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Most commonly used abbreviations 
 
ATTM   Ammonium tetrathiomolybdate 
Cl   Cluster 
CNT   Carbon nanotube 
CP   Carbon paper 
CVD   Chemical vapor deposition 
DFT   Density functional theory 
DMF   Dimethylformamide 
DOS   Density of states 
HCl   Hydrogen chloride 
HER   Hydrogen evolution reaction 
HT   High-temperature synthesis 
LSV   Linear sweep voltammetry 
LT   Low-temperature synthesis 
ML   Monolayer 
MoSx   Arbitrary molybdenum sulfide compound 
MoS2   Molybdenum disulfide 
MWCNT  Multi-walled carbon nanotube 
NCNT   Nitrogen-doped carbon nanotube 
Ns-G   Graphitic nitrogen doped graphene 
Nv-G   Pyridinic nitrogen doped graphene 
SEM   Scanning electron microscopy 
TEM   Transmission electron microscopy 
XPS   X-ray photoelectron microscopy 
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Abstract 
The production of cost-effective catalysts for the production of hydrogen by 
electrolysis of water is important for clean energy production. In this work we 
report on a study of molybdenum disulfide (MoS2) as catalyst for the hydrogen 
evolution reaction (HER). Nitrogen doped carbon nanotubes (NCNTs) directly 
synthesized onto carbon paper have been decorated with MoS2. The electrodes 
utilize the improved conductivity of the NCNTs and the carbon paper for 
electron transport, combined with the high catalytic activity of MoS2. The 
NCNTs were successfully decorated with co-axial nano-flakes of MoS2 by a single 
step solvothermal process using Dimethylformamide (DMF) and ammonium 
tetrathiomolybdate. MoS2 was also prepared with alternative methods for 
comparison. The effects of supporting MoS2 on NCNTs were studied by 
simulations with density functional theory (DFT).  
The most active adsorption sites for hydrogen on MoS2 were identified and were 
on the edges. The catalyst showed competitive activity with other earth-abun-
dant catalysts with an onset potential of 170 mV and a small Tafel slope of 40 
mV/dec. The improved catalytic activity of HER by having NCNTs as support 
was confirmed by DFT and experimental results. 
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Sammanfattning 
Tillverkningen av kostnadseffektiva katalysatorer för produktionen av vätgas från 
elektrolys av vatten är viktigt för en miljövänlig energiproduktion. I det här 
arbetet rapporterar vi en studie om molybden disulfid (MoS2) som katalysator för 
den kemiska reaktionen då vätgas bildas från vatten (HER). Kvävedopade 
kolnanorör (NCNTs) framställda direkt på kolpapper har dekorerats med MoS2. 
Elektroderna använder sig av den utökade ledningsförmågan från de kvävedopade 
kolnanorören och kolpapperet för elektrontransport, tillsammans med den höga 
katalytiska aktiviteten från MoS2. De kvävedopade kolnanorören dekorerades med 
koaxiala nano-flingor av MoS2 med en enkel Solvothermal metod med användning 
av Dimetylformamid (DMF) och ammonium tetrathiomolybdat. MoS2 
framställdes även med alternativa metoder för jämförelse. Effekten av 
kvävedopade kolnanorör som support för MoS2 studerades med hjälp av 
täthetsfunktionalteori (DFT). 
De mest aktiva adsorptionsplatserna för väte på MoS2 identifierades med DFT 
och var på dess kanter. Katalysatorn visade konkurrenskraftig aktivitet med 
andra katalysatorer tillverkade av rikligt förekommande grundämnen med en on-
set potential på 170 mV och en Tafel lutning på endast 40 mV/dec. Den 
förbättrade katalytiska aktiviteten för HER när de kvävedopade kolnanorören an-
vänds bekräftades med DFT samt experimentella resultat. 
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1 Introduction 
1.1. Background 

Finding and optimizing electro-catalysts for the hydrogen evolution reaction 
(HER) in water electrolysis i.e. creating hydrogen gas from water, has been a 
major interest of research for a long time [1-2]. In water electrolysis, the water 
molecules are split to H+ and OH- ions by the addition of external energy, and 
then H2 and O2 are produced by chemical reactions at the catalytic surfaces of 
two separate electrodes. There are vast numbers of different catalysts for HER 
today but the main problem is that expensive and non-abundant materials are 
needed to create the most active ones. Currently, H2 is used mainly in the 
chemical industry such as petroleum refining or ammonia production but it has 
a great potential in the near future to be used as an important energy carrier 
in fuel cells. [1-3] In fuel cells, H2 can be directly transformed into electricity 
with addition of O2, leaving water as the only rest-product and the 
fuel/electricity efficiency reach up to 40-60 %. [54] By looking at these aspects, 
H2 makes a very promising fuel.  
Currently, H2 is produced mainly from processing hydrocarbon fuels [1]. There 
are different methods for fuel processing; for example steam reforming, partial 
oxidation and autothermal reforming. In all these different methods, large 
amounts of carbon monoxide (CO) are produced. CO and water can further be 
transformed into carbon dioxide (CO2) and hydrogen gas with the help of 
water-gas-shift reactors. Other methods of producing H2 are pyrolysis and bio-
mass gasification. The bi-products of these methods are C and CO respectively 
[1]. 
In water electrolysis, H2 is produced with no bi-products other than O2. If 
renewable energy sources such as solar or wind is used as the external energy 
to split the water, H2 has the potential to be a renewable fuel. In electrolysis 
one uses either an alkaline or an acidic electrolyte for speeding up the current 
transportation between two electrodes. Alkaline electrolytes are the most used 
electrolyte for water electrolysis due to the use of non-precious metal catalysts. 
However, for high-current densities, acidic proton exchange electrolyzers 
(PEM) are the most preferable system. The best and most common catalyst 
for the HER in acidic electrolytes is platinum that is a noble metal and is one 
of the earth’s most rare elements. There is an increasing interest for developing 
alternative catalysts materials to replace Pt as the main HER catalyst in 
acidic electrolytes. One of the most promising compounds that currently are 
tested for HER is molybdenum disulfide (MoS2). This compound is semi-
conducting and shows great activity for HER but suffer from rather low 
conductivity. The conductivity can however be improved by combining MoS2 
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with other materials making a composite catalytic material that might be a 
substitute for Pt in the future. 

1.2.  Aim 

The aim for this thesis is to produce a catalyst for HER that is made by abun-
dant materials and is cost-effective. The catalyst material is chosen to be MoS2 
as it has been showing great potential as a HER catalyst. An attempt of 
decorating nitrogen doped carbon nanotubes (NCNTs) with MoS2 is going to 
be made, utilizing the high conductivity and surface area of the NCNTs. The 
NCNTs are going to be directly synthesized on carbon paper by chemical va-
por deposition (CVD). The final composite material is then going to be used as 
the cathodic electrode in water electrolysis for H2 production.  
 
The morphologies of the catalysts are going to be analyzed with different 
characterization methods such as electron microscopy, X-ray photoelectron 
spectroscopy and Raman spectroscopy. In addition, the effects of supporting 
MoS2 on NCNTs are going to be analyzed by the use of density functional the-
ory (DFT) simulations. The most favorable adsorption sites for hydrogen on 
MoS2 are also going to be identified by DFT. Finally, the catalytic activities 
for HER are going to be analyzed by electrochemical testing. 

1.3. Scope 

The thesis contains four main parts; theory, experimental, results as well as a 
simulation part where density functional theory is used.  
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1.4.  Thesis outline 

• Introduction (Chapter 1) 
The introduction gives information about the background of the 
thesis work. Why do we want to produce hydrogen gas? 

• Theory (Chapter 2) 
The theory is mainly about electrolysis of water and the 
electrocatalyst, as well as an introduction about density func-
tional theory (DFT). Some basic theory about the characteriza-
tion methods used in the project can also be read about. 

• Experimental (Chapter 3) 
The method we used for producing the electrocatalyst and mak-
ing the DFT simulations can be read in this chapter. 

• Results (Chapter 4) 
Results from the simulations and the electrochemical tests are 
given here. Also, there is a section about the characterization of 
the electrocatalysts. 

• Discussion (Chapter 5) 
Discussion about the results as well as future work can be read 
about in this chapter. 
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2. Theory 
2.1.  Electrolysis of water 

The electrolysis of water is the reaction where H2 and O2 are produced by 
decomposition of water molecules in an electrochemical cell, which is shown 
schematically in Figure 1. The production of H2 and O2 occurs at the catalytic 
surfaces at two electrodes, which are connected to an external power source. 
Between the electrodes, there is an acidic or alkaline solution, called an electro-
lyte. The electrolyte works as a medium for charge transportation (electrons 
and protons) between the electrodes as it contains charge-carrying ions. The 
electrodes are the interface between the electrolyte and the electric circuit. 
Catalytic materials are usually attached to the surfaces of the electrodes to 
increase the rate of reactions.  
 

 
Figure 1 A sketch of a setup for electrolysis of water with anode and cathode. At the anode 
oxygen is produced and at the cathode hydrogen gas is produced. An external circuit is con-
nected with help of the electrodes to the system for electron transportation. 

2.1.1.  Oxygen evolution reaction 
Oxygen evolution reaction (OER) is taking place at the anode where O2 is 
produced. Depending on the pH of the electrolyte (acidic or alkaline electro-
lyte), the reaction is slightly different. Eq. (1-3) describes a pathway for the 
OER in acidic solutions [5]. First H2O is discharged to oxidize an active site on 
the electrode. 
 

 -           +

H2

OH-

O2

Cathode

H+

Anode
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! + !!! → ! − !" + !! + !!   (1)  
 
where (!) stands for an active site on the catalyst. The succeeding reactions 
are happening before O2 is desorbed. 
 

[! − !"] → [! − !] + !! + !! →    (2) 
2[! − !] → 2! + !!     (3) 

 
From eq. (1-3) one can see that the OER is a 4-electron process and is written 
as 
  

2!!! → 4(!! + !!) + !!    (4) 

2.1.2.  Hydrogen evolution reaction 
The hydrogen evolution reaction (HER) is a cathodic reaction in which H2 is 
produced from hydrogen ions, H+. The reaction in acidic electrolyte can evolve 
via two different pathways [5] as illustrated in Figure 2 and by eqs. (5-7). 

 
Figure 2 Different reaction steps for HER. The hydrogen gas is produced on the catalytic 
surface via either Volmer-Tafel mechanism or Volmer-Heyrovsky mechanism. 

The first step is the same for both pathways and is called the Volmer reaction 
(eq. 5) where proton adsorption is coupled to an electron transfer on the cata-
lytic surface. 

 
!!! + !! → !∗ + !    (5) 

 
Where * is an active site on the catalytic surface. In acidic electrolyte, A is the 
conjugate base of the reduced proton, which is H2O. In the next step where H2 

H+

H+

H+

 H2

Volmer reaction

Tafel reaction Heyrovsky reaction
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is produced, it can happen through two different pathways. One pathway is 
through chemical desorption, which is called the Tafel reaction (eq. 6) Here, 
two adsorbed hydrogen atoms combine and forms H2 directly from the catalyst 
surface. The other pathway is through electrochemical desorption, which is 
called the Heyrovsky reaction (eq. 7). In this reaction, a second electron is 
transferred to the adsorbed hydrogen atom and is coupled to the transfer of 
another proton from the electrolyte and evolves H2. The HER can either evolve 
through one or both of these pathways in the same material. Because of the 
slow mobility of adsorbed H atoms, the Heyrovsky pathway is believed to be 
the faster of the two pathways. The two different pathways for hydrogen 
desorption are summarized in eq. 6 and eq. 7 below. 
 

!∗ + !∗ → !!   (6) 
 

!!! + !! + !∗ → !! + !    (7) 
 
Subsequently, for both Volmer-Tafel and Volmer-Heyrovsky pathway, two 
electrons are needed to create every hydrogen molecule. From eq. 4 and eqs. 
(5-7) the overall electrolysis of water equation can be written as: 
 

 2!!! → !! + 2!!    (8) 
 

The theoretical minimum external energy required for water electrolysis is 1.23 
V in equilibrium condition; where in acidic electrolyte 1.23 V is needed for 
OER and 0 V is needed for HER. The energy required in a real cell is however 
always higher. The difference between 1.23 V and the experimental voltage in 
a real cell is called the overpotential. The lower the overpotential is for a cata-
lyst, the easier it is for the reaction to occur. A water electrolysis cell operating 
at 1.23 V would be 100% efficient. When measuring the potential in HER, the 
voltage that is over 0 V is referred to as overpotential. 

2.2.  Hydrogen adsorption  

Sabatier’s principle states that in a two-step reaction like HER, where the 
reaction is passing through an adsorbed intermediate, the interaction energy 
between the two reactants should be “just right”. In HER, this means that the 
adsorption energy between the hydrogen atom and the catalyst should not be 
too low or too high for the reaction to happen. If the binding energy is too low, 
the hydrogen would not adsorb on the catalyst surface and if the binding en-
ergy is too high, desorption of hydrogen would happen slowly. [6-7] For HER, 
the Gibbs free energy for hydrogen adsorption should be close to zero for opti-
mal hydrogen production. [7] 
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∆!! = ∆!! + ∆!!"# − !∆!! = 0    (9) 

 
In eq. 10, ∆!!"# is the difference in zero point energy of the adsorbed state 
and the gas phase of the system, ∆!! is the entropy difference of a hydrogen 
atom in the adsorbed state and the gas phase and ∆!! is the adsorption energy 
of hydrogen. ∆!!"# − !∆!! has been calculated by  J. K. Nørskov et al. to 
0.24 eV and that it is constant for many metals, including Mo. [7] In thesis we 
use this value for simplification.  ∆!! is calculated as described in eq. 10. By 
doing this, the difference in energy between the isolated and the adsorbed state 
of hydrogen is obtained. 
 

∆!! = !!"!#$ − !!"#!$%!"# − 1/2!!!    (10) 
 
where !!"!#$ is the total energy of the system including the adsorbed H atom, !!"#!$%&$' is the total energy of the system excluding the H atom. !!2 is the 
energy of a free hydrogen molecule. As a measure of the catalytic activity of 
the material one can measure the exchange current density, i0. The higher the 
exchange current density is, the faster the reactions occur in the elec-
trode/electrolyte interface at zero net-current in electrolysis.  
The logarithm of the exchange currents of catalysts plotted against their 
intermediate Gibbs free energy for H-adsorption gives a volcano plot as can be 
seen in Figure 3. The most active catalysts are on the top of the volcano curve 
where the Gibbs free energy is close to zero. The activity is fading away when 
increasing or decreasing the surface-hydrogen bond energy. When comparing 
the metal catalysts in Figure 3, platinum sits on the very top of this volcano 
curve. More details on the activity of HER catalyst are given in chapter 
2.5.5.3. 
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Figure 3 Volcano plot with exchange current density versus the free energy for hydrogen 
adsorption. (Ref: Journal of The Electrochemical Society, 152 (3) J23-J26 (2005)) 

2.3.  Simulation using density functional theory 

To study the support interaction between MoS2 and NCNTs as well as the 
hydrogen adsorption energies we use DFT calculations. Density functional the-
ory is a powerful tool when studying the electronic properties of atoms, mol-
ecules and materials at the nanometric scale. It uses the laws of quantum 
mechanics for simulating the atomic interactions where plenty of information 
can be derived, such as bond strengths and lengths, adsorption energies, 
geometric configuration and much more. Quantum mechanics leads to very 
accurate but complicated set of equations to be solved, even for the simplest 
system.  

2.3.1.  The Kohn-Sham Equations and the many body problem 
There are normally interactions between electrons that complicate the 
computation when using quantum mechanics. DFT is a way to simplify the 
computation method so that even highly complex systems can be studied. 
DFT transforms a many body problem, where the Schrödinger equation needs 
to be solved considering 3N (N: nr. of electrons) spatial coordinates and N spin 
variables into a problem that involves the total density of electrons !(r), and 
thus just 3 spatial coordinates are considered. Hohenberg, Kohn and Sham 
developed this approach, called density functional theory in a series of papers. 
[57-58] They developed a so-called Kohn Sham equation. 
 

− ℏ!
!! ∇

! + !!"" ! ∅! ! = !!∅!(!)    (11) 
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where !!"" !  is the effective potential energy, !! is the orbital energy of the 
corresponding single particle orbital (also called Kohn Sham orbitals) ∅! . 
Considering the Kohn-Sham approach, the electron density !(r) for an N 
particle system is determined by solving 
 

! ! = ∅!(!) !!
!      (12) 

 
Therefore, as a starting point in DFT simulations, the initial electron density 
of the system is first guessed (usually by a superposition of the individual 
atomic orbitals), and by solving the Kohn-Sham equations (eq. 11 and eq. 12) 
iteratively, a new electron density is attained. When the difference in electron 
density between two consecutive iterations is below the selected tolerance, the 
calculation is considered converged. Afterwards, the atomic forces are calcu-
lated and the positions of the atoms are updated accordingly. The electron 
density is now calculated again through the same iterative process. This itera-
tive method repeats until the total force of the whole system has converged to 
a value lower than the predefined tolerance, then finally the energies, positions, 
eigenvalues and other properties are obtained.  
In Figure 4 the iterative process of DFT is illustrated. One important parame-
ter in the Kohn-Sham equations is the effective potential, !!"" ! . This poten-
tial is making the system to a one-body problem instead of a many-body prob-
lem. This potential is often called the Kohn Sham potential and can be written 
as 
 !!"" ! =  !!"# ! + !! ! + !!"(!)   (13) 
 
where !!"# is the external potential i.e. the nucleus-electron interaction, !! is 
the Hartree potential that is the potential between an electron at position r 
and the mean electron density at r’. The parameter !!"  is the exchange-
correlation potential. All of these potentials are known, except for the ex-
change-correlation potential, which has to be approximated with various tech-
niques. The exchange-correlation potential contains all the quantum effects 
that are unknown, and if it could be solved exactly, it will lead to the exact 
total energy of the system. This potential contains two main contributions 
potentials, the exchange part (!!) and the correlation one (!!). The exchange 
potential is the potential needed for keeping the wave function anti-symmetric 
under the exchange of two electrons’ coordinates with the same spin direction. 
The correlation potential is a potential needed for correcting artifacts left by 
two electrons interacting with each other, e.g. two electrons in the same orbital 
with different spins. 
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Figure 4 A schematic diagram of the procedure when solving Kohn-Sham equations by DFT. 
First an initial guess of the electron density is made before the Kohn-Sham equations are solved 
for the system. The non-interactive Kohn-Sham orbitals are then used to calculate a new 
electron density. When the electron density has converged, the forces are calculated and the 
positions are updated for the atoms. The process starts over again until the forces are below a 
predefined value, then the final parameters of the system can be obtained. 

In 1980, D. M. Ceperley and B. J. Alder developed one of the most used app-
roaches to estimate the exchange and correlation potentials using the local 
density approximation (LDA). [59] The basic idea behind LDA is to define the 
electron density as a uniform electron gas where the energy and potential in 
some region of space can be determined by some function of the local density 
!(r). Years later, the generalized gradient approximation (GGA) was intro-
duced. The main difference is that the gradient of the electron density is now 
considered, improving the description of highly inhomogeneous systems. In this 
thesis, we use GGA for approximate the !!" potentials.  
  

!
THEORY!

Evaluate !!""(!)  
!

 

Solve Kohn-Sham equations 

− ℏ!
2! ∇! + !!"" ! ∅! ! = !!∅!(!) 

!

Calculate new density and compare 

! ! = ∅!(!) !
!

!
!

!

Calculate forces and update 
positions 

Guess initial 
! !   

Converged/Yes 

Converged/Yes 

Converged/No 

Converged/No 

Obtain 
energy, 

eigenvalues, 
position etc. 
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2.3.2.  Removing the core electrons using pseudopotentials 
Electrons can be divided into two groups depending on their contribution in 
chemical reactions. The core electrons are strongly bond to the nucleus and 
thus rarely interact during chemical reactions. On the other hand, valence elec-
trons are directly responsible for the interaction with other atoms and are then 
treated separately. So in this case, the core electrons and nucleus are simply 
treated as a constant net charge. This approach is called frozen-core 
approximation and reduces the calculations considerably because reducing the 
total electrons of the system, especially further down the periodic table. The 
valence electrons are treated separately with a so-called pseudopotential which 
is only defined outside a cut-off radius rc. A simple representation of a 
wavefunction and its potential, as well as the pseudo-wavefunction and its 
pseudopotential can be seen in Figure 5 below as red and blue respectively.  
 

 
Figure 5 A schematic representation of a pseudo-wavefunction and the generated pseudopoten-
tial (blue) compared to the all electron wave function and its corresponding potential (red) 

2.3.3.  Unit cell and coordinate systems 
In DFT simulations, the software needs the initial positions of the atoms and 
also a “simulation box”, i.e. a unit cell where to put these atoms as can be 
seen in Figure 6. The unit cell is reproduced in periodic images in all direc-
tions. It is important to have a large unit cell if one works with e.g. adsorption 
of gases, defects, or molecules on surfaces etc. because the lack of periodicity. 
For periodic structures i.e. graphene, the unit cell is constructed so that the 
periodicity is maintained in the next cell. 
 

rc 
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Figure 6 An example of a unit cell of a water molecule. It is important that the molecule fits 
inside the unit cell that is illustrated by the cubic box. When the molecule is not periodic it is 
also important that the unit cell is big enough so the molecule do not interact with other atoms 
in the simulation box next to it. 

There are many additional options that can be used for optimizing the calcula-
tions such as spin polarization, electronic temperature, variable unit cells, 
mesh cut-off for the wavefunctions integration and k-point density for the 
reciprocal space integrals just to name a few of them. A summary of the infor-
mation to send to the software before starting a simulation is given below. 
 

• Define type of atoms and their positions 
• Define a unit cell 
• Include pseudopotential files for the atoms 
• Choose parameters to optimize the calculations 

2.4.  Composite NCNTs 

There has been large interest to find an alternative material to platinum as the 
primary HER electrocatalyst. There have been a lot of efforts of adding effec-
tive catalyst materials on top of graphene or on carbon nanotubes to increase 
their activity for HER. By constructing these composite materials, one can 
utilize special properties of each material. 

2.4.1.  Carbon nanotubes 
In 1991 Ijima et al. reported a tubular shaped carbon structure that was later 
called carbon nanotubes [53]. A CNT can be visualized as a single layer of 
hexagonal-shaped carbon structures (graphene) that is folded into a cylinder as 
illustrated in Figure 7. This cylindrical structure has shown to have some 
particular properties that exceed those of any previous material. It is almost as 
stiff as diamond with an elastic modulus of 1 TPa and the tensile strength has 
been reported to be over 60 GPa, which is multiple times greater than steel. 
[17-18] The unique strength of CNTs comes from the sp2 bonds between the 
carbon atoms in the hexagonal lattice. CNTs also have electrical and thermal 
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properties superior to most materials with thermal conductivity twice as dia-
mond, thermally stability up to 2800°C in vacuum and electrical conductivity 
about 1000 times of a copper wire. [18] In addition considering that they are in 
nanometer size makes CNTs an interesting material.  
 

 
Figure 7 A honeycomb lattice which is the foundation of a carbon nanotube and two different 
chiral vectors (n,m) along the unit vectors a and b in the lattice. When “folding” the graphene 
layer along different chiral vectors, the carbon nanotubes gets different properties. 

If the CNT consists of more than two co-axial cylinders it’s called a multi 
walled carbon nanotube (MWCNT). The different carbon layers are held to-
gether by Van der Waals forces and have an inter-layer distance of ~3.5 Å. [17] 
A graphical illustration of a MWCNT with three walls can be seen in Figure 8. 
The lengths of CNTs are normally in the size of micrometers but can be up to 
centimeters and the diameter is from a few up to hundreds of nanometers. [17] 

 
Figure 8 An illustration of a MWCNT with three walls that are represented in different colors. 
The distance between each wall is somewhat constant is around 3.5 Å. 

As the CNT has a cylindrical shape, the curvature of the CNT makes it more 
covalent reactive than a flat graphene layer. Graphene is composed entirely of 
sp2 carbon bonds, which prefer a planar symmetry, but in carbon nanotubes a 
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big strain is building up because of the cylindrical symmetry. This strain is 
making the carbon nanotubes more chemically reactive as the !-orbitals, made 
by the last pz electron in the carbon atoms, are getting misaligned. This 
misalignment leads to a less homogenous electron density that is more prefera-
ble in chemical bonding. [19]  
To increase the functional groups (which are chemically active) and shift the 
electron density in the CNTs one can also dope them with guest elements such 
as nitrogen or phosphorous. Introducing guest elements can modify important 
properties of CNTs such as chemical activity, surface adsorption and electron 
transport. [20]  

2.4.1.1. Nitrogen doping of carbon nanotubes 
One way of introducing heteroatoms such as nitrogen into the structure of 
CNTs is to incorporate them during the synthesis process and as the result; 
some of the carbon atoms in the graphitic framework are replaced by nitrogen. 
The nitrogen atoms are more reactive than the carbon atoms in the CNT be-
cause they introduce a more heterogeneous structure, both in the electronic 
wave functions and also in the geometric structure. Nitrogen also has an addi-
tional valence electron than carbon, which can facilitate the surface adsorp-
tion/bonding to other atoms and molecules. These effects of nitrogen 
incorporation can lead to higher catalytic activities of a composite CNT cata-
lyst. [8,11,20]  
The nitrogen atoms can replace carbon atoms in different sites, which result in 
different nitrogen functionalities with different properties. There are three well-
known types of nitrogen functionalities, which are called pyridinic, pyrrolic and 
graphitic nitrogen. Pyridinic nitrogen replaces a carbon atom at the edge of a 
vacancy (N1, Figure 9). It contributes with one valence electron to the aro-
matic ! system of the hexagonal carbon, two valence electrons to form sp2 
bonds to neighboring C, leaving two valence electrons as a lone pair. Pyrrolic 
nitrogen is formed when nitrogen replaces a carbon in a 5-membered ring (N2, 
Figure 9). Pyrrolic nitrogen contributes with two valence electrons to the ! 
system and the remaining valence electrons form sp2 bonds with three C atoms 
or with two C atoms and one H atom if it is placed near a vacancy. Graphitic 
nitrogen is a nitrogen atom replacing a carbon atom in the hexagonal structure 
(N3, Figure 9). Graphitic nitrogen contributes with three electrons to the sp2 
bonds and two electrons to the ! system. All three nitrogen types introduce 
different defects in the CNT, as curvature and active sites for molecules to 
bond to. 
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Figure 9 Different types of nitrogen doping in CNT. Carbon atoms (grey) are visualized 
together with pyridinic (green, N1), pyrrolic (blue, N2) and graphitic (red, N3) nitrogen atoms. 

By choosing different synthesis conditions, the type and content of nitrogen 
can be varied but there is no known method to control the inclusion of a spe-
cific type of nitrogen functionality. X-ray photoelectron spectroscopy (XPS) is 
a very useful method for identifying the type of nitrogen incorporated into the 
material. In a typical XPS spectrum, a nitrogen peak can be split to several 
peaks having slightly different binding energies representing different nitrogen 
functionalities.  

2.4.2.  Growth of carbon nanotubes 
Several synthesis methods have been developed such as laser ablation, arc dis-
charge and chemical vapor deposition, (CVD). Arc discharge and laser ablation 
need quite high temperatures and are more expensive than CVD, making CVD 
the most promising method for producing CNTs in industrial scale. Another 
advantage of CVD is the possibility to grow CNTs directly on a desired sub-
strate such as silicon, copper foil or carbon paper. In this work, we use CVD to 
produce our NCNTs. 

2.4.2.1. Chemical vapor deposition 
In CVD, thermal decomposition of a hydrocarbon is made in the presence of a 
transition metal catalyst (not to be mixed up with HER catalyst). The transi-
tion metal catalyst is placed in a tubular reactor as can be seen in Figure 10. 
The hydrocarbon is then passed through the tube at high temperatures around 
600 to over 1000 °C. At these temperatures, the hydrocarbon decomposes and 
the carbon can diffuse into the catalyst. If the conditions are right, CNTs 
starts to grow from the catalyst surface.  
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Figure 10 A schematic sketch of a typical CVD setup. Inside an oven (grey) there is a quartz 
tube that holds the catalyst material. To the right, different gases are connected to the quartz 
tube and to the left the gases come out and are deposited in a safe way through a bubbler and 
proper ventilation. 

The growth mechanism of CNT has been discussed through its discovery and 
even today there is some debate over this mechanism. The principal ideas of 
the growth are however widely accepted. First, at the appropriate high 
temperature, the hydrocarbon is decomposed into carbon at the surface of the 
metal catalyst and the hydrogen flies away. The carbon starts to diffuse into 
the hot catalyst until the solubility of carbon has been reached. Then there are 
two ways the growth can happen. If the catalyst-support interaction is weak, 
the CNTs are pushing the whole metal or parts of it up from its support so 
that the metal remains inside or on the top of the CNTs. This method is called 
tip growth. On the other hand, when the catalyst-support interaction is strong, 
carbon atoms diffuse into the catalyst but start to grow on the top of the 
metal leaving the metal catalyst on the support. [9] This method is called base 
growth.  
If single walled or multi walled CNTs are grown depends on the size of the 
metal catalyst. If the metal catalyst is small (up to a few nanometers) 
SWCNTs will form, otherwise MWCNTS would grow. If the metal catalyst is 
in the order of hundreds nanometers, no growth will take place at all as the 
catalyst is too big and acquires no sharp edges. These sharp edges of the cata-
lyst particles are believed to be important for CNT growth because the C 
atoms are anchored there while a cylindrical tube rises from the catalyst sur-
face. [9] The size of the CNTs is depending on the size of the metal catalyst 
particles, as they seem to anchor at these. The chemical state of the catalyst is 
also believed to be important. Introducing hydrogen gas before and during the 
synthesis can reduce the metal catalyst from an oxidized state that has shown 
to improve the growth. [9] 
It is unsettled if the metal catalyst is in liquid phase or not at these high 
temperatures, which should lead to different growth mechanisms. [9] Either the 
diffusion of carbon will be along the surface or through the catalyst particles 
by volumetric diffusion. The melting point of metals in nanoparticle size is 
highly reduced, for example a 10 nm wide iron particle has its melting point at 
800°C compared to 1500 °C for bulk. [15] The growth mechanism could thus 
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be different between SWCNTs and MWCNTs since the catalyst particle sizes 
are different. 
CNT synthesis by CVD is quite complicated with many variable parameters 
such as type of hydrocarbon gas, catalyst material, catalyst support, tempera-
ture, pressure, gas-flow rate, pre-treatment and deposition time.  

2.4.2.2. Direct catalyst synthesis on carbon based electrode 
Carbon paper was chosen as the catalyst support for the growth of NCNTs 
similar to the previous report. [10] The advantage of this method is the firm 
anchoring of CNTs on a conductive substrate, which can play the role of the 
current collector (electrode) in the catalytic reactions. In this way, catalyst 
materials for HER can be loaded on the electrode without using any binder or 
any post treatment. When using carbon paper similar to some other substrates 
[9-10,21] a buffer layer needs to be added underneath of the catalyst layer. It is 
believed that a suitable buffer layer inhibits or limits the diffusion of catalyst 
particles into the catalyst support material 

2.4.3. Molybdenum disulfide  
Molybdenum disulfide (MoS2) is an inorganic semiconductor compound. In 
MoS2, the molybdenum atoms are sandwiched between two layers of sulfur 
atoms in a crystal lattice in such a way that there is one layer of S on each 
side of the Mo layer. In the structure of MoS2, the Mo atoms are in the fourth 
oxidation state and each of them occupies the center of a trigonal prismatic 
geometry that bonds to 6 sulfur atoms. Each sulfur atom bonds to three Mo 
atoms in a pyramidal structure. In Figure 11 a small monolayer of MoS2 clus-
ter is shown. The four edges are different from each other in MoS2. Two of the 
edges are called Mo-edges and has the molybdenum atoms pointing outward 
and the other two edges are called S-edges and have the sulfur atoms pointing 
outward as shown in the figure.  
 

 
Figure 11 The Top (left) and side (right) view of a small monolayer of MoS2. This monolayer 
contains in total 27 atoms where 9 is Mo and 18 is S atoms. In the side view, the two edges can 
be seen. 

The four edges of MoS2 are important in chemical reactions, as the surface is 
relatively inert and does not react or bond easily to other molecules. [22-23] 
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The surface has many low coordinated S-atoms that are not well exposed for 
H-adsorption and the electron transport at the surface is poor. [30] However, it 
is shown that the edges are highly active in HER, and it is reasonable to aim 
for the synthesis of those molecules that have more exposed edges. The reason 
of this is because of the low H-adsorption energies at the edges, it has also 
been shown that the edge-surfaces are not semiconducting but have a lot of 
electronic states around the Fermi level that promotes conductivity. [30]  
When looking at a catalyst material there is usually a difference between the 
whole geometric area of the catalyst and the active area of it as illustrated in 
Figure 12. The active area can be improved by using CNTs as support for 
making a 3-dimensional catalyst by bending the surface of MoS2. This bending 
might increase the activity by changing the electronic density of the catalyst. 
By having small MoS2 nanoparticles instead of a big 2D monolayer; more edges 
will be exposed. 

 
Figure 12 An Illustration of the difference between geometric area and the active areas for 
HER on a MoS2 catalyst. The electrochemically active surface area is bigger than the geometric 
area but as can be seen here is that the active sites of MoS2 is only the edges making the active 
area significantly smaller. 

2.5.  Characterization methods 

2.5.1.  Scanning electron microscopy 
Scanning electron microscopy (SEM) is a method in which a focused beam of 
electrons is used to scan a target. [14] By collecting the scattered electrons, 
information about the targets topography can be retrieved. It is possible to get 
really high resolutions that can even be smaller than 1 nm in SEM, meaning it 
can be used for imaging structures of nanometer particles. The scattering event 
can produce a variety of scattered electrons that can be detected by different 
modes. 
To study the morphology of our structures, we used the emissive mode, which 
is the most common imaging mode. In this mode the low energy (<50 eV) 
inelastic scattered secondary electrons (SE) from the core shells near the nu-
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cleus are detected. Due to their low energy, only those electrons that are scat-
tered from the surface or just a few nm below the surface of the sample can 
reach to the detector. By imaging these SE, a topographical image can be re-
sulted. The emissive mode can also collect backscattered electrons with higher 
energies that are being elastically scattered from the atoms or reflected at the 
surface. These electrons originate from the electron beam itself. Since heavier 
elements reflect/ scatter electrons stronger than lighter ones, the image shows 
atomic concentration contrast.  

2.5.2.  Transmission electron microscopy  
In transmission electron microscopy (TEM), a beam of electrons is transmitted 
through a specimen and interacting with it while it passes through. The 
transmitted electrons are collected at the other side and can be used to pro-
duce a high-resolution image of the specimen. TEM can produce images with 
very high magnifications around tens of millions and a resolution smaller than 
1 Å. The high resolution comes from the small De Broglie wavelength by using 
electrons rather than using light. Since the electrons that are detected must be 
transmitted, an ultra-thin specimen should be prepared. Depending on the 
accelerating voltage of the electrons, the thickness of the specimen must be 
around 10-100 nm.  

2.5.3.  Raman spectroscopy 
Raman spectroscopy is a spectroscopic technique that uses the inelastic 
scattering of light to study molecules. When a beam of light interacts with a 
molecule, the molecule can start to vibrate by absorbing energy from the pho-
tons. The molecule has now been excited to a higher virtual vibrational state 
for a short period of time before it relaxes to a lower vibrational state. This 
relaxation releases a photon with the energy difference of the two vibrational 
states. If the emitted photon has the same energy as the incoming photon the 
scattering event is called Rayleigh scattering and if the energy is lower or 
higher than the incoming photon, the scattering will be called stokes or anti-
stokes scattering. An illustration of the process can be seen in Figure 13.   
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Figure 13 Scattering processes of light in Raman spectroscopy including Rayleigh, Stokes and 
anti-Stokes scattering events. 

To plot a Raman spectrum, the Rayleigh scattering-events are filtered away 
while the intensities of the inelastic scattering photons are analyzed by using 
eq. 14. The difference between the excitation wavelength and the incoming 
wavelength of the photons is plotted versus the wavenumber ! (cm-1).  
 

�!(!"−1) = 1!0(!") − 1!1(!") ∗ 107    (14) 
 
Where !0 is the excitation wavelength of the emitted photon and !1 is the 
wavelength of the incoming photon. Raman spectroscopy is an efficient method 
for identifying molecules since it provides information about the vibrational 
modes. 

2.5.4.  X-ray photoelectron spectroscopy  
X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique, used to 
measure the surface chemistry of the target. The basic physics of XPS is that 
X-rays is directed at the target, which is emitting photo-emitted electrons that 
are collected by a spectrometer and can be seen in Figure 14. The spectrometer 
is counting the number of electrons being emitted and also their kinetic energy. 
The difference between the energy of the X-ray photons being used and the 
kinetic energy of the emitted electrons is measured. The binding energy of the 
electrons can be calculated by eq. 15 
 !!"#$"#% = !!−!!" − (!!"#$%"& + ∅)    (15) 
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where ∅ is the work function of the spectrometer, which is a correction factor 
that accounts for the kinetic energy given up by the photoelectron when ad-
sorbed by the detector. Ex-ray is the energy of the X-rays being directed at the 
target and Ekinetic is the kinetic energy of the electrons measured by the 
spectrometer, emitted from the target. The intensities of the collected 
photoelectrons are plotted versus their binding energies to get a spectrum.  

 
Figure 14 A sketch of how XPS work in atomic scale. An incoming photon is ionizing a target 
atom, which sends out a photo-emitted electron that is collected by a detector in the spectrome-
ter. Here a core electron is emitted by the incoming X-ray photon.        

The depth of the measurements only reaches about 1-10 nm. The photo-emit-
ted electrons can undergo recombination, excite other electrons in the material 
or interact with the material in other ways on their way out, which reduce the 
number of escaped electrons. 

2.5.5.  Electrochemical testing 
Electrochemistry is a field of science in which the chemical reactions involving 
electron transfer is studied. Such reactions are called reduction and oxidation 
reactions or red-ox reactions. Reduction occurs when an atom gains an electron 
and oxidation happens when an atom loses an electron. In an electrochemical 
cell the red-ox reactions evolving on the interface between electrodes and the 
electrolyte are studied. We studied the electrocatalytic performance of our 
material for HER by doing different electrochemical tests such as linear sweep 
voltammetry in a three-electrode electrochemical cell.  

2.5.5.1. Three-electrode electrochemical cel l 
An electrode system normally consists of three electrodes; working electrode, 
counter (or auxiliary) electrode and the reference electrode, which are con-
nected to a potentiostat. The reaction of interest occurs on the working elec-
trode. The counter electrode balances the reaction happening at the working 
electrode by adjusting the current through it. The surface area and reactivity 
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of the counter electrode is often larger than the working electrode, thus the 
reaction can happen fast enough not to limit the reaction evolving at the work-
ing electrode. The reference electrode provides a stable and well-known poten-
tial, which the working electrode potential can be measured against. High 
impedance is important for the reference electrode so that no current passes 
through it, which makes it more stable and controllable.  
The potential difference between the reference electrode and the working elec-
trode is the potential specified by the user at the potentiostat.  

2.5.5.2. Linear sweep voltammetry 
Linear sweep voltammetry (LSV) is a method used to measure the current at 
the working electrode when the voltage is swept linearly between two values. 
This voltage sweep gives a current vs. voltage plot that holds a lot of infor-
mation about the catalyst. The voltage is often presented as voltage versus 
reversible hydrogen electrode (RHE). The RHE is a standard reference elec-
trode made of platinum. The RHE has a potential in an electrolyte of 
 !!"# = !0 − 0.059 ∗ !"    (16) 
 
where E0 is the standard reduction potential at the electrode, which is zero for 
hydrogen reduction on the Pt electrode. pH is the pH in the electrolyte. If a 
reference electrode of different type than Pt is used in the three-electrode 
electrochemical cell one often changes the measured voltage to (versus RHE) 
by adding a constant to the voltage. In this thesis, a reference electrode of 
Ag/AgCl is used with E0 of +0.22 V with respect to RHE. When the potential 
are converted between two reference electrodes it is done by eq. 17 
 !!"#1 = !!"#2 − !!"#1|!"#2    (17) 
 
where ref1 is the reference electrode used in the experiments, which is 
Ag/AgCl and ref2 is another reference electrode such as the RHE. ref1|ref2 is 
the potential of ref1 with respect to ref2. When the observed potential is going 
to be rewritten as versus RHE (ERHE) the equation is  
 !!"# = !!"/!"#$ + 0.22 ! + 0.059 ∗ !"   (18) 
 
The current is usually plotted as current density for easier comparison to other 
catalysts. 
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2.5.5.3. Electrochemical analysis 
When measuring the catalytic activity of an electrocatalyst there are many 
parameters that are important for evaluating its performance. There is how-
ever no universal method for comparing different catalysts to each other. The 
activity of the catalyst can be characterized by calculating the onset potential 
of reaction of interest, the Tafel slope, the exchange current or the overpoten-
tial at a certain current density. All of these parameters can be attained from 
a single LSV measurement. A typical I-V plot from a LSV measurement can 
look like the plot in Figure 15 where two measurements are compared. 

 
Figure 15 Example of two LSV curves for two different catalysts with different properties. The 
catalysts show the same activity at 10mA/cm3 but different onset potential and different Tafel 
slopes making them better for different purposes. 

In HER, the onset potential is the potential needed for production of H2 to 
start. This is an important parameter in devices where low current is used. 
The most usual way for calculating the onset potential is to make a linear fit 
to the region around half way potential in the I-V curve. The potential where 
this linear fitting crosses the line where the current density is zero is the onset 
potential. There is a problem when comparing this potential because of the 
difficulty to get an accurate value. To compare two materials’ capabilities to 
catalyze water electrolysis reaction, it is therefore more convenient to show the 
overpotential at a specific current density. As an example, for solar driven 
water splitting, the overpotential at a current density of 10mA/cm2 is a rele-
vant measure because it is the current density expected from a normal solar to 
hydrogen cell. [2, 24] For PEM electrolyzes it is however more convenient to 

Potential (V vs. RHE)
-0.2 -0.15 -0.1 -0.05 0    

J 
(m

A
/c

m
2 )

-20

-15

-10

-5 

0  

Higher Tafel slope

Lower onset potential

Same V for 10 mA/cm2



 
THEORY 

 24 

compare current densities of 1 A/cm2. According to the Butler-Volmer equa-
tion the current density in an electrode is depending on the overpotential by 
 

   ! = !! !
!!!!"
!" − ! !!!!!"!"      (19) 

 
where j is the current density, j0 is the exchange current density, n is the elec-
tron transfer number in the rate determining step, !! and !! are the anodic 
and cathodic transfer coefficients, F is the faraday constant, R is the gas con-
stant and ! is the overpotential. This equation shows the sum of both the an-
odic and cathodic current densities for a single electrode. If one applies a nega-
tive overpotential, the first term in eq. 19 can be neglected. By taking the 
logarithm of the cathodic part of the equation it reduces to:  
 

     log ! = log !! − !!!!"
!.!"!!"     (20) 

 
where 2.303!"/!!!!  is called the Tafel slope. It can also be calculated 
experimentally by taking the slope of the linear region of the ! !". log (!) plot 
from LSV (Tafel plot). This slope represents how much the voltage has to be 
increased to raise the current by a certain amount, and is often plotted in 
mV/decade. The Tafel slope also gives information about the reaction mecha-
nism in the catalyst as well as the rate-determining step.  
Various Tafel slopes have been reported from different types of MoS2 but the 
precise reaction pathway for H2 production is still not known. For MoS2 films, 
MoS2 crystals and MoS2 nanoparticles, Tafel slopes of 40, 55-60 and 120 
mV/decade has been measured respectively. [16] If the Tafel slope is 40 
mV/decade, it indicates that the mechanism is rate determined by the Heyrov-
sky reaction (eq. 7) and the discharge reaction is happening fast. If the Tafel 
slope is 60 mV/decade, it indicates that the mechanism is rate determined by 
either the Tafel reaction (eq. 6) or the Heyrovsky reaction. When the Tafel 
slope is 120 mV/decade, the discharge reaction is slow and various reaction 
pathways can happen depending on the hydrogen coverage on the surface of 
the catalyst. [16] The exchange current is the current achieved when the redox 
reactions occur at equilibrium, which is when the overpotential is zero and 
there is no net electrolysis in either way. The cathodic and the anodic current 
are then balancing each other. The exchange current density is an important 
parameter when determining the activity of an electrode for HER, and holds 
information about the intrinsic current rates between the electrodes. In Figure 
15 one can see a plot from two LSV measurements for two different catalysts. 
They both need the same potential to reach a current density of 10mA/cm2 so 
they look the same in that sense. However, one of them (red dashed line) have 
a lower Tafel slope, which makes it better for high current density devices
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 (>10mA/cm2) and the other one (blue solid line) have a lower onset potential 
which makes it better for low current devices. [24] 

3  Experimental 
3.1.  Simulation of MoS2–Graphene by DFT 

In total, five different systems were used to examine the catalytic performance 
of MoS2 by DFT and are listed below.  
 

• Freestanding MoS2 monolayer (MoS2-ML) 
• Freestanding MoS2 monolayer with sulfur vacancies (MoS2-MLv) 
• Freestanding MoS2 cluster (MoS2-Cl) 
• MoS2-Cl supported by an N-pyridinic graphene layer (MoS2-Nv-G) 
• MoS2-Cl supported by an N-graphitic graphene layer (MoS2-Ns-G) 

 
The monolayer of MoS2 is represented by using 3x3 unit cells and has a 
periodicity along the basal plane, thus forming an infinite monolayer of MoS2. 
This monolayer is also simulated with two sulfur vacancies in the surface. The 
MoS2 cluster is a small selection of a monolayer containing just 4x4 MoS2 unit 
cells. Mo atoms are sandwiched between two layers of S atoms. The cluster 
exhibits two distinct edges; the Mo-edge is characterized by the lack of S 
atoms, while the S-edge is saturated with S atoms. Note that no additional S-
atoms have been placed or removed from these edges.  
In order to facilitate the DFT computations, a single layer of graphene have 
been selected to represent the CNT substrate. This is possible considering that 
the relatively large inter-layer distance in MWCNTs (3.42 Å) minimize the 
electronic contribution of inner nanotubes, hence a single layer graphene is 
more convenient. Two different types of nitrogen doping configurations (gra-
phitic nitrogen and pyridinic nitrogen) were introduced into the graphene lat-
tice. These configurations were selected due their highest contribution in the 
total nitrogen content observed in our NCNTs samples as revealed from the 
XPS results (see Figure 34, in section 4.2.1.). Geometrical relaxation of the 
individual structures (MoS2 and support) was always made before any 
combination, unless specified otherwise. 
The hydrogen adsorption procedure was performed as follow. A single H atom 
was placed on five different sites along the MoS2 structures. On both edges, 
one Mo and one S atom are selected, as well as an S atom on the surface. 
Resulting in five different binding sites for hydrogen, two on the S-edge, two 
on the Mo-edge and one on the surface. Note that on the “infinite” MoS2 
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monolayer, the H-adsorptions at the edges are not possible. The adsorption 
energies were calculated by eq. 10. 

3.1.1.  Parameters for DFT simulations 
All simulations were performed using the SIESTA software. SIESTA is a quan-
tum chemistry computer program that is based on DFT for calculating elec-
tronic structures and molecular dynamics. [60] The simulations were carried 
out on the Abisko cluster, located at the High Performance Computing Center 
North (HPC2N) in Umeå University. The same simulation parameters were 
used for all computations, further information can be read more about in the 
SIESTA manual. [27]  
Spin-polarized generalized gradient approximation (GGA) with the revised 
Perdew-Burke-Ernzerhof (RPBE) approximation was used for calculating the 
exchange-correlation potential. [61] The basis set used for defining the electron 
orbitals was double zeta basis plus one polarized orbital (DZP).  The mesh 
cut-off energy for the wavefunctions was set to 300 Ry. The occupation of elec-
tronic states was defined by the function proposed by Methfessel and Paxton, 
[62] and the force tolerance was set to 0.04 eV/Å. The converge tolerance of 
the density matrix during the SCF was set to 0.0001 eV to ensure a good 
description of the ground state.  
A variable cell scheme was used for structure relaxation of the MoS2 cluster 
and the graphene. The cell shape was kept fix for the hydrogen adsorption.  
The unit cell for the cluster is specially constructed to have a thick layer of 
vacuum in all directions. A 3x3 supercell of MoS2 was used to represent the 
monolayer. A 9x9 supercell of graphene was used for modeling all of the gra-
phene layers. A vacuum of 15 Å in the non-periodic direction was inserted to 
avoid interaction between periodical images for all systems.  
The Brillouin zones were sampled by using Monkhorst-Pack [63] grids of 8x8x1 
for all periodic MoS2 systems. Monkhorst-Pack grids of 1x1x1 were used for the 
freestanding MoS2 cluster and similar Monkhorst-Pack grids were used for the 
H2 molecule. 

3.2.  Preparation of electrocatalyst 

3.2.1.  Carbon based NCNT support 
Carbon paper (SIGRACET® GDL 10AA) was used as the current collector 
substrate. Ti and Fe were chosen to be the buffer layer and the metal catalyst 
respectively. In the first step, a ~10 nm layer of Ti was evaporated onto the 
carbon paper by a thermal evaporator (Kurt J. Lesker PVD 75). Thereafter, a 
~5 nm layer of Fe was evaporated on top of the Ti layer. 
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3.2.2.  CVD growth of NCNTs 
The carbon paper coated with the metal-catalyst was cut into a 2x10 cm piece 
and inserted into a quartz tube for the CVD synthesis. The experimental setup 
for CVD can be seen in Figure 16. The temperature in the tube was increased 
to 800 °C with a rate of 40 °C/min in a Varigon™ atmosphere at a flow-rate 
of 180 mL/min. When the set temperature was reached, the sample was pre-
treated in an ammonia environment with a flow rate of 25 mL/min for 15 min 
and at the same time Varigon™ was decreased to 162 mL/min to keep the gas 
flow constant for keeping the pressure in the quartz tube. The growth process 
was started by introducing the carbon/nitrogen precursor (pyridine) with a 
syringe (NEMSYS) into the quartz tube with a flow rate of 15 !L/min. After 1 
h of growth, the sample was cooled in Ar-atmosphere before it was removed 
from the quartz tube. The NCNTs on the carbon paper support is denoted 
NCNT@CP for simplification. 
 

 
Figure 16 The CVD setup with the quartz tube inserted.  

3.2.3.  Synthesis of carbon based electrocatalyst materials 
In this work, different methods for decorating the NCNTs with MoS2 as an 
active catalyst for HER were employed. The precursor for the synthesis of 
MoS2 was ammonium tetrathiomolybdate (ATTM-(NH4)2MoS4). A precursor 
solution was made by mixing ATTM with either water or Dimethylformamide 
(DMF) until the desired concentration was reached. To get the optimum 
decoration of NCNTs with MoS2, two different methods were compared: low-
temperature synthesis (LT) and high-temperature, high-pressure synthesis 
(HT). The LT was a wet chemical process that was conducted in an oil bath 
with a calibrated temperature. For the HT, a solvothermal method was used. 
The setups for the two methods are depicted in Figure 17. When using the 
mixture of water and ATTM for the synthesis, the NCNTs were always pre-
treated in an aqueous solution of HCl (pH=5) as an oxidizing agent before 
addition of the MoS2 precursor. The oxidation of the NCNTs should make 
them more reactive with the negative MoSx

2- anions coming from ATTM. For 
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the mixture of ATTM and DMF, no HCl pre-treatment was done. A list of the 
short notations used for the catalysts synthesis methods is given below: 
 

• LT-HCl (Low-temperature with HCl pre-treatment) 
• LT-DMF (Low-temperature with DMF as solvent) 
• HT-HCl-°C (High-temperature with HCl pre-treatment – Temp °C) 
• HT-DMF-°C (High-temperature with DMF as solvent – Temp °C) 

 
The HCl is believed to facilitate the formation of MoSx from the ATTM salt 
by the reaction:  
 (NH4)2MoS4+2HCl!MoS3↓+2NH4Cl+H2S   (21) 
 
where ↓ denotes a precipitation of MoS3 that can be adsorbed on the NCNTs. 
[31] Another theory is that MoS4

2- anions forms by the acidic HCl environment 
and lone electron pairs at the N-pyridinic sites attracts the anions by electro-
static interaction. [11] The reaction process in the DMF solvent where MoS2 
forms is not yet known but includes redox reactions of ATTM in which the 
oxidation of the MoS4

2- anions and the reduction of Mo happen. Also, various 
reaction intermediates should exist. [25] 

3.2.3.1. Low-temperature deposition of MoS2 
A small piece (2x2.5 cm) of NCNTs@CP was cut and put into a vial contain-
ing 4ml solution of HCl at pH 5 for 15 minutes. 6ml of 0.01 M ATTM solution 
was injected into the vial. The vial was then immediately put into an oil bath 
calibrated at 90°C for 2 hours. The sample was then cleaned in deionized water 
several times and dried at vacuum at 60°C. For comparison, another sample 
was prepared in the same concentration of ATTM in DMF instead of water 
with the similar procedure but without the HCl pre-treatment. 

3.2.3.2. High-temperature, high-pressure deposition of MoS2 

A Small piece of NCNTs@CP (2x2.5 cm) was inserted into a Teflon cylinder.  
20 ml of ATTM (0.01 M) diluted in DMF was prepared by adding 52 mg into 
20 ml of DMF. The mixture solution was poured into the Teflon cylinder that 
was put into an autoclave. The autoclave was kept at constant temperature of 
170 °C and 200 °C for 20 h. In addition, a reference sample was prepared in a 
similar process (at 200 °C for 20 h) by using only carbon paper (without 
NCNTs) as the support for the MoS2.  Another (2x2.5 cm) piece of 
NCNTs@CP was instead pre-treated with 8 ml of HCl (pH=5) for 15 minutes 
in a Teflon cylinder and was then injected with 12 ml 0.01 M ATTM diluted 
in milli-Q water. Different temperatures was then used in the autoclave for 
this method and was 150 °C, 170 °C and 200 °C. All samples were maintained 
at the desired temperature for 20 h.  
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Figure 17 The high-temperature solvothermal setup (left) and the low-temperature wet-
chemical setup to the right. 

3.2.4.  Electrode preparation 
The electrode was prepared as shown schematically in Figure 18. The synthe-
sized direct electrode materials were cut into small pieces of 5 mm in diameter. 
All free parts of copper wire and the edges of the electrode material were cov-
ered with epoxy resin glue. The electrochemical cell, used for the LSV 
measurements can be seen in Figure 19. 

 
Figure 18 The electrode made for electrochemical testing. At the bottom a 0.6x2 cm glass piece 
was cut to act as support, on top of the glass piece a double-sided tape of 5 mm in diameter and 
the wire for electron transport was placed. On top of the wire and tape, the catalyst material of 
5 mm in diameter was positioned. All free parts of copper wire and the edges of the electrode 
material were covered with epoxy glue.   

⊘=5m
m
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Figure 19 The electrochemical cell used for LSV, containing the reference electrode, counter 
electrode and the working electrode. 

4  Experimental results and discussion 
4.1.  DFT Simulation results 

4.1.1.  Analyzing the MoS2 systems 
The geometrically optimized structure and the density of states (DOS) for all 
systems are presented in the following sections. In figures containing the DOS, 
the spin-up and spin-down states are plotted as positive or negative y-values. 
Additionally, the Fermi level and the electronic bandgap (if exist) are inserted 
in the figures. 

4.1.1.1. MoS2 monolayer 
The super cell MoS2 structure representing an “infinite” monolayer of MoS2 is 
depicted in Figure 20. Its corresponding DOS is shown in Figure 21. The dis-
tances between S-S and Mo-Mo atoms are 3.221 Å and the bond length be-
tween Mo and S atoms are 2.450 Å. By inspecting the DOS plot, it is clear 
that MoS2-ML is a semiconductor material with a bandgap equal to 1.185 eV, 
in good agreement with previous publications. [64] 
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Figure 20 The 3x3 MoS2 crystal structure representing a monolayer of MoS2 when repeated in 
the xy basal-plane. The black lines indicate the hexagonal super cell. 

 
Figure 21 DOS plot for the MoS2-ML system. The Fermi level and the bandgap are inserted in 
the figure.  
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4.1.1.2. MoS2-MLv 
The relaxed structure of the monolayer with two sulfur vacancies can be seen 
in Figure 22, which looks quite similar to the monolayer besides the two 
vacancies. The distances between the atoms are however no longer constant 
and the S-S and Mo-Mo distances have been reduced by ~0.2 Å while the Mo-
S bond lengths varies around 2.45(±0.02) Å. The DOS plot is depicted in 
Figure 23 and look someway distorted comparing to the DOS plot of MoS2-
ML. The bandgap is reduced to 0.375 eV and electronic states appeared in the 
middle of the bandgap of MoS2-ML, which should promote better conductivity.  

 
Figure 22 Relaxed structure of a monolayer of MoS2 with two sulfur vacancies on the surface. 
Note that the supercell has been omitted for clarity.  

 
Figure 23 DOS plot for the MoS2-MLv system. The Fermi level and the bandgap are inserted in 
the figure. 
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4.1.1.3. MoS2 Cluster 
The initial and relaxed structures of the MoS2 cluster are depicted in Figure 
24. All the Mo-Mo and S-S atomic distances are 3.161 Å and the bond lengths 
between the Mo and S atoms are 2.366 Å. The optimized structure exhibit 
some clear changes, especially in the configuration of the upper left and lower 
right corners. These atoms have moved to lower the total energy of the sys-
tem. The atomic bond lengths in the relaxed cluster varies a lot and the length 
of one side is ~11.7(±0.5) Å. The DOS of this structure can be seen in Figure 
25. The semiconductor properties of the compound have now disappeared and 
it is now a conducting material. We can see a small difference between spin-up 
and spin-down states meaning that the electrons are not distributed evenly 
between the up and down spin states. 
 

 
Figure 24 Initial (left) and relaxed structure (right) of the 4x4 MoS2 cluster. The initial struc-
ture has clearly changed after relaxing it.  

 
Figure 25 DOS plot for the MoS2-Cl system. The Fermi level is inserted in the figure. 
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4.1.1.4. Graphene layers 
The geometrically relaxed structures of the two different types of graphene 
supports are depicted in Figure 26. The structure to the left shows the 
substitutional nitrogen-doped graphene Ns-G, which is formed by replacing 
several C for graphitic like N atoms that are marked by circles. The N atomic 
concentration is 5.6 % and the length of one side is ~21.2 Å.  The second gra-
phene substrate is depicted to the right in Figure 26. In this doped graphene, 
diverse defects were introduced and low coordinated carbon atoms were re-
placed by nitrogen, thus forming pyridine-like doping along with 5-member 
carbon rings. This structure is labeled Nv-G and again, circles mark the N 
atoms. The aromatic carbon rings are no longer uniform and some are bended, 
out of plane and with different number of carbon atoms in the ring, thus lead-
ing to a more heterogeneous electron distribution. [28] The N atomic 
concentration in Nv-G is 5.7 % and the length of one side is ~20.8 Å. The DOS 
for Ns-G and Nv-G are depicted in Figure 27 (a-b). Both of the graphene layers 
exhibit states in the Fermi level, thus having metallic behavior.  
 

 
Figure 26 Optimized structure of a 9x9 graphene layer with graphitic nitrogen defects (left). 
Optimized structure when both graphitic and pyridinic nitrogen are introduced (right). Green 
spheres represent C atoms and purple spheres marked by black circles represent N atoms.  
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Figure 27 DOS plot for the Ns-G and Nv-G systems in (a) and (b) respectively. The Fermi 
levels are inserted in the figures. 
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4.1.1.5. MoS2 – Graphene 
The initial and relaxed structures of the MoS2-Cl supported on the graphene 
layers can be seen in Figure 28 and Figure 29. The binding energy (∆Eb) is 
used to compare the interaction strength between the two graphene supports 
and the MoS2 cluster, where ∆Eb is defined as in eq. 22.  
 ∆!! = !!+!"!2 − (!! + !!"!2)    (22) 

 
where !!+!"!2 is the total energy of the graphene-MoS2 system, !! and !!"#2 
are the total energies of the graphene support and the isolated MoS2 cluster 
respectively. The resulting ∆Eb between MoS2-Cl and Ns-G is -3.34 eV, while 
the ∆Eb between MoS2-Cl and Nv-G is -2.82 eV. The binding energy is thus 
stronger between MoS2-Cl and Ns-G than between MoS2-Cl and Nv-G. Note 
that the energy of the isolated graphene (EG) refers to the relaxed structures as 
seen in Figure 26 and not the relaxed structures in Figure 28-29. This means 
that, part of the energy in ∆Eb is related to the bending of the graphene and 
MoS2 cluster, as especially can be seen for MoS2-Nv-G in Figure 29. This can 
lead to small errors in the calculated H-adsorption energies.  
The smallest inter-layer distance between MoS2 and the graphene layer were 
calculated to be 2.95 Å and 3.23 Å for Nv-G and Ns-G supports respectively. 
The distances suggest that the interaction between the support and MoS2 is by 
Van der Waals forces since the length of covalent bonds of C-S is smaller than 
these distances. [44-47] The bended structure of MoS2-Cl-Nv-G might be benefi-
cial for hydrogen adsorption by introducing distorted electron distribution at 
the surface as well as more exposed S atoms.  
 

 

 
Figure 28 Initial (top) and final optimized (bottom) structures of MoS2 cluster supported on 
graphitic nitrogen doped graphene 
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Figure 29 Initial (top) and final optimized (bottom) structures of MoS2 cluster supported on 
pyridinic nitrogen doped graphene 

The DOS for the two systems are represented in Figure 30-31 and they show 
that the available electronic states above the Fermi level have increased 
comparing to freestanding MoS2-Cl. This would mean that the electronic 
conductivity should increase when adsorbing the MoS2 onto NCNTs from hav-
ing them without the support.  
 

 
Figure 30 DOS plot for MoS2-Ns-G. The Fermi level is inserted. 
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Figure 31 DOS plot for MoS2-Nv-G. The Fermi level is inserted. 

The increase in density of states is most distinct in the MoS2-Ns-G system that 
shows high electronic DOS around the Fermi level; hence it would have better 
conductivity. 

4.1.2.  Hydrogen adsorption 
Detailed information about the hydrogen adsorption energies and bond lengths 
are given in Appendix A. All of the H adsorption energies are summarized in 
Figure 32. The different systems are illustrated in the figure by different colors 
and the adsorption energies are different for all of them. The energy where 
Gibbs free energy of hydrogen adsorption (GH) is zero according to eq. 9 is 
marked in the figure by a dotted line at -0.24 eV. Adsorption energies along 
this line would be optimal for HER.  
The most preferable adsorption sites seem to be on the S atom on the S-edge 
or on the Mo atom on the Mo-edge for all the systems (all other sites have 
positive binding energies, which indicated that these are not energetically 
favorable). The MoS2 cluster and MoS2-Ns-G have adsorption energies of  
-0.2335 eV and -0.2299 eV on the Mo atoms at the Mo-edge. In reality though, 
it might be more probable that H would bond to the more exposed S atoms 
than to the concealed Mo atoms at the S-edge. [30] For MoS2-Nv-G, adsorption 
energy of -0.2743 eV on an S atom at the S-edge was observed. When compar-
ing these adsorption energies to the adsorption energies in Figure 3, they 
competitive with the best metals for HER.  
A positive H adsorption energy will not be favorable and it has previously been 
shown that the surfaces are inert in H adsorption. In our simulations, the sur-
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face adsorption sites require the largest energies to adsorb H. It is clear that 
the adsorption energy for H on the surface is largest for the monolayer and 
decreases when adding defects; meaning that with a well chosen support mate-
rial the surface may be activated for HER. The Mo-edge of MoS2 has previ-
ously been shown to be the most active edge for HER. These results have 
though been observed on Mo-edges partly saturated with sulfur or H atoms. 
[22] 
 

 
Figure 32 The calculated binding energies ∆!! of H of all hydrogen binding sites on MoS2 sup-
ported on the different graphene layers and also on the isolated MoS2 systems. The circles indi-
cate hydrogen adsorption energies on the adsorption sites. 
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4.2.  Characterization of the MoSx catalysts 

4.2.1.  Nitrogen inclusion in the NCNTs 
All SEM characterizations in this report were performed in a Zeiss Merlin 
FEGSEM microscope. An image of a carbon fiber, covered with NCNTs as 
well as a magnification of the NCNTs can be seen in (a-b). The SEM images 
show that the NCNTs do not have uniform diameters. This could be a result 
from the rough surface of carbon paper leading to a large size distribution of 
the iron catalyst particles.  
The high resolution XPS spectrum of the N 1s peak as well as an inserted 
figure of the nitrogen functionalities are shown in Figure 34. The peak can be 
deconvoluted into several peaks, which are labeled as N1-N5. The peak with 
the lowest binding energy at 398.1 eV is assigned to pyridinic nitrogen (N1). 
This nitrogen-type is marked as green in the figure. The peaks at 399.2 eV and 
400.6 eV are assigned to pyrrolic (N2) and graphitic (N3) nitrogen respectively 
and are colored as blue and red. The last two peaks at 401.8 eV and 403.7 eV 
are harder to identify but N4 is assigned to graphitic type nitrogen that is 
placed near a vacancy in the graphitic network. This placement near a vacancy 
changes its binding energy from normal graphitic nitrogen. N5 is sometimes 
attributed to N-O or molecular nitrogen (N2) encapsulated in the nanotubes. 
[32,34] We however, assign this peak to an electron that has been interacting 
with the �-π system on its way out, thus appears to have a higher binding 
energy.  

!
Figure 33 In (a-b) SEM images of a carbon fiber on the carbon paper covered with NCNTs and 
a higher magnification of the NCNTs are displayed.  

!
 

b a 
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Figure 34 The nitrogen spectrum from XPS and an inserted figure of the different nitrogen 
functionalities marked as green, blue and red. 

In Table 1 the binding energies, FWHM of respective peak and the atomic 
concentration of each nitrogen functionality are summarized. The graphitic 
nitrogen is the most common type of nitrogen functionality in our NCNTs 
with an atomic concentration (ac.) of 2.32 %. The second most common nitro-
gen type is pyridinic nitrogen with an ac. of 1.42 %. The results from DFT tell 
us that this nitrogen concentration should improve the conductivity because of 
introducing of vacancies in the graphitic structure. The total concentration of 
nitrogen is 4.97 % and the ac. of carbon is 90.49 %. 
  
Table 1 The nitrogen and carbon peaks from the XPS with their respective binding energies 
(BE), full width half maximum value (FWHM) and atomic concentrations. 

Line BE, eV FWHM, 
eV 

AC, at.% 

N1 398,1 1,35 1,42 
N2 399,2 1,15 0,39 
N3 400,6 1,3 2,32 
N4 401,8 1,6 0,56 
N5 403,7 2,35 0,28 

C 1s 284,31 1,1 90,49 
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4.2.2.  NCNTs@CP-LT 

4.2.2.1. Scanning electron microscopy 
The SEM images from NCNTs@CP-LT-HCl showed that MoSx fragments are 
on top of the NCNTs. These fragments can be seen in Figure 35(a-b) denoted 
by the red arrows. This morphology could be active for HER because of the 
big exposed surface area of the MoSx fragments. It might be that the MoSx also 
forms a co-axial structure with the NCNTs because some of NCNTs are wider 
compared to the original material as can be seen in Figure 35(c) marked by 
the arrows. Cross-section of a carbon fiber from the carbon paper covered with 
NCNTs and MoSx fragments is shown in Figure 35(d). Since the NCNTs@CP-
LT-DMF showed low catalytic activity (discussed later), we had no further 
focus in analyzing these samples. 
 

 

 
Figure 35 SEM images of the NCNTs@CP-LT-HCl. In (a-b) big pieces of some material from 
the synthesis process can be located by the red arrows. In (c) there is a close up of the NCNTs 
and it may be that some material is forming a co-axial structure with the NCNTs and are lo-
cated by the arrows. Also in (d) there is a cross section of a carbon fiber. 

4.2.2.2. X-ray photoelectron spectroscopy 
From the elemental analysis by XPS on the NCNTs@CP-LT-HCl, it is clear 
that the sample contains both Mo and S. The total atomic concentrations of 
Mo and S are 2.90 % and 8.67 % respectively, which gives an S/Mo ratio of 
3.00. This high S/Mo ratio of 3.00 tells that the MoSx in this sample should 
not consist of only MoS2. [16] It is possible that it contains MoS3 or other com-

a b 

c d 
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pounds of MoxSy. The high-resolution XPS spectra of the Mo 3d and S 2p 
peaks are shown in Figure 36(a-b).  
The Mo3d5/2 peak at 229.2 eV in the Mo spectrum could come from MoS3 or 
MoS2 and the peak at 232.4 eV is its Mo3d3/2 doublet with a separation in en-
ergy of 3.2 eV, which is normal for doublets in Mo3d. [35] The oxidation state 
for the MoSx compound at this peak is probably Mo4+. [48, 16]  However, the 
high ratio of S/Mo and that this Mo peak is the largest gives us enough infor-
mation to conclude that it should be assigned to MoS3 with a possible 
configuration of Mo(IV)(S2)2-S2-. The doublet peaks at 230.2 eV and 233.4 eV 
are probably some Mo5+ state that have been assigned to Mo(V)2S5 or MoO2 by 
previous reports. [25, 36, 49] However, there should be no MoO2 in this sample 
because when annealing the sample in H2 environment, all the S peaks 
disappeared in XPS. This peak at 230.2 eV along with the peak at 229.2 eV 
also disappeared after the annealing, which should mean that the peak at 230.2 
eV is attributed to Mo bounded to S atoms. The doublet peaks at 232.1 eV 
and 235.2 eV are assigned to oxidized Mo(VI)O3 that normally are found at 
these energies. [35-36,48] The intensity of this peak did not change and was 
the only remaining Mo peak after annealing in the H2 environment. The most 
profound peaks in the Mo spectrum are the doublets at 229.2 eV and 232.4 eV 
with a total ac. of 2 % that tells us that the sample should mostly contain 
MoS3.  
The S spectrum can be deconvoluted into four peaks. The first doublet peak at 
161.7 eV and 163.0 eV is assigned to terminal S2- or S2

2- ligands at the edges of 
the MoSx compound. The next doublet at 163.2 eV and 164.4 eV is assigned to 
bridging S2

2- ligands. [11,16,37] It is however almost impossible to make an 
accurate identification of these sulfur ligands since different types of them can 
have almost the same binding energies. [37] The positions of the S atoms in the 
compound (bridging or edge) give different binding energies and could give in-
formation about the morphology. As mentioned, a lot of terminal S-atoms on 
the edges are desired meaning that a catalyst with high intensity of the peak 
at 161.7 eV should have a good structure for HER. The XPS results from 
NCNTs@CP-LT-HCl shows that we have both characteristic Mo and S peaks 
for MoSx on this sample and that it might consist of MoS3. 
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Figure 36 Two XPS spectra of Mo3d(a) and S2p(b) spectral lines. The inserted number are 
corresponding to one peaks each. 
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4.2.3.  NCNTs@CP-HT-HCl-170 

4.2.3.1. Scanning electron microscopy 
Raising the temperature and using the solvothermal synthesis method resulted 
in a different morphology of MoSx. SEM images of NCNTs@CP-HT-HCl-170 
from solvothermal synthesis can be seen in Figure 37 (a-b). The rough surface 
of these NCNTs compared to pristine NCNTs reveals the presence of MoSx 
structures on the surface of the NCNTs. It is possible that MoSx has formed a 
co-axial structure with the NCNTs. A typical nanotube from NCNTs@CP-HT-
HCl-170 is around 100 nm wide and can be seen in Figure 37(b). It is noticea-
ble that this synthesis method does not produce fragments of amorphous MoSx 
as in the low-temperature synthesis. The red arrow in Figure 37(a) shows a re-
gion where the nanotubes seem to have two different layers. It could be that 
the outermost layer is the MoSx with a thickness of around ~35 nm. A layer of 
35 nm is however quite large for MoSx layers, which normally are thinner and 
are easier to be analyzed by e.g. high resolution TEM. [52] 
XPS was done on this sample and the ac. of C was around 35.8 %. This high 
ac. of C shows that the 35 nm layer should not consist of only MoSx because 
the penetration depth is only about 10 nm. When choosing temperatures of 
150 °C and 200 °C in the hydrothermal process, the catalytic activity was de-
creased and therefore SEM was not prioritized on these catalysts. 
  

 
Figure 37 Images from SEM analysis of the NCNTs@CP-HT-HCl-170. The red arrow in (a) 
points at a layered structure of the nanotubes and a typical nanotube can be seen in (b) and is 
around 100 nm wide.  

4.2.3.2. Transmission electron microscopy 
A further analysis of the NCNTs@CP-HT-HCl-170 was done by TEM. All 
TEM were carried out on a JEOL JEM-1230. The TEM confirms that the 
presence of some material on the surface of the nanotubes as shown in Figure 
38(a), which could possibly consist of MoSx. The structure on the surfaces of 
the nanotubes seems to show some layered structure in some regions denoted 

a b 
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by the arrow in Figure 38(c). Therefore, it is possible that the synthesized 
material might consist of both amorphous MoSx and crystalline MoS2. The 
dark spots in Figure 38(b) are defects in the nanotubes that probably comes 
from the nitrogen inclusion in the CNTs. 
 

 
Figure 38 (a-c) shows TEM images of the NCNT@CP-HT-HCL-170. The figures are from 
different nanotubes in the sample. 

4.2.3.3. X-ray photoelectron microscopy 
The XPS spectra of NCNTs@CP-HT-HCl-170 show large amounts of Mo and 
S. The total ac. of Mo and S in NCNTs@CP-HT-HCl-170 was 12.48 % and 
34.31 %. The ratio of S/Mo is 2.75, which means that it should contain more 
MoS2 than NCNTs@CP-LT-HCl comparatively. The total ac. of C was 35.68 
%. Since the penetration depth of the X-rays in XPS is around 10 nm, the low 
amount of detected carbon could mean that the MoSx forms a co-axial struc-
ture with a couple of nm thickness on the surface of NCNTs. The photons 
from XPS have to penetrate this layer to detect the carbon. 
 

a b 
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Figure 39 The spectra from high-temperature synthesis of MoSx. In (a-b) the Mo3d and S2p 
spectra from the NCNTs@CP-HT-HCl-170 can be seen. 

The high resolution of Mo and S peaks from NCNTs@CP-HT-HCl-170 can be 
seen in Figure 39, which look quite similar to those of NCNTs@CP-LT-HCl 
but with different intensities. Therefore the peaks are attributed to the same 
spectral lines. However, Mo 3d has an additional doublet peak at 228.4 eV and 
231.5 eV. It could be a doublet peak from MoS2 but also come from Mo metal. 
However, Mo 3d peaks for MoS2 normally locates at higher binding energies 
around 229.1 eV and Mo metal are lower (227.6-228 eV). [35] It is possible 
that all Mo 3d peaks in our samples are shifted to lower binding energies and 
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could be an effect of the NCNT support. As mentioned before the S/Mo ratio 
for NCNTs@CP-LT-HCl was 3.00 and it is more probable that the peak at 
229.1 eV belong to MoS3 and not MoS2 in our samples. This means that this 
peak at 228.4 eV should be assigned to MoS2.  
The two doublet peaks in the S 2p spectrum are located at 161.4 eV and 163.0 
eV, which is similar with lower binding energies than the S 2p peaks for 
NCNTs@CP-LT-HCl. The first doublet peak in the S 2p spectrum for 
NCNTs@CP-HT-HCl-170, located at 161.4 eV has a relatively higher intensity 
comparing to the same peak for the NCNTs@CP-LT-HCl spectrum in Figure 
36. This means that this sample should contain more terminal S-atoms than 
NCNTs@CP-LT-HCl.  
 

4.2.4.    NCNTs@CP-HT-DMF-200 

4.2.4.1. Scanning electron microscopy 
SEM images of NCNTs@CP-HT-DMF-200 are shown in Figure 40. The MoSx 
seems to form a kind of nanoflake structure, which has been nucleated on the 
surface of NCNTs. The widths of the composite nanotubes are quite large in 
comparison to the other samples and almost none of them are below 100 nm 
and there are a significant number of them that are beyond 300 nm wide. It 
should be possible to reduce the amount of ATTM in the synthesis process and 
still have this nanoflake morphology around the surfaces of the NCNTs. To see 
if these nanoflakes only forms on NCNTs, investigation by SEM was done on 
the backside of the NCNTs@CP-HT-DMF-200 sample that had no nanotubes 
on it but only fibers of carbon paper. As shown in Figure 41, it seems that the 
same nanoflakes form on the fibers of carbon paper in the absence of NCNTs. 
In addition to the nanoflakes, it seems that the MoSx seems to form a tubular 
structure on the carbon paper side. It is possible that MoSx form these 
nanotube structures by themselves. Big pieces of MoSx nanoflakes can also be 
seen in the images. 
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Figure 40 In (a-d) the same region of the carbon paper are magnified from 74x (a) up to 110kx 
(d) and the nanotubes with the uniformly distributed MoSx co-axial structure can be seen. 

 
Figure 41 SEM images after the HT-DMF synthesis on the carbon fiber side of the CP. The 
MoSx nanoflakes seem to nucleate at the carbon fibers as well. Big pieces and nanotubes has also 
been formed at this surface. 

  

b a 

b a 

c d 
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4.2.4.2. Transmission electron microscopy 
TEM was also conducted on the NCNTs@CP-HT-DMF-200. In Figure 42(a-b) 
the co-axial structure of the MoSx nanoflakes around the NCNTs can be seen. 
The MoSx forms a dense and thick structure around the NCNTs, which are al-
most as wide as the NCNTs themselves. This could prove the large width of 
the nanotubes seen in the SEM images. In Figure 42(d) the MoSx seems to 
have formed a big cluster on the side of a NCNT that could mean that the 
MoSx nanoflakes possibly can be formed isolated from a support material. 
  

 
Figure 42 (a-d) shows TEM images from the NCNTs@CP after HT-DMF synthesis at 200 °C.  

  

a b 

c d 
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4.2.4.3. X-ray photoelectron spectroscopy 
The Mo 3d and S 2p peaks from the XPS spectra of NCNTs@CP-HT-DMF-
200 are presented in Figure 43-44. The ac. of Mo and S are calculated to be 
19.17 % and 41.72 %, which gives the S/Mo ratio of 2.18 and hence this sam-
ple should mainly consists of a large amount of MoS2. [16] The total ac. of C is 
calculated to be 28.16 %, which confirm the full coverage of NCNT with MoSx 
structures. Additionally, The Mo 3d spectrum of NCNTs@CP-HT-DMF-200 
has no peak at 232.1 eV that was attributed to oxidized Mo(VI)O3. The dou-
blet peak in the Mo 3d spectrum at low energies of 228.4 eV and 231.5 eV is 
the largest peak. This sample is the only one that gave characteristic Raman 
peaks of MoS2 that can be seen in Figure 45, which supports that this peak can 
be assigned to MoS2 and not Mo metal. The doublet peak at 228.9 eV might 
correspond to the MoS3 peak that was previously found at (229.1-229.2 eV). 
The doublet at 229.8 eV is attributed the same as before to Mo2S5.  
The S 2p spectrum from NCNTs@CP-HT-DMF-200 shows a large peak at 
161.4 eV, which supports the presence of S2- ligands. The S 2p spectrum also 
shows a doublet peak at 162.6 eV that is assigned to the same peak located at 
(163.0-163.2 eV) in previous samples. An additional peak at 161.0 eV is also 
found and the origin of this peak is unclear since it never been found for MoSx 
compounds to our knowledge. It could be an error from the peak fitting pro-
cess or that S atoms position themselves differently in the structure when in 
nanoflake morphology. All the peaks seem to be shifted slightly to lower bind-
ing energies compared to the other samples.  

 

Figure 43 The Mo 3d spectrum from NCNTs@CP-HT-DMF-200 is deconvoluted into three 
doublet peaks. 
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Figure 44 The S 2p spectrum from NCNTs@CP-HT-DMF-200. 

4.2.5.  Raman Spectroscopy 
The Raman spectroscopy was conducted on a Renishaw InVia Raman 
spectrometer with a charge-coupled device detector. The excitation source was 
a He-Ne laser with the wavelength of 633 nm. All The samples were scanned 
between 200 and 700 cm-1 where MoS2 peaks can be found. [25-26, 38-40] The 
only sample that gave some characterizing peaks was NCNTs@CP-HT-DMF-
200. The abundance of Raman activity should mean that most of the other 
synthesized materials does not have any distinct vibrational energies, which 
could mean that they are highly irregular.  
The Raman spectrum of NCNTs@CP-HT-DMF-200 is plotted in Figure 45. 
The two most intense Raman-active modes in a typical MoS2 spectrum are the !2!1  and !1! modes, which are normally located around ~385 cm-1 and 405 cm-1. 
The !2!1  vibrational mode is attributed to vibrations of Mo-S atoms along the 
basal plane and !1! is the vibrations of S atoms along the transverse axis. 
These two modes are found at 377.13 cm-1

 and 406.93 cm-1 respectively with an 
energy difference of 29.8 cm-1. Normally, these two modes get separated more 
and more as the number of layers in MoS2 increases. [55] The MoS2 nanoflakes 
would then be a multilayer with more than 5 layers of MoS2 but it is hard to 
compare it with MoS2 modes because these MoS2 flakes are attached to 
NCNTs and thus the vibrational energies might be affected. [52] 
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Figure 45 Raman spectrum of NCNTs@CP-HT-DMF-200 sample. Three main peaks for the 
vibrating modes of MoS2 are labeled in the figure.  

The peak at 460.34 cm-1 is assigned to (Mo-S) vibrations along transverse axis 
and is called the !2! mode. Many additional peaks are shown in the spectrum, 
which come from resonance between the laser photons and the bandgap of bulk 
MoS2, whose energies lies very close to each other (1.96 eV vs. ~1.9 eV).  Most 
of these extra resonance peaks are derived from adding and subtracting longi-
tudal acoustic phonons LA(M) from the vibrational modes as well as doublets 
of the characteristic MoS2 modes. [41-42] These peaks might be avoided if 
choosing another laser wavelength. 

4.2.6.  Summary of the catalyst compositions 
Form the characterization methods we can conclude that the samples contain 
different kind of MoSx compounds. A summary of the peak assignments for the 
Mo 3d and S 2p lines from XPS can be seen in Table 2. We can see that the 
peaks have a large shift in binding energies, which makes the assignments not 
as trustworthy as desired. However, when comparing the peaks from the sam-
ples next to each other in Figure 46-47 we see two different shapes of the spec-
tra for MoS2 and MoS3 compounds. In the MoS2 samples, all the peaks seem to 
be shifted to lower binding energies. These two attributes can lead to the large 
variation of the same peaks. Detailed information about ac., binding energies 
and the peak assignment from XPS of six selected samples can be seen in 
Table 3. 
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Table 2 Summary of the Mo 3d and S 2p lines, the binding energies and the peak assignment 
from all of the low and high-temperature synthesis methods. 

 
 

 
 
 
 
 
 
 
 
 

Table 3 Detailed information from XPS of selected samples 

 

NCNTs@ 
CP-LT-

HCl 

NCNTs@ 
CP-HT-
DMF-200 

NCNTs@ 
CP-HT-
HCl-200 

NCNTs@ 
CP-HT-
HCl-170 

NCNTs@ 
CP-HT-
DMF-170 

NCNTs@ 
CP-LT-
DMF 

 

BE, 
eV 

ac.  
% 

BE,  
eV 

ac.  
% 

BE,  
eV 

ac.  
% 

BE,  
eV 

ac.  
% 

BE,  
eV 

ac.  
% 

BE,  
eV 

ac.  
% 

Mo 3d 5/2 
            

MoS2 
  

228,4 11,8 228,4 2,5 228,4 4,76 

    
MoS3 

229,2 2 228,9 2,78 

  

229,1 4,11 229,5 0,86 

  
Mo2S5 

230,2 0,54 229,8 4,59 229,7 1,96 230,1 1,44 

    
MoO3 

232,1 0,36 

  

232,3 2,22 232,5 2,17 232,2 1,08 232,2 0,4 

S 2p 3/2 
            

Unidentified 

  

161,0 8,73 161,3 6,48 161,4 17,43 

    S-edge 161,7 2,55 161,4 22,07 

    

161,7 0,84 

  S-bridging 163,2 6,12 162,6 10,92 162,8 5,32 163,0 16,88 163,2 2,08 163,2 0,25 

S-O 
        

167,8 0,46 167,6 0,52 

 
The ratio of Mo to S has so far been calculated by adding the ac. of all of the 
Mo 3d and S 2p peaks. To determine the composition of MoSx in the synthe-
sized material, it might be better to compare the peaks that are derived from 
compounds containing both Mo and S and not oxidized Mo(x)Oy peaks. The 
Mo(VI)O3 peak at 232.1-232.5 eV that do not contain any S should then be ig-

Line Binding 
energy, eV 

Peak 
assignment 

Mo 3d 228.4 Mo(IV)S2  

 228.9-229.2 Mo(IV)S3  

 229,7-230.2  Mo(V)2S5   

 232.1-232.5 Mo(VI)O3 

S 2p 161.0-161.4 - 

 161.4-161.7 S-edge 

 162.6-163.2 S-bridging 
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nored. The S 2p and Mo 3d spectra for all the samples and the Mo/S ratios 
neglecting the Mo(VI)O3 peaks are compared in Figure 46 and Figure 47.  
 

 
Figure 46 Comparison of the spectra of the S 2p lines between the different catalysts. The ra-
tio between S and Mo are displayed in the figure.  

 
Figure 47 Comparison of the spectra of the S 2p lines between the different catalysts. The ra-
tio between S and Mo are displayed in the figure. 
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By comparing the information from the XPS and Raman spectroscopy, the 
following statements about the composition of the catalysts are done: 
 

• NCNT@CP-HT-DMF-200 is mostly MoS2 
• NCNT@CP-HT-DMF-170 is MoS3 
• NCNT@CP-HT-HCl-200 is a mix between MoS2 and Mo2S5 and possi-

bly MoS3 
• NCNT@CP-HT-HCl-170 is a mix between MoS2, MoS3 and also some 

Mo2S5 
• NCNT@CP-LT-HCl is mostly MoS3 with some Mo2S5 
• NCNT@CP-LT-DMF has too low ac. of Mo and S to make a conclu-

sion 
 
These statements are only hypothesizes and should not be considered anything 
else. 

4.3.  Electrochemical testing 

4.3.1.  Linear Sweep Voltammetry 
The electrochemical testing was performed in a small three-electrode cell as 
shown in Figure 19. Linear sweep voltammetry was conducted in 0.5 M H2SO4 
electrolyte at a scan rate of 5 mV/s. A Pt-coil (99.999%) was used as the coun-
ter electrode and a 1M KCl saturated Ag/AgCl electrode was used as the 
reference electrode. The potential window was fixed between -0.7 and -0.2 V.  
Potentials were referred to reversible hydrogen electrode (RHE) using eq.20. 
All the results from LSV are summarized in Table 4 and in Figure 48(a-b) the 
I-V plots for the MoS2 electrocatalysts from LT and HT synthesis methods are 
depicted. In Figure 51 the Tafel plots for all catalyst can be seen.  
HER starts at an onset potential of 230 mV on NCNT@CP-LT-HCl and a cur-
rent density of 10mA/cm2 was achieved at an overpotential (�) of 285 mV for 
this catalyst. When comparing this to NCNT@CP-LT-DMF, the latter shows 
less activity for HER with an onset potential of 265 mV and � of 325 mV to 
produce a current density of 10mA/cm2. In general, the catalysts made by the 
solvothermal method at higher temperatures showed improved catalytic activ-
ity for HER with the lowest onset potential of 170 mV for NCNT@CP-HT-
DMF-200. The lowest � to produce 10mA/cm2 (210 mV) was also achieved 
on the NCNT@CP-HT-DMF-200 catalyst. The second best catalyst was the 
carbon paper without NCNTs with MoS2 nanoflakes on its surface, deposited 
by the solvothermal method at 200 °C. This result shows that adding NCNTs 
on the CP, improves the catalytic activity slightly when using the same MoS2 
nanoflake structure as the active material for HER. When choosing a lower 
synthesis temperature as for NCNT@CP-HT-DMF-170, the activity was de-
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creased significantly compared to NCNT@CP-HT-DMF-200. The reason for 
this decrease is probably the lower ac. of MoSx in NCNT@CP-HT-DMF-170. 
The morphology of this sample has not been studied and it is also probable 
that it does not have the same nanoflake structure as NCNT@CP-HT-DMF-
200.  
The NCNT@CP-HT-HCl-170°C catalyst also showed high activity with an on-
set potential of only 200 mV and an � of 255 mV to produce 10mA/cm2. The 
NCNT@CP-HT-HCl-200 and NCNT@CP-HT-HCl-150 showed reduced activi-
ties compared to NCNT@CP-HT-HCl-170. 
 
Table 4 Comparison of our catalysts. The onset potential, overpotential at 10mA/cm2, Tafel 
slope and exchange current densities are shown. 

Electrode 
Onset potential 
[mV vs. RHE] 

Overpotential 
at 10 mA/cm2 
[mV vs. RHE] 

Tafel slope 
[mV/dec] 

Exchange 
current density 
j0 [�A/cm2]  

Pt-wire 50 83 31 21.102  

NCNT@CP-HT-DMF-
200°C 

170 210 40 0.0562 

CP-HT-DMF-200°C 200 245 43 0.0325 

NCNT@CP-HT-HCl-
170°C 

200 255 55 0.2619 

NCNT@CP-HT-DMF-
170°C 

215 265 56 0.2300 

NCNT@CP-LT-HCl 230 285 53 0.0646 

NCNT@CP-HT-HCl-
200°C 

240 280 48 0.0170 

NCNT@CP-LT-DMF 265 325 56 0.0257 

NCNT@CP 430 - 143 1.4716 

Carbon paper 450 - 162 1.6672 
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Figure 48 Results from LSV of catalysts made from low temperature deposition and high-
temperature deposition of MoS2 in (a) and (b) respectively. 

Our best catalyst showed an onset potential of 170 mV, which is lower com-
pared to a similar catalyst loaded directly on a carbon-based electrode. Their 
catalyst showed an onset potential of ~250 mV. [43] The activity for HER of 
our electrocatalyst is comparable to recently produced electrocatalysts that 
needs � between (100-300 mV) to produce current densities of 10 mA/cm2. 
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[4,50-51] Recently produced electrocatalysts made by different compounds of 
MoSx has also been compared by Jesse D. Benck et al. and the � varies be-
tween (110-254 mV) to produce a current density of 10 mA/cm2. [24] The high 
activities of these electrocatalysts are though highly dependent on the amount 
of catalyst material loaded onto the electrodes that usually are the glassy car-
bon electrode. The scalability of our electrode is however superior when 
comparing to glassy carbon electrodes. The lowest onset potential achieved by 
a MoS2 based electrocatalyst for HER is currently 90 mV comparing to our 
best electrocatalyst that has an onset potential of 170 mV. 
In Figure 49, carbon paper and NCNT@CP are compared when adding MoS2 
nanoflakes onto them along with a reference electrode made by a Pt-wire with 
dimensions of 12*1.0 mm. Adding MoS2 onto carbon paper and NCNTs re-
sulted in a large increase in activity for HER as can be seen in the figure. It is 
clear that Pt is even more active for HER.  
In Figure 50, the results from LSV of all catalysts are compared to each other. 
The Pt-wire has reached to its saturation current density at ~23 mA/cm2 in 
the cell as can be seen in the figure. This current saturation could be a result 
from bubbles produced on the Pt-wire surface, thus leading to no active sites 
for hydrogen to adsorb on. 

 

 
Figure 49 Four samples of MoS2 catalysts with and without NCNTs support as well as a refer-
ence catalyst made by a Pt wire. 
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Figure 50 Comparison of the synthesized MoS2 catalysts to carbon paper, NCNTs at carbon 
paper and a Pt-wire used as reference catalysts. 

The Tafel slopes and exchange current densities are calculated from Tafel plots 
(overpotential vs. log(j) from the LSV measurements) as shown in Figure 51. 
The exchange current densities are determined by putting the overpotential to 
zero in the Tafel equations and calculate the current densities at these values. 
As expected, the lowest Tafel slope is for the Pt-wire, which is only 31 
mV/dec. The Pt wire also has the highest exchange current density of 21.1 �
A/cm2. The lowest Tafel slope of our catalysts is achieved by NCNT@CP-HT-
DMF-200 and is only 40 mV/dec. This is among the lowest values of Tafel 
slopes for a non-precious metal HER catalyst as well as for MoS2 catalysts. [24]  
 
When comparing the Tafel slopes of our catalysts, it is clear that the HER 
mechanism will go through different pathways for them. If the discharge step 
(Volmer reaction) is the rate determine step, a high Tafel slope over 110 
mV/dec should be observed according to Carlos G. et al. [4] The adsorption of 
H should thus be slow when having a high Tafel slope. The Tafel slopes for the 
MoS3 catalysts are higher than for the MoS2 catalysts in our work. This means 
that they get less active at higher current densities than the catalysts with 
more MoS2. The exchange current densities for all the catalysts are very low 
compared to Pt, which mean slower kinetics of reaction. The highest current 
density of our catalysts made by MoS2 is 0.26 µA/cm2 and is achieved by 
NCNTs@CP-HT-HCl.  
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Figure 51 Tafel slopes and Tafel equations for the catalysts made in this work. 

A correlation between the atomic concentration of MoSx of the catalysts from 
XPS and their activity for HER can be noticed. It seems that the more ac. of 
Mo and S on the electrode, the better catalytic activity, as can be seen in 
Figure 52 where the onset potential is plotted vs. the total ac. of MoSx in the 
catalysts. There is however exceptions that could come from the distinctive 
MoSx morphologies of the catalysts. Interestingly, the onset potential increases 
when going from NCNT@CP-LT-HCl to NCNT@CP-HT-HCl-200 where the 
latter is believed to contain MoS2 its total ac. of MoSx is also higher. This 
could mean that the MoS3 works better than MoS2 as a catalytic material for 
HER. This theory is supported by the MoS3 structure of NCNTs@CP-HT-
DMF-170 that also has lower onset potential than NCNTs@CP-HT-HCl-200. 
The increased activities of NCNTs@CP-HT-HCl-170 and NCNTs@CP-HT-
DMF-200 might then be a result of the increased amount of MoSx in these 
samples and not that they have a larger amount of MoS2. 
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Figure 52 The correlation between onset potential and atomic concentration for MoSx. Differ-
ent synthesis methods for deposit MoSx on NCNTs are compared and are labeled in the figure. 
The types of MoSx that are synthesized by each method are also inserted in the figure. 

4.3.2.  Catalytic stability 
By choosing a constant potential in LSV just over the threshold value of the 
H2 production and run the measurement for a long time, information about the 
catalytic stability of the materials can be attained. Stability tests were made 
on CP-HT-DMF-200 and NCNTs@CP-HT-DMF-200 and the results are shown 
in Figure 53 (a) and (b) respectively. The LSV was run at a constant potential 
of 0.429 V for 5 hours. The CP seems more stable than the NCNTs attached 
to the CP. This result might be due to loosely bound nanoflakes of MoS2 on 
the NCNTs that get detached from the NCNTs during the measurement. An-
other theory is that the NCNTs@CP-HT-DMF-200 takes longer time to stabi-
lize in the beginning and then seems quite constant. It would therefore be 
interesting to run the test for longer time. The reason for the step-like current 
in Figure 53(b) is due to the H2 bubbles that covering the electrode surface 
and at the time they release, the activity increases abruptly.  
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Figure 53 Stability tests of CP-HT-DMF-200 and (NCNT@CP-HT-DMF-200) in a and (b) The 
voltage was set to 0.429 V and the test was run for 5 hours. 
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5  Summary and conclusions 
5.1.  Summary 

We have managed to produce composite catalysts made by NCNTs and MoSx 
using simple methods with ammonium tetrathiomolybdate as the precursor for 
MoSx. With CVD, the NCNTs where directly synthesized on top of carbon pa-
per, which worked as the current collector in the final electrodes. The im-
proved catalytic activity for HER by having NCNTs as support for MoSx 
where confirmed experimentally and DFT. The electrochemical results from 
the same Solvothermal method (CP-HT-DMF-200) showed that the onset 
potential and the Tafel slope were decreased by 30 mV and 3 mV/dec respec-
tively when using NCNTs, compared to not using any support for the MoSx. 
Alternative synthesis methods were used, which resulted in distinctive 
morphologies as well as varying atomic concentrations of MoSx. The most ac-
tive catalyst with an onset potential of 170 mV and a Tafel slope of 40 mv/dec 
was synthesized by a Solvothermal method using DMF (NCNTs@CP-HT-
DMF-200), which produced nanoflake morphology probably consisting of 
mainly MoS2. The edges of MoS2 were confirmed to be more active in HER 
than the surface of MoS2 by using DFT. 

5.2.  Are NCNTs needed for the catalyst? 

It could be argued if the NCNTs should be used at all or if the carbon paper 
alone can act as the support for MoSx. Following are some discussions about 
the NCNTs. 

5.2.1.  Catalytic activity 
The onset potential and the Tafel slope seems to be improved when adding the 
NCNTs. But is the increased activity large enough to gain the extra time and 
cost for adding the NCNTs? 

5.2.2.  Size-dependence of the NCNTs  
As mentioned in the theory section the width of NCNTs varies in a large 
range, from only a few nm up to over hundreds of nm. Variations can also ex-
ist from the same synthesis as can be seen from the SEM images in this work. 
The width and length of the NCNTs can have a big impact on how active the 
final catalyst will be. If the NCNTs are really thin and many, instead of few 
and large, the total catalytic surface area in the catalyst should be larger. In 
our work the NCNTs are relatively wide and could possibly be a bottleneck for 
the electrochemical performance comparing to the work of Dong Jun Li et al. 
[11] The diameter of NCNTs is controllable by changing the size of the Fe 
transition metal nanoparticles. The length of the NCNTs could be an equally 



 
 SUMMARY AND CONCLUSIONS 

 65 

important parameter as their width, since the longer the NCNTs get, the 
higher catalytic loading. But the lower parts of longer NCNTs might not be 
accessible for MoSx. Growing NCNTs on carbon paper is relatively new and 
alternating the thickness and length of the NCNTs could be a challenge. 

5.2.3.  Stability 
The stability for NCNTs@CP-HT-DMF-200 seems to be slightly lower than 
CP-HT-DMF-200. Maybe the nanoflake structure does not have as strong 
interaction with the NCNTs as the carbon paper and are thus falling off. 
Longer times for the stability test are needed for making any conclusions in 
the long-term stability for these two catalysts. It should be interesting to do 
stability tests of other MoSx catalysts with different morphologies e.g. 
NCNTs@CP-HT-HCl-170 or NCNTs@CP-LT-HCl for comparison. 

5.3. The ideal MoSx morphology 

It is somewhat unclear if the nanoflake MoS2 or the more amorphous structure 
of MoS3 is the most catalytic active structure for HER. It should be interesting 
to produce the same ac. of these structures and compare their activities. There 
are several parameters that can be tuned and added to change the structures 
and amount of the catalysts, which are listed below.  
 

• Synthesis time 
• Temperature 
• Concentration of MoSx precursor 
• Type of MoSx precursor 
• Type of solvent, HCl or DMF or an alternative. 
• Make the deposition of MoSx more effective by adding some catalyzing 

material in the synthesis process 
• Pre-treatment of the NCNTs with e.g. an alternative acid 

5.4.  Future work for simulations by DFT 

It would be interesting to compare CNTs with NCNTs regarding the adsorp-
tion energies of MoS2 on these supports. The structures of the support+MoS2 
systems changed a lot during the adsorption of H. This could have an influence 
on the adsorption energy of H. A suggestion for improvement is to freeze (fix 
the position) the graphene+MoS2 systems while adsorbing the H atoms, thus 
leading to a less change in the structures and calculating more accurately the 
adsorption energies. Calculating the energy required for adsorbing and desorb-
ing two H atoms from MoS2 can lead to further knowledge about the reaction 
mechanism for HER as it reflects the total reaction more correctly. The Mo-
edge can also be covered with S atoms or S-atoms could be removed from the 
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S-edge. A 25 % and 50 % S coverage of the Mo-edge has been showed to be 
most active for HER and would be interesting to be tested for the different 
supports. [22] Also, different amounts of H-coverage on the edges of MoS2 
could also be introduced before calculating the adsorption energies for H. 
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Appendix A 
In this section, the initial positions of the hydrogen atoms and the final opti-
mized configurations of the systems are shown, as well as the adsorption en-
ergies of hydrogen.  In the monolayer, with and without vacancies, the hydro-
gen adsorption is calculated on the surface only. In the rest of the systems, five 
different adsorption sites are calculated as mentioned before. For the MoS2-Nv-
G, the H-Mo site on the S-edge is missing. Detailed information about the 
energies of the systems is shown in Table 5 at the end of the section. 

MoS2-ML 
The hydrogen adsorption energy ∆!!  on the surface of the monolayer is 
calculated to 1.5790 eV and the initial as well as the final optimized configura-
tion are shown in Figure 54. The hydrogen is bonding to a sulfur atom, bend-
ing slightly towards other sulfur atoms. Two different simulations were per-
formed and a similar bending was observed in both cases, this bending effect 
could be a reason for the smaller binding energy than in the other surface H-S 
bonds.  
 

 
Figure 54 The initial (left) and final optimized structure (right) of H adsorbed on the surface 
of a monolayer of MoS2, note the unit cell is not shown for simplicity. It is clear that the hy-
drogen do not want to stay on top of the sulfur atom but instead bending towards the center of 
a sulfur pyramidal structure. The binding energy ∆!! is 1.5790 eV and the bond length is 1.419 
Å. 

  

∆!! = 1.5790!!" 
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MoS2-MLv 
In Figure 55, the H-S bond on the surface can be seen and is directed in the 
third axis (z-direction) over a sulfur atom. The hydrogen atom was placed on 
three different initial positions and they all bonded with the same energy and 
the same upwards direction. 
 
 

 
Figure 55 The final optimized structure of hydrogen adsorbed on the surface of the monolayer 
of MoS2 with sulfur vacancies. The binding energy ∆!! is 1.3250 eV and the bond length is 
1.383 Å. 

MoS2-Cl 
The hydrogen adsorption on the isolated cluster can be seen in Figure 56-58. 
 
Mo-edge 
   
 

 
Figure 56 The final optimized structures of H adsorption on the Mo-edge of an isolated cluster 
of MoS2. To the left, the H is bonding to a Mo atom and to the right the H is bonding to an S 
atom. The binding energies ∆!! are -0.2335 eV and 0.8150 eV and the bond length are 1.763 Å 
and 1.435 Å respectively. 

  

∆!! = !.!"#$!!"  
 

∆!! = −!.!""#!!" ∆!! = !.!"!"!!" 
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S-edge 
   

 
Figure 57 The final optimized structures of H adsorption on the S-edge of an isolated cluster of 
MoS2. (Left), the H is bonding to an S atom. (Right), the H is bonding to a Mo atom. The 
binding energies ∆!! are -0.2743 eV and 0.1198 eV and the bond length are 1.376 and 1.776 Å 
respectively. 

Surface 
 

 
Figure 58 The final optimized structure of hydrogen adsorbed on the surface of an isolated 4x4 
cluster of MoS2. The binding energy ∆!! is 1.0800 eV and the bond length is 1.383 Å. Note a 
positive value indicating an unfavorable configuration.   

∆!! = −!.!"#$!!" ∆!! = !.!!"#!!" 

∆!! = !.!"!!!!" 
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MoS2-Ns-G 
The initial configurations of the hydrogen placement for the different sites as 
well as the final optimized configurations can be seen to the left and to the 
right respectively in Figure 59-61. The H-S bond on the Mo-edge is missing for 
this system.  
 
Mo-edge 

 
Figure 59 The initial (left) and final optimized (right) structures of hydrogen adsorption on the 
Mo-edge. The H is bonding to a Mo atom and the binding energy ∆!! is -0.2299 eV and the 
bond length is 1.767 Å. 

S-edge 

 

 
Figure 60 The initial (left) and final optimized (right) structures of hydrogen adsorption on the 
S-edge. At the top the H is bonding to an S atom and at the bottom the H atoms are bonding 
to an S atom. The binding energies ∆!! are -0.7629 eV and 0.5108 eV and the bond lengths are 
1.377 and 1.750 Å respectively. 

 
 
 
 
  

∆!! = −!.!!""!!" 
 

∆!! = −!.!"#$!!" 
 

∆!! = !.!"#$!!" 
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Surface  

 
Figure 61 The initial (left) and final optimized (right) structures of hydrogen adsorption on the 
Surface of a MoS2.The H is bonding to a S atom and the binding energy ∆!! is 0.5066 eV and 
the bond length is 1.381 Å. 

MoS2-Nv-G 
In this section the atomic configurations before and after hydrogen adsorption 
can be seen to the left and right respectively in Figure 62-64. The binding 
energies are calculated for every adsorption site for hydrogen and the lowest 
binding energies are on the surface to an S atom and the H-S bond on the Mo-
edge. The H-Mo bond on the S-edge is missing. 
 
Mo-edge 
 

 
 

 
 

Figure 62 The initial (left) and final optimized (right) structures of hydrogen adsorption on the 
Mo-edge. At the top, the H atom is bonding to a Mo atom and at the bottom the H atom is 
bonding to an S atom and the binding energies ∆!! are 0.0247 eV and 0.7993 eV and the bond 
lengths are 1.762 and 1.382 Å respectively.  

 
 
 
 
 
 

∆!! = !.!"##!!" 
 

∆!! = !.!"#$!!" 
 

∆!! = !.!""#!!" 
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S-edge 
 

 
Figure 63 The initial (left) and final optimized (right) structures of hydrogen adsorption on the 
S-edge. The H atom is bonding to an S atom and the binding energy ∆!! is -0.4369 eV and the 
bond length is 1.381 Å. 

Surface 
 

 
Figure 64 The initial (left) and final optimized (right) structures of hydrogen adsorption on the 
surface of MoS2. The H is bonding to an S atom and the binding energy ∆!! is 0.8556 eV and 
the bond length is 1.382 Å. 

∆!! = −!.!"#$!!" 
 

∆!! = !.!""#!!" 
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Table 5 Hydrogen adsorption sites and their corresponding total energies for each system.  

H-ads site! MoS2-ML! MoS2-

MLv!

MoS2-

Cluster!

MoS2-Ns-

G!

MoS2-Nv-G! H2!

-! -7946.255! -7306.852! -14096.578! -41397.300! -40733.361! -32.019!

Mo-edge H-S!
!

-14111.772! -41413.099! -40748.571!
!

Mo-edge H-Mo!
!

-14112.820! -41413.539! -40749.345!
!

S-edge H-S!
! !

-14112.861! -41414.071! -40749.807!
!

S-edge H-Mo!
!

-14112.467! -41412.798!
! !

Surface H-S! -7960.685! -7321.536! -14111.507! -41412.802! -40748.514!
!
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