝑇 − 𝑛 ∙ 𝐸𝐶𝑂2 ),

(16)

where 𝐸𝐶𝑁𝑇+𝐶𝑂2 is the energy of the catalyst and an absorbed CO2 molecule, 𝐸𝐶𝑁𝑇 is the energy
of only the catalyst, 𝐸𝐶𝑂2 is the energy of only the CO2 molecule and n stands for the number
of CO2 molecules in the system, which is kept as one throughout the calculations. [10] The
second equation is also applied to calculations concerning hydrogen. In this case, the energy
of a CO2 molecule is replaced with the energy of ½ H2.

3.2.2 The Arrhenius equation
The Arrhenius equation is
−𝐸𝑎

𝑘 = 𝐴𝑒 𝑅𝑇 ,

(17)

where k is the rate constant, A is the frequency factor, Ea is the activation energy, R is the gas
constant, and T is the temperature in Kelvin. The important part of the equation concerning
−𝐸𝑎

these calculation is the exponential part, 𝑒 𝑅𝑇 , which describes probability that the reaction
happens.
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3.2.3 Electrochemical charge
In electrochemistry, one of the main ideas is that we can add voltage to the reaction to change
the reaction rate. In addition to perform an experiment or a simulation with a neutral charge,
there is always the possibility of changing the charge of the system. Even though these
calculations are done in gas phase for simplicity, in reality, they will be performed in water
phase and this sets up a certain limit for the added charge. The decomposition of water into
oxygen and hydrogen occurs at a potential difference of 1,23 V [49]. This defines the so-called
“electrochemical window” or in this case the “water window” that draws a line to how much
charge can be added to the system before the splitting of water starts. This would consume
the energy, which is really meant for the CO2 reduction [50]. In this work, we will first use a
neutral charge when trying out different binding sites for CO 2, but later on repeating the most
relevant calculations using the charge of -1 and -2. The charge of -2 can already be slightly
unrealistic as the applied voltage at that point gets closer to the edge of the water window as
shown in Holmberg’s paper [51]. However, the exact relation between the voltage and the
charge is unique for each system, so the determination would require further calculations.
Roughly, one could estimate that the relation is somewhat close to the one presented in the
article.
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4 Results
4.1.1 CO2 active site calculations

The Cp2k calculations for CO2 and hydrogen binding on graphene surface were performed for
multiple sites having zero, one or two nitrogens. The tendency to form a bond between CO 2
and the surface was investigated by varying the distance between the carbon of the CO2 and
the carbon of the binding site, and by rotating the molecule so that the oxygens would be
closer or further away from a specific atom. Additionally, the binding of hydrogen was
investigated around the most active site for CO2 site to see how much it competes. Several
sites in vicinity of nitrogens were examined in each graphene configuration. The different
configurations of graphenes with their investigated sites are presented in figure 10. The blue
colored atom represents a nitrgoen atom and the numbers indicate different binding sites for
the CO2.

a) N edge-inner

b) N middle
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c) 2N edge-inner

d) 2N edge-outer

e) 2N middle, one atom apart

f) 2N middle, two atoms apart

g) Pristine middle

Figure 10. Different investigated N-doped graphene configurations with their sites.
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Table 1 below shows the calculated adsorption energies for each site. In most cases, the initial
distance between the carbon of the binding site and the CO2 molecule was around 1,4 Å. A
few factors determined the selection of the specific sites: Due to symmetry, not every carbon
around the nitrogen need to be investigated. Secondly, the scope of the work and the time
was rather limited to rule out every existing possibility. According to [6], the 2N edge-inner site
is the best candidate for the catalyst, thus the greatest focus was on the sites near the edge.
Despite the promising edge-sites, it is necessary to investigate the sites that would have the
greatest prevalence on an N-doped CNT surface. The likelihood for one or two nitrogens
ending up somewhere in the middle of the surface is obviously greater than ending up on the
edge of the tube, although a vacancy of one more carbons can replicate the structure of an
edge-site.

Table 1. Calculated adsorption energies for different sites
Configuration
Pristine-middle
N edge-inner

N middle
2 N edge-inner

2 N edge-outer

2 N middle one atom apart

2 N middle two atoms apart

Adsorption site
1
1
2
3
4
1
1
2
3
4
5
6
7
1
2
3
4
5
1
2
3
1
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CO2 Binded to site
yes
yes
no
no
no
no
yes
no
no
no
yes
yes
yes
yes
no
yes
no
no
no
yes
no
yes

∆E (KJ/mol)
242
37
-18
-20
-18
-11
-14
-8
-19
-14
257
254
257
171
-12
284
-18
-15
-43
191
-45
178

A great of deal sites were tested and may of them with different initial distanced between the
two carbons and with different rotational configurations of CO2. Some of the sites that makes
the bond are rather sensitive with the position of the molecule, but what is more important is
the adsorption energy of the system after the balance has settled. The most important result
here is that site 1 of the 2N edge-inner configuration indeed makes the bond (Figure 11 below)
and shows the lowest adsorption energy -14 KJ/mol compared to other values from those that
are bonded. Secondly, the other sites of the same configuration, which did not form bond,
have roughly the same energy. Therefore, it is equally probable to form or not to form a bond
at the given site. The simulation shows that in any other case studied here, it is clearly
favorable for CO2 to stay away from the sites as the adsorption values are positive.

Figure 11. CO2 bonded to 2N edge-inner site.

It was interesting to see that only the second site in the e) configuration formed a bond even
though the first site is actually closer to the nitrogens. This site forms actually a bond so that
also the oxygen of the CO2 is bonded to a carbon below it, an example is shown in figure 12
which is from the sixth site of the c) configuration. It was quickly noticed, that there is an
interplay between the placement between the oxygen and the nitrogen. The CO2 seems to
attach easier to the surface if there is nitrogen adjacent to the carbon below one of the oxygens
of the molecule. The distances between the four bonded atoms are roughly the same 1,5 Å,
creating a “square” like system with covalent bonds.
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Figure 12. A “square” bonded system in sixth site of the 2N edge-inner configuration.

4.1.2 Hydrogen adsorption calculations
The calculated adsorption values for the binding of hydrogen to the first site of a) and c)
configurations are shown in table 2. The value for the same site on the edge of a pristine
surface is also calculated for comparison.

Table 2. Calucated adsorption energies for hydrogens with zero, one or two nitrogens.
∆E (KJ/mol)

Configuration

H binded to site

Pristine edge

yes

-155

1N edge-inner

yes

-58

2N edge-inner

yes

-51

Here are two important results: Firstly, the values show that adding nitrogen clearly reduces
the tendency of binding hydrogen. This is generally a desirable thing because it brings the
energy closer to the one for CO2 with two nitrogens, which was -14 KJ/mol. The energy for
hydrogen is still lower which makes it a stronger competitor with the site. This explains the
wide use of N-doped CNTs for HER as the surface works now as a better catalyst not binding
the hydrogen too strongly, hence it can also dissociate as the Sabatier Principe points out [52].
The second interesting number is the energy related to the pristine surface. The fact that the
energy is low as -155 KJ/mol indicates that hydrogen would spontaneously bond to at least
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one site on the edge. Note that the ribbon-graphene model used here already have one
hydrogen attached to each of the carbon at the edge. The result implicated that the graphene
model in [6] is not entirely correct, which makes the model here also incorrect. The more
hydrogens attach to the edge, the more of an effect will it have on the binding of CO2.
Next, the adsorption energies for the binding of two or more hydrogens at the edge of a pristine
surface were calculated to find out which system has the lowest energy and thus to determine
the adequate model for a ribbon-graphene. The placement of the hydrogens with respect to
one other was taken into account, hence systems with two or three hydrogens have two or
three different options as the hydrogens do not have to be adjacent to one another.

Table 3. Calculated adsorption energies for multiple hydrogens on the edge site of pristine
graphene.
Configuration
Pristine, two atoms apart
Pristine, two adjacent
Pristine, three atoms apart
Pristine, two atoms apart
Pristine, three adjacent
Pristine, four hydrogens
Pristine, five hydrogens

∆E (KJ/mol)
-99
-74
-74
-42
-37
1
6

nH
2
2
2
3
3
4
5

The results clearly rules out the possibility of having four or five additional hydrogens attached
but show that there is a good chance of having more than one hydrogens in addition to the
former model. There is also minor change in energies when having hydrogens more apart
from one another, which can easily be explained by their repulsion forces leading to favoring
of systems having hydrogens more apart from one other.
The attachment of a hydrogen to three different 2N edge-inner sites was investigated with the
new model having two or three additional hydrogens. Figure 13 illustrates the explored sites
around the nitrogens. The resulted adsorption energies are listed in table 4.
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Figure 13. 2N edge-inner sites for hydrogen with a new model having two additional
hydrogens.

Table 4. Adsorption energies of hydrogen to sites 1-3 with the new model having two or
three additional hydrogens.
nH

Site

2
2
2
3
3
3

1
2
3
1
2
3

∆E (KJ/mol)
-48
-30
-11
-50
-32
-18
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These results show that even though the additional hydrogens are relatively far away from the
binding site, they still show a small difference. For instance, the first site with two additional
hydrogens results in -48 KJ/mol while the same site with the former models gives -51 KJ/mol
as shown in table 4. However, these differences are very small and thus; do not rule out the
main results computed with the former model. It is still important to keep the more accurate
model in future simulation.
The next calculations concern the binding of CO2 with additional hydrogens. Practically, this
is probably the most important case when it comes to investigating the 2N edge-inner site. It
is realistic to assume that the acidity of the reaction conditions do not have a value more than
pH 7, leading to free protons competing for the site in question. It is not only important to see
how hydrogens around the site or on the other side affect the CO2 adsorption, but also if CO2
actually have any chance of binding to the site even if a small hydrogen atom already has
attached there.
The binding of CO2 was tested by keeping the molecule in the regular position above the
carbon, bringing it further away from the hydrogens and rotating the molecule by 90 degrees
so that an oxygen gets closer to the hydrogen. All the calculations were performer varying also
the initial distance between the two carbons from 1,3 Å to 1,7Å to see if it had any effect on
the outcome. The CO2 detached in almost every simulation. In the simulations where the
molecule was close to the additional hydrogen, the carbon of the CO2 grabbed the hydrogen.
This is logical because now the hydrogen is bonded to a carbon that is coordinated to three
atoms instead of four. When the oxygen was brought closer to the hydrogen, the oxygen
grabbed the hydrogen and the carbon of CO2 bonded with the site.

Figure 14. 2N-edge-inner sites with bonded and non-bonded CO2.
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A comparison of the adsorption energies between three different outcomes is presented in
table 5. The rotation and the distance between the molecule and the site varies slightly
between the three given configurations

Table 5. Comparison between adsorption energies at occupied 2N-edge-inner site.
∆E (KJ/mol)

Configuration

CO2 Binded to site 1

Hydrogen binded to oxygen

Yes

67

Hydrogen binded to carbon

No

157

Hydrogen stays on site 1

No

-11

These results indicate that CO2 cannot take over a 2N edge-inner site, if a hydrogen has
occupied the site. Secondly, CO2 do not seem to have the ability to grab hydrogen from the
surface when detaching.

4.1.3 Charge variations
So far, we have performed the calculations in a neutral system, that is, with no added
electrons. The following results show the effect of a charged system having one or two
additional electrons. Table 6 compares the same adsorption energies as in table 5, but with
varying the charge. It also compares the energies of the unoccupied site 1 with N or 2N as in
table 1 with same charge variations. Lastly, it compares the adsorption energies of hydrogen
to site 1 with charge 0, -1 and -2.
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Table 6. Adsorption energies with charges 0, -1 and -2.

Q=0

∆ E (KJ/mol)

Configuration

CO2 Bonded

Site occupied by H

2N edge-inner, new model, H grabbed by O
2N edge-inner, new model, H grabbed by C
2N edge-inner, new model, H stays on site

Yes
No
No

Yes
Yes
Yes

66
155
-12

2N edge-inner
1N edge-inner

No
No

No
No

-14
37

2N edge-inner, new model, H adsorption

−

No

-48

Yes
No
No

Yes
Yes
Yes

64
72
7

2N edge-inner
1N edge-inner

No
No

No
No

-44
-9

2N edge-inner, new model, H adsorption

−

No

-64

Yes
No
No

Yes
Yes
Yes

52
4
1

2N edge-inner
1N edge-inner

No
No

No
No

-83
-43

2N edge-inner, new model, H adsorption

−

No

-87

Q = -1 2N edge-inner, new model, H grabbed by O
2N edge-inner, new model, H grabbed by C
2N edge-inner, new model, H stays on site

Q = -2 2N edge-inner, new model, H grabbed by O
2N edge-inner, new model, H stays on site
2N edge-inner, new model, H stays on site

This table points out highly interesting trends with regards to the effect of added electrons.
Firstly, the adsorption energies concerning the unoccupied sites with one or two nitrogens falls
down almost linearly. Secondly, this driving force for binding the CO2 is accompanied by the
fact that the energies related to the hydrogens do not fall down as dramatically, which brings
the two rivals practically to the same level. When the charge is -2, the energy having two
nitrogens binding CO2 is -83 and -87 for binding hydrogen. With two additional electrons, also
the energy with one nitrogen has come down significantly and can play an important role, as
this kind of sites will be much more common within the surface. Adding electrons to the system
did not seem to have much effect on the occupied sites except for the case in which the carbon
grabs the hydrogen as the CO2 comes loose from the surface. However, when the charge is
changed from -1 to -2 CO2 does not manage to grab the hydrogen anymore. The energy falls
down to roughly the same value as the other one where hydrogen also stays at site. Thus, the
impact of charge on occupied sites stays neglible.
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4.2 Reaction pathway calculations
After the activation of CO2, different reaction mechanisms can lead to different products. The
different reaction pathways at the edge-inner sites with one or two nitrogens were
investigated and their energies in KJ/mol were calculated. Figure X illustrates the different
reaction pathways with one, or two nitrogens leading from attachment of CO2 to either CO
and H2O or formic acid, HCOOH. The value for each product was calculated with the
following formula:
𝐸𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = (𝐸𝑃𝑟𝑜𝑑𝑢𝑐𝑡 − 𝐸½𝐻2 − 𝐸𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 ),

(18)

where Eproduct is the energy of the product molecule and Ereactant is the energy of the second
reactant bonded to the site. For example, the energy for HCOOH on the 2N edge-inner site
can we written as follows:
𝐸𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = (𝐸𝐻𝐶𝑂𝑂𝐻 − 𝐸½𝐻2 − 𝐸𝐶𝑂𝑂𝐻 )

(19)

The corresponding energies were calculated also for edge-inner sites with one nitrogen.

Figure 15. Calculated energies for reaction pathways of CO2 at the 2N edge-inner and N
edge-inner sites.
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Each step also include a proton and electron transfer but the H+ + e- notation is left out for
simplification. * is a notation for the binding site or the surface. One can see that there is a
great difference in the free energies in the first reaction step between the two cases, but the
second steps stay much closer to each other. CO2 binded to the N edge-inner site is
thermodynamically less favourable and thus leads to a much lower energy when reacting to
COOH. Formic acid is clearly the dominant product of the outcome and is really the more
desired one. As it has been shown earlier, CO2 do not easily attach to the surface with a single
nitrogen, but if it happens, it easily reacts forwards. There are other possible pathways for CO2
reduction such as the formation of a *OCHO intermediate (6), but in this thesis we focus only
on the intermediate where a C-C bond is formed as investigation of other options would require
a lot more computational simulations.

4.3 Curvature calculations

One of the main factors making a CNT active for catalyst is the round structure that makes a
potential site to protrude more than in a flat graphene-like structure. Here we simulated
repeated the earlier presented the CO2 binding calculations at the 2N edge-inner site, but now
folding the graphene structure to create a site that sticks out from the bulk. Similar simulations
were performed in [6], which showed that slight curvature enhanced the CO 2 binding
properties of the site. We also compared the the results varying the charge from 0 to -2. The
“curvature” to the structures were created by reducing the lattice parameter in the periodic
direction 2, 4, 6, 8 and 10 %. The calculated adsorption energies are presented in table 7
Table 7. CO2 Adsorption energies with added curvature and charge.
Lattice reduction, %

E ads in KJ /mol

Q=0

2
4
6
8
10

-22
-29
-36
-75
-583

Q = -1

2
4
6

-59
-66
-74

Q = -2

2
4
6

-105
-114
-122
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The curvature immediately shows higher adsorption energies even with the slightest lattice
reduction as the energy is -22 KJ/mol already at 2 % with neutral charge. The corresponding
energy with no curvature was -14 KJ/mol. The adsorption energy keeps falling down as the
more curvature is added dramatically drops at 8 % and 10 %. However, at 8 % the structure
has already squeezed slighlty into an “S-shape” as shown in Figure 16 below. At 10 %, the
structure has crashed and thus, these two results do not represent a CNT-surface anymore,
which means that their energies can be ruled out in the other simulations. Added charge
seems to enhance the process.

a)

b)

c)

d)

Figure 16. Structures after lattice reduction. a) 2 % of reduction, b) 6 % of reduction, c) 8 %
of reduction, d) 10 % of reduction.
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We add here one more result concerning the binding of hydrogen with the same conditions to
give a final comparison between CO2 and hydrogen with the binding site closest so far to the
actual N-doped CNT. The equivalent adsorption energies for the binding of hydrogen are
shown in table .
Table 8. Hydrogen absortion energies with added curvature and charge.
Lattice reduction, %
Q=0

Q = -1

Q = -2

E ads in KJ /mol
2

-65

4

-95

6

-105

2

-52

4
6

-67
-80

2
4
6

-57
-70
-82

The table presents rather unpredictable results with regards to added charge to the system.
After added curvature with zero charge, the hydrogen energies distinctly falls down as in the
case with CO2, but when charge is added the energies rise up to a circa constant level. When
Q = -1, hydrogen and CO2 are roughly at the same energetic with each lattice reduction. When
Q = -2 CO2 actually comes to a clearly lower level, especially with 2 % of lattice reduction
when the difference is almost 50 KJ/mol. These two tables sums up the most essential results
that this thesis provides. Further discussion and conclusions are presented in chapter 5.
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5. Discussion
From all the investigated sites, the 2N edge-site clearly stood out and can be considered as
an active site for CO2 reduction. However, it took a fair amount of effort to find a site where
the molecule would attach in the first place. Even to bind with the 2N edge-site, the positioning
of the molecule was very subtle and needed a specific rotational configuration. Nonetheless,
the added charge and curvature seems to be crucial factors when it comes to lowering the
adsorption energy enough to make the process worthwhile and bring the competing HER to
roughly the same level energetically. The Initial calculations showed salient evidence, which
guided towards the final calculation setup that should already model relatively well a setup
with an N-CNT. The charge of -2 might be too much for a real system, but most importantly,
with the charge of -1 CO2 reduction and HER are even. It is also very important to notice that
the added curvature producing sensible results is only up to 6 % of lattice reduction. This
would still represent a CNT with a relatively large diameter; therefore, many of the commercial
nanotubes will actually have even more curvature in the structure, which will probably enhance
both of the reactions. It is still hard to predict how much this will lower the energies and affect
the differences between the two competitors. In addition, here we have modeled only a CNT
structure with a zigzag structure, but obviously, there are plenty of variations with varying
electronic properties to study in order to achieve an overall view of the catalytic activity of an
N-CNT. Nevertheless, the results show that this is definitely an interesting area requiring more
attention and further investigation.
Largely, we come to verify many of the conclusions presented in the article from Chai & Guo
[6]. The same 2N edge-site was identified to be most effective and as they also stated, added
curvature can tune the selectivity and lower the activation barrier. The simulations in this work
were still much simpler as we did not consider water molecules, but the trends still seem the
same. Chai also presents a broader study on reaction pathways, but the energies calculated
here matches quite well with the ones in the article. The value for the first step is here 58
KJ/mol and 50 KJ/mol in their paper. The step converting the intermediate to formic acid gives
here 12 KJ/mol and 13 KJ/mol in their paper. The only big difference is the second product,
CO and H20, which gives here 86 KJ/mol and 31 KJ/mol in the paper. It is possible that the
added water had been taken into account and affects greatly their results, which would then
conform a more realistic model. It is evident that the time and resources were rather limited
with the project and the investigated system here was a simplified model, but it seems that we
made the right choices in terms of simplifying the system as the trends are similar as in many
of the related articles presented here. Our results showed however, that the graphitic model
used in [6] is not fully correct as a model with added hydrogens to the edges have lower
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energy. However, subsequent calculations revealed that the new model have a small effect
on the binding energies and does not rule out results using the former model.
The reaction barrier calculations are one of the main factors to determine how easily the
reactions actually happen. Thus, one needs to calculate them to advance in this area.
Furthermore, the experimental paper from Wu shows that the pyridinic N-defects give
promising results, a broader research including defects would probably be a good place to
continue the CNT studies from here. At least in near future, the reduction reaction will probably
take place in an aqueous solution, and the development of a practical application to reduce
atmospheric CO2 will require plenty of work. An efficient catalytic surface that could convert
CO2 to CO or formic acid straight from the atmosphere with low cost is obviously something
to target for, but time will show how close we can get. So far, our results have proved that
computational chemistry is a powerful tool to achieve valuable information and progress in a
specific area that can contribute to our planets wellness.
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6. Conclusions
The DFT calculations show that there is at least one type of catalytically active site on an Ndoped CNT surface, which is the 2N edge-site. The results concerning the site show that the
binding of CO2 can compete with the binding of hydrogen if charge is added to the system. If
the added charge is -2, CO2 binds even easier than hydrogen, but it is still unclear if a charge
of -2 is too much for the system as the voltage can be too high. This work still leaves out the
reaction barrier calculations, which are required to determine how efficient the catalytic surface
really is. All in all, the results indicate that the selectivity between binding of CO2 and HER at
a 2N edge-site can be changed with added charge and curvature but is roughly around 50-50
at best.
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