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Abstract
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Energy. From Solvated Complexes to Solid-Liquid Interfaces. Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Science and Technology 1954. 73 pp.
Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-0987-3.

In this thesis, I have worked with solid-liquid interfaces, adsorbed molecules on the surface,
and solvated complexes using Density Functional Theory (DFT) calculations to find possible
signatures that could help design suitable energy materials. More specifically, I have explored
hybrid electrocatalysts for hydrogen evolution reaction (HER), XPS fingerprints of gas-phase
melamine (monomer, dimer, trimer, and hexagonal packed arrangement), hexagonally packed
melamine adsorbed on the Au(111) surface, and high-valence Ruthenium complexes along a
reaction pathway in aqueous solution through a joint theory-experiment approach. First, I have
explored single layer and hybrid-type systems as micro-reactors (current collector/catalysts) for
HER with site-dependent calculations of the hydrogen binding free energy ΔGH to estimate the
HER activity, electronic structure, and Schottky Barrier Height (SBH) to measure the resis-
tance for charge injection across the interface. Furthermore, we have predicted a new hybrid
electrocatalyst Td-WTe2/2H-MoS2 employing DFT-based trends. Additionally, we have built
carbon-based hybrid systems from a bilayer of g-C3N4 coupled with Td-WTe2, 2H-MoS2, and
Graphene, and used an implicit solvation model to obtain more realistic signatures. The results
show that g-C3N4/Td-WTe2 has filled states in the Fermi level, which is a good indication of
higher charge mobility. The SBH was evaluated with both GGA and HSE06, and Td-WTe2/g-
C3N4 has shown lower resistance for charge injection across the interface. Further, the induced
dipole (driving force for electron injection) increases under higher hydrogen coverages, enhanc-
ing the catalytic activity. Finally, our results indicate that Td-WTe2/g-C3N4 could be classified as
an efficient electrocatalyst for HER. In the last two papers, we have estimated XPS finger-prints
of molecular and solid-state systems by calculating the core-level binding energy shifts using
the Janak-Slater transition state approximation. Also, we have developed a new methodology
by combing DFT calculations with Monte Carlo Simulations using explicit solvation to resolve
the XPS and understand the chemical shifts of the [RuII -OH2]2+ species, as well as of multiple
PCET oxidation states. This work also shows that the chemical shift of [RuIV =O]2+ is affected by
the polarization of the explicit solvation model, and that we could only capture the experimental
trend by using the complete first solvation shell and an XPS averaged spectra over a certain
amount of snapshots from the Monte Carlo simulation. To the end, we also show that the nearest-
neighbor potential contributions to the Ru 3d binding energies arising from atoms around the
metallic center explain the higher 3d-state shifts of the oxo complex.
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1. Introduction

The process of converting fossils extracted from the ground (i.e., crude oil
with high concentrations of heavy oil) into chemicals and fuels (i.e., high val-
ued oil), and the burning of fossil fuels has been negatively impacting the
environment on a global scale. There is a considerable effort from the scien-
tific community towards tackling energy challenges by focusing on developing
new routes to improve the design of new catalysts that facilitate the synthesis
of clean and renewable fuels. Hydrogen is among many possible candidates
to address this issue since water is the only by-product of the reaction. Hy-
drogen can also be produced from electrochemical water splitting reactions, a
valid route for large scale deployment. One of the bottlenecks is to achieve
high efficiency to produce the H2 fuel by using catalysts to minimize the over-
potential that is necessary to drive the hydrogen evolution reaction (HER).
Further, we need synergistic breakthroughs from theory and experiments to
find an earth-abundant, stable, and low-cost alternative catalyst to drive the
hydrogen evolution reaction (HER). In this section, I will introduce the pri-
mary motivations for this thesis.

1.1 Motivation and Thesis Outline

The severity of potential environmental issues caused by the increased con-
centration of greenhouse gases in the atmosphere, such as CO2 is a continuous
call for action from multiple sectors of society since most of the world’s en-
ergy supply should instead reside on carbon-neutral sources. Despite many
advances directed to sustainability, there is still a massive demand from soci-
ety and multiple industrial sectors towards discovering potential friendly alter-
natives that might help future generations tackle the expected environmental
crisis. Thus, scientific communities have been steadily working towards ad-
dressing energy challenges focused on developing new catalysts.

The sunlight energy that reaches the earth’s surface in one hour is enough
to power our planet for an entire year. Additionally, the most important mech-
anism to sustain life on our planet comes from photochemical processes to
split the water into oxygen and hydrogen. Hydrogen is considered the most

9



promising energy carrier for driving transformations towards a renewable en-
ergy carrier economy [1]. It has additionally, clean combustion process with
only water as the byproduct. Furthermore, hydrogen can be produced from
electrochemical water splitting reactions, which is considered a potential cost-
effective route for large scale spreading [2]. The hydrogen evolution reaction
(HER) (2H++2e− −→ H2) is a two-electron transfer mechanism that gener-
ates a catalytic intermediate and then H2 fuel. The main challenge is to reach
high energetic efficiency in this process by using catalysts to minimize the
overpotential to drive HER. The scientific community has made significant
progress towards Platinum (Pt) and noble-metals based catalysts for HER [3].
However, numerous disadvantages, such as high cost, scarcity, low selectivity,
poor durability, toxicity, and environmental pollution issues, have constrained
large scale applications. Hence, an earth-abundant, stable, and cost-effective
alternative is yet on-demand, and additional synergistic breakthroughs in both
theoretical and experimental approaches are still necessary. In general, chem-
ical reactions controlled by catalysis can drive efficient energy conversions
and facilitate the energy storage processes. Furthermore, electro-catalysts are
fundamental to increase chemical reaction rates and control selectivity in fuel
production. The design of catalysts for the splitting of H2O into oxygen and
hydrogen inspired by photosynthetic systems processes is a promising mech-
anism towards artificial energy conversion. From an electrochemical perspec-
tive, this reaction needs a reversible potential of 1.23 V at pH 1. Moreover, we
can drive this reaction through the following two half-reactions: (i) oxidation
of H2O, and (ii) proton reduction to form hydrogen:

2H2O → O2 +4H++4H− (1.1)
4H++4e− → 2H2 (1.2)
2H2O → O2 +2H2 (1.3)

If we linger to photosynthetic systems, the hydrogen released from the water
splitting mechanism is stored in the carbohydrate C6H12O6, as shown in the
schematic diagram of Figure 1.1 (a), and following the chemical reaction:

6CO2 +12H2O →C6H12O6 +6O2 +6H2O (1.4)

Hence, the carbohydrate production drives the storage of the hydrogen re-
leased from the water-splitting process. Additionally, the fundamental aspect
of solar energy storage in photosynthesis relies on solving the bottleneck of
the water splitting mechanism, a source of electron donors for the CO2 re-
duction. However, the water oxidation is complicated as it involves multiple
proton-coupled electron transfer (PCET) processes and the formation of in-
termediates species, leading to the O-O bonds [6]. In natural photosynthetic
systems, the oxygen-evolving complex (OEC) such as the Mn4CaO5 cluster
[7] activates the photo-driven process for water oxidation in Photosystem II
(PSII) with the production of oxygen at a rate of 100-400 s−1 [8].
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Figure 1.1. (a) Schematic diagram showing the storage of energy by photosynthesis
to convert carbon dioxide into carbohydrates. (b) The Kok cycle diagram shows the
absorption of photons by P680 to drive the splitting of water and the formation of O2
after several Mn oxidation S-states of PSII-OEC. YZ represents the tyrosine which
extracts the electron from the OEC to the highly oxidized P680

+∗. Adapted from
[4, 5].

Figure 1.1 (b) shows a schematic diagram, also known as Kok Cycle, which
represents the catalytic mechanism where OEC activates the oxidation of H2O
through several Mn oxidation states (S0 → S4) to liberate O2 [9, 10, 11, 4, 5].
Additionally, the sunlight-driven water oxidation represented by the PSII has
the following procedure: (i) P680 absorb photons to form P680

∗, (ii) P680
∗

oxidizes by transferring electrons to PS I and form high-valent oxidation state
P680

+∗, (iii) P680
+∗ oxidizes tyrosine YZ to Y+∗

Z , (iv) YZ to Y+∗
Z extract

electrons from the closest oxygen-evolving complex (OEC), and finally (v)
the water is oxidized after four electrons are transferred through several Mn
oxidation-states.

The first Ru-based catalytic systems for the oxidation of water was devel-
oped in 1985 by Meyer et al., who synthesized the "blue dimer," which is com-
posed by two oxo-bridged Ru(III) ([(bpy)2(OH2) RuORu (OH2)(bpy)2]4+),
and constitutes a mark in the development of water-splitting catalysts [12].
However, the successful application presents a low turnover number (TON)
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Figure 1.2. (a) Schematic water oxidation mechanism for Ru-based complex, and (b)
Reaction pathway used in this work. Adapted from [29].

and turnover frequency (TOF) of 13 and 0.004 s−1, respectively. These pho-
tosynthetic systems can be used as inspirations to help design prototypes for
efficient fuel production. The reaction mechanisms proceed under high op-
erational over-potentials, and the development of water oxidation catalysts
(WOC) turns out to be essential to optimize the reaction rates. An optimal
WOC should have low cost and toxicity, long-term durability and stability,
and drive the reaction mechanisms at a high activity under low over-potentials.
These efficient WOC are yet in demand for large scale deployment, since un-
derstanding the reaction mechanisms underlying WOCs is still a fundamental
challenge. Recently, there has been much progress towards the development
of transition metal complexes such as Mn [13], Co [14, 15, 16, 17, 18], Ir [19,
20, 21], Fe [22, 23], and Ru [24, 25, 26] with enhanced TONs (>100000)[26]
and TOFs(>300 s−1)[27]. The design of mononuclear Ru complexes by Duan
et al. using axial ligands led to a considerable improvement of TOF values
>1000 s−1 [27, 28]. The water oxidation induced by transition-metal cata-
lysts leads to the formation of species with O-O bonds through two possible
processes: (i) nucleophilic water attack on a metal oxo, and (ii) coupling of
two metal oxo [30]. However, the O-O bonds are only formed after several
oxidation reactions, and especially for Ru-based catalysts, the high reactiv-
ity of the intermediates RuIV=O and RuV=O are critical active species for

12



Figure 1.3. Hybrid 2D electrocatalyst model based on the structures g-C3N4/X
(X = WTe2, MoS2 and Graphene).g-C3N4 is the catalyst and X represents the Cur-
rent Collector.

this process. Duan et al. have illustrated a possible reaction pathway from
a mononuclear Ru-complex ([RuII(bda(pic)2] to generate the O-O bonds, as
shown in Figure 1.2 (a) [26]. These intermediate Ru-based complexes are
formed under different chemical environments, and they can be studied by
a sensitivity technique such as X-ray photoelectron spectroscopy (XPS). The
XPS is a powerful approach that allows one to extract high-resolution elec-
tronic structures for molecular species and solid-state systems in different
chemical environments [31, 32]. The detection of these intermediates in the
water environment needs sophisticated techniques such as X-ray photoelectron
spectroscopy (XPS) with micro-jets at synchrotron facilities [33, 34]. Further,
even for weak ligands such as those of Ru-based complexes, the micro-jet
technique helps to avoid damaging the samples during the experiments. In
PAPER V, we have studied the PCET reactions through the assessment of
XPS from the model-system [RuII(bpy)2(py)(OH2)]2+ (bpy = 2,2-bipyridine
and py=pyridine) ([RuII-OH2]2+ for simplification) in the aqueous environ-
ment along a reaction pathway, as shown in Figure 1.2 (b). From the model-
system, we have generated multiple high-valence Ruthenium complexes under
different redox states and pH conditions. We have performed a sequential ap-
proach of Monte Carlo simulations [35, 36] and first-principles spectroscopy
calculations to understand the experimental results and the underlying physics
along the oxidation reaction pathway in an aqueous environment, focusing on
understanding their physical-chemical properties.

New insights in the development of catalysts based on hybrid van der Waals
heterostructures are also continuously empowered by experimental and theo-
retical approaches towards a more rational design [37, 38]. Furthermore, elec-
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trocatalytic processes have shown to be influenced by multiple factors that are
critical for the overall hydrogen production. The binding energy and differen-
tial Gibbs free energy for the adsorption of hydrogen has long been used as
a potential descriptor to track new catalysts for HER [39, 40]. Additionally,
the intra-layer charge transport and inter-layer charge injection have shown
to affect and even modulate the overall HER efficiency [41]. Therefore, we
have investigated multiple factors that interfere in the design of electrocata-
lysts through Density Functional Theory (DFT) calculations. Despite recent
advances in the development of 2D transition metal dichalcogenides (TMDs)
as catalysts for HER, we still need breakthroughs in both theory and exper-
iment. In PAPER I, we have explored applications of DFT-based calcula-
tions for the semi-metallic Td-WTe2 and semiconducting 2H-MoS2 interfaces
where Graphene and Au(111) are used as electrode contacts for HER. We have
found unveiled the main factors controlling the catalytic activity for the semi-
metallic system Td-WTe2. As a direct consequence, we have extended the
study to the hybrid structure 2H-MoS2/Td-WTe2 in PAPER II.

The exploration of carbon-based catalysts such as g-C3N4, and beyond met-
als remains a challenge [42]. The g-C3N4 is a porous metal-free polymer semi-
conductor that can be used for photo-driven production of hydrogen from wa-
ter and as a potential catalyst for energy production [43, 44]. Therefore, in
PAPER IV, we have explored the graphitic carbon nitride (g-C3N4) building
block structures to understand how H-bonding interactions affect local elec-
tronic states and its respective functionalities. We have studied melamine
molecules in gas-phase (Monomer, Dimer, Trimer, and Hexagonal packing)
along with supported heterostructure composed by Au(111) and Melamine
(hexagonal-packed). We have assessed the core level spectroscopy fingerprints
using Density Functional Theory.

Additionally, in PAPER III, we have combined the g-C3N4 with the WTe2,
MoS2, and Graphene, as hybrid 2D materials for efficient HER [45]. In the
schematic Figure 1.3, we show a hybrid catalyst where the current collec-
tor (semi-metallic structure) is responsible for injecting charges into the pri-
mary catalyst g-C3N4 to enhance the HER. In this work, we have investigated
solid-liquid interfaces by using an implicit solvation model to estimate the
thermodynamic properties of the non-precious metal-based hybrid structures
g-C3N4/X (X =WTe2, MoS2 and Graphene). The focus was on understanding
the design of efficient catalysts for hydrogen evolution reaction (HER) through
DFT-based properties such as (i) the free energy of hydrogen adsorption ΔGH ,
(ii) Schottky barrier (iii) induced charge polarization. We have found that
g-C3N4/WTe2 is a potential outstanding electrocatalyst for efficient HER. In
the next section, we will introduce the Density Functional Theory (DFT) ap-
proach, the theoretical framework used to support the simulations.
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2. Computational Framework

In this section, we explore the theoretical framework of the many-body prob-
lem followed by the Density Functional Theory (DFT) approach, which is the
theory used to support the simulations for the energy materials in this work.
We explore the What, When, and How of tackling multiple instances of the
modeling problem at the nanoscale.

2.1 Many-body Problem

Density Functional Theory (DFT) is a trendy framework and a straightforward
choice for dealing with many-body problems in solid-state physics. Our pri-
mary focus is to find approximated solutions of the Schrödinger equation:

Ĥ|Ψ〉= i
∂
∂ t

|Ψ〉. (2.1)

for a non-relativistic Hamiltonian Ĥ represented by:

Ĥ =−1
2

N

∑
i=1

∇2
i −

M

∑
α=1

1
2mα

∇α
2 −∑

i

M

∑
α=1

Zα∣∣∣�ri −�Rα

∣∣∣ +
1
2

N

∑
i=1

N

∑
j �=i

1∣∣�ri −�r j
∣∣

+
1
2

M

∑
α=1

M

∑
β �=α

ZαZβ∣∣∣�Rα −�Rβ

∣∣∣ (2.2)

The terms highlighted above represent the kinetic energy operators for N elec-
trons and M nuclei, electron-nuclei, electron-electron, and inter-nuclear coulomb
interactions, respectively, however, practical solutions of equation (2.1) are
constrained by a large number of degrees of freedom from electrons (3N +
N spins) and nuclei (3M). The first approach is to consider that electrons are
much lighter than the nuclei, moves much faster than the nucleus and accom-
modates much faster than the nuclei to lower energy states under the influence
of an external field, which means that the motion of the electrons and the mo-
tion of the nuclei can be separated (Born and Oppenheimer approximation)
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[46]. For each nuclei configuration, the ground state solution can be approxi-
mated by solving the electronic form of Schrödinger equation:⎡

⎣−1
2

N

∑
i=1

∇2
i −

N

∑
i=1

M

∑
α=1

Zα∣∣∣�ri −�Rα

∣∣∣ +
1
2

N

∑
i=1

N

∑
j �=i

1∣∣�ri −�r j
∣∣
⎤
⎦ ψ̃e({�ri};{�Rα})

= εe({�Rα})ψ̃e({�ri};{�Rα}) (2.3)

where the electronic wavefunctions ψ̃e({�ri};{�Rα}) depend parametrically on
the nuclei configuration and must satisfy the time-independent equation. The
first term of equation (2.3) is associated with kinetic energy, the second term
represents an external potential, and the third term involves the complexity of
repulsive electron-electron interactions. The next sections are focused on the
Density Functional Theory (formulation of the many-body problem) as well
as critical ground-state properties used in this work.

2.2 Density Functional Theory

Density Functional Theory (DFT) is a theory developed in the 1960s to cir-
cumvent the difficulties in solving the many-body problem, where the ground
state total-energy is a functional of the electronic density ρ (r). Hohenberg
and Kohn [47, 48], which proposed that the functional of the total energy can
be defined as:

E [ρ (r)] = 〈Ψ|T̂ +V̂ee +Vext |Ψ〉
= F [ρ (r)]+

∫
dr ρ(r) vext(r) (2.4)

where the universal functional F [ρ(r)] includes the kinetic energy and electron-
electron repulsion term. The foundations of DFT relies on two important the-
orems developed by Hohenberg and Kohn, as follows:

1. (Uniqueness) F [ρ(r)] is a functional of the electronic density ρ(r) and
the external potential Vext(r) is solely determined by the electronic den-
sity of the corresponding ground state with an additive constant.

2. (Variational Principle and Universality) Considering E0 as the ground
state energy for a system with N electrons under the effect of an exter-
nal potential V (r), the energy functional E[ρ(r)] follows the variational
principle so that E[ρ(r)]≥ E0.

The first theorem establishes the one-to-one correspondence between the
external potential and electronic density. From this theorem, any observable
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can be written as a functional of the electronic density, which is the case for
the total-energy. The second theorem establishes the variational principle and
that the total-energy functional is universal. Therefore, for a system with N =∫

dr ρ(r) electrons, the density ρ(r) is represented on the ground state for a
given external potential with a functional F [ρ(r)] = 〈Ψ|F̂ |Ψ〉 that is unique
and well defined.

2.3 Kom-Sham formulation

The Hohenberg-Kohn theorems presented in the last section do not exhibit a
formal expression of the functional F [ρ(r)]. However, Kohn and Sham [49]
proposed the possibility of mapping a system with interacting electrons under
the effect of an external potential Vext . This mapping would take a fictitious
system of non-interacting electrons with the same density ρ(r) as for the inter-
acting system and under the effect of an effective potential Ve f f . According to
the second theorem of Hohenberg-Kohn, the ground state density minimizes
the energy functional, such that:

δE[ρ] = E[ρ +δρ]−E[ρ] = 0 (2.5)

For the interacting system, this restriction is included through a Lagrange mul-
tiplier term λ on the equation (2.5), such that:

δ 〈Ψ|Ĥ|Ψ〉= δ
[

F [ρ(r)]+
∫

dr vext(r)ρ(r)−λ
(∫

dr ρ(r)−N
)]

= 0.(2.6)

where F [ρ(r)] is represented by:

F [ρ(r)] = T [ρ(r)]+EH [ρ(r)]+Exc[ρ(r)] (2.7)

T [ρ(r)] is the kinetic energy term, Exc[ρ(r)] represents the exchange-correlation
energy factor [50] and the classical Coulomb potential EH [ρ(r)] can be written
as:

EH =
1
2

∫
vH ρ(r) dr =

1
2

∫ ∫ ρ(r) ρ(r′)
|r− r′| dr′dr (2.8)

The derivative of equation (2.6) with respect to ρ(r) can be expressed as:

δE
δρ(r)

=
δTs

δρ(r)
+

δExc

δρ(r)
+ vext(r)+ vH(r)−λ = 0

(2.9)

Thus, we can obtain the Lagrange multiplier λ for the non-interacting system:

λ =
δTs

δρ(r)
+

δExc

δρ(r)
+ vext(r)+ vH(r) (2.10)

17



such that the exchange-correlation potential vxc(r) is written as :

vxc(r) =
δExc

δρ(r)
(2.11)

Since the fictitious system is under effect of an effective potential Ve f f (r), the
Hamiltonian can be defined as:

Ĥe f f = T
′
[ρ]+Ve f f (2.12)

By considering equation (2.5) for the non-interacting system, therefore:

δ 〈Ψ|Ĥe f f |Ψ〉= δ
[

T
′
[ρ(r)]+

∫
dr ve f f (r)ρ(r)−λ

(∫
dr ρ(r)−N

)]
= 0

(2.13)

such that the kinetic terms from the interacting and non-interacting systems
are distinct (T

′
[ρ] �= T [ρ]). The Lagrange multiplier associated with the non-

interacting system can be expressed as:

λ =
δT

′
[ρ(r)]

δρ(r)
+ ve f f (r) (2.14)

Hence, the combination of equations (2.14) and (2.10) gives the effective po-
tential:

ve f f (r) = vext(r)+ vH(r)+ vxc(r) (2.15)

where the exchange-correlation potential ve f f (r) involves the kinetic energy
of both interacting and non-interacting systems along with a residual potential
factor and can be rewritten as:

vxc(r) =
δT [ρ(r)]

δρ(r)
− δT

′
[ρ(r)]

δρ(r)
+

δExc[ρ(r)]
δρ(r)

=
δE

′
xc[ρ(r)]

δρ(r)
(2.16)

However, the exact representation of the effective potential ve f f (r) is unknown
due to the exchange-correlation potential term vxc(r). The ground-state den-
sity of the non-interacting system can be found through the solution of N-one-
electron Schrödinger-like equation:[

−1
2

∇2 + ve f f (r)

]
ψi = εiψi (2.17)

The self-consistent solution of Kohn-Sham equation can be simplified as fol-
lows: (a) guess the electronic density ρ(r) and use it to (b) calculate equa-
tions (2.15) and (2.16). The choice of the exchange-correlation functional is a
primary factor because it can restrict the accuracy of calculated ground-state
properties. Further, we use the effective potential ve f f estimated in (b) to solve
equation (2.17) and find the Kohn-Sham orbitals ψi, which have no physical
meaning. A new density can be estimated based on the mixing with the previ-
ous density. The process restarts from (b) until it reaches the convergence.
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2.4 Exchange-Correlation Functionals

The accuracy of the ground-state properties obtained from the Kohn-Sham
approach depends on the choice of the exchange-correlation functional. In
this section, we provide details about possible approximations.

Kohn and Sham [47] initially proposed the Local Density Approximation
(LDA). This functional depends only on the electronic density ρ(r), which
can be locally treated as the electronic density of a homogeneous electron gas.
The exchange-correlation energy ELDA

xc can be defined as:

ELDA
xc [ρ(r)] =

∫
dr εxc[ρ(r)] ρ(r) (2.18)

where εxc[ρ(r)] represents the exchange-correlation energy per particle, where
the density ρ(r) at position r is considered as the density of a homogeneous
electron gas. The term εxc[ρ(r)] can be written as:

εxc[ρ(r)] = εx[ρ(r)]+ εc[ρ(r)] (2.19)

where εc[ρ(r)] is a correlation factor and εx[ρ(r)] represents the exchange con-
tribution. Ceperley calculated the exchange-correlation energy for a homoge-
neous electron gas and Alder [51] using a Monte Carlo approach. Perdew and
Zunger [52] suggested the most common parameterization of these exchange
and correlation energies. The LDA approximation provides poor accuracy
when applied to resolve heavily correlated systems and hinders the efficiency
of describing hydrogen bonds [53]. LDA can also be extended to spin po-
larised systems referred to as the LSDA (local spin-density approximation)
[54, 55].

We have used the Generalized Gradient Approximation (GGA) according to
Perdew-Burke-Ernzerhof (PBE) [56] as the exchange-correlation functional,
which depends on the electronic density and respective gradient of the elec-
tronic density, such that:

EGGA
xc =

∫
dr f (ρ(r),∇ρ(r)) (2.20)

It is essential to highlight that energy barriers from chemical reactions,
among other properties, can be resolved with high accuracy [57, 58]. How-
ever, this functional underestimates the band gaps of semiconductors concern-
ing experiments due to a strong delocalization of electrons. The use of hybrid
functionals can help to tackle this issue. In PAPER III, we have used the hy-
brid functional HSE06 from Heyd, Scuresia, and Ernzerhof [59]. This func-
tional includes the exact exchange-correlation functional PBE for short-range
interactions with mixed approximations for the long-range interactions. These
approximations are implemented in the Vienna Ab-initio Simulation Package
(VASP) [60, 61].
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2.5 Van der Waals interactions

When forming heterostructures, long-range intermolecular interactions, also
known as Van der Waals (vdW) forces, become crucial factors to be taken into
account. The source of these interactions might rely upon induced dipoles
formed in the interface or instantaneously induced dipoles due to dispersion
interactions (London Forces) [62]. These attractive forces are implicitly long-
range interactions that cannot be treated appropriately by LDA or GGA. How-
ever, London interactions can be treated with the inclusion of an additive term
in the total energy through different schemes such as DFT-D [63] and TS-
vdW [64]. In our work, we have employed the method DFT-D3 developed
by Grimme [65], which is an extension of the method DFT-D2 Grimme [66]
where the total energy can be expressed by:

E = EGGA − s6

N−1

∑
i=1

N

∑
j �=i

Ci j
6

R6
i j

F(Ri j) (2.21)

such that Ci j
6 is a pair-dispersion coefficient, s6 is a scaling factor, N represents

the number of atoms, and Ri j is the distance between the atoms i and j. From
equation (2.21), the damping parameter F(Ri j) is responsible for keeping the
threshold for the long-range pattern:

F(Ri j) =
1[

1+ e
a
(

Ri j
R−1

)] (2.22)

where a represents the parameter of the model, and R represents the sum of the
Van der Waals atomic radius ri + r j. The extension DFT-D3 includes the local
environment by using self-consistent calculations to estimate the dispersion
coefficient (geometry-dependent) and vdW cut-off radius.

2.6 Projector Augmented Wave (PAW)

The attributes of wave functions are peculiar in different regions of space. The
interstitial region or bonding region is dominated by valence states and has
smooth wave functions. However, regions near the nuclei have sharp features
due to high-frequency oscillations. This factor maximizes the computational
effort and numerical complexity to solve the Kohn-Sham equation. There-
fore, it is necessary to decompose the wavefunctions into auxiliary smooth
factors and contributions with rapid oscillations in small regions. The method
PAW divides the space into an augmented region with spheres centered in the
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atoms Ωa
1 and an interstitial region Ωi localized between the spheres. A lin-

ear transformation activated by the operator T̂ transforms an auxiliary smooth
wave function |ψ̃n〉 into the Kohn-Sham wave-function |ψn〉:

|ψn〉= T̂ |ψ̃n〉 (2.23)

Kohn-Sham equations can be rewritten as follows:

T̂ †ĤT̂ |ψ̃n〉= εnT̂ †T̂ |ψ̃n〉 (2.24)

The linear operator T̂ is chosen such that solving 2.24 leads to auxiliary smooth
wave-functions. The operator T̂ α is a linear transformation operator inside AE
(|r−R|< rc

α) and can defined as:

T̂ = 1+∑
a

T̂ α (2.25)

The cutoff radius rc
α is chosen, such that there is no superposition of spherical

zones inside AE. Hence, smooth wave functions inside AE should be trans-
formed into smooth partial waves φ̃ α

i , such that:

|ψ̃n〉= ∑
i

cα
ni|φ̃ α

i 〉 (2.26)

where cα
ni are expansion coefficients. Auxiliary partial waves φ α

i are linear
transformations of smooth partial waves |φ̃ α

i 〉:
|φ α

i 〉= T̂ |φ̃ α
i 〉= (1+ T̂ α)|φ̃ α

i 〉 (2.27)

For external zones (r > rα
c ) the linear operator T̂ α vanishes:

T̂ α |φ̃ α
i 〉= |φ α

i 〉− |φ̃ α
i 〉= 0 ⇒ φ α

i(r) = φ̃ α
i (r) , (r > rc

α) (2.28)

and φ̃ α
i (r) = 〈r|φ̃ α

i 〉 e φ α
i (r) = 〈r|φ α

i 〉. Coming back to AE zones, |ψα
n 〉 =

T̂ |ψ̃α
n 〉 should satisfy:

|ψn〉= ∑
i

cα
ni T̂ |φ̃ α

i 〉= ∑
i

cα
ni |φ α

i 〉 , |r−Rα |< rc
α (2.29)

where cα
ni from equation (2.29) and (2.26) are identical. From a smooth pro-

jected wave function |p̃α
i 〉 that satisfies the condition of orthonormality with

the smooth partial waves in the region AE:

〈p̃α
i |φ̃ α

j 〉= δi j (2.30)

cα
ni can be written as a linear functional of |ψ̃α

n 〉 :

〈 p̃α
i |ψ̃α

n 〉= ∑cα
ni δi. j = cα

ni ⇒ cα
ni =

∫
dr p̃α

i (r−Rα) ψ̃α
n (2.31)

1Augmented Region

21



and smooth projection function must satisfy the completeness:

∑
i
|φ̃ α

i 〉〈 p̃α
i |= 1 (2.32)

Therefore, the transformation operator inside AE zones can be expressed as:

T̂ α = ∑
i

T̂ α |φ̃ α
i 〉〈 p̃α

i |= ∑
i
(|φ α

i 〉− |φ̃ α
i 〉)〈p̃α

i | (2.33)

T̂ = 1+∑
α

∑
i
(|φ α

i 〉− |φ̃ α
i 〉)〈p̃α

i | (2.34)

such that T̂ α vanishes in regions outside the AE (2.28). Thus, the projection
function | p̃α

i 〉 is generated by several schemes [67]. Further, equation (2.34)
and (2.23) allows us to calculate the Kohn-Sham wave-function |ψn〉 with the
smooth partial functions centered on α atoms:

|ψn〉 = (1+∑
α

∑
i
(|φ α

i 〉− |φ̃ α
i 〉)〈p̃α

i |) |ψ̃n〉

= |ψ̃n〉+∑
α

∑
i
〈p̃α

i |ψ̃n〉|φ α
i 〉−∑

α
∑

i
〈p̃α

i |ψ̃n〉|φ̃ α
i 〉 (2.35)

|ψ̃n〉 can be obtained by solving equation (2.24). The wave function |ψn〉
that oscilates on Ωa is described by pseudowavefunction |ψ̃n〉. In this work we
use PAW approximation implemented VASP.

2.7 Modeling the Solvation-Effect

In this thesis, we have studied solid/liquid interfaces using an implicit solva-
tion approach by considering hybrid systems embedded in a water environ-
ment. The simulation of electrochemical systems in real conditions represents
an incredibly complex task due to the high computational cost involved in han-
dling explicit solvation effects. In order to efficiently describe the model of hy-
brid electrodes in contact with water for hydrogen evolution reaction (HER),
we used VASPsol [68, 69] as implemented in the Vienna Ab-initio Simulation
Package (VASP). This model describes the interface using the DFT bench-
mark, while the electrolyte is represented through an implicit solvation model
based on the Poisson-Boltzmann equation, and the interface zone is a result of
coupling the DFT and Poisson-Boltzmann equation electrostatically. The di-
electric cavity is formed in the solvent by the solute, and the cavity can be built
from the union of overlapping spheres centered in the solute atoms. The rela-
tive permittivity inside the cavity is that of a vacuum while taking the solvent’s
value outside this region. Further, the induced charges can be represented at
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the cavity’s surface. It is also possible to assume a continuous change of rela-
tive permittivity, which characterizes a diffuse dielectric factor. We have used
this methodology in PAPER III to estimate the contribution of the solvation
energy on HER.

2.8 X-Ray Photoelectron Spectroscopy Fingerprints

Core electrons, tightly bound to the atomic nuclei, are extremely sensitive to
the atomic chemical environment. This fact is reflected in variations in the core
electrons binding energies (BE), which can be measured by X-ray Photoelec-
tron Spectroscopy (XPS) experiments. However, in complex molecular sys-
tems, a direct interpretation of the experimental results is often complicated,
and the theoretical description is needed. The accurate measurement of BEs
and its relaxed chemical environment effects was an outstanding achievement
of K. Siegbahn et al. in 1957 recognized with the 1981 Nobel Prize in Physics.
For molecules in the gas phase irradiated by X-rays with a particular frequency
ν , the kinetic energy Ek of photo-emitted electrons can be measured. Hence,
the BEs can be directly determined through the use of the photoelectric effect
equation:

hν = EB +Ek (2.36)

However, for solids and surfaces, we need to add a factor (work function) to
the equation (2.36), which represents the energy needed to take electrons from
the Fermi level (FL) into the vacuum region, such that:

hν = EB +Ek +φ (2.37)

where φ represents the work function. Figure 2.1 shows the X-ray irradi-
ation mechanism where an excited electron moves from 1s energy level to
the vacuum reference after breaking the energy defined by the work function
φ . In applications of XPS measurements, usually, the BE differences (ΔBE)
between two different states (chemical environments) are analysed with the
vacuum or Fermi level taken as the reference. This quantity provides sensitive
fingerprints from the local environment and bonding features from molecules
such as melamine in gas-phase [70] (Monomer, Dimer, Trimer, and Hexagonal
Packing) along with supported polymeric heterostructure grown on Au(111)
as I have studied in PAPER IV, where the method also demonstrates the suit-
ability to investigate surface phenomena. Further, it is also possible to use
core-level shifts to observe in situ the evolution of heterogeneous catalytic re-
actions and study multiple reaction mechanisms. For example, by studying
the ΔBE in PAPER V, we could show a fingerprint of the catalytically active
specie RuIV oxo, which in turn could be used in other operando spectroscopy
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Figure 2.1. X-ray irradiation mechanism of 1s core level emission. The excited elec-
tron moves from 1s energy level to the vacuum region after breaking the threshold
energy defined by the work function φ .

experiments to resolve the reaction pathways. It is usually standard practice to
explore jointly theory-experiment approaches for a more critical assessment
of physical properties associated with electronic structure and bonding of spe-
cific systems. The BE can be calculated through the difference between the
final state relaxed with N-1 electrons and an initial and non-ionized state with
N-electrons:

BE = E(N−1)
F −E(N)

I (2.38)

However, it would be necessary to calculate the exact solution for the pre-
viously mentioned many-body problem by considering the initial and final
states. In this thesis, we have used an alternative method implemented in
VASP [72] and proposed by Janak and Slater as the transition state method
(TS) [73, 71, 74, 75]. Figure 2.2 shows a schematic diagram representing the
Initial State (IS) and Final State (FS), with excitation of one-electron from the
core to the LUMO, and the Janak-Slater (JS) approach where half-electron is
excited from the core-level to the LUMO. Additionally, we have the FS’ (one
electron excited from the core-level) and JS’ (half-electron excited from the
core-level) states, where we have ionized the slab by removing this excited
electron. Hence, the final state is characterized by the extraction of the half-
electron from the core level, considering the frozen core approximation under
the PAW method to determine the partial occupancies. The JS transition state
method is an "interpolating" approximation from the difference between the
ground-state energies of the N and (N+1) particle systems. The approximation
is obtained from partial derivatives of the Hohenberg-Kohn total energy (for
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Figure 2.2. Diagram showing the Initial State (IS), Final State (FS), Janak-Slater (JS)
approach where the half-electron is excited to the LUMO and both, FS’ and JS’ where
the electron is removed from the LUMO to the vacuum. Adapted from [71].

partial occupancies) and evaluated halfway between two states, such that:

BE = E(N+1)−E(N) =
∫ 1

0
εi(ζi)dζi ≈ εi(

1
2
) (2.39)

In this approach, Kohn-Sham eigenvalues (εi) are linear functions of the oc-
cupancy ζi and ε(1

2) is the half occupied core-level orbital energies. Hence,
we provide the screening between the initial and final state core energy eigen-
values using only half-electron, where the BE can be approximated. We have
considered the alignment of the core-level eigenvalues with the vacuum re-
gion, such that the binding energies are estimated as:

BE =< φ∞ >−εi(
1
2
) (2.40)

and <φ∞> can represent the calculated electrostatic potential either along Z
axis perpendicular to the surface (PAPER IV) or through the average along
XYZ axis for molecules (PAPER V). This new approach considers the molecule
centred in a large enough box with to avoid interaction between periodic im-
ages. Therefore, the electrostatic potential average over XYZ absorbs possible
polarization effects of the molecule arising from multiple directions.

In PAPER V, we have studied the XPS fingerprints of Ru-based metal-
lic centers from the model electrocatalyst, [RuII(bpy)2(py)-(OH2)]2+, and its
higher-valence ruthenium-oxo species. We have probed the Ru-based systems
along a specific oxidation reaction pathway in the water environment by using
the snapshots from a Monte Carlo simulation. The core-level binding energies
can be represented by a linear combination of the potentials generated by the
first coordination shell. The following equation is a generalized formulation
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for the core-level binding energies considering the K-first-neighbors:

BEmc = β2 qmc +β1

K

∑
i=0

qi

ri,mc
+β0 (2.41)

where qmc is the formal charge on the metallic center atom (mc), qi is the
formal charge on neighboring atom i, and ri,mc, its respective distance to the
metallic center atom (bond length). Here, we have also explored a new ap-
proach to analyze the influence of potentials generated by the first neighbors
of the model systems. The Bader Analysis [76, 77] was used to determine the
formal charge for every single atom composing the first shell. The parame-
ters of the model were obtained through ordinary least-squares (OLS) multi-
regression, where BE represents the Ru 3d BEs shifts. The statistical treatment
has shown to be significantly relevant, and further, this approach is capable of
mapping intra-molecular positive and negative charge redistribution as a func-
tion of the formal oxidation state of a metallic center ion. This approach has
shown its validity for analyzing XPS fingerprint profiles of catalytic reactions
in the water environment.

2.9 Hydrogen Evolution Reaction (HER)

Electrocatalytic hydrogen evolution reaction (HER) is one of the most fun-
damental electrochemical reactions, and the scientific community has exten-
sively studied it. The overall HER process in acidic media involves the use of
electrocatalysts to drive the following reaction:

2H+(aqueous)+2e− −→ H2 (gas) (2.42)

where for real systems, the reactivity will depend on variations of the elec-
trostatic potential in the reference electrode. The HER can occur through
two possible elementary reaction pathways, namely Volmer-Tafel or Volmer-
Heyrovsky mechanisms. In both pathways, protons H+ are adsorbed on the
catalyst and reduced through the following reaction H++e−+∗→ H∗, where
* represents the adsorption site on the catalyst. Further, H2 can be released
through the Heyrovsky mechanism (H++H∗+e− → H2) due to the combina-
tion of solvated protons H+ and hydride atoms H− from the catalyst sites. The
Volmer-Tafel process can also occur (H∗+H∗ → H2), where two intermediate
hydrogen atoms H∗ coupled to the catalyst combine to form H2 molecules.
According to the Sabatier principle [78], the optimal catalyst should provide
neither too strong nor too weak hydrogen binding strengths. This means that
for the ideal catalyst, Gibbs free energy of the reaction ∗+ 1

2 H2 −→H∗ at stan-
dard condition should be 0 eV. The differential Gibbs free energy is a central
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concept to describe the thermodynamic equilibrium of HER processes, and it
can be defined as:

ΔGH∗ = ΔEH∗ +ΔEZPE +ΔESolv −T ΔS (2.43)

where the adsorption of neutral hydrogen is undertaken on a specific surface
site, ΔESolv represents the solvation effect, which can be estimated through the
use of an implicit solvation model as implemented in VASPsol [79]. For the
PAPER I and PAPER II, we did not consider possible solvation effects which
means that ΔESolv = 0. ΔEH∗ represents the differential adsorption energy
of intermediate hydrogen adsorbed on the surface of the catalyst, as defined
below:

ΔEH∗ =

(
EnH∗ −E(n−1)H∗ − 1

2
EH2

)
(2.44)

For n ≥ 1, EnH∗ is the total energy with n hydrogens on the catalyst, E(n−1)H∗
is the total energy of n-1 hydrogen coverage system and EH2 is the gas phase
energy of H2. In equation (2.43), ΔEZPE represents differential zero point
energy correction and it corresponds to the following expression :

ΔEZPE = EnH∗
ZPE −E(n−1)H∗

ZPE − 1
2

EH2
ZPE (2.45)

where EnH∗
ZPE and E(n−1)H∗

ZPE are the ZPE corrections for n and n-1 hydrogens
adsorbed on the surface, respectively. EnH∗

ZPE represents the zero-point energy
of H2 in the gas phase and ΔSH∗ is the entropy difference between the adsorbed
hydrogen and the gas phase which can be approximated as the entropy of H2
gas at standard conditions [80], as follows :

ΔS = (SH − 1
2

SH2)≈−1
2

S0
H2

(2.46)

We have performed estimations of the descriptor ΔGH∗ in PAPER I,II, and
III by considering different conditions and hybrid heterostructures to under-
stand the hydrogen evolution reaction better.

2.10 d-Band model

Since 1995, Norskov and Hammer formulated straightforward concepts [81],
which are capable of predicting trends of heterogeneous catalytic reactions
by considering changes in the adsorbate-substrate bond energy through the
d-band model [82]. Since then, extensive studies were carried out to predict
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Figure 2.3. Scheme of the Schottky barrier (ΦB) formed by the metal contacting a
n-type semiconductor.

reactivity with particular trends arising from the electronic structure of pure
metals bonded to ligands [83]. In the d-band model, the molecular adsorbate
has fully occupied states that interact with fractions of filled states from the
transition metals. As a consequence, the bond strength depends upon the fill-
ing states of the metal.

The adsorption of hydrogen in the metallic sites of the surface induces
bonding and antibonding states above and below the Fermi level. The chem-
ical bond strength can be tuned by the shift of the d-band center towards the
Fermi Level. A downshift of the d-band might reduce antibonding states above
the Fermi level and form weaker bond strengths between the adsorbate and
substrate. In contrast, when the d-band center shifts upwards, the antibonding
states are emptied above the Fermi level, and the bond becomes more potent.
This model is applied in this work to analyze the bond strength between hy-
drogen and catalytic sites of different surfaces.

2.11 Schottky Barrier Height (SBH)

The formation mechanism and control of the Schottky Barrier Height (SBH)
in metal-semiconductor (MS) interfaces is a challenging active research area
in materials science [84]. The SBH is an essential feature for the development
of electronic devices in the semiconductor industry, and multiple applications
in nanotechnology. The MS interfaces have discontinuities of the energy lev-
els responsible for the electronic conduction in each material. In the metal,
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the electrical conduction depends on delocalized states around the Fermi level
(FL), while the layer with the n-type semiconductor has electrical conduction
derived from electrons close to the conduction band minimum (CBM). For
hybrid systems composed of stacked 2D materials, the electric current flowing
across the MS interface depends on the discontinuity of the electronic states
between the layers. Therefore, the interlayer electronic transport across MS
interfaces can be affected by the SBH, which can manifest as a potential en-
ergy barrier for the injection of charges to the semiconductor catalyst. Herein,
we define the SBH as the difference between the CBM (projected DOS of the
catalyst), and the FL.

Figure 2.3 shows a scheme of an interface between the metal and an n-type
semiconductor, where ΦB is the SBH (energy barrier for the flow of electrons
from the metal to the semiconductor), EC is the conduction band level, E f the
Fermi level (FL), ΦM the metal work function, ΦS the semiconductor work
function and XS represents the electron affinity of the semiconductor. In this
thesis, we have investigated the SBH in PAPER I, II and III to better under-
stand the resistance barrier energy for electron injection across the interfaces
of hybrid 2D materials. Our main goal is to find a hybrid system where the
height of the SB tends an optimal value (0 eV, or no SB) since this ohmic char-
acteristic is an essential feature that provides reliable and fast charge injection
for efficient reactions in the catalyst responsible for the HER activity.
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3. 2D hybrid electroctalysts for hydrogen
evolution reaction

In this section, we discuss PAPER I as we highlight how a synergy between
theory and experiments can help improve the overall HER performance of nan-
odevices. During the HER process, the efficiency of charge injection across
the interface and intra-layer charge transport might contribute to the catalytic
activity. Hence, we proceed with PAPER II, where the influence of Schot-
tky Barrier over vdW heterostructures built from stripes of MoS2 and WTe2
induces better HER performance. We concluded that the Schottky barrier
quenches the HER activity on the catalyst, and multiple factors could con-
tribute to the catalytic activity of hybrid vdW heterostructures. This work is
an extension of the previous PAPER I as we combine MoS2 (catalyst) and
WTe2 (metallic support) to improve the overall HER performance. Further,
we present PAPER III, where we first introduce the interface effects of hy-
brid structures g-C3N4/X (X =WTe2, MoS2 and Graphene) that could help the
design of efficient catalysts for HER. We have studied these hybrid catalysts
using the following DFT-based properties: (i) the free energy of hydrogen ad-
sorption ΔGH , and (ii) Schottky barrier (iii) induced charge polarization. In
this section, we will discuss what makes g-C3N4/WTe2 a potential outstanding
candidate as an electro-catalyst for efficient HER

3.1 Hybrid systems from MoS2 and WTe2: Revealing
individual factors for hydrogen evolution reaction

MoS2 is an earth-abundant layered solid, which belongs to the family of 2D
semiconductors classified as dichalcogenides (TMDs). It has been highlighted
as a promising candidate to substitute noble-metal based catalysts due to cost-
effectiveness, thermodynamic stability, and high hydrogen evolution reaction
rates, albeit limitations such as low electrical conductivity of inert Basal plane
can impose limitations to the overall HER performance. Previous studies have
shown that 2H-MoS2 catalytic activity over the basal plane, can be boosted
through induced vacancies, strain, and phase transformations [85]. Further-
more, the activation rate can also be enhanced through the hydrogenation
of metallic edge sites and faster electron transfer rate (HET) over the inert
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Figure 3.1. Key factors for hydrogen evolution reaction. (a) Schematic diagram of
Heyrovsky and Tafel’s reactions involved in hydrogen evolution reaction where ΔGH∗
represents the differential Gibbs free energy of hydrogen adsorption and ΔφSC is the
Schottky Barrier. (b) HER reactive sites for Td-WTe2, where reaction sites (100)
edge, (010) edge, and (001) basal plane are labeled as α , β and γ , respectively. (c)
Comparison of ΔGH∗ between Td-WTe2 and 2H-MoS2 for various hydrogen-bonding
sites. Adapted with permission from Yu Zhou, J. Luis Silva et al. [41] Copyright
(2018) John Wiley and Sons.

basal plane [86, 87]. Unlike 2H-MoS2 surface, mono-layer WTe2 has struc-
tural stability under distorted Td phase and high electron mobility that allows
fast transport of electrons towards reactive surface sites [88]. These latter at-
tributes, along with multiple factors such as intra and inter-layer electron trans-
port, interface coupling, Schottky Barrier, and differential free Gibbs energy
(ΔGH∗) for hydrogen adsorption can affect the overall HER performance of
the system [41]. Figure 3.1 (a) shows a scheme of the HER process explained
in section 2.9.

For hybrid vdW heterostructures, it is critically important to analyze the
balance between the height of the Schottky Barrier (ΔΦSC), which is an in-
dication of resistance to interlayer charge injection, and the thermodynamic
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Figure 3.2. The p-orbital density of states sorted in descending order of ΔGH∗ from
top to bottom. (left) the p-orbital density of states (filled lines) projected onto Te sites
after the adsorption of hydrogen. Dashed lines indicate εp levels for p-orbitals and
(right) s-Density of states projected onto adsorbed H atoms where εs′ is integrated
over the interval [-4,0]. Adapted with permission from Yu Zhou, J. Luis Silva et al.
[41] Copyright (2018) John Wiley and Sons.

descriptor ΔGH∗ . As mentioned before, for ideal catalysts, we should have
ΔGH∗ = 0 eV. The ΔGH∗ has been widely used as a potential descriptor to
track efficiency for the HER activity on surfaces [89]. Therefore, we have cal-
culated ΔGH∗ for a single layer Td-WTe2, as shown in Figure 3.1 (c). Figure
3.1 (b) shows the schematic side and top views of Td-WTe2 surface sites for
the hydrogen adsorption. The comparison between ΔGH∗ from the inert basal
plane of 2H −MoS2 (ΔGH∗ ≈1.92 eV) [29] and the edge planes of Td-WTe2
(ΔGH∗ in the interval of ≈ [0.2-1.2] eV), as shown in Figure 3.1, indicates an
improvement of the catalytic activity. The higher values ΔGH∗ for γ(W) com-
pared to the other H-coverage indicates a weak interaction between H atoms
and the basal plane site. The very negative ΔGH∗ associated with β (W) indi-
cates a stronger bonding, which represents an obstacle to release H2.

Additionally, Figure 3.1 (c) shows that ΔGH∗ varies significantly as a func-
tion of the adsorption site. Despite the high electron mobility of semi-metallic
Td-WTe2, the ΔGH∗ is unfavorable compared to the contrasting model 2H −
MoS2 which has favorable ΔGH∗ but low electrical mobility. For Td-WTe2,
we can observe a slight improvement from γ(W ) downwards to α(W ). In par-
ticular, α(W) has the potential to improve HER activity, and these predictions
corroborate with the experimental results.

Hence, we unveil the electronic structure features that control the chemi-
cal bond strength and establish the structure-property relationship, as shown
in Figures 3.2 and 3.3. The latter shows how the strength of the chemical
bond correlates with the electronic structure of p and d-orbitals arising from
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Figure 3.3. d-orbital pDOS sorted in descending order of ΔGH∗ from top to bot-
tom. (left) d-orbital pDOS onto W-site (filled line) after adsorption of the hydrogen.
(right) s-orbital pDOS. Adapted with permission from Yu Zhou, J. Luis Silva et al.
[41] Copyright (2018) John Wiley and Sons.

metallic sites and s-orbitals from the adsorbed hydrogen. In particular, Figure
3.2 shows the p-orbital projected density of states (pDOS) (left) of γ(Te), α
(Te) and β (Te) as well as the s-orbital pDOS from adsorbed H-atoms in each
reactive site (right). It is important to highlight that for these cases, ΔGH∗
decreases from top to bottom. Figure 3.2 shows a strong overlap between
p-orbitals from the surface site and s-orbitals from the hydrogen. The bond
strength increases from the top γ(Te) to the bottom β (Te). The relative shift of
single energy levels εp and εs′ towards ε f show a stronger binding for β (Te)
which favors ΔGH∗ . Figure 3.3 also highlights the bond strength considering
the reactive tungsten sites after the adsorption of hydrogen. The slight shift of
εd and εs′ towards the Fermi level also shows a stronger interaction between
the s-orbitals from H-atom and resonant d-orbitals of the catalytic site.

In PAPER I, the HER activity was experimentally accessed for MoS2 and
WTe2 with Gold as contact electrodes to understand possible factors that could
influence the overall HER performance. We used DFT calculations for the
following hybrid vdW heterostructures: Au(111)/ 2H-MoS2 and Au(111)/ Td-
WTe2 (Details of calculations in PAPER I). Although the values of ΔGH∗ for
MoS2 (edge plane) should be more favorable, the experimental deployment of
both edge and basal plane sites using Gold as a current collector did not show
any HER activity. However, WTe2 coupled with Gold as the current collec-
tor displayed HER activity, even though ΔGH∗ was estimated to be larger. In
this case, an effective tuning of inter-layer charge injection (ΔφSC = 0) could
be an essential step to boost the overall HER performance. Since larger ΔφSC
indicates a higher barrier for inter-layer charge injection, the WTe2-gold in-
terface does not provide any resistance. Figure 3.4 (a) shows a volcano plot
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derived from the experimental measurements of the exchange current density
(Y-axis) as a function of the ΔGH∗ (X-axis) predicted from our calculations.
This result highlights the fantastic synergy between the experiment and theory
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Figure 3.4. (a) A volcano plot of the exchange current density as a function of the
calculated ΔGH∗ for three different catalytic sites (b) Normalized projected density
of states for Au(111)/2H-MoS2 and Au(111)/Td-WTe2 under less than 1% of average
strain over Au(111) support. (c) Comparison of ΔGH∗ values for the HER activity
on the basal plane sites for the heterostructures. The yellow and cyan triangles rep-
resent the Au(111) supports coupled with 2H-MoS2 and Td-WTe2, respectively. The
black cross indicates ΔGH∗ for the Graphene/1Td-WTe2 basal plane. An improved
ΔGH∗ was obtained for the basal plane sites of the Graphene/Td-WTe2 heterostruc-
ture. Reprinted (adapted) with permission from Yu Zhou, J. Luis Silva et al. [41]
Copyright (2018) John Wiley and Sons.

because the volcano shape was not necessarily expected. The importance of
this contribution resides in the optimized design of catalysts since optimal cat-
alysts should have ΔGH∗ close to 0 eV and higher exchange current density.
According to our predictions, the (100) edge is the most active plane for HER,
and the basal plane the less active.
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In Figure 3.4 (b) we plotted the calculated total and projected densities of
states from Au(111)/2H-MoS2 and Au(111)/Td-WTe2 with estimated ΔφSC.
Previous studies reported SBHs for Au(111)/2H-MoS2 of approximately 0.88
eV and 0.763 eV with a mismatch of roughly 5.2% [90, 91]. Our results in-
dicate an extremely low band occupancy with hybrid states around the Fermi-
level for a very low mismatch of 0.81% and an approximate Schottky Bar-
rier of 0.61 eV. Furthermore, Au(111)/Td-WTe2 does not exhibit SB. A strong
overlapping of states around the Fermi level shows ohmic-like contacting char-
acteristic of the Au(111) /Td- WTe2 interface, indicating an effective inter-
layer injection of charges. Nevertheless, the analysis of SBH and thermody-
namic alignment of ΔGH∗ can be crucial factors to improve HER performance.
Within this purpose, Graphene was used as the current collector to tune HER
activity of MoS2 by reducing ΔφSC. Figure 3.4 (c) shows estimated ΔGH∗
for basal planes using graphene. A comparison of ΔGH∗ between monolayer
2H-MoS2 and heterostructure Graphene/2H-MoS2 indicates that the electronic
properties are not critically affected even though experimental results indicate
that heterostructure presents higher HER activity. The latter is an indication
that intra-layer charge transport can restrict overall performance and become
less efficient than inter-layer charge injection. Our ΔGH∗ also indicates an
improvement of graphene- WTe2 compared to Au-WTe2, which is featured
by experimental Tafel slopes of 92 and 141 mV dec−1, respectively. How-
ever, WTe2 and graphene-WTe2 have shown similar overpotentials, which is
indicative of efficient inter and intra-layer charge transport. Our calculations
showed a better efficiency for the heterostructure. However, the experiment
did not reproduce the previous results due to the size of WTe2 nanoflakes and
high charge mobility. These results provide a clear indicator that ΔGH∗ is not
the only factor affecting the HER activity since the Schottky barrier ΔφSC and
charge mobility also modulates the overall HER performance.

3.2 Unveiling interface effects of hybrid MoS2/WTe2
for HER

We have previously shown that the high Schottky barrier could potentially
suppress the electron transport between semiconducting and conducting sup-
port. Furthermore, the electronic structure and electron transport dynamics
can be critically affected by the coupling of different supports, and the in-
duced doping levels over MoS2 could tune HER activity. Figure 3.5 (a) shows
a schematic diagram of relative band edge alignment from a heterostructure
constructed from a monolayer semiconductor 2H-MoS2 and Td-WTe2. The
work functions of monolayer MoS2 and WTe2 are 4.36 and 4.5 eV, respec-
tively. The relatively close Fermi level alignment between MoS2 and WTe2
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leads to a lower Schottky barrier at the MoS2/WTe2 interface, smaller than the
interface between MoS2 and common metal electrodes. A lower Schottky bar-
rier can improve HER activity by promoting efficient electron injection at the
interface. We carried out DFT calculations to understand these improvements
(calculation details in PAPER II). The calculated Schottky barrier heights are
0.25 eV for a 2H-MoS2 monolayer on a Td-WTe2 monolayer and 0.61 eV for
a 2H-MoS2 monolayer on Au (111) (Figure S1, Supporting Information of pa-
per 2). Thus, the improved HER using the WTe2 contact is due to a lower
Schottky barrier between MoS2 and WTe2 compared to MoS2 and gold. How-
ever, the additional improvement in HER for the heterostructure compared to
the WTe2 contact case cannot be explained solely by the SBH.
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Figure 3.5. Interfacial effects on MoS2/WTe2. (a) Comparison of ΔGH∗ values for S-
vacancy sites in the basal plane of the freestanding MoS2 monolayer (0.047 eV) and
of the MoS2/WTe2 heterostructure (-0.040 eV). We assume one S-vacancy out of 80
S atoms for 1.25% vacancy concentration. Adapted with permission from Yu Zhou,
Joshua V. Pondick, J. Luis Silva et al. [92] Copyright (2019) John Wiley and Sons.

Two main factors mentioned before contribute to improving the heterostruc-
ture’s hydrogen evolution activity: change in ΔGH∗ of MoS2 due to the under-
lying WTe2 and enhanced charge injection due to the increased contact area
of the interface and shorter electron transport length. However, it is essential
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to highlight the possible experimental suppression of mirror charge formation
since MoS2 is coupled on semi-metallic WTe2. First, we should consider the
effect of ΔGH∗ . We have calculated only the basal plane ΔGH∗ . The measure-
ments of HER activities were likely to have S-vacancies, which are catalyti-
cally active on the MoS2 basal plane. For the calculated values of ΔGH∗ shown
in Figure 3.5, we arbitrarily assumed an S-vacancy concentration of 1.25 in the
MoS2 monolayer.
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Figure 3.6. Calculation of ΔΦSC for MoS2/WTe2 and MoS2-gold interface. (a) Total
DOS (yellow line) and projected DOS (black line) on the monolayer of 2H-MoS2in
a Td-WTe2/2H-MoS2 heterostructure with a lattice mismatch of 2.3% - Calculated
Schottky barrier of about 0.25 eV. (b) Total DOS (cyan line) and projected DOS
(black line) on the monolayer of 2H-MoS2 in a Au(111)/2H-MoS2 structure with a
lattice mismatch of less than 1% - Calculated Schottky barrier of about 0.61 eV. The
red and black dashed vertical lines indicate the bottom of the conduction band and
Fermi energy, respectively.Comparison of ΔGH∗ values for the intermediate hydrogen
adsorption on sulfur sites in the basal plane of freestanding 2H-MoS2 (blue), 2H-MoS2
on Au (111) (cyan) and 2H-MoS2 on Td-WTe2 (yellow). A S-vacancy concentration
of 0% is assumed for this calculation. Inset shows enlarged comparison of ΔGH∗ for
the three different structures to show that the change in ΔGH∗ is negligible by inter-
facing MoS2 with WTe2. Adapted with permission from Yu Zhou, Joshua V. Pondick,
J. Luis Silva et al. [92] Copyright (2019) John Wiley and Sons.

The comparison between freestanding MoS2 monolayer and MoS2/WTe2
heterostructure using the same level of S-vacancies shows a very similar ΔGH∗
of 47 meV versus -40 meV, which results in ΔGH∗ not affecting the interface
of MoS2 with WTe2. The ΔGH∗ for the cases without S-vacancies are trivial
(Figure S2, Supporting Information in PAPER II).
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As a second alternative explanation for the enhanced HER, we could pos-
sibly have a suppression of mirror charge formation by semi-metallic WTe2.
This comes from the fact that electrons are depleted from MoS2 to reduce
protons and form hydrogen. As a consequence, the remaining positive charge
could be stabilized by the mirror charges from the substrate (SiO2). The mirror
charges can be suppressed by semi-metallic WTe2 that couples directly to the
monolayer MoS2, and provide fast charge transport of electrons for high cat-
alytic activity in the MoS2 surface. Lastly, in the third hypothesis, MoS2/WTe2
heterostructure has a large contact area, which enhances the charge injection
and reduces the electron pathway to the catalytic site.

To summarize, we have accessed the role of the hybrid structure MoS2/WTe2
interface through the calculation of DFT-based HER properties. The MoS2/WTe2
interface enhances the charge injection due to the Schottky barrier’s small val-
ues, improved contact between the layers due to the large interface area, and
reduced pathways for electron transport across the layer. Further, the hybrid
structure MoS2/WTe2 was fabricated based on the results from the compu-
tational modeling and showed promising overpotential of 140 mV at 10 mA
cm−2, Tafel slope of 40 mV dec−1, and prolonged stability. These results
highlight the importance of interface design for HER catalysts.

3.3 g-C3N4 HER in water environment

As previously exposed, the combination of multiple factors such as intra and
inter-layer charge transport can play a significant role in HER efficiency for
stacked hybrid van der Waals structure [41]. Additionally, the effect of water
is an essential element to be included in the DFT-based calculations of electro-
catalysts. However, the specific treatment of solvation can be computationally
expensive and considered as a bottleneck. Therefore, we have investigated
the effects of solid-liquid interfaces employing Density Functional Theory
using an implicit solvation model to estimate the ΔGH∗ . We have explored
solid-liquid effects over bilayer of g-C3N4 coupled with stripes of Td-WTe2,
2H-MoS2, and Graphene through thermodynamic and electronic structure fin-
gerprints where interface plays a significant role. Our results indicate that
g-C3N4/Td-WTe2 could outperform as an efficient electrocatalyst for hydro-
gen evolution reaction. We have chosen Carbon nitride g-C3N4 as the catalyst
due to specific advantages such as stability[93], low ΔGH∗ , N-coordinated six-
fold cavities from heptazine polymerization as well as C3N4 rings that contains
anchoring catalytic sites for hydrogen evolution reaction [44, 94, 95]. These
networks form layered structures under the effect of weak Van der Waals in-
teraction forces. The HER activity of g-C3N4 (low-charge mobility) can be
tuned using hybrid vdW heterostructures. This tuning results from the optimal
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Figure 3.7. (a) Schematic diagram of Tafel and Heyrovsky reactions on nanodevice
Catalyst/Current Collector where ΔφSC represents the SBH. (b) Schematic structure g-
C3N4/MoS2. Reprinted with permission from J. Luis Silva et al. [45] Copyright (2020)
American Chemical Society.

injection of electrons through the interface towards the catalyst’s reactive sites.
For hybrid electrocatalysts, built-in electric fields can be formed in the inter-
face, and induce the transfer of electrons between the layers. Therefore, we
are interested in optimal catalysts for HER in the electrode, where the hybrid
structure also provides better charge injection.

The substrate is displayed on the bottom of the bi-layer g-C3N4, forming
stacked vdW heterostructures, such as the ones shown in Figure 3.7 (a) and
(b) where MoS2 (substrate) and the bilayer g-C3N4 (catalyst) compose the hy-
brid structure. Figure 3.8 (a) shows a schematic diagram of the bilayer g-C3N4
as a function of H-atom coverage. The top layer contrasts with the transpar-
ent bottom layer and atoms in black, blue, and orange, respectively, represent
hydrogen, nitrogen, and carbon. We have estimated the ΔGH∗ for the red H-
atoms in the top-view Figure 3.8 (a). For these configurations, Figure 3.8 (b)
provides strong variations of ΔGH∗ whether H-atoms are adsorbed on C or N
sites for different hydrogen coverages. It means that local effects can interfere
in the release of an intermediate H-atom (red color) from the porous region.
The configurations σ1,σ2 and σ3 represents the bilayer g-C3N4 with hydrogens
coordinated to 3 Nitrogens in the porous region along with 1,2 and 3 H-atoms
bonded to Carbon sites, respectively. As shown in Figure 3.8 (b) and Table 3.1,
the ΔGH varies significantly as a function of the probing site (C or N atoms),
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Figure 3.8. Bilayer g-C3N4 HER for different adsorption sites and coverages using
implicit solvation model. (a) Schematic illustration of g-C3N4 sites where black dots
represents the hydrogen which is adsorbed on the catalyst and red dots displays the
hydrogen where ΔGH∗ was calculated. (b) ΔGH∗ for α,β ,γ,σ1,σ2 and σ3 coverage
including the solvation effect. Reprinted with permission from J. Luis Silva et al. [45]
Copyright (2020) American Chemical Society.

Table 3.1. Free energy of hydrogen adsorption ΔGH for g-C3N4. Adapted with per-
mission from J. Luis Silva et al. [45] Copyright (2020) American Chemical Society.

H-Coverage ΔGH (eV) ΔGH+Solv(eV)
α -0.17 -0.06
β 0.39 0.44
γ 0.53 0.49

σ1 -0.38 -0.38
σ2 -0.35 -0.40
σ3 -0.14 -0.10

and hydrogen coverage of the catalyst. The descriptors ΔGσ1
H ,ΔGσ2

H and ΔGσ3
H

shows that C-H bonds have strong bond strengths, as they exhibit sp3-orbitals
with small bond lengths of approximately 1.1 Å. The higher binding free en-
ergies of C sites could indicate easier adsorption (σ1 and σ2). Nevertheless,
negative ΔGH yields to difficulties in releasing hydrogen gas from the cata-
lyst, which does not contribute to an efficient HER activity. Other factors as
rippling effects from corrugated g-C3N4, strains, and doping could also impact
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the HER activity [96]. As already mentioned before, g-C3N4 is optimal only
for low hydrogen coverage. Additionally, we need higher overpotentials to
induce the release of hydrogen in case of ΔGH∗ exhibiting high values. Our
trends are in line with previous reports since we have found ΔGH∗ ≈ -0.17
eV and 0.39 eV for θ =1/3 and 2/3 without considering the implicit solvation
model. However, the inclusion of the implicit solvation model is a promising
approach and can be useful for modeling real devices, since electrocatalysts
in real conditions are in a water environment. To summarize, ΔGH∗ shows a
strong dependence on the probing site and hydrogen coverage. In the next sec-
tion, we explore the combination of two hydrogens inside the porous region.
This approach considers an average of β and γ to estimate ΔGH . We will also
explore possible interface effects of hybrid structures that could help with the
design of efficient g-C3N4-based hybrid catalysts for HER.

3.4 Electronic Structure and Interface effects of
g-C3N4/X (X =WTe2, MoS2 and Graphene)

Recently, g-C3N4/MoS2 have shown low overpotentials for HER [97]. The
DFT-based results show a considerable improvement of activity that depends
on the strong coupling of vdW layers through Mo-N bonds that can facilitate
hopping responses on the catalyst and charge injection across the interface
towards the catalyst. We have coupled g-C3N4 bilayer with Graphene [98],
2H-MoS2 [85] and Td-WTe2 (distorted phase from 1H) [88], as shown in Fig-
ure 3.9 (a). These systems were coupled with g-C3N4 under mismatches of
2.34% (Graphene), 1.59% (2H-MoS2) and 1.22% (Td-WTe2). These materi-
als have properties that might help to increase the efficiency of HER, such as
high stability, high carrier mobility, and potential inter-layer charge transfer
to the catalyst [98, 97, 92]. In Figure 3.9 (b), the ΔGH of g-C3N4 is higher
as compared to the hybrid structures. However, the averaged ΔGH of the hy-
brid systems are very similar to each other. Therefore, the substrate could
be equally affecting the performance of g-C3N4. The HER performance of
catalysts in the solution can be affected by multiple factors such as interac-
tions in the interface, temperature, and pH [99, 100, 101]. Although one could
consider any of these hybrid heterostructures for deployment, and analysis of
the SBH would still be necessary since the overall HER performance could
depend on the charge injection across the interface.

In both Figures. 3.10 (a) and (b), we show the density of states (DOS) with
projected DOS over g-C3N4 in blue. The Fermi Level and the conduction band
minimum (CBM) are shown in black and red, respectively. We have estimated
SBHs using the functionals HSE06 and GGA. As shown in Figure 3.10 (a) and
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Figure 3.9. Perspective view of the heterostructures along with (a) HER descriptor
for g-C3N4 coupled with Graphene, 2H-MoS2 and Td-WTe2 under θ = 1/3,2/3 and
3/3 hydrogen coverage’s inside the porous region. (b) Averaged ΔGH∗ over θ =
2/3 and 3/3 hydrogen coverage using the implicit solvation corrections. Reprinted
with permission from J. Luis Silva et al. [45] Copyright (2020) American Chemical
Society.

(b), the resistance to inter-layer charge injection is lower for Graphene/g-C3N4
dand higher for 2H-MoS2/g-C3N4. For g-C3N4/Graphene, ΔGH∗ over γ and
β in the porous region is significantly higher, and the total density of states
has a gap that might constrain the charge mobility. However, the total density
of states arising from hybrid g-C3N4/Td-WTe2 has shown metallic character-
istics. The evidence of metallic pattern showed by the projected DOS due to
filled states in the Fermi level indicates higher charge mobility, possible fast
redistribution of charges, and lower resistance to inter-layer electron injection
across the interface. Therefore, g-C3N4/Td-WTe2 could be considered as a po-
tential candidate for HER since ΔGH∗ shows similarities to 2H-MoS2/g-C3N4
and g-C3N4/Td-WTe2 provides lower SBH. Additionally, hybrid systems such
as metal-semiconductors might have an induced charge polarization along the
interface [102].

The catalyst’s hydrogenation can also induce the redistribution of charge
density accumulation and depletion zones, affecting the injection of charges
from WTe2 to g-C3N4. We have estimated the charge accumulation and deple-
tion zones for different hydrogen coverages of Td-WTe2/ g-C3N4. Addition-
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Figure 3.10. Total Density of States for g-C3N4/X with X= Graphene, WTe2, and
MoS2 from top to bottom with black, green, cyan and purple lines, respectively. The
blue area for each system represents the projected density of states over g-C3N4. The
SBHs are estimated as the difference between the bottom of the conduction band (red
line) and the Fermi Level of the metal (black line) using (a) HSE06. (b) SBHs vs.
ΔGH∗ inside the porous region for each hybrid system with the hybrid functional
HSE06 (circle) and GGA (square). Reprinted with permission from J. Luis Silva et al.
[45] Copyright (2020) American Chemical Society.

ally, we have also estimated the average induced charge density and dipole
moments (perpendicular to the surface). Figure 3.11 (a) shows a normalized
(yellow = 0, blue = 1) map of the charge density from Td-WTe2 / g-C3N4 per-
pendicular to the surface plane for Td-WTe2/ g-C3N4 without hydrogen. In
Figure 3.11 (b), we show the bilayer g-C3N4 coupled with Td-WTe2 without
hydrogens. The charge density accumulation (yellow) and depletion zones
(cyan) from (b) show strong variations across the interface. Therefore, we
have estimated the differential planar average charge density (Z-axis) for dif-
ferent hydrogenation states, as shown in Figure 3.11 (c). The purple, yellow,
green and blue lines represents the bilayer Td-WTe2/ g-C3N4 with nH-atoms
(n=0,1,2,3) in the catalyst, respectively. We can observe a strongly induced
charge density redistribution along with the interface as long as we increase
the number of H-atoms in the catalyst. The integration of these curves allows
us to infer variations on the induced dipole across the interface. This dipole
is a function of the number of hydrogen atoms in the catalyst. As shown in
Figure 3.11 (d), the induced effects were integrated from Td-WTe2 up to the
second layer of g-C3N4. However, we can observe minor effects when com-
paring the average induced dipoles integrated into different layers of g-C3N4.
All the induced dipoles indicate a stronger driving force after the adsorption
of more hydrogen. This driven force can induce an efficient charge injection
across the interface. Therefore, direct channels for fast and robust charge in-

43



� � �� �� �� �� �� �� ��

�		
�

		
�



�
�

���� ���
�
���	



�
�

�

�

� � � �

������	��	���������

��� 	�
�

�����
�����
�����

�

������

������

������

������

������

���
�
���	



�
���

��

�	

�


�

��

�
�����
�
���	



�
�

�

����
�
���	



�
�

Figure 3.11. (a) Differential charge density color map normalized (yellow = 0, blue =
1) perpendicular to the surface plane of g-C3N4/WTe2 (b) Side view of g-C3N4/WTe2
with charge density accumulation (yellow) and depletion (cyan) zones (c) Planar av-
erage charge density varying the H coverage. Purple, yellow, green and blue lines
represents bilayer g-C3N4/WTe2 with nH-atoms n=0,1,2,3 adsorbed in the catalyst,
respectively. The curves are shifted by -n*0.002 in the Y-axis for better visualization
(d) Interface induced dipoles as a function of the number of hydrogens and integrated
from the interface WTe2 up to the first and second layer of g-C3N4. Reprinted with
permission from J. Luis Silva et al. [45] Copyright (2020) American Chemical Soci-
ety.

jection would provide electron-rich regions in the g-C3N4 catalyst for efficient
HER.

The electronic structure fingerprints controlling the hydrogen binding en-
ergy, and the reaction activity were unknown for organic compounds like
C3N4. We have resolved the H-N bonds and obtained fingerprints that cor-
relate the electronic structure with the binding strength of the organic com-
pounds present in the catalyst. The analysis is based on the partial DOS of
MoS2/g-C3N4 and Td-WTe2/g-C3N4 for different hydrogen coverages (α,β
and γ). Figure 3.12 (a),(b) and (c) shows the p-orbital projected density of
states of N sites after the adsorption of H-atoms on Td-WTe2/g-C3N4. The lat-
ter was plotted for the configurations γ , β , and α (descending from top-down).
Additionally, Figure 3.12 (d),(e) and (f) also shows the projection of the s-
orbitals (PDOs) from the hydrogen adsorbed on the Td-WTe2/g-C3N4 surface.
A significant result is that N-H bonds have strong s-p hybridization due to the
filled states around the Fermi level (FL). Additionally, the assessment of ΔGH
in each specific N-site decreases as ε(center of the band) decreases towards
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Figure 3.12. The pDOS for 1T-WTe2/g-C3N4 under γ , β and α H-coverage for: N-
sites (a), (b), (c) and adsorbed H-atoms (d),(e) and (f), respectively. Projected density
of states for MoS2/g-C3N4 under γ , β and α H-coverage for: N-sites (g), (h), (i) and
adsorbed H-atoms (j),(k) and (l), respectively. The red dashed lines represents the
center of the band integrated from -1.0 eV up to the Fermi Level. Dashed black line
represents the Fermi Level and shaded area are filled states bellow the Fermi Level.
The filled blue lines represents p-orbitals and red filled lines s-orbitals. Reprinted
with permission from J. Luis Silva et al. [45] Copyright (2020) American Chemical
Society.

FL. The previous result shows that the bond strength of the specific N-site is
stronger if the center of the band is further away from the FL. The same trend
is observed in Figure 3.12 (g),(h),(i),(j),(k) and (l) as ΔGH∗ decreases accord-
ing to Figure 3.9 (c). Thus, on-site projections of the density of states capture
localized effects and provide a deeper understanding of the systems’ binding
strength and chemical properties. This work’s importance relies on combin-
ing multiple factors that can support the design of efficient electrocatalysts
for HER. We have also found strong evidence that supports the experimental
deployment of g-C3N4/Td-WTe2 as an efficient electrocatalyst for HER.
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4. Spectroscopy properties of carbon nitride
models

In this section, we will investigate the graphitic carbon nitride (g-C3N4) build-
ing block structures to understand how H-bonding interactions affect local
electronic states. We have analyzed the melamine molecule in a vacuum
(Monomer, Dimer, Trimer, and Hexagonal packing) along with the supported
polymeric heterostructure Au(111) - Melamine (hexagonal-packed) employ-
ing a joint theory-experiment study of the X-ray Photoelectron Spectra of C
1s and N 1s.

4.1 Spectroscopic fingerprints of Carbon Nitride
building blocks

The CN (Carbon nitride) sheets can derive from the most common building
blocks such as either s-triazine or s-heptazine, as well as from Melamine
(triamine-s-triazine) or Melem (triamine-s-heptazine). Recently, Lotsch et al.
isolated crystalline phases of g-C3N4 [103, 104], where interconnected units of
s-heptazine through -NH- bridges preserve −NH2 amino groups. Figure 4.1
(c) shows a sketch of g-C3N4 with medium to strong hydrogen bonding interac-
tions −NH · · ·N =C forming zig-zag chains of packed 2D arrays. The g-C3N4
has also been previously experimentally observed as homogeneous networks
of heptazine based on covalent -NH- bridges. The presence of hydrogen in
g-C3N4 can be related to amino groups (NH2) and bridging (−NH−) amines,
and these hydrogen bonds can affect the core level binding energies. Since
H-bonds can affect the photo-activity of g-C3N4, we have explored in detail
the spectroscopic fingerprints of hydrogen interactions between −NH2 func-
tional groups and nitrogen atoms inside pyridine rings. [105, 106]. We have
employed the JS transition state method, as described in the theory chapter, to
calculate the C1s and N1s Core level shifts (CLS) of Melamine and we have
tested the effect of different electron occupations, as shown in Figure 4.2. We
have performed the calculations to estimate the final state effect for the neutral
and charged Gas-Phase of Melamine. Figure 4.2 shows a better agreement be-
tween theory and experiment for the half-core hole approach. The molecules
were centered inside a supercell with the vacuum in all directions to avoid
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Figure 4.1. (a),(b) Binary Carbon Nitride (CN) based on melamine and melem units;
c) 2D arrays of heptazine chains interacting via hydrogen-bonds. Adapted with per-
mission from V. Lanzilotto, J. Luis Silva et al. [70] Copyright (2018) John Wiley and
Sons.

interaction between periodic images. The JS approach has shown to provide
accurate C 1s and N 1s XPS signatures [107, 108, 71].

From the experimental measurements, the differences between IE and BE
indicates that the H-donor (amino-N) is much more affected than the H-acceptor
(pyridin-like N). The N 1s core-level BE was simulated for H-bonded struc-
tures by increasing the number of melamine units. We considered monomer,
dimer, trimer, and a stable hexagonal arrangement. Previous STM study ob-
servations indicate that the hexagonal packing can be employed to model
the thick film, and 1.2 ML sample [109]. Figure 4.3 mainly shows the rel-
ative chemical shifts where energy scales were calibrated from monomer and
shifted to align the spectra using the peak at lower BEs as reference. The
theory and experiment show a good agreement (chemical shifts between the
-N=C and NH2 bonds of 1.67 eV from theory and 1.51 eV from the experi-
ment). However, experimental features not included in the simulations such as
differences of structural vibrations between the −NH2 and −N =C units [110]
could be responsible for 0.16 eV deviation. Table 4.1 shows the experimental
and theoretical BE and chemical shifts for different bonds. The experimental
spectrum shows a reduction of 0.66 eV from the gaseous melamine to the thick
film, which is an excellent approximation compared to the theoretical (from
gaseous to hexagonal structure) chemical shift of 0.51 eV.
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Figure 4.2. C 1s Core level shifts as a function of electron occupancy. The horizontal
dashed line at ca 288 eV represents the experimental value for C 1s Melamine.

In Figure 4.3 (b), the N 1s signals from N-atoms inside the ring show small
core-level shifts compared to signals from the monomer structure. However,
N1s spectra from amino N-atoms involved in H-bonds (red color) shift by 0.7
eV to lower energies. Additionally, as predicted by Garcia-Gil et al. [111],
the H-donors are more affected than H-acceptors since −N = C components
(green color) shifts by 0.1 eV to higher energies as compared to -N=C groups
which are not directly interacting with H-atoms. Furthermore, the trimer
shows an increasing number of N1s peaks derived from NHH components
where small variations of length/angles (Figure 4.4 (a),(b), and (c) ) could be
responsible for the spread of signals. For the packed hexagonal structure at
the bottom of Figure 4.3, we observe only two N1s components since only
two functional groups are directly involved in hydrogen bonds. We have also
observed small chemical shifts for N 1s between gas-phase and solid-state, re-
garding the nitrogen deriving from the amino group NH2 and from the triazine

Table 4.1. Experimental and Theoretical BE for C1s and N1s. The difference between
experimental and theoretical values of N 1s compose the Core Level Shift between the
-N=C and NH2 bonds. Adapted with permission from V. Lanzilotto, J. Luis Silva et al.
[70] Copyright (2018) John Wiley and Sons.

Binding Energy

Line Bonding Gas Phase Thick Film Monolayer

C1s BE (eV) -N=C 293.39 287.94 287.10
N1s BE (eV) NH2 405.50 399.38 398.75
N1s BE (eV) -N=C 403.99 398.53 397.81

Core Level Shift

Line Bonding Gas Phase Thick Film Monolayer

N 1s (EXP) (eV) - 1.51 0.85 0.94
N 1s (TEO)(eV) - 1.67 1.16 1.06

48



Figure 4.3. N1s XPS spectra for Melamine as a) Monomer, b) Dimer, c) Trimer, and
d) stabilized hexagonal close-packed structure. Bottom: N1s for packed hexagonal
structure on Au(111) surface. Adapted with permission from V. Lanzilotto, J. Luis
Silva et al. [70] Copyright (2018) John Wiley and Sons.

N =C. The core-level shift decreases around 0.5 eV (from 1.5 to less than 1.0
eV).

Our calculations show a chemical shift of approximately 0.51 eV between
gas-phase and thick film for the periodic hexagonal structure. Therefore, we
have a deviation of 0.15 eV of the latter as compared to experimental chemi-
cal changes (0.66 eV) between thick film and gaseous Melamine, as shown in
Table 4.1. We have also estimated the N1s spectrum for polymeric hexagonal-
packed Melamine on top of the Au(111) surface, which only slightly decreases
the chemical shift by 0.1 eV as compared to the surface without Au(111) sub-
strate, as shown on Table 4.1. A comparison between theory and experiments
shows a better agreement for the monolayer. The electronic structure of the
H-donor(NH2) is modified by hydrogen interacting through the amino group
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Figure 4.4. H-bond, Angles, and N1s BE of specific N-atoms for Melamine (a) dimer,
(b) trimer, (c) hexagonal, and (d) hexagonal packed on top of Au(111). Adapted with
permission from V. Lanzilotto, J. Luis Silva et al. [70] Copyright (2018) John Wiley
and Sons.

and the triazine N atom of the melamine molecule. Therefore the N 1s signal
of the pyridine-like N-atoms remain very similar. We have studied the elec-
tronic structure of N-functional groups involved in H-bonds employing DFT
calculations. For these cases, XPS signatures could capture the effects of g-
C3Ns4 building blocks. Since it was possible to capture these spectroscopy
trends, it will be interesting to extend these studies towards the investigations
of spectroscopy properties of hybrid 2D structures with g-C3N4 as the catalyst
over metallic supports by adding an explicit solvation model.
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5. Spectroscopy properties of molecular
electrocatalysts in aqueous environment

In this section, we investigate the XPS fingerprints of High-Valence Ruthenium-
Oxo Complexes that exhibit complex proton-coupled electron transfer reac-
tions such as those of the electro-catalytic water splitting processes (PAPER
VI). In this work, we have characterized intermediates from [RuII(bpy)2(py)-
(OH2)]2+ electro-catalyst using XPS in the water environment along a specific
reaction pathway with minimum intervention. It was necessary to develop a
new methodology to analyze electrochemical properties and fingerprint possi-
ble signatures of these intermediates. The motivation is to investigate the spec-
troscopy properties of proton-coupled electron transfer reactions in an aqueous
environment and identify fingerprints on the XPS spectroscopy of reaction in-
termediates using DFT. It is essential to highlight that we have followed the
same procedure by using the Janak-Slater transition state approach to estimate
the XPS.

5.1 Reaction Pathway for the model system
[RuII(bpy)2(py)-(OH2)]2+

The water-splitting reaction mechanism 2H2O→O2+2H2 is carried with pos-
itive changes of the Gibbs free energy (ΔG = 2.46 eV). The photon energy can
be converted into chemical energy and stored through two possible half-step
electrochemical mechanisms: (i) the oxygen evolution reaction (OER), where
2H2O → O2 +4H++4e− and (ii) hydrogen evolution reaction (HER), where
4H+ + 4e− → 2H2. This reaction is motivated by the photochemical energy
conversion model from the natural Photosystem II (PSII), where the Mn4CaO5
catalyst clusters, embedded in a protein, performs the oxygen evolution, and
the oxygen production rate stands in the interval of 100−400 s−1. The litera-
ture explores many approaches towards enhancing the water oxygen rate using
Ru-based complexes, as well as the turnover number (TON) and turnover fre-
quency (TOF) through the use of metal-based complexes [24, 25, 26]. The Ru-
based complexes developed by Duan et al. showed an important improvement
of TOF for intensities >1000 s−1 [27, 28]. When considering the efficient
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Figure 5.1. (a) Possible reaction pathways of a model system [RuII(bpy)2(py)-
(OH2)]2+. (b) Snapshot from DFT calculations and schematic representation of the
model [RuII(bpy)2(py)-(OH2)]2+.

WOC design, the formation of species with O-O bond becomes extremely im-
portant as it modulates the efficiency of Photosystem II. The mechanism of
formation can occur through either the water nucleophilic attack on metal-oxo
units or association of two oxo units [30]. As previously discussed in the in-
troduction, multiple oxidation reactions are necessary before reaching active
high-valence states that drive water oxidation efficiently. Hence, the Ru-based
complexes RuIV=O and RuV=O are critical intermediate steps towards form-
ing the O-O bond. However, these intermediates are difficult to detect due to
hyper-reactiveness. Duan et al. have explored possible activation pathway re-
actions of two metal-oxo coupled units [26], and recently, Pushkar et al. char-
acterized the RuV=O through electron paramagnetic resonance [112]. Figure
5.1 (a) shows possible activation reaction pathways discussed in this work.
We have investigated the target species [RuII(bpy)2(py)-(OH2)]2+ (1), as well
as the intermediates (2) [RuII(bpy)2(py)-(OH)]+ and (4) [RuIII(bpy)2(py)-
(OH)]2+. Further, we have also investigated the species (6) [RuIV(bpy)2(py)-
(O)]2+ after oxidation/deprotonation process derived from species (4). We
have compared our results with results from X-ray spectroscopy experiments
performed at synchrotron facilities under realistic conditions for probing these
Ru-based model systems at high resolution. The comparison between theoret-
ical and experimental results allowed us to investigate these molecular systems
in the water environment. In the next section, we will investigate XPS prop-
erties in the water environment of the model system (1) and its corresponding
intermediates (2), (4), and (6).
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5.2 XPS fingerprints of Ru-based complexes along a
reaction pathway in water environment

Figure 5.2. (a)-(d) Experimental XPS spectra of Ru 3d and C 1s using liquid-jets,
(e) C 1s XPS spectra in the gas phase, (f) C 1s XPS spectra in aqueous solution, (g)
Ru 3d 5/2 XPS spectra in the gas phase and (h) Ru 3d 5/2 XPS spectra using explicit
solvation. Reprinted with permission from J. Luis Silva et al. [29] Copyright (2019)
American Chemical Society.

Our model system [RuII-OH2]2+ was chemically oxidized to generate the
species (2), (4), and (6) in solution, and added to the liquid jet. In con-
trast, the protonation of the species was controlled through the modulation
of the pH. We have accessed the XPS spectra using a sequential approach
combining first-principles optimization, Monte Carlo (MC) simulations us-
ing the DICE code [113], and x-ray photoelectron spectroscopy calculations.
The experimental Figure 5.2 (a-d) shows the XPS spectra of the Ru 3d and
C 1s and Figure 5.2 (e-h) shows the corresponding spectra calculated using
our methodology. We have also resolved the XPS of Ru-based complexes un-
der the influence of the aqueous environment (calculation details in reference
[29]). For each simulation, we have used a cubic unit cell of 25, including
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Table 5.1. Experimental and theoretical values of the CLS in eV and its shifts as
compared to the reference complex [RuII(OH2)(py)(bpy)2]2+. The theoretical values
were shifted by -2.51eV. The parenthesis represents the labels of Figure 2 (a)-(d). The
bracket includes the values of complexes with explicit water molecules. Adapted with
permission from J. Luis Silva et al. [29] Copyright (2019) American Chemical Society.

Experimental Theoretical
Vacuum Solvated

Ru 3d5/2 BE ΔBE BE ΔBE BE Δ BE
[RuII(OH)(py)(bpy)2]+ 285.7 (VIII) -0.3 289.6 -1.7 285.6 -0.4
[RuII(OH2)(py)(bpy)2]2+ 286.0 (I) 0.0 291.3 [290.9] 0.0[0.0] 286.0 0.0
[RuIII(OH)(py)(bpy)2]2+ 286.0 (III) 0.0 292.6 1.3 286.0 0.0
[RuIII(OH2)(py)(bpy)2]3+ 287.7 (IV′) 1.7 294.2 [294.0] 2.9 [3.0] 286.3 0.3
[RuIV(O)(py)(bpy)2]2+ 288.2 (VI) 2.2 293.2 [293.2] 1.9 [2.3] 287.5 1.5

the first solvation shell obtained from MC simulations. These uncorrelated
clusters were selected from 100 configurations, and each snapshot contains 70
water molecules obtained with the Minimum Distance Distribution Function
(MDDF) [114]. The Janak-Slater [73, 71] transition state approximation was
employed (half-core occupation), as described before, to estimate the average
of C 1s and Ru 3d spectra from 20 uncorrelated snapshots for each Ru com-
plex. In our approach, we carried out 2600 1 calculations to estimate averages
of C 1s and Ru 3d. For each configuration, we have also estimated an average
potential correction based on the vacuum levels by considering XYZ direc-
tions and performed the Bader analysis [76, 77, 115] to infer the electronic
charge distributions. For each snapshot, the XPS signature is represented by a
discrete set of core level transition states fitted with Gaussians using full width
at half maximum (FWHM) of 0.6 eV. For each system, we have taken an aver-
age of the XPS signal considering 20 snapshots. These averages were calcu-
lated for different protonation and charged states of Ru-complexes to study the
effects of the aqueous environment and critical physical-chemical properties.

Figure 5.2 (a), [RuII-OH2]2+ shows both peaks (I) and (II) which corre-
sponds to the Ru 3d 5

2
orbital at 286 eV, and the partial overlapping of C 1s and

Ru 3d 3
2

states around 290-291 eV, respectively. This signal was convoluted
with a fixed experimental value for the spin-orbit coupling (SOC) of about 4.2
eV [116]. The Figures 5.2 (a) and (b) have very similar peaks of [RuII-OH2]2+

and [RuIII-OH]2+, which can be explained by a charge compensation effect.

This compensation effect can be the result of two features: (i) by removing
one electron from the system we can increase the net charge from the metallic
center, and consequently, increase of the core level BE, and (ii) high donating
profile of OH- that can lead to higher transfers of electron density to the metal-
lic center and decrease of the BE. Therefore, the similarities between 5.2 (a)

15 Ru based complexes * 25 C atoms * 20 snapshots, and the same for 1 Ru atom.
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Figure 5.3. (a) Averaged C 1s spectra of the [RuII=H2O]2+ showing the contribu-
tions to specific bonds from different environments (20 snapshots). (b-d) Calculated
Ru 3d5/2 XPS spectra in the gas phase, averaged from the ensemble of partial solva-
tion and full solvation shell. Adapted with permission from J. Luis Silva et al. [29]
Copyright (2019) American Chemical Society.

and (b) corresponds to compensation of both effects in the water environment.
The large shift observed in Figure 5.2 (c) for [RuIV=O]2+ species is the result
of the solvation effects. Figure 5.2 (d) shows the XPS spectra of [RuII-OH]+

species after deprotonation of [RuII-OH2]2+ under high pH values. The larger
electron density of the metallic center that generates the Ru 3d5/2 peak (VIII)

55



as compared to the metallic center of [RuII-OH2]2+ indicates the shift of 0.3
eV toward lower BE as compared to peaks I and III.

Figure 5.2 (e) shows the calculated C 1s spectra in the gas phase of the
reference model [RuII-OH2]2+ and its multiple oxidation states. The primary
trend extracted from this Figure is associated with the net charge dependence
of the peaks. The complexes with a 2+ charge display a reliance on the BEs
based on the Ru oxidation states. However, the experimental findings do not
post the same behavior. Figure 5.2 (f) shows that the inclusion of the solvation
effect is critical to fingerprint these complexes in the water environment as it
agrees with the experimental trend.

Figure 5.3 (a) shows the calculated average spectra composed by 20 snap-
shots of a specific fully solvated complex. The XPS spectra are generally
shifted towards lower binding energies due to the solvation effect and depen-
dent on the net charge. Additionally, the C 1s spectra are composed of two
peaks separated by 1 eV due to two chemically non equivalent C atoms. These
carbons are bonded to N with higher BE, and two other C atoms at lower BE,
respectively. We separated the contributions of the C 1s BE for each type of
bond, as shown in Figure 5.3 (a). Figure 5.3 (b-d) shows our calculated Ru 3d
for the Ru complexes in the gas phase, partially solvated and fully solvated,
respectively. We calculated the Ru 3d ensemble-averaged spectra using snap-
shots explicitly considering only the water molecules with hydrogens bonded
to the hydroxo or the oxo ligand. The trend was analogous to that in the gas
phase. We have obtained a similar pattern compared to the experimental re-
sults only when using a solvation shell of 70 water molecules. Therefore, the
experimental results were explained only by the calculations carried out on the
fully hydrated complexes. A comparison between the peaks can be assessed in
Table 5.1. We have also used the snapshots from Monte Carlo simulations to
statistically verify how the first-neighbors could affect the core-level binding
energies. As previously explained in the theory section, the model is based on
the multi-linear regression for the core-level shifts:

BERu = β2 qRu +β1

K

∑
i=0

qi

ri,Ru
+β0 (5.1)

where the Bader Analysis is used to obtain the charges, qRu represents the Ru
charge, qi is the charge of first-neighbors, and ri is the bond-length between
the first neighbors (i) and the metallic center Ru. The parameters of the model
were optimized to β0 = 285.51 eV, β1 = 4.17 eV and β2 = 1.06 eV with high
statistical significance of R2 =0.82.

Figure 5.4 displays the projection of the induced averaged potentials as a
function of the Ru charge for each snapshot. The clustering indicates a trend
for the charge of the metallic center Ru (increase in the x-axis) within the
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Figure 5.4. The plot of the potential induced by the first-neighbor atoms as a function
of Ru charge. Reprinted with permission from J. Luis Silva et al. [29] Copyright
(2019) American Chemical Society.

increment of the oxidation states (IV>III>II), such that [RuIV=O]2+ >[RuIII-
OH]2+ > [RuII-H2O]2+. The model also provides consistent indications that
the lower BEs of [RuIII-OH]2+ are caused by a possible influence of the pyri-
dine nitrogens. Therefore, the nitrogens would be capable of inducing shifts of
the BEs toward lower absolute values. Further, the latter effect could also lead
to the similarity observed between BEs of [RuII-H2O]2+ and [RuIII-OH]2+.
However, [RuIV=O]2+ shows an average potential contribution that is closer
to that of [RuII-H2O]2+ and provides the ground for higher BEs shifts of 3d
signals for oxo complexes. The charge redistribution and averaged potential
seems to be underestimated for [RuIII-OH2]3+ and [RuIV=O]2+, as shown
by the core-level shift discrepancies between the calculated and experimental
results. However, comparing the charge redistribution as a function of ruthe-
nium oxidation states with the changes in the explicit water effect, and dipolar
interactions, enabled us to explain the energy differences between calculations
in a vacuum and aqueous environment.
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6. Conclusions

In this thesis, we have used DFT-based calculations to extract the properties
of solid-liquid interfaces of both molecules and hybrid 2D material interfaces.
At first, we have worked with signatures and trends that could help to model
new electrocatalysts for HER. This joint theory-experiment effort allowed us
further to explore and push some boundaries in the design of electrocatalysts.
We have performed simulations of hybrid-type systems considering a charge
injector/catalyst scheme in the first paper where we predicted that multiple fac-
tors such as intra and inter-layer electron transport, interface coupling, Schot-
tky Barrier and differential free Gibbs energy (ΔGH∗) for hydrogen adsorption
could affect the overall HER performance [41]. In the second paper, using
almost the same methodology, we have explored new materials based on Td-
WTe2/2H-MoS2 with shallow Tafel slopes. In the third paper, we have ex-
plored hybrid systems beyond metals built from a bilayer of g-C3N4 coupled
with of Td-WTe2, 2H-MoS2 and Graphene. We also estimated ΔGH using
an implicit solvation model to obtain more realistic signatures since real elec-
trodes are in a water environment. Further, we analyzed the electronic struc-
ture, ΔGH , SBHs, and interface induced dipoles by varying the number of hy-
drogen in the porous region. Our main results show that g-C3N4/Td-WTe2 has
filled states in the Fermi level is an indication of higher charge mobility. We
have also found that ΔGH between 2H-MoS2/g-C3N4 and Td-WTe2/g-C3N4 in
the porous region are very similar. Therefore, the lower SBH found with both
GGA and HSE06 for Td-WTe2/g-C3N4, as compared to 2H-MoS2/g-C3N4, in-
dicates lower resistance for charge injection across the interface. Additionally,
the induced dipoles along g-C3N4/Td-WTe2 interfaces increases as a function
of the number of hydrogen atoms in the catalyst. This favorable driving force
for electron injection under higher hydrogen coverages might facilitate the
catalytic activity. We conclude that Td-WTe2/g-C3N4 could outperform an
efficient electrocatalyst for hydrogen evolution reaction.

Additionally, we have also studied the XPS fingerprints and electronic struc-
ture of the gas phase melamine (monomer, dimer, trimer, and hexagonal packed
arrangement), and the hexagonally packed melamine adsorbed on the Au(111)
surface composed of a slab of 3 layers. By calculating the core-level binding
energy shifts (Janak-Slater transition state approximation) and comparing with
the experimental measurements, we were able to show that the H bonds affect
in a different way the electronic structure of amino N and the pyridine like N,
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which results in strong modifications as the ionization energy of the amino N
1s is reduced. These results are of primary importance to advance studies on
melamine films in the water environment. In the last paper, we have accessed
the C 1s and Ru 3d XPS signatures of high-valence Ruthenium-oxo complexes
along a reaction pathway in the water environment using a combined theory-
experiment approach. Herein, we have used a new theoretical methodology by
combing DFT-based calculations and Monte Carlo Simulations (explicit water
solution) to resolve the XPS in the aqueous environment and better understand
the involved chemical shifts of the reference species [RuII-OH2]2+ and its re-
spective PCET oxidation states. Among the initial results, the [RuII-OH2]2+

and [RuIII-OH]2+ species displayed very similar XPS signatures due to the
interplay of the following effects: (i) increase of the Ru-center positive charge
induced by oxidation processes, and (ii) the more substantial transfer of the
electron density to RuIII (higher donating character of hydroxo units).

Further, we have also found a substantial shift of the Ru 3d spectra of the
[RuIV =O]2+ species towards higher binding energies as compared to the other
oxidation states along the reaction pathway. The chemical shift of [RuIV =O]2+

is strongly affected by the polarization of water around the complexes (explicit
solvation model) since its XPS signal displayed an excellent agreement with
the experimental trends. This conclusion was possible due to the similarities
between experimental trends and theoretical calculations considering the first
solvation shell and the XPS ensemble average spectra. As a final step, we
have also compared the outcome spectra using the nearest-neighbor potential
contributions for the Ru 3d binding energies to explain the higher 3d-state
shifts of the oxo complex. These results comprise new methodologies and
a challenging backbone to simulate the design and efficiency of solid-liquid
interface devices and molecular systems for OEC and HER catalysis.
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7. Sammanfattning på svenska

I den här avhandlingen har vi arbetat med gränssnittet med fast vätska, adsor-
berade molekyler på ytan och solvatiserade komplex med DFT-beräkningar
(Densitet Funktionsteori) för att hitta möjliga signaturer som kan hjälpa till
att utforma lämpliga energimaterial. Mer specifikt har vi utforskat hybridelek-
trokatalysatorer från Td-WTe2 och 2H-MoS2 för väteutvecklingsreaktion (HER),
där en gemensam teori-experimentmetod användes för att avslöja bidrag från
enskilda faktorer till HER. Dessutom har vi avslöjat gränssnittseffekterna av
hybridstrukturen Td-WTe2/2H-MoS2 och hybridelektrokatalysatorer baserade
på g-C3N4. Användningen av kolbaserade strukturer och system bortom met-
aller för effektiv HER är fortfarande en utmaning, och g-C3N4 är en porös
metallfri halvledare av polymer som kan användas för produktion av väte från
vatten. Därför har vi studerat flera faktorer som kan påverka HER genom
att använda effekten av vatten för hybridsystemen (katalysator / strömkollek-
tor) g-C3N4/X, där X är Graphene, Td-WTe2 och 2H-MoS2. I dessa hybrid-
katalysatorer är den nuvarande samlaren sammansatt av en halvmetallisk struk-
tur som ansvarar för att injicera laddningar i den primära katalysatorn g-C3N4,
där förbrukningen av elektroner sker under väteutvecklingsreaktionen. Vidare
har vi också studerat XPS-fingeravtryck av gasfas-melamin (monomer, dimer,
trimer och hexagonalt packat arrangemang), hexagonalt packad melamin ad-
sorberad på Au(111) -ytan och högvalens-ruteniumkomplex längs en reak-
tionsväg i vattenlösning genom en gemensam teori-experimentmetod.

I de två första artiklarna är fokuset på det gemensamma teori-experimentet
för att distribuera nya hybridelektrokatalysatorer för väteutvecklingsreaktion
(HER). I synnerhet behandlar det första uppsatsen ett enda skikt och system
av hybridtyp som mikroreaktorer (strömkollektor/katalysatorer) för HER. Vi
utforskar platsberoende beräkningar av en termodynamisk deskriptor för att
uppskatta HER-aktiviteten, elektronisk struktur och Schottky Barrier Height
(SBH) för att mäta motståndet för laddinjektion över gränssnittet. I det an-
dra uppsatsen förutspådde vi ett nytt material som använder DFT-baserade
trender, som är hybridelektrokatalysatorn Td-WTe2/2H-MoS2. I det tredje up-
psatsen undersöker vi hybridsystem utöver metaller byggda från ett tvåskikt
av g-C3N4 i kombination med Td-WTe2, 2H-MoS2 och Graphene. Vi har
också uppskattat vätebindande fri energi ΔGH med hjälp av en implicit sol-
vationsmodell för att få mer realistiska signaturer. Vidare analyserade vi den
elektroniska strukturen, ΔGH , SBHs och gränssnittsinducerade dipoler genom
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att variera antalet väte i den porösa regionen. Resultaten visar att g-C3N4/Td-
WTe2 har fyllt tillstånd på Fermi-nivån, vilket är en bra indikation på högre
laddningsmobilitet. Vi har också funnit att ΔGH mellan 2H-MoS2/g-C3N4 och
Td- WTe2/g-C3N4 i den porösa regionen är liknande. SBH utvärderades med
både GGA och HSE06-funktionerna för Td-WTe2/g-C3N4 och jämfördes med
2H-MoS2/g-C3N4. Våra beräkningar visar att Td-WTe2/g-C3N4 har lägre mot-
stånd för laddinjektion över gränssnittet. Dessutom ökar de inducerade dipol-
erna över g-C3N4/Td-WTe2-gränssnitt som en funktion av antalet väteatomer
i katalysatorn. Denna gynnsamma drivkraft för elektroninsprutning under hö-
gre vätetäckningar kan förbättra den katalytiska aktiviteten. Vi drar slutsatsen
att Td-WTe2/g-C3N4 kan klassificeras som en effektiv elektrokatalysator för
väteutvecklingsreaktion.

I de två sista tidningarna undersöker vi XPS-fingeravtryck av molekylära
och fast tillståndssystem genom de kemiska förändringarna av gasfasmelamin
(monomer, dimer, trimer och hexagonal packad anordning) och den sexkantiga
packningen av melamin adsorberad på Au (111) yta. Vi har använt DFT-
baserade beräkningar för att uppskatta kärnnivåens bindningsenergiförskjut-
ningar med hjälp av Janak Slater-övergångstillståndstillnärmningen, där vi
har studerat den kemiska förändringen för varje kväveform. För triazinet N
(melamin) bundet till H-givaren härledd från aminogruppen (NH2) påverkas
H-givarens elektroniska struktur starkt då joniseringsenergin för aminoen N
1 reduceras. I det sista uppsatsen har vi utvecklat en ny metodik genom
att kombinera DFT-beräkningar med Monte Carlo-simuleringar med hjälp av
uttrycklig solvation för att lösa XPS och förstå de kemiska förändringarna
i [Ru II-OH2]2+ arter, såväl som av flera PCET-oxidationstillstånd. Bland
de spännande resultaten har [RuII-OH2]2+ och [RuIII-OH]2+ arter visat lik-
nande XPS-signaturer på grund av utbyte av två effekter: (i) ökning av den
Ru-center positiva laddningen inducerad av oxidationsprocesser, och (ii) den
mer betydande överföringen av elektrondensiteten till RuIII (högre donation-
skaraktär hydroxidenheter). Vidare har Ru 3d-spektra för [Ru IV =O]2+ arter
visat betydande förändringar mot högre bindande energier jämfört med andra
PCET-oxidationstillstånd längs den studerade reaktionsvägen. Detta arbete
visar också att den kemiska förändringen av [RuIV =O]2+ påverkas av polari-
sationen av den explicita solvationsmodellen, som bara kunde fånga den ex-
perimentella trenden med den kompletta första solvationen skal och ett XPS
i genomsnitt medelvärde spektra över en viss mängd stillbilder från Monte
Carlo-simuleringen. Till slutet visar vi också att de närmaste grannens poten-
tiella bidrag till Ru 3d-bindande energier som uppstår från atomer runt metall-
centret förklarar de högre 3D-tillståndsförskjutningarna i oxokomplexet.
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